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ZNO FOR THIN FILM SOLAR CELLS: INTRODUCTION

Transparent conducting oxides hold a great deal of techoalogical importance. They
simultaneonsly possess transparency in the visible region, close to that of insulaters, and
electrical conductivity, close 1o that of metals; this makes transparent conducting oxides highly
attractive for many applications. A stochiometric material does not simultanecusly yield high
transparency and hugh conductivity. The way to obtain this combination of properties is to select a
wide band gap oxide material and to introduce electron depeceracy. This can be done by creating
a defect structure (aon-stothiometry) and/or by introducing appropriate dopants. Oxides of tin,
indium, cadmium and zinc are convenient materials for ning them to be ransparent conductors,
Thin films of these oxides have been prepared by a number of techniques. Doped tin oxide, ie.,
ATO (antimony-doped tin oxide) and FTQ (fluorine-doped fin oxide), as well as indium oxide,
ITO (tin doped indinm oxide) films have found an important place among TCOs and some of
them have attrined large scale production level.

The very first repost on a Transparent Conducting Oxide {TCQ) has been prosented by
Badcker|1] in 1907 en CdQ. Since then there has been a tremendous increase in technological
interest in TCOs. Various deposition techniques hawe been developed for the fabrication of
transparent conducling oxides with improved clecmical and optical properties, These lechniques
can be broadly classified as follows: |. Evaporation techmiques 2. Spuitering techniques
3. Reactive jon plating 4. Chemical Vapour Deposition(CVD) 5. Spray pyvolisis 6. Dip
technique 7. Solution growth. Among them, the growth by spottering techniques, cvaporation
techniques, chemical vapour deposition and spray pyrolisis are the most widely reported. Bach
deposition technique with its associated parameters yields films of tifferent properties since the
electrical and optical propeties of these films depend on the microstructure, stochicmetry and the
nature of impurities present in the films.

The development of TCOs acquires increasing imponance due to their application in the
fields of electronic, opto-electronic and mechanical devices. Applications of the transparent
conducting oxides in the form of thin films include the following: resistors, transparent heatin
elecments for aircraft and sutomobile windows, heat-reflecting mirrors for glass windows an
incandcscent bulbs, anti reflection coatings, sclective absorber components in solar heat
collectors, pas sensors, electrodes for liquid crystals, elecrochromic and ferroclectric
photoconductor storage and display devices, hydropenated amorphous silicon (a-SitH) and
Cds/Cu,8 solar cells, semiconductor/finsulator/semicenductor (SIS) beterojunctions, protective
and wear-resistant coatings for glass containers.

The present work mainly concemns the development of & particular TCO for thin film solor
celly, However, certain results of present study are alse of interest for those persons who are
Icoking for TCOs for other applications. Sclar cells are devices which convert Light directly inta
electricity by making use of electronic properties of semiconductors. They do not involve any
moving parts nor eny mass flows. They can provide long tsrm electronic out put power at low
operating cost, and are virmally free of pollutien. Their main limitations are their low convarsion
eficicncy and high production cost. Present solar cell reseatch bas the main goal of improving
solar ceclls w.rt. these two limitations. Various photovelwic materials with various device
structures arc being analysed for this purpose,



Al present, thin film solar cells are considered to have many advantages over other types
of stlar cells and they are becoming more and more attractive as they seem 1o indeed be a partial
solution for future energy needs. The transparent conducting oxides for thin film solar cells
basically form the top electrode layer for the solar cells; they have to function as current collecting
clectrodes without blocking the useful sunlight ta be converted into electricity. They are also used
at the beck side of a thin film solar cel). When they are used in the back side they are reflecting the
umised sunlight back into the device (back reflector). For thin film solar cells the use of
transparent conducting oxides is mandatory. Analysis of the production cost involved in a-Si-H
solar cell modules showed that at present the TCD deposition {of Sn0, on glass) accounts for
42% of the total investment[2]. Clearly, the deposition of TCO has a large potential for the cost
reduction of thin film solar cells.

Mos1 commonly used transparenl conducting oxides are fluorine doped tin oxide (Sn0Q:F)
and tin doped indium oxide (ITO). These TCOs enjoyed a major role in fabrication of thin fiim
solar cells for a long time. However, it has been discovered thst both of these TCOs are not
resistant enough against certain deposition conditions, like exposure of hydrogen pfasma and
high temperatures. Both the TCOs reduce their transmittance, and also the metal atoms (In, Sn)
start diffusing from the TCO inta the active device part. The later effect is specifically pronounced
in [TQ, where In tiffusion takes place even with a low temperature silane plasma. 1n this way the
TCO for the thin flm solar cells, which is supposed to be a passive layer, ‘contributes” fo the
deterioration of cell performance. Henoe, solar cell mesearchers started to search for a highly
stable TCO. Comparison of several TCO layers showed that conducting ZnO is highly stable in
comparison with the former two TOQOs. Under the exposure of hydrogen plasma Za0 does not
reduce the transmittance also it shows only a minimum diffusion from the ZnO layer into the
active part of the solar cells when compared to ITOQ and Sn0, . The reason for the high stability of
Zn0Q has been explained to be its high surface binding energy(3].

Zn0 is cheaper than all other TCOs. In fact, the price of metallic Zn can be 12 times
cheaper than that of metallic Sn[4). Commercially available ZnO can be at least LS times cheaper
than that of tin oxide of the same purity[5]). Clearly the cost reduction of thin fiim solar cells
depends on the choice of the TCO matenial, ZnO is made from highly abundant raw materisl and
thus is well suited for use in solar cells.

Zn0O is a H-V1 compound semiconductor with a band gap energy of 3.3 eV. Stochiometric
Zn0) iz an insulator. Variation from stochiometry and/or external doping makes ZnO conductive.
Zn0) is known to be a piezoelectric material and moch work on Za0 has been done: to wtilise this
Empeﬁy. Since Za0 is stable under relatively apgressive device fabrication processes (like
ydrogen plasma exposure), it acts also as an diffusion barrier against atomic species from the
underlying substrate like glass. Usually one needs a separate diffusion barrier layer (Si0, in the
case of Sn0, deposition on glass) belween glass and TCO. This is not the case for ZnO. This fect
further reduces the cost invalved in the deposition of TCOs for thin film solar cell production
when compared to the presently used SnQ,, for example.

With all its unigue advantages ZnQ has become an important TOO for thin film solar cells.
Experience has showed thst instead of considering a TOO material as being simply a standard,
passive, conductive coating, one has to pay attention to the deposition conditions, and to the
microstructure of the TCO in order to detive the best results for the solar cell. Hence, the solar
cell research motivates us to study the growth conditions and the resulting microstructure as well
as electro-oplical properties of TCOs.

A further important aspect of TCOs in thin film solar cells is ‘light trapping’. By this, one
increases the amount of light, that is otherwise weakly absorbed, and couples it more effectively
into the active layer of the solar cells. For this purpose, the front side of the solar cell is made
rough. Due to the roughness onc can firstly reduce the amounl of light that escapes by primary
reflection. For thin film solar cells, having surface of the TCO rough has a clear further
advantage: The rough surface increases the optical path length of the light ray inside the solar
cells. This increases the absorption of the otherwise weakly absotbed light. This increases the
pholovoltaic action (electron-hole pair generation) and hence the efficiency of the solar cclls. This



will help to reduce the thickness of the solar cells, to increases the stability of solar cells (in the
specific case of amorphous silicon, a-Si:H) and also to reduce the cost involved in the fabricalion
of solar cells, The advantages of surface texturing of ZnO is explained in section 3.1

To recapitulate, in thin film solar cells one can advantageously use ZnO as a transparent
conducting oxide. The basic requirement of a TCO is s high transparency and conductivity, 1t is
leamed at present, that for thin film solar cells, as a third property one should inctude surface
texture {roughness}. Hence one requires the Zn0, apart from being conductive and transparent, to
be surface textured for the purpose of light trapping. But the question is how does the surface of
the Zn( grow rough? Can this type of growth be controlled? Very few studies have been done on
the growth of ZnO with a rough surface. Many ambiguities still exist about the growth of surface
texture of 200,

The aim of the present study is to analyse the prowth and characteristics of Za() so that #t
is used in solar cells efficientdy. Hence, the task is to analyse the prowth of ZnO to get
simultaneously &l the three properties, viz, electrical conductivity , optical transparency end
surface texture, The present research i5 one of the first shudies aiming at the analysis of surface
texture growth of Zn0, Iz the context of solar cell technology, by the present study one oblains
crileria on how to grow & rough surface of ZnQ or altematively, on how to 2void the growth of a
rough surface of ZnO.

At present, sputtering and CVD are the two most successful and most commonly used
methods for the growth of Zn0), Spoitering is given morz importance in this work becsusz of its
advantages over other methods. Sputtering offers high control of the growth process. It is not
expensive, it is usually a non-toxic method and it is well suitable for large scale production, In
this work the growth of ZnO by both of sputtering as well as CVD methods sre anatysed and they
are compared with each other.

ZnO films were grown by the methed of RF magnetron sputtering using 2 ZnQ target
doped with A1,Q,. The growth of flat and svrface textured films and the surface, stuctura! and
opto-electronic properties have been analysed in detail. Flat and surface textured gmwth of Zn0
films by CVD and their microstructural properties are alsa studied; a comparison between
sputtering and CVD has been carried out in detail.

The fabrication of solar cell devices inco ted with flat ZnO flms and surface textured
growth of ZnO on a solar cell have been also analysed in the present study.

Studying the growth of ZnQ through the microstructural properties is of great importance
in order to get igugh over Al performance from them.

1.1 Organisation of the thesis

The ZnO flms with flat surface are analysed for their electrical, optical and structural
properties end they are correlated with each other in chapter 2.

Chapler 3 treats the case of surface-textured Zn0Q. To make the surfzoe of the Za rough,
as is additionally required for thin film solar cells for the purpose of light trapping, watcr vapour
can be additionally mixed to the sputtering gas. The growth of ZnO with such mixture of
and water vapour, its surface properties, the reasons for the occumence of the surface texture
growth in terms of the structural propenties of the film, the resulting surface texture and the
obtained electrical and optical properties arc investigated in detail in sections 3.2, to 3.7. In terms
of structural properties and the growth conditions ane abtaing insight into the growth of ZnO with
flat and textured surface.

Based on these results, an altemative way to obtain all the threc important properties
wgether is investigated: Obtaining surface texture on a ZnO with an originally flat surface by
texturing is preseénted in section 3.8, For the use in solar cells, the surface texture growth of Zn0
on silver/stainless steel is analysed in section 3.9,



ZaO growth by CVD, together with the mechanisms of surface texture growth in terms of
the structural properties and the growth parameters are presented in section 3.9. These studies
yield more complete information about the growﬂ1 of Zn0.

The simulianeous occumence of the g transparency, electrical conductivity and
surface texture is investigated in both the me of CVD and sputtering

The Zn0 produced by the above methods are applied in  amorphous silicon and micro
crystalline solar cells and the influence of the growth and micro structural properties of ZnQ on
the performance of soler cells is shown,
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Flat ZnO films by sputtering

2.1 Introduction

Zn0 films with flat surface are highly useful in many fields. Except in specific individuat
cases where a rough surface is required (for example sclar cells), ZnO films with flat surface arc
indeed the major requirement. In this section we will report on the ZnO with flat surfaces grown
by sputtering. Various growth conditions that affect the property of ZnQ films will be anslysed:
Electrical, optical and struchural properties of Zn) film grown by RF magnetron spuitering will
be presented in this chapter. Further, the ways to get high quality ZnO films will be shown.

2.2 Expaimental

Z22.1 RF MAGNETRON SPUITERING SYSTEM

For the growth of ZnO films, a RF magnetron sputtering system is constructed. k
consists of a planar elecrode system. Figure 1 shows the sthematic diagram of the sputicring
system. The target material 1o be sputtered (ZnO) is placed at the cathode, The substraie on which
the film is to be grown is kept on che electrically grounded anode. These electrodes are housed in
a chamber which is evacuated. The back side of the cathode is water-cooled. There are inlets for
the sputiering gases. For the growth of flat Zn(} films, as described in this chapter, we use only

on gas &s spuitering gas. In subsequent chapters surface texture growth of ZnO using a
mixiure of Ar as well as water vapour will be explained.

The distance between the electrodes, that is the distance between the substrate and the
target matesial can be changed by rising the anode wp or down, Behind the cathode a circular
magnet has been placed in order to increase the path length of an electron in the plane before it is
collected or before it recombines on the electrode or wall. A plasma confining cylinder is used &t
dhe cathode. The cathode is connected with an external RF power supply. Pre-sputtering can be
done by covering the substrate from film deposition by means of a shutter. For the complete
documentation of the construction of the system one may refer to reference [1]. The target
material is a sintered ceramic disc which contains a mixture of Zn0:ALQ, in the matic of 98:2
wt.%. The distance between the electrodes is 73mm, double a typically used distance for
sputtering.

2:2.2 RF MAGNETRON SPUTTERING

The hasic mechanism of sputtering is explained in this section. A spuitering system
generally has a planar electrode set up similar to the one shown in figure 1. A sputtering gas (for
example, Ar) is introduced into the evacuated chamber to a specified pressure. The action of
electric field between the electrodes is to accelerate the electrons which in tum collide with arpon
atoms, breaking some of them up into argon jons and more electrons to produce the glow
discharge. The charged particles thus produced are accelerated by the field, the electrons towards
the anode, causing more ionisadon on the way, and the jons towards the cathode, so that a
current flows throngh the system. The glow discharge is limited by so-called shealth region that



are formed between the plasma (glow) and the clectrodes, and there is a particularly stromg
electric field that forms in the cathode shealth,

When the ion strikes the cathode, the jon impact may set up a series of collisions between
atoms of the target, possibly leading to the ejection of one of these atoms. The gjection process is
known as sputtering. The directionality of sputtered atomns is random and some of them land on
the substrate, which is on the anode, condense there, and form a thin film,

The ions may also liberate secondary electrons which are responsible for maintaining the
electron supply and sustaining the glow discharge. The voltage V required to drive a current T
through the system is a function of system pressure. The rate of thin film formation on the
substrate will depend on the amount of sputtering at the target and thus linearly on the curment,
However, the amount of sputtering also depend on the sputter yield, that is on the number of
target atoms or molecules gjected per incident ion. Hence it also depends on the ion energy and so
on the voltage V.

Vacuum
chambaer

Water
o Vapour

Shutter

Sobstrata
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Figure 1. The schematic diagram of the RF mag puticring electrade configuration constracted for the growth
of ZnO films.

The above case is a typical DC sputtering situation in which the cathode is connected with
a DT power supply. If the cathode is an insulating material, DC spultering is not possible owing
to the building up of positive (Ar") surface charges. However, a high-frequency alternating
potential may be used to neuiralise the insulator surface periodically with plasma electrons. By
this technique one uses an alternating voltage power supply at RF frequencies of 13.36MHz, so
that the sputtering target is akternately bombarded by ions and then electrons. Pure Zn) is an
insulator. Hence DC sputtering with a pure Zn{) target can be a problem. However, doped ZnQ
target can be ysed for DC sputtering. For sputtering with a metallic Zn target a mixture of Ar and
O (reactive sputiering)[2] can be used. In the present case RF magnetron sputtering is used
because of its additional advantages. The RF discharge makes more efficient use of the electron
impact ionisationf3] so that the operating pressures could be in ise extended down to Imtore
{1.3 x10” m bar). Also, a possible problem of arcing can be ed in the case of RF sputtering.

Arrangements in which the applied electric field and magneﬁc fields are perpendicular to
each other are called magnetron sputtering systems. In a planar cathede system, such as in the
present cage, the magnetic field is applied parallel to the cathode to confing the primary electron



motion to the vicinity of the cathode and thus increase the ionisation efficiency and prevent the
eleciron bombardment of the film. For this purpose a permanent magnet is placed behind the
cathode. The discharge plasma is constrained near the cathode surface by trapping regions formed
by endless toroid bounded by a tunnel-shaped magpetic field. Magnetron sputtering makes it
possible (o otilise the cathode discharge power very cfficiently (up to 60%[4]) and yield highet
deposition rates.

223 GROWTH

For the growth of ZnO films by the RF magnetron sputtering, system described above,
the fallowing procedure was utilised: Cleaned[5) snbstrates were placed in the substrate holder
at anode. The vacuumn chamber was evacuated up (o & x 107 m bar. Then sputtering, gas Ar was
allowed in the chamber at a specified pressure, Keeping the shutter closed, RF power was
applied between the clectrodes and the plasma was ignited. The plasma potential is monitored by
a probe connected at the bottom of the cathode. The time the plasma potential takes to reach a
constant value decides the pre sputtering time, By pre sputtering the first few atomic layers of
the target are removed in order to clean it, During the time the system is open (o air {to load or
unload substrate) the target is liable to become contaminated by atmospheric pollution, by
handling or by formation of a compound on the surface of the target. After pre sphitering the
substrate is exposed to the plasma by removing the shutter. The sputtering pressure (Ar
pressure), the applied RF power, the substrate temperatire are the parameters that were varied
to change the growth conditions. With a target diarneter of 72mm and a electrode separation
distance of 73mm, the growing ZnQ films showed a aniform thickness values at least for 4 x 4
cm® area. The Zn0 films grown on Corning 7059 glass substrates of size 4 x 4 cm’ were
characterisad for their electrical, optical and structural properties. The thickness was measured
by using a stylus profiler thickpess measurement instument manufsctured by Tencor
Instruments. The electrical propertics were measured by using four probe as well as van der
Pauw methods. The structural properties were analysed nsing the X-ray powder diffraction

method with a Cu-k, radiation sonrce. The optical properties were analysed using a Perkin
Elmer spectrometer with an integrating sphere.

2.3 Results and Discussicn

2.3.1  GROWTH KINELICS

Figure 2 shows the deposition mte of ZanQ flms deposited al room temperature at
different RF power values. The sputtering pressure was kept at 5 x 107 m bar, The distance
between the electrodes is 7.3cm. As is seen, the increase in RF power linearly increases the
growth rate. This increase is mainly attributed to the increase in the sputtering yield, ie. in the
number of tarpet atoms (or molecules), ejected per incident ion, of the tarpet. The sputtering yield
8 is given[3] by

Se —3“2 L L 5 %3— (1)
4n (mi +m'] 0

where U, is the surface binding energy of the material being spottered, m, and m, are the masses

of the incident ion (Ar} and of the target atom respectively, o is a monotonic function of m/m
and E i3 energy of incident jon. According to this equalion, the yield increases linearly with E.
This equation holds good for values E lower than 1 keV. At values of E, the sputtzring yield
becomes constant and remains unaffected by a further increase in E[6]. In the present case the
sputtering yield, that is the number of atoms and molecules ejected, increases with RF power.
This directly increases the growth mte since stucturally there is no vanation in the growth
direction which may change the growth mechanism and hence affect the growth rare(?]. A
maximum growth rate of 5. 8A/sec has been achieved at 200W of RF power. Since the increase is
lincar, an additional increase in RF can be expected to increase the prowth rate further. But the
lirication is the target lifetime as well as the damage on the growing surface of ZnO[8). The target



may not withstand high energy sputtcring and it may break, as it was observed in the present
ease, due ro continuous high energy (RF power more than 200W) sputtering. A high density
target, thus, car increase the growth rate further, Such high energy sputtering may also etch the
prowing surface, as will be explained in scction 3.8, Thus any reguirement of obtaining a highly
smooth surface also puts limitation on the increase of RF power that ane may wish to underinke
in arder to increase the growth rate by sputtering.

Fipurc 3 shows the change in the bulk resistivity of the same films as those represented in
figure 2. 1t is seen that the increase in RF power decreases the resistivity at iow RF power values,
At high RF power values the resistivity seems to be samrated. A low bulk resistivity of 62 x 107
ohm. cm is achieved at RF power value of 150W. This resistivity value, obtained withour
substrate heating is highly useful for growing ZnO on device structures as well as on polymer
substrates]9.10 }. As mentioned before, the targel for ZnO deposition is a sintered disc of mixture
of ZnO and ALD, in the ratio of 98:2 wi.%. Hence the grown ZnO films are doped with Al
(ZnO:Al).

A stachiometric ZnD otherwise has an empty zinc 4s-band and a filled valence 2p-band
resulting in a band gap of 3.3 eV [the two valence 4s electrons of zinc transfer to the oxygen 2p-
band). The reason for the conductivity of ZnO could be cither intrinsic defact structure or external
doping. In the defeet structure, the ZnD is not in a stochiometrie ratio and there is excess Zn or
tow amaunt of 0. One of the two valence electrons of the Zn interstitial atom ean be easily ionised
and acts therefore as donor, Usually in a defect structure of Zn() an increase in O do not give rise
1o frec holes. This means that the acceptor level commesponding to oxygen defect center is too far
from the valence band|11] to be ionised at room temperature or the number of interstitial Zn is
always higher than O.In the case of cxtrinsic doping, a 111 group element {Ga, In, Al} occupies
the position of Zn. The excess electron from Al (as a 111 group elementy supplies an additional
electron for the process of electrical conduction [12].
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Figure 2 The growth rate of ZnQ films grown at Figure 3 The resistivity of the swme films of
different RF power values, The sputtering pressure figure 2,
of Ar was 5 x107 m bar.

The increase in conductivity obtained with in an increase in RF power is due o both the
increase in erystallinity as well as the increase in efficient doping. The crystallinity is seen from
X-ray diffraction experiments and the change in eharge carmier density is seen from optical
measurements. This will be discussed later.

Figure 4 shows the variation of growth rate as a function of RF power for deposition at
175°C. The Ar pressurc was 3 x 10™ m bar. Similar to the growth &t room temperature, here also
the growth rate also varics lineardy with RF power at increased substrate temperature. Figure S
shows the resistivity of the same films as those represented in figure 4. At low RF power values



the bulk resistivity is lower than the resistivity values obtaived at high RF power values. After
100W the resistivity seems to remain approximately the same(between 4 to 4.3 x 10 ** ochm.cm).
Figure 5 can be comparced with figure 3 to see the variation of resistivity in function of RF power
at two differemi substrate temperature values. In both cases the resistivity seems to reach a
constant value afier RF power value of 100W. The resistivity of ZnQO grown at room temperature
is 6.2 x 10 * ohm.cm whereas the resistivity of ZaO grown at a substrate temperature of 175°C
is 4.1x 10* ohm.cm. The reason for this high conductivity cbtained at 175°C can be either an
increase in camier concentration or &n increase in carrier mobility. The carrier mobility can be
increased when the crystallinity is higher. The increase in RF power, during growth, increases
the surface mobility of adatoms. On the other hand, the increase substrate temperature also
increascs the kinetic energy of the adatms during growth. Increase of both of these growth
parameters enhances the crystallinity and the grain size of the growing films. 1t is not therefore
surprising that we obtain highly conducting ZnQ films at increased RF power at increased
substrate temperatures. The variation of resistivity with variation in RF power is small in the case
of growth with suthstrate heating when compared to the growth without substrate heating. Note
that the satisfactory conductivity values obtained without substrate heating (6.2 x 10  ohm.cm)
indicate the possibility to obtain film that can indeed be useful for device fabrication at low
substrate temperatures (for example, fabrication of thin film a-Si solar cells). With similar
explanations, the variation of resistivity of ZnO films grown at low RF power values and at room
temperature (in figure 3) can be readily understood. The increase in RF can vary the
resistivity from 10.8 x 10 ohm.cm to 6.2 x10™ ohm.cm (in figure 2). On the other hand, an
increasc in RF power at increased substrate temperature increases the resistivity from 3.2 x10°
ohm.cim to 4.2 x10 * ghm cm, This increase can not be explained in terms of the kinetic energy
of adatoms, Rather, it seems that at increased substrate temperatures, a high RF power introduces
intrinsic defacts in ZnO that acts as traps for charge carriers.
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Figure 5 {right} The resislivity of the same
fidms of figure 4

substrate temperature was [75°C. The Ar pressure
was 5 x107 m bar.

Comparison of figure 2 and figure 4 shows that the maximum deposition ratz of Zn0
without substrate heating is higher than the maximum deposition rate with substrate heating. This
shows that even though the sputtering yield is increased at high RF power values, some of the
sputtered atoms are reflected from the surface of the substrate at increased substrate temperature.
This reduces the rate. A reduction of growth rate with increase in substrate temperature
has been observed for growth of single crystalline ZnO by mapnetron sputtering[13] Thus, there
is an additional advantage for the growth without subsrate heating in the present system.
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The variation of deposition rate as a function of sputtering pressure {of Ar) is shown in
figure 6. The RF power was 100W. The sobstrate temperature was 175°C. As is seen, the
deposition rate decreases linearly with an increase in Ar pressure. As explained in the beginning,
the dischach is sustained by electrons making icnising collisions in the gas. The number of
ionising collisions will increase with increasing gas density, that is, the pas pressuce. On the
other hand, the material sputiered from the targel may collide with gas atoms on its way to the
substrate, The collisions reduce the energy of the sputtered atoms. The rate of such collisions will
increase with increasing pressure. As a result, the sputtered atoms will be deflected, some tmes
back 1o the target. Hence the deposition rate decreases. In the present case the increase in Ar
prossuce increases the above mentioned cotlisions in the plasma and this leads to the reduction of
growth rate.

‘The variation of resistivity of ZaQ as a function of pressure of Ar is shown in figure 7.
The samples are the same as those of figure 6. The resistivity decreases with an increase in Ar
pressurc., 1t appears to reach a minimum value arcand 5 x 10? m bar. The increase in conductivity
18 duc to iacrease in both the charge carrier density as well as in the erystallinity, as will be shown
later. From figure 6 and figure 7 we can determine an optimum pressure of Ar for flat film
growth. To obtain low resistivity of the resulting ZnO film a sputtering pressure above 5x 10°
mbar is necessary. To have both high deposition rate as well as high electrical conductivity the
pressure of 5 x10° m bar is optimised as suitable sputtering pressure,

Comparison between figures 7 and 5 shows that the influence of spultering pressure on
the resisitivity is large when compared with the infloence of RF power on the resistivity. On the
other hand, comparison between figures 4 and 6 shows that ihe influence of RF power on the
growth rale is higher whea compared with the infloence of sputtering pressure oa the growth
rate,

2.3.2 OPTICAL PROPERTIES

High optical transmittance of a transparent conducting oxide along with high clectrical
conductivity are prime requirements for those materials, For solar cell applications, in gencral, the
transparent conducting oxide should heve & high transmittance between 400-10600 om. In figure 8
the optical transmittance of ZoO films grown at different Ar pressures is shown, The RF power
was 100W. The substrate teroperature was 175°C. For all the films the transmitiance is more than
80% in the visible region. The spectral dependence of transmittance of ZnO is explained also in
section 3.4. Here we explain different panis of the tansmittance and reflectance specirum, At the



ultra viclet wavelength region, around 3750m the band to band transition for Zn(Q takes place. In
the near infra red(NIR) region, free carrier absorption ocours. At the low energy end of this
spectral region, plasma resonance takes place in the NIR region. The band gap of intrinsic Zn() is
3.3 V. However, with increased camer concentration the apparent band gap value may be
shifted away from the acmal value. The froe camrier absorption increases with increase in charge
camier concentration. The position of plasma edge (the minimuom in reflectance due to plasma
resonance) is also a function of charge carrier concentration. This is explained below.
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Figure 8§ The transmittance spectra of Zn0Q films Figure 9 Vorintlon of {absorption ceefficient)?
grown with different sputtering pressures of Ar. The with energy. The intercept of the linear part of the
RF power was 100W. The substrate tempernmne was ourves with the energy nxis gives the value of
175°C Asee figure 7 aiso) hand pap. The onset of band to band transiion

increases with increase in free carmier ahsorplion,

The increase in conductivity increases the free carrier absorption of ZnO films in the near
infra red regions as shown in figure 8 (see alse figure 7). Dunng the process of free carrier
absorption, the elecirons in the canduction band are rised to higher energies by nfraband
transitions. Obviously, a stochiometric ZnO will not have this absorption, The absorbance due to
free charge carriers is written as

3 2
am SN @
no(m )“c
where N, is the number of free carriess, n is the reffactive index, m® is the effective mass of
charge carriers and p is the mobility[13]. 1t is to be noted that the free carrier absarption is a linear
function of N, and is inversely proportional to the mobility of the charpe camers. Also the
absorbance is a function of the square of the wavelength.

Figure 10 shows the reflectance curves of the same samnples as those represented in
figure 8. All the reflectance curves show a minimum in the near infra red wavelength region after
which there i3 a maximum of reflectance. This is due to plasma resonance. The free electrons in
Zn0 interact with the photons electrostatistically[14], thus forming an electran “plasma’ which
can be excited by light of proper photon energy to collectively perform fluid-like oscillations.
This plasma possesses, just like an oscillator, a rescnance frequency, which is often called a
‘plasma frequency’, This explanation is well used for the analysis of the reflectance from a metal
surface. The reflectivity of a metal is writien as

(n—l) Z4x?

(n+l) Z k2 @
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whete b is the real part of sefractive index and k is damping constant {or extinction coefficient).
For the motion of a free electrort which is excited to perform forced, hanmonic vibrations under
the influence of external alternating ficld, i.e., under the influence of light, the complex index of
refraction may be writien as

2
N
A 1ot ()
oy
where N, is the density of free electrons and m is the electron mass, Here we have two cases.

2
£ N‘é in equation (4) is larger than on¢, Hence 72

(1) At small frequencies the term is negative
oy

and i is imagirary. This means the real part of the complex refmactive index is zero, This leads to

the reflectance in equation (3) to be one. ie. the reflectance is 100%. In figure 10 a strong

reflectance due to this phenomenon, can be observed around 1500nm,

{ii) At higher frequencies the second term in equation (4) becomes smaller than one. Hence filis
positive, The reflectivity for real values of &, i.c., for k=0, is written as {from equation (3)), R=
(r-1Y(n+1). That means the material is essentially transparent for these frequencics, (wavelength
region below 1500nm: in figure 10}

The plasma frequency is the frequency which separates the transparent and the reflective
regions, By setting the second term in equation (4) equal to unity, the plasma frequency can be
determined. Hence the plasma freqoency is

z

N
vy -2 (5)
nm

Experience shows that plasma oscillations already occur when i is close to zero{15]. The
wavclength X, at which the minimum in reflectance takes place is given by the relation, A, =

1.13 A, where the pumber of free electrons is given[16] by
2.2 %
Neo 4n°cm :oer ()
Amle

Using the minirmum in refectance observed experimentally, the plasma frequency and the density
of free carriers can be determined by using equation (6).

In figure 10 it is seen that the minimum in the reflectance due to plasma resonance is
modified depending on the sputtering pressure. Acconding to equations (6), the density of free
carriers increases with the decvease in the value of ?L::‘,.,. From figure 10 it is readily obtained that
the density of free carriers in the resulting film changes with a change in Ar pressure during
sputtering. The density of free carriers are high when the Ar pressure is 5x 10? m bar, Figure 9
can be compared with figure 7. The increase in conductivity of ZnO films during the change in
the working pressure is mainly attributed to the increase in density of charge carriers of the
resulbng films.

Figure 9 shows the variation of square of absorpton coeflicient with energy for ZnQ
films grown at three different working pressures of Ar, The films are the same a5 those which
were represented in figure 8. The intercept of the linear part of the curves (in figurc 9) with the
energy axis gives the value of the energy band gap. It is seen that the encrgy comesponding to the

to band transition changes depending on the pressure of Ar during sputtering, The band to
band transition of a stochiometric Zn0 (without doping) will take place at around 33 eV. As is
seen in fipure 9 there is an increase of (apparent) band gap for Al-doped ZnO. This increasc is
due to the density in number of charge carriers. Such an inctease in the apparent band gap with
increase in froe carrier concentration is due to the filling op of the low energy levels in the
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conduction band so that the excitation of electrons by photons of proper energy is from the
valence band to the higher energy levels of the conduction band. This gives dise to the apparent
shift in the band gap and this & is known as Burnstein-Moss shift]17]. The increase in the
band gap values, however are not exactly equal fo those predicied by the Bumnstein-Moss shift.
This occars since there are other parallel effects like apparent decrease in band gap value due to
the merging of the doping levels with the conduction band at high levels of doping, As a net
result there is still clear increase in apparent band gap of ZnO with an increase in camrer
concentration {9 and figure 10}. This means that the onset of the band to band transition is shifted
towards the low wavelength side (j.e., towards high phaton energies) as the density of the free
carriers increases.
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Figure 10 The Reflectance spectrum of Zn0 films grown at different Ar pressures. The wavelength for minimum
in the reflectance due to plasma resonence varies depending on the density of free camiersfem™) in the film

In figure 11, the ransmittance curves of ZnO films grown at different RF power values
are shown. The sputering pressure of Ar was kept at 5 x 107 mbar since this pressure was
considered more suiteble for the febrication of ZnQ for solar cells with high conduchivity and high
depusition rate, The substrate was kept at room temperature, The transmittance is around 80% in
the visihle region. The tansmittance in the long wave length region gets decreased with an
increase in RF power. The free carrier absorption in the near infra red region clearly increases
with increase in RF power values.
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Figure 12 shows the same transmittance curves as those shown in figure 11, but for the
ultraviplet region. Tt is seen that the onset of band to band transition gets shifted towards low
wavelength side as the RF power is decreased. Hence a decrease in RF power clearly increases
the onset of the band to band transition. This observation is in contradiction with figure 11 in
which it is shown that the absorption due to free carriers increases with increase in RF power. It
is seen from equation (1) that the free carrier absorption increases with the increase in the density
of charge carriers. On the other hand the band gap should, in general, increase with the increase
in density of charge carriers. Our observation seems to be anomalous and need to be investigated
further.

The optical band gap of undoped polycrystalline thin films are somewhat different than
those reported for single crystalline films. Their actual magnitude depends on the preparation
conditions. For doped polycrystalline thin films, three effects should be considered.

(i) when the effective mass varies with a variation in carrier concentration the shape of
valence and conduction band can be altered

(ii} the partia! filling of the conduction band leads 1o blocking of the lowest states and
hence widening to the optically observed band gap (Bumstain-Moss effect, as observed in the
previous case {of different Ar pressures))

(iii) well above the Mott critical density[ 18] the impurity band is broadened until it merges
with the conduction band. This modiftes the shape of the conduction band[19] and leads to band
gap shrinkage. Effectively a reduciion in the increase of the “apparert’ band gap will be observed.

Effectively the ‘apparent’ band gap is increased with increase in charge canrer density.
The magnitudes may differ depending on the density of charge carriers and hence the absorption
mechanism. (Here after, the term *band gap® will designate the measured band gap value which is
from a theoretical view point an *apparent’ band gap.)

From equation (2) it is seen that the free carrier absorption alse increases with decrease in
mobility. On the other hand one can see from equation (6) that the minimum in the reflectance due
to the plasma resonance mainly depends on the density of charge carriers. Figure 13 shows the
reflectance of the same films &s those represented in figures 11 and 12.
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As is seen the minimum in the reflectance does not vary pradually as the free carmier absorption
does (as seen from the transmittance curves of the same samples). To investipate further, the
density of fiee carriers is calculated from the minimum in the reflectance (equation 6). Such
caleulations have in the past been shown (0 yield reasonable values for Zn0[20,21 22,23).
Figure 14 shows the density of free electrons for these films at different RF power values. The
charge carrier mobility, derived from the resitivity and density of free charpe camiers (mobility,
n=1/N*resistivity*charge of electron ) is also showed in figure 14.
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Figure 15 The band gap of the same ZnQ films of

the resistivity of ZnQ grown at different RF power
values, The spullering pressure of Ar was § £ 10°m
bar,

figure 14. (see alzo figure 12),

The density of charge carriers, as is seen, does not vary in the same way as the free carrier

ion in the near infra red region varies. At RF power values of 75W, 100W and 150W the
density of clectrons decreases with increase in RF power values. The mobility of electrons in
these films increases with increase in RF power. However, at higher RF power levels
{c.g- 200W) the mability decreases again. The variation in mobility will be discussed farther in
the next scction. In the present case, it is noted chat the free carrier absorption (shown in figure
11), however, does not follow the equation (2). The band gaps of these ZnO films were
determined and figure 15 shows the resulling variation of band gap in function of RF power.
(The band gap determination is explained in section 3.4. The present band gap values were
calcutated using the transmittance, reflectance measarements and using equation (3) and (2) of
section 3.4.) As is already observed from figure 12, the band gap of ZnQ in figure 15, decreases
with an increase in RF power. The varjation of free carmier density, shown in figure 14 can be
now compared with the variation in band gap. The band gap values of the ZnO films grown &
T5W, 100W and 150W increase with an increase in density of charge carriers. The Bumstein-
Moss shift in the energy gap can be expressed as[24]

h? (S_N)%
Sm‘m

where m'_ is the conduction band effective mass. Figure 16 shows the shift in energy gap of
Zn0O grown at 75W, 100W and 150W proportional to N, This demonstrates the band gap
widening effect of ZnO as already observed for other TCOs (for ATO (Al doped tin oxide) and
ITO|25, 26]). This shows that the density of free carriers and hence the band gap vailues can be
taitored By changing the RF power. It is alrcady described that the doping of target is fixed (2
wt.% of AL0,). The change in the doping concentration in the growing film therefore arises from
a variation in the growth process.

The films grown at low RF power value of 50W as well as high RF velue of 200W do
not change their band gap values corresponding to the relative change in the carrier concentration.
However there is band gap widening in these films while comparing with the intrinsic band gap
value of 3.3 €V of ZnQ. Tt seems that the band gap namowing (BGN) effects are dominant in the
case of ZnO films grown at high RF power values and they are weakly pronounced in the case of
Zn(y at low RF power values. The band gap namowing effects are theoretically
cxpected|27] to increase further for a polar semiconductor like ZnO due to the polar couplings
{shift in the energy values doe to the interaction of polar planes).
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In figure 12 another imporant point to be noted is the reduction in the transmittance of
Zn0 in the wavelength region from 400nm to 50(nm with increase in RF power. This reduction
in transmittance comresponds to yellow color formation in the films. Hence the absorption in this
wavelength region increases with an increase in RF power during sputtering. This yellow color
formation is further explained in section 3.4. This absorption corresponds to lormation of defects
{(ionised oxygen vacancies or Zn interstitial) in the material and this defect formation increases
with an increase in RF power.
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Figure 16 Variation in the band gap of ZnD with Figure 17 The scflectance of the ZnQ films a1 the

carrier concentralion showing Bumstein-Moss shift, plasma resonance region . The pressure of Ar dusing
sputtering was 5 x 10" mbar. The substrate iemperature
was 175°C.

The reflectance spectrom of ZnO films grown at 175°C with different RF Fjwer values
are shown in figure 17. The density of free carriers, and the mobility are shown in figure 18. As
is seen the density of charge carriers increases with a decrease in RF power. The mobality, similar
to the mobility of films grown without substrale heating, incresses with the increase in RF
power. The difference cocurs only at the low RF power values. As explained earlicr, as far as the
growth of ZnO film is considered, both the RF power or substrate temperature increases the
kinetic encrgy of the adatoms during growth. Hence the growing material at low RF power (50W
in figore 17) with increased substrate temperature finds a growth condition (surface mobility)
somewhat similar to that of o growing malerial at slightly increased RF power (75W in figure 14)
without increasing the subsirate temperature. The band gap values of the same samples in
funetion of RF power is shown in figure 19. In figure 16 the variation of band gap of these Zn0
films is also shown in function of N“*. In figure 16 it is seen that in both cases of growth withoat
substrate heating and with substrate heating(175°C), the band gap shows a linear variation with
N caplaining the band gap widening effect in ZnQ.

Figure: 20 shows the density of froe carriers in ZaQ film and their mobility in fonction of
Ar pressure. The films arc the same as those that were represented in figures 7, 8, % and
figare 10. At low Ar pressures the density of free carriers and the mobility vary in a similar way.
This can be compared with figores 8 and 10. As the density of charge carriers and the mobility
vary, for the samples grown al 1.2 x 107 m bar, 3.5 x 10? mbar and 5 x 10” m bar, in a similar
way we can expect the frec curier absorption and the minimum in the reflectance due to plasma
resonance fo very in a similar way {this means a reduction in free camrier absorption and an

increase in value of A, ). Figure 8 and 10 show, as expected, similar variation. Thus, by looking

at the reflectanoe and the free casrier absorption carves one can oblain the trend of variation of
maobility as well as the density of charge carriers.
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Figure 19 The band gap the ZaO films shown in figure
16 and figure |7, The band gap veries as the density of

valugs, The substrale temperature was 175°C. The charge carriers (shown in figure 17) varies,

pressure of Ar was 5 x 10-3 m har.

gure 21 shows the value of absorption goefficient at 4 &V for Zn0 films grown at
1.2 % 107 m bar, 3.5 x 10 m bar and 5 2 107 m bar in function of the camier concentration
{cm " "). The decrea.se in absorption coefficient with an increase in carrier concentration has been
reportedfi3] to be dye to the decrease in the joint density of states. Since the absorption
coefficient can be expressed as

ah) = AT Peip 8

where A is a constant. The sum is over all possible mansitions separated by energy hv, Py is the
fransition probability from the initial state to the final state and g, is the joint density of states.
When the transition probability and the electron density in the valence band are constants, the
decrease in abserption coefficient occurs(13] due i the reduction of joint density of states with an
increase in carrier concentration. This takes place since the increase in carmier concentration
decreases the available states for transition in the conduction band {empty states). For ZaQ films
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Figure 20 The density of frec cartiers and the mobility
of ZnO films grown an differem Ar pressures. The
substrate temperamrs was 1 75°C. The similar variation
of froc carrier density und the mobility coresponds to
the similar varlation of froe carrier absorption and the
minimum reflectance doc to plasma resonance (see
figure B and 10},

Figure 21 Variation of absorpion coefficient
al 4V in Function of camier concentrations
for ZnO grown atdifferent Ar pressures.
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grown with various Ar pressures, the absorption coefficient and the carrier concentration follow
the above explanation. Figore 22 shows the variation of absorption coefficient at 4eV of ZnQ as a
function of RF power during growth. The pressure of Ar was 5 x 107 m bar and (he growth was
without substrate heating. It is clearly observed that the increase in RF power leads to decrcase in
the absorption coefficient. The films grown at 175°C also show a simitlar variation of absorption
coefficient with RF power as seen in fipure 22. According to eguation (8), the filling up of the
electrons in the conduction band should decrease the absorption coefficient at deV (reduction of
empty states above the apparent band pap) as observed in figure 21, However for the variation in
RF power, even though there is an increase in carrier density, there is no decreage in the
absorption coefficient. Figure 23 shows the absorption cocfficient in function of the carrier
concentration for ZnO films prown at different RF power valnes and af two different substrate
temperatures. In contrast with the series where the Ar pressure has been varied and in contrast
with previous results |13], the increase in camier concentration increases here the absorption
coefficient ol ZnD at 4eV. It secms that the increase in density of carriers due to change in RF
power during sputtering is also duc to defect formation (interstitial Zn or oxygen vacancy} that
gives a free electron (see fipure 12). This modifies the joint density of states as well as the
transition probability in equation (8), When (he increase in charge cartiets are due to new defect
states, the joint density of states and Uhe transition probability increase and hence the absorption
coefficient increases.
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Figure 22 Varintion of absorption coefficiem at 4¢v  Figure 21 Variation of absorption coefficient ot 42V in
for Zn0) in function of RF power values, function of camier concentrutions for Zn grown at
different RF power values.

2:3,3 STRUCTURAL FROFERTIES

The structural properties of ZnQ will be discussed in this section. As this forms the base for
further analysis on surface textured ZnQO in Ok forthcoming sections, we give here an
intraduction to the structire of Zn0) and to fiber texture growth, To start with, let us lock at the
X-ray powder diffraction patiern of a typical ZnQ film grown by sputtering. Figue 24 shows e
standard X- ray powder diffraction of ZnO powder sample|28]. The intensity distvibution of
diffraction of different plangs ¢an be noted. Figure 25 shows the X-ray powder diffraction pattern
of Zn0 grown by sputtering, The sputtering pressure of Ar was 5 x10°m bar. The RF power
was 50W, In figure 25 it is seen that there is onty diffaction due to (0002) planes. This is a
typical diffraction pattern of ZnQ) grown by sputtering in our laboratory. The reason for such
origntation is the fiber rexture growth nawre of Zo0.
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Figure 24. The X.my powder diffraction psttern of Figure 25 Typical X-ray powder diffraction pattern
stochiometric standard ZnQ) (ASTM 36-145), of ZvD growm by spultesing.

2.3.3.1 FIBER TEXTURE

When a crystallographic axis is aligned along some Prefermd direction of a crystalline
aggregate, it is said to be a fiber texture. The occurrence of tiber textare has been known for a
long time. Volmer and co-workers [29], in 1921 observed that the Zinc films(Zn) showed a
[00D1] fiber axis directed toward the evaporation source. Later workers showed that many
materigls develop fiber textures when evaporsted onto amorphous substrates, Dixit[30], in 1933
postulated that the orientation is decided in the initial layers and it is determined by the subsirate
temperature, crystal structure, atomic radius and the melting point of the deposited material. His
theory showed good agreement with the experimental resulis on Ag, Al and Zn films.

Evans and Wilman{31] described two types of orientations depending on the mobtlity of
the depositing materials, The first one on the initial fayer as postulated by Dixit. Here the
densely populated atomic plane lies el to the substrate surface and this gives the fiber axis
normal to the surface, In the second orientation there is no initial orientation, but a fiber axis,
strongly inclined towards the evaporation source, develops at greater film thickness.

Tie work of Bauer{32] in 1962 still stands as a standard reference for the fiber texture
growth. It gives the comprehensive general texture model. The main points of this model are: on
substrates in which the interaction between the substrates and the initial nuclei is weak, the nuclei
will be bounded by equilibrinm crystallographic planes with one such plane preferentially paralted
to the surface. This gives rise to the fiber axis normal to the surface. If the interaction is strong,
different fransitional and final growth orientation may develop from a randomly oriented
aggregate formed either directly on the substrate or by remucleation on an oriented initial layer.
The prowth orientation is determined principally by the topography of the surface and the angular
distribution of the depositing vapour beam.

Van der Drift [33] has given & theory for the orientational growth. It is known as principle
of evolutionary selection or “survival of the fastest’ growing planes. It is based on the fastest
growing planes. The initial layers may contain zll passible orentations. But the plane with the
higher growth rate will survive at the cost of the other planes. ' two crystals meet, the less steep
one ends in the flank of the steeper one: the survival of the fastest. By this theory one could
predict the orientation of growing films. This theory is useful for the present study on the
structural properties of Zn0.

All above mentioned work supports the general idea of a fiber texture oricntation
perpendicular to ¢ie substrate, ZnO generally exists in a hexagonal wurtzite structure. For ZnQ
the most closely packed plane or the Iew index plane is (0001) (the structure and the main.planes
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of ZnO are explained in section 3,6) This corresponds o a fiber texture orientation along [0001])
direction For this orientation the ¢-axis of the hexagonzl crystal system lies nommal to the
substratcs. Usually, Zine Oxide film is oriented with c-axis approximately nommal (o the film
plane. kn some cascs ZnO has becn grown with its c-axis parallel to the substrate. The orientation
with the ¢ axis lying in the film does not have any parailel in the reported work on CdS films{34]
and has not been well understood.

N. Fujimura and co-workers [35] have recently (1993) published their work on the
control of c- axis orientation for ZnO films. They have shown that by altering the gas ratio in the
sputtering atmaosphere one can control the orientation against the equilibrium. With that they could
achicve (11 20 orientation. They explain that this effect is due to a change in the tetrahedral co-
ordination between Zn and O species in the vapour phase or at the target surface during
sputtering.

The ¢-axis orientation of ZaO films arz highly important for some of its applications. ZnO
is a piczoelectric material with one of the largest electromechanical conpling coefficients[10] of alt
non-ferro electric materials and it is wsed for thin film ultrasonic transducers|36], surface
acoustical wave(SAW) devices|37] (band-pass filters, resonators, voltage-controlled oscillators
and convelvers in a Fequency range of 10MHz to GHz). The ZnO thin film SAW video
intermediate frequency (VIF) filters, color TV sets and VTR are now widely in
productionf38 39]. For all these applications, a c-axis onented{perpendicularly) ZnO is highly
preferred{40] as the performance of the device depends on ir. To investigate the ¢-axis oticntation
of ZnO, structural analysis was camied out on a number of samples grown at different
experimental conditions. The deposition parameters varied were

1, Ar pressurc,
2. RF Powcr, and
3. Thickness.

The Ar pressute was covered for the usual sputtering range (5 x 107 m bar to 1 x 107 m bar),
The substrate thickness was increased up to 1500nm. The substrate lemperature was increased up
to 200°C. In alf these cases o fiber texture growth with the c-axis of the hexagonol crystal system
perpendicular 1o the substrate (glass) of ZnO, similar to the one shown in figure 25 was abtained.
The growth conditions just influences the intensity of the diffracted peaks. In some cases, the
glass substrates were kept inclined (around 45°C) so that the incident angle was oblique. Still the
fiber texture growth was not altered. At the extreme cases of Ar pressure, thin films of ZoO show
initial nucleation of other planes while keeping the (0002) plane still highly dominani. Another
important point is that almost all the time polycrystalline ZnQ was obtained by the sputtering
growth. li is in eontradiction with the common belief that the spotiering methed usually lead to
growth of amorphoos films [41]. 1t is to be mentioned here that for most of the above depositions
the electrode separation distance was 7T0mm. An usual elecmode separation distance for sputtering
is 40mm. The present distance increases the thermalisation of high energy sputtered particles.

As long as we do not mix other gases with Ar, the ZnD film formed by sputtering showed
high fiber texture origntation. The mixing of oxygen with Ar can easily alter the orientation of
Zn0O by sputtering. By reactive spultering (using mixture of Ar and O,), T. Hada [42] cauld
abtain c-axis parallel as well as c-axis perpendicular orientations of ZnQ. C. R. Aita [43], more
specifically reported that when the ratio of Ar to O, during sputtering is 3:1, a c-axis
perpendicular orientation is abtained. N. Fujimuara showed that when the same ratio is 1.3, c-aris
parllel orientation can be obtsined. K. Ohji et al. [44,25] have reported a nced for a
hemispherical electrode system for sputtering in order to get high c-axis orientation of ZnO. They
used 30% oxygen in the mixture of Ar/Q,. According to our studies, the rezson one obtains a
modification of c-axis perpendicular orentation is given by the role played by the oxygen during
growth. Hence, the important thing is (o reduce the oxygen during sputtering mather than to vary
the electrode configurations. Similarly the kinetic energy of adatoms during growth {given by the
subsirate temperature and the RF power) is more important than the angle of incidence for the
growth of highly oricnted ZnQ films. From the present studies, one can realise the advantage of
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using an oxide target and sputtering with Ar (than having a metallic target and to sputter with
Ar/O, mixtures) for the purpose of fabricating highly c-axis eriented ZnO films.

2.3.3.2 VARTATION IN AR PRESSURE

Figure 26 shows the X-ray powder diffraction pattem of ZnO films grown at different Ar
ressures. The experimental conditions were similar to the previously explained Ar series. The
F power was 100W, The substrate temperature was 175°C. The films have comparable

thickness valnes. The diffraction pattern has peaks due to diffraction of (0002) planes. In figure
26 the diffraction due to oely {0004) (second order) is shown.

First, it is secn thet the intensity increases with the increase in Ar presswic, peaks at Ar
pressure of 5 x 10 m bar, then it decreases with further increase in Ar pressure. Figure 26 can
be compared to figure 7 where the resistivity of the same samples are plotted in function of Ar
pressore. The minimum resistivity of ZnO prown with Ar pressure of § x107 m bar comesponds
to the maximum in intensity of diffraction peak (0D04) shown in figure 26. An increase in
intensity of diffraction pattern is atiributed to the increase in crystallinity of the films. Figure 27
shows the Full Width at Half Maximum of the diffrection (FWHM) peaks (shown in figure 21} in
function of Ar pressure. From the FWHM, one can estimate the average prain size of the

lycrystalline film that undergoes diffraction. The average grain size, as given by Scherrer's
ormula[30}, is inversely proportional to the FWHM. As the ahsolute value of die grain size is
difficult to estimate[45,16) we take the FWHM as a measure of the grain size. As is seen in figure
27, the average grain size of the Zn0O films js maximum when the pressure of Aris 5 x 107 m
bar, To correlate the clectrical properties with structural properties further, the density of free
charge carriers(cm™®) in the same films (from figure 20) are also shown in figure 27. 1t is seen that
with the increase in average grain size, the density of free electrons in the films  clearly increases.
Thus, the FWHM derived from the X-ray diffraction pattemns and the charge camier density
clearly correlate with each other. The mobility of the films shown in fipure 20, can also be
conmpared with the FWHM shown in fipure 27. At low Ar pressures, the mobility increase with
the increase in prain size. The mobility of charge carriers are affected mainly by two types of
scatiering. One 18 grain boundary scattering and the other is ionised impurity scattering, The grain
boundary scancﬁng decreases with the increase in grain stze. We observe for the ZnO flms
grown at 1.2 £ 10° m bar, 3.5 % 10° m bar and 5x 10° m bar that the increase in grain size
increases the mobility. This shows thar |, in this region the pratin boundary scatrering mechanism
is the dominant and that decides the mobility. In films grown at high Ar pressures, on the other
hand, the mobility depends on other scattering mechanisms.
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23.3.4 VARIATION CF RF POWER

The X-ray diffraction patterns of the Zn0O films grown at different RF power is shown in
figure 28. The Ar pressure for the growth was 5 x10%m bar . The substrate was kept al room
temperature. It is seen that the RF power increases ihe intensity of the diffraction peak. At high
RF power valves, however, the intensity decreases. It shows that the crystallinity of ZnO films
decreaszs during the growth with high RF power valucs . At low RF power values an increase in
RF power during sputtering increases the crystallinity. The FWHM values of the diffraction
peaks {shown tn figure 28} in function of RF power is shown in figure 29, It is seen that the
FWHM varies with the power in the same way as the intensity of diffraction peak varied. This
shows thal the average crystailite size and the crystallinity increase with an increase in RF power,
A high RF power value during sputtcring reduces the crystallinity and the grain size. One can
expect an increase in crystallinity and grain size with an increase in RF power during sputicring
as this increases the kinetic energy of adatoms during growth. This may not be true, however, in
the case of sputtering at high RF power.
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Figure 2B, The X-may diffraction pattern of ZnQ Figure 19 Vanalion of FWHM of the difftaction

films grown at different RF power valugs, The peaks shawn in figure 28, in function of RF power,

Ar pressure duting growth was § x 10-3 m bar, The increase in average crystallile size increases the
mobility of charpe camiers. This shows that the
dominant scattering rrechanism fs grein boumdery
Fcatiering.

In figure 29 the FWHM is also plotted together with the mobility of charge carriers. As is
seen, the mohbility increases as the FWHM decreascs, that is, as the grain size increases. The
mobility decreases when the grain size decreases. This shows that the possiblc scaticring
mechanism that affects the mobility of free charpe carries is grain boundary scattering. The
density of free carriers, on the other hand (shown in figare 14), can not be explained in terms of
average grain size. It is observed that the density of charge carriers decrease with increase in grain
BZe.

It is explained for the series with differem Ar pressures that the free carrier density
increases with an increase in the grain size. The mobility increases with an increase in grain size
up Lo the Ar sputtering pressure of 5 x 10 m bar, The pressure of Ar for the present power series
is 5 x 107 m bar. At high Ar pressures the variation of mobility with the average grain size may
be differem. It is scen from figure 29 and figure 27, that the variation in prain size with Ar
pressune during spuftering mainly influences the density of charge carriers and the variation in the
grain size with RF power mainly influences the mobility.

Figure 30 shows that the X-ray diffraction pattern of ZnQ films grown at different RF
power values during sputtering, Ar pressure was kept at 5 x 10~ m bar. This was done since this
pressure is considerad to be required for high conductivity as well as high deposition rate of Zn0
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films for the application in solar cells. In contrast with the previons series, the substrate was kept
at 175°C. Here also the same trend in variation of diffraction peak intensity with the RF power is
chserved. The low RF power increases the intensity and the high RF power reduces the intensity.
Figure 31 shows the FWHM of the diffraction peaks in terms of RF power. The FWHM
decreases with an increase in RF power. This shows, similar lo the previous power series al
Toom temperature, thet the increase in grain size with an increase in RF power. The mobility of
the charge carriers, in general, varies with grain size as the previous case. The mobility values in
this present case are higher than the values obtained for the previous case as there is subsirate
heating plus high RF power to increase the average grain size and the crystallinity.
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Figure 30 X-ray diffraction paniern of ZnQ) films grown at different RF power values during sputtering. The
spullering pressure of Ar was 5 2 10 m bar, The substrate termperature was 175°C.

In figure 32 the dengity of free carriers in function of RF power is compared with the
FWHM of the peaks in the X-ray diffraction pattem (figure 30). The increase in grain size,
similar to the previpus case decreases the charge cammier density in the film. Il seems that with
increase in RF power the doping efficiency of Al in Zn0 is reduced.
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2.4 Conclusions

Flat ZnO films by RF magnetron sputtering have been studied in detail in this section. The
effect of sputiering pressure and of RF power on the electrical, optical and structurel properties of
Zn0 was enalysed in detail. The electro-optical properties could be well comelated with the
structure of ZnOQ. The influence of RF power during sputtering is important for the deposition
rate, for crystallinity and for charge camier mobility of ZnO, whereas the influence of sputtering
pressure of Ar is important for the conductivity and crystallinity of ZnG, It is explained how the
band gap, the absorption coefficient and the structure of ZnO can be influenced by the growth
conditions. These results are useful for any application of ZnQ in general, These results form the
base for the further optimisation of ZnQ for solar cell applications. In the forthcoming chapters
Zn0 films with textured surface will be studicd.
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Surface Textured ZnO thin films

3.1.1 Introduction

Transparent Conducting Oxides (TCO) arc cssential for thin film solar cells. They are
used as the 1ap layer as well as back contact in the solar cells. When used as the top layer the
TCO shauldd have maximum transmittance, in the wavelength region between 300nm to 1000nm
ususally, as well as high electrical conductivity, When used as a back contact it should also serve
as & good back refiector but for those wavelengths cluse to the absorbtion edge of the active
semiconductor namely the near infra red region, Usnally the back reflector is a2 system that
consists of TCO/metal film. In both cases, the optical transmittance of the TCO should be as high
as possible.

In onder to increase efficiency of solar cells the amount of light entering the solar cell
should be increased. By texturing’ the surface of the TCO 1ayer of the thin film solar cell one can
increase the amount of light that is entering into the active part of the cell. 'Texturing the surface’
simply means ‘roughening the surface’ or “making a non smooth surface’.

1t is explained in the first chaper that the TCO, in particular ZnO, can serve the purpose of
windows, back reflectors and diffusion barrices for thin film solar cells. When used as the
window layer, the surface textured TCO decrcases the amount of reflected light. Becavse the
primarily reflected light ray from the textured surface has a second chance of being coupled into
the cell. Hence, the effective amount of light entcring into the cell increases, The salar ocli with a
highly conducting, transparent oxide layer with the textured surface can be said ¢ have an
efficient 'window’.

On the other hand, when used as the back reflector, the vnused light that reaches the back
contact is reflected efficiently by a surface textured TCO/metal system. The light that is not
utilised by the solar cell, thus, goes back again into the device. This increases the spectral
response of solar cells in the long wavelength region (otherwise weakly absorbed region). The
way of making maximum amount of light to go inside the device is known as 'lighl rapping'.

By having the surface of (he TCO textured, one can thos increase the amount of light that
isluseful for pholovoltaic &ction. This enhances the photo current and, hence, the efficicncy of
solar cells.

Secondly, when the light is entering through the surface textured TCO, the light ray is
scattered in all directions. By this, the optical path length of the light ray inside the cell is
increased. The diffused light with its with increased optical path lengih has a higher probability te
generate electron-hole pair. This leads to enhanced photo voltaic action in the long-wavclengih,
low absorption region of the optical spectrum. Specifically, this increases the probability for the
electron-hole pair to be gencrated in the i-layer of an amorpheus silicon p-i-n solar cell. This is a
significant advantage in having sorface textured TCO); this belps to increase the efficiency further.
With this, the absorption of light improves over the entire wavelength range of interest [1,2].
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Figure 1. Light trapping in thin film solar cc)ls. The rough surface of TCO increases the optical path
Iength of the light inside the solar cell. This increases the amount of absorption of light which is otherwise weakly
absorbed. The back reflector reficcts back Ihe unused light while increasing the optical path length of them. The
figure shows the structure of PIN solar cells. Hers the substrate is glass and the Light enters through it. For an NTP
configuration, the substrate is metal or a flaxible polymer and the device structure is reversed.

The increase in the optical path length of the light inside the cel! requires less amount of
device material (€.g., a less thick i layer in a-Si:H or a juc-Si:H solar ceif) for obtaining sufficient
photavoltaic action. The reduction thickness in an a-SitH solar cell reduces the light -induced
degradation of the solar cell efficiency w. r. to its initial value (Stacbler-Wronski effect)(3].
Furthermore this leads to cost reduction in fabrication of these types of solar cells, especialty in
the relatively thick pc-Si:H solar cells. A. Banerjee et al. [3] have reported that the use of a
textured back reflector reduces the degradation of the solar cells.

To summarise, the surface texturing of the TCO is leading to
1. Increase in the amount of light for the photovoltaic action for thin active layer.

2. Increase in the optical path length of the light; increases the photo current over the entire
wavelength region of interest.

3. Reduction in cell thickness; this reduces in the degradation in the efficiency of a-Si:H
oells and leads tw cost reduction.

As hag been explained in the introductory chapters, Zinc Oxide has been selected as a
TCO smainly for the following specific reasons, ZnQ is:

1. Highly stable against hydrogen plasima.

2. Highly stable against high temperature process.

3. X serves as a diffusion barrier for metal diffusion from the substrate.
4, 1t is less expensive

5. Inert with respect to the on growing layers

These are the unigue features of ZnQ while comparing with the conventional TCOs like tin
deped indium oxide (ITO) or Muorine doped tin Oxide (Sn07).

Hence il is highly desited to have surface textured Zinc Oxide thin films. The method of
sputtering, as has been explained in the previous chapters is selected as a main deposition method
for the following reasons:



1. Effective control over the growth
2. Suitable for large-scale applications
3_Simple and less expensive

3.1.2 Review on surface texturing for solar cells

Light-trapping techniqucs for single crystalline solar cell have been studies since quitz a
tong titne while compared with those for thin film solar cells [4]. For single crystalline silicon
solar cells, the surface of the silicon is etched anisotropically to have rough surface [5]. One of
the limitations of teaturing the surface of the silicon itself is the trapping of all light including the
unwanted infrared radiation of insufficient photon energy to create electron-hole pair. This tends
o make the cells *hotter’ |5). Texturing of TCO, in particular ZnQ), will not lead to this situation
as ZnQ itself absorbs the near infra red light (7). For thin film silicon solar cells, especially a-
Si:H solar cells, the improvement in efficiency, in tcrms of the short circuit current, duee to
intreduction of textore on the TOO surface [8] or on the back electrode 19,10,11,12,13] has been
realisod since 1983.

The ptimary works on surface texturing of TCOs have been done with doped tin oxide
films (Sn0O72). Surface textured SnD7 films have been grown by the method of spray
pyrolysis[8], and by chemical vapour deposition (CVO) [14]. The commercially most successful
method is the growth of fluorine doped SnO2 films by using atmospheric pressure CVID15,16)
by Asahi Glass Co. Ltd. of Japan. The surface fextured SnO2:F films grown by this company
has become a standard TOO subsirate for several solar cell research groups. However, SnOg
filme do not show sufficient chemical stability against the action of a hydrogen plasma locking at
the subsequent a-Si:H or pe-SitH depesition. The plasma exposure of SnQO2 films leads to
compaositional changes | 17]. Furthermore, higher substrate temperatures in subssquent deposition
steps leads to a reduction in the optical transmission of the Sn02 fitms. it was tharefore necessary
to develop a TCO which is stable w. r. to hydrogen plasma and which is optically and elecirically
superior to the conventional SnO?2 and ITO films,

In the previous chapters it has been explained that ZnQ thin films show superior
performance in terms of stability against bydrogen plasma and high subsequent deposition
temperarures | 18,19] in order ta be applicable to solar cells. Therefore, it has become desirable to
have surface textured growth of ZnQ films. After realising lhe advantage of ZnO gver other TCOs
several resgarch groups started to work on the growth of surface textured ZnO. There have been
reponts on surface textured ZnQ films prepared by spray pyrolysis |20, 21], by metal organic
chemicel vapour deposition (MOCVD) [22, 23] amd by magnetron sputtering [24). It is our
opinion that of all these works CVO and sputtering method reported by T Nakada et al. have
shown the most interesting results w. . to surface textured growth of ZnO films.

It is well known that the sputtering technique is suitable for low cost and large-scale
produciion of thin films. Fven thangh the sputtering methods provides good control over the
growth, effective methods for production of surface textured Zn( films by spottering have not
yet been restised. The exception is the work in sputtering by T. Nakada et al. They used a
mixture of water vapour and Ar during sputtering to obtain suriace texiored ZnO thin films.

The first sputtering experiments to grow TCOs in the atmosphere of water vapour was
done for the growth of ITO ¢hin films [25). The aim was to study the effect of water vapour in the
residual gas atmosphere from the view point of the mass production process. While increasing
Lr:_e pastial pressure of water vapour Yuzy Shigesato et al. have observed roughness in the surface
of the ITO films.

Tokio Nakada et al. followod the same process and used water vapour in DC sputiering
for the growth of surface textured ZnO films. By the method of DC sputtering they achieved
surface texture of ZnO films by using a mixture of Ar and water vapour. Highly conducting ZnQ
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films were obtained by sputtering with substrate temperature higher than 350°C and, then, by
anrealing the films at 400°C in vacunm for 7 howrs, The comresponding haze factor obtained was
18%.

For surface textured Zn0 transparent electrodes depositian on the top of the active layers
of 3-3i;H and CulnSe2 solar cells, however, the film deposition must be carried at temperatures
belaw 250°C, in order to avoid mterdiffusion of metal ions between the underdying thin-film
layers. Hence, the method of Tokia Nakada et al. conld not be used for the deposition of ZnQ on
1he active layers of such solar cells

In this work we have mainly concentratcd on the surface textured growth of ZnO by RF
magnetron sputtering. In contrast with previously reponted methods, cur aim is ta have surface
textured growth of ZnQ thin films at low temperatures {temperatures below 200°C) sa that the
method can be very well used in the thin film solar cell technology: We thereby have studied
study in detail the comesponding growth process and mechanisms.

As the potential of surface texturing is most important for the field of solar cells, there is
an increasing necessity o grow surface textured TCO thin films. There are lot of theoretical
models about the effect of having textured TCO [26] in sclar cells. In practice very few attempts
have been made to understand the growth procedure of 'surface texturing'. The impertance was
given in optimising the growth conditions for surface textured growth. But the basic questions
are: How can one obtain sufficient surface texturing during growth? What growth mechanism
causes surface texturing of &ny thin film, and in particular, of ZnO? Is it possible to tailor the
surface properties of the thin films of ZnO? These are the very basic questions we tried to answer
in this on surface textured growth.

In order to carry out this, we constructed & RF magnetron sputtering system for the
growth of surface textured Zn0) thin films. The details of the sysiem &re explained in the previous
chapter. By using the mixfure of water vapour and Ar during sputiering we have snccessfully
grown surface textured Zn0: Al films.

The target material for the sputtering is a sintered ceramic disc with the composition of
Zn0: Al O, in the stochiometric ratip of 98:2 wt %. The addition of 2% aluminium is dos to the
necessity of doping Zn0. This is an optimised composition and has been nsed by many research
groups. The diameter of the target is 72Zmm. The distance between the target and the substrate has
been kept at 70mm.

Highly textured and electrically conducting Zn0 thin films were obtained at the following
*standard’ experimental conditions: the total sputiering pressure was 3.5 x 107 m bar, the partial
pressure of water vapour was kept at 2 x 10™ mbar. The RF power was 200W. The substraic
temnperature was 150°C.

During the experiments, the growth conditions were changed and the resulting pro
were analysed. The partial pressure of water vapour during growth in addition ta Ar, the R
power and the substrate temperature were the main parameters that were varied. Three series of
Zn0 thin films were grown by varying these parameters and departing from the standard values.

In 5 first series the pantial pressure of water vapour is varied. We refer hers to the water
vapour that is mixed with the Ar pes. This series of ZnQ films was deposited at a fixed value of
RF power and substrate temperature, The partial pressure of Ar was kepl constant so as 10 obtain
a corresponding total working pressure that was also constant. This senes is called 'water vapour
series’.

In a second series, we vary the RF power while keeping the partial pressure of water
vapour and the svhstrate temperature constant. This series is called ‘the power series’.

In & third series we vary the substrate temperature while keeping the partial pressure of
water vapour and the RF power constant, This serics is called 'the temperature series’.

All these ZnD films were characterised w. 1. to their surface, optical, structural and
electrical properties. The surface properties were analysed using a Scanning Electron Microscope
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{SEM) and a Atemic Force Microscope {AFM), The optical propenlies were analysed using &
spectrophotometer that has an inteprating sphere. The structural properties were analysed using
the X-ray powder diffraction method with Cu-k, radiation, The electrical properties were analysed
using the four probe method and Van der Poe method.

In this chapter, the growth of surface lextuned Zn0) thin films and their resulting propertics
are studied in detail. 1n the analysis of surface properties, it will be shown that the ZnO) thin films
manifest two distinct surface morphologies. Furthermore the AFM analysis reveals a clear
distinction between these two type of morphologies. The optical propertics reveal the effect of
water vapour on the optical transmittance. the optical reflection and on the “haze factor’ of 270
thin films. In the same section a method that can be used to achieve low tempemture surface
texturing of ZnQ thin films has been explained. In the analysis of structural properties the effect
of water vapour ob the structure of ZnO thin films has been studied. It has been found that the
water vaponr should be dissociated to obtain a surface (exture growth,

Non equilibium growth of Zn0), as an effect of adding water vapour during sputiering,
has been demonstrated. The structural transition of ZnQ from the hexagonal wurtzite struciure (o
the cubic structure has been shown, The reasons that lead one to obtain two different surface
morphologies as well as the connection between the surface properties and the structure have
been explained.

The connections between haze lactor, RMS roughness, excess area {i.e. excess surface
area over the geometrical area) and the grain stze of these films have been shown.

‘Thanks to the mastering of the effects control related to surface morphology and {o other
film propertics, surface fextured ZnO films with a conductivity of 14 x10™ ohm.cm and a haze
factor of 50% have been obtained, The performance of solar cell using surface textured ZnO thin
films has been demonstrated.

NoE

There is confusion of terms in the literature. Usually a TCO with rough surface is called
‘textured TCO’. However, the vsual meaning of the word ‘texturc’ in crystallography is a
preferred orientation which is in reality a bolk property of material. Hence there results a
confuusion when explaining (the real preferential orientation of the TCO and its surface rovghness
at the same time. To avoid this we use the term *surface wature’.
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3.2 Surface properties

There are three important properties we require from ZnQ thin films. They are;
1, High electrical conductivity to make ochmic contact layers.

2. High optical transmission to allow maximum amount of useful light inside the
selar cells

3. Textured surface for the purpose of light trapping.

Among these three praperties the third property is a recent requirement and it is yet to be
developed. In order to siudy the surface texture growth of ZnO thin films, the sudy of the
surface properties is essential. In this section, the variation in surface morphology of ZnO thin
films that occurs at different experimental conditions is explained in detail.

3.2.1 SEM analysis

For the analysis of surface properties, Scanning Electron Microscope (SEM) and Atomic
force microscope studies (AFM) were done. In the present section SEM studies on Zn(:Al films
are discussed. The SEM studies were executed using an electron microscope of Cambridge
Instrumemts co. (Type 250, M-K-3). The apparent viewing angle is around 45°. Those Zn0O films
that were highly conducting rendeeed pood quality image of the surface. Fot those samples that
had high resistivity it was, due to the low value of the electron cuerent, difficult to make & pood
image of the surface_ In order to get clear images, the surface of all the films under study in this
section were ooaled with very thin gold film. The deposition of the gold film was done by
sputtering.

3.2.2 Results

3.2.2,1 WATER VAPOUR SERIES

Figure. 1 shows the Scanning Electron Microscope (SEM) photographs of the surface of
ZnQ} films that were grown at diffcrent partial pressures of water vapour in the mixiure of
Hz20:Ar. The RF power was kept constant st 200W and the zubstrme temperature was kept
constant at 200°C. The tolal sputtering pressure was 3.5x 10-< mbar, At first sight one can
observe the following points: The ZnO film that is grown with 100% Ar shows a flat surface
(figure 1.a), The increase in pantizl pressure of water vapour increases the surface roughness of
the ZoO films. A closer look at these surfaces clearly demonstrates two different surface
merphologies. We classify these surface morphologies into two types: Type 1 and Type 1l. The
sample that is grown at neardy 100% wafter vapour shows again an almost flat surface (figure

1.1).

At low partial pressure of water vapour the surface morphology bas well formed faceted
angular grains (figures 1b and lc). We will call this surface morphology ‘columnar
morphology'. As the partial pressure of water vapour increases, the surface morphology changes
completely to a new appearance. Here, the faceted anguler grains have completely di
and the surface has roore rounded grains (figures 1.d and 1.e). We wil]l call this surface
morphology ‘granular morphology'.

A closer observation of columnar surface morphology reveals that the surface consists of
grains with hexagonally shaped pirs.

Keeping the partial pressure of water vapour and the substrale temperature to the fixed
values of 2.5 110~ mbar and 200°C, respectively, the RF power valies were varied. Figue 2
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films have an orientation along the c-axis of their hexagonal wurtzite structuse. On the other hand,
the ZnO films with granular morphelogy have rounded grains. Furthermore, they do not have a
preferred oricetational growth.

The columnar and granular morphologies stand as a major classification of surface of the
Zn0 films by RF sputtering. These two morphologies will be analysed further in the following
sections. The transition from one type to the other happens with the structural transition of ZnD
crystals in the polycrystalline film. In the following sections a comresponding transition from the
nsual hexagonal wurtzite structure of ZnO (o the cubic structure will be demonstrated. Thus the
resultant Zn0 films with columnar morphology (figure 1.d and 1) have mixed hexagonal
wurtzite and cubic grains.

The increase in RF power during growth can strongly influence the surface morphology.
A change in RF power also causes & change from columnar to granular morphology. Similarly,
on increase in substrate temperature can also cause the transition from columnar to granular
morphology.

Basically, the RF power and substratc temperatures can change the surface mobility
during the growih, Higher surface mobilities will result in uniformly textured surfaces (this is
forther explained in the following sections). Howcver, the increase io RF power resnolt in
ronnded granular morphology rather than a nniform faceted morphology. This is doe to the
change in the plasma conditions as well as the change in the growth environment on the sobstrate,
at increased RF power levels, and with increased substrate temperatures. The dissociation of
water vapour, that resulis in granular morphology is enhanced further with an increase in RF
power. It is also seen that an increase in suhstratc tomperature Ieads to a granolar morphology.
Hence the change into granular morphology from columnar morphology in the cases of our
power series and our substrate temperatire series is mainly attributed ta the combined action of
the species present in the plasma as well as on the substranc

In all these series the colummhology exhibits hexagonal pits on the surface. This is
further explained in the section on s properties.

3.2.4 Conclusions with respect to the SEM analysis

Our SEM analysis has shown the effect of water vapour, RF power and substrate
temperature on the surface morphology of ZnO:Al thin films. Water vapour, when it is added to
Ar during sputtering, leads to surface texture prowth of ZnO. The roughness of the surface
increases with the addition of water vapour. it has been observed, in our present work on
magmnetron sputtering, that the watcr vapour should be mixed with Ar in order to obtain surface
texture in Zn0O. Two distinct surface morphologies, namely columnar morphology (‘Type I') and
granular morphology (‘Type 11'} were identified. The columnar morphology exhibits hexagonal
pits on the surface. A variation in RF power andfor in subsirate temperature can change the
surface morphology from columnar to granolar. The surfaces of the Zn{) have been analysed
Turther to gain more insights into the growth process, in the following section.
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3.3 Atomic Force Microscopic studies

3.3.1 Introduction

Since the invention of the Atomic Force Microscope {AFM) in 1986 [1], it has rapidiy
developed into a very useful technique for studying materials in the nanoscale ragime. The use of
the phenomenon of electron tunnelling for the imaging of a conducting surface on atomic scale
was implemented only in 1982, when the first scanning tunnelling microscope (STM) was built
by Binnig et al [2). In 1986 O. Binning and H. Rohrer were awarded the Nobel prize for the
design of the STM. For both mefallic and semiconducting surfaces, STM has now become a
powerfiil analysing tool. The most important feature of the $TM is the teal-space visualisation of
surfaces on atomic scale.

The central part of the STM is & sharp tip either mounted on a spring or incorporated into &
spring(integrated (ip), which is used as a probe, called cantilever, to sense (he tip'sample
interuction forces. What is converied inta image in STM is either the spatial variation of tonnelling
current or the spatial variation of the tip height. The tunnelling currem decreases exponentinlly
with increasing tip-sample distance. Thus, at any given location of the u;}:ouver the sample
surface, the electron transfer involves only one atom, or only a few atoms, those at the apex of
the tip and on the surface closest to the apex. This gives rise to the local character of STM
measurements, which makes it possible to vismalise surface stuctures with sub-Angstrom
resolution and to detect various atomic-scale defects that are inaccessible by diffraction and
spectroscopy techniques[3]. In addition, STM is used to examine adsorbate structures and
dynamic phenomena on surface {example, diffusion and chemical reactions}

Since tunnelling current is employed in STM, the application of this methad is mostly
limited to metals and seraiconductors. To enable the detection of atomic-scale features of
insulating surfaces, the Atomic Force Microscope( AFM) was invented as a vamance of the STM.
Inthe AFM, it is now the repulsive force between the tip (Incated at the end of the cantilever) and
the sample that is measure.:r , on the basis of the deflection of a cantilever. In this contact-mode
AFM, the spatial variation of the tip- sample repulsiva force or that of the tip height is converted
into an image. Because the repulsive force is universal, AFM is applicable to conducting as well
as to insulating materials. Therefore, for the study of surface properties of ZoO thin films, where
the conductivity varies from sample to sample, AFM was an appropriate method. In general,
AFM l:nablcs ons to detect surfare morphology, nanoscale structures and molecular- atomic
scale lattices,

So far, STM and AFM are the most advanced scanning probe methods and the only ones
providing atomic- resolution images. AFM has found much broader application than STM and is
currently the dominant scanning probe technigue{3].

With the Scanning Electron Microscope (SEM), one can 'see’ the surface of metallic and
semiconducting materials. it can be directly linked to the fundamental properties of materials (for
example; grain size, facets, structural properties, etc). But at nanoscale resolution SEM can not
be used as a surface analysing technique. In this sense SEM on one hand and AFM, in addition to
the STM, on the other hand, have their unigue places and can not be replaced by the other
method. Hence in addition to the SEM analysis of our surface textured ZnO films, we conducted
AFM studies in order to leam more about surface our textured ZonQ surfaces. In this section the
resuits and discussion of these AFM studies are presented.

3.3.2 Experiment

The Atomic Force Microscape studies, in this work were carried out for ZnO thin films
using an AFM instrument known as the Atomic Scale Tribometer {AST) [4,5], marrufacturedbol:ﬁ
the CSEM company. This instrument altows the samples to be imaged and measured with
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the vertical and Lateral deflection of the cantilever. For 211 (he measurements, contact mode AFM
imaging was carried out. For this work mainly the vertical signal (topography) was recorded for
roughness analysis. The Jateral signal was measured for samples with colamnar morphology .
The cantilever deflections went measured using a laser beam and a position- sensitive phoeto
detector (PSPD) set up. The tip of the cantilever has been fabricated with a thin film of silicon
nitride. The tip is pyramidal in shape and it is a few nanometers in size. All the measurements
were done at atmospheric pressures. The samples were not coated with gold [iim as it was the
case for our SEM analysis, since a conducting surface is not a necessary requirement for AFM
studies. The projected area for the analysis was S5pkm x Sum.

To quantify the surface roughness we gencrally used as a measure the parameter of excess
area over the geometrically projected area. However, we also used the RMS roughness to
describe the surfaces Further as a second parameter. As the first paramefer is the standard one
[14], it is important to explain the relatonship between the two values.

The excess area over the geometbrical area

‘The excess area over the geometrical area is the arithmetic mean roughness, R,, which is
simply the average deviation of the profile from the reference mean line. 1t is described by the
following cquation, where L is the assessment length, y the peak height and x the peak spacing;

\L
Ra"fﬁ&‘(*)ld"

] m
RMS roughness

The root mean square roughness, R is the standard deviation of the distribution of the
surface heights, and is defined by the following equation which also deseribes its nelation to R,

L
‘ 1
Rime= E{yz(x)dx "

The RMS roughness is calculated by summing up the squared deviation of each image
point with respect to an average height value of the surface and by dividing this value by the
number of data points (256x 256). Finally the square root is taken, The Rypg valve is the only
roughness parameter with basic sipnificance and it is fundamental in describing surface
roughness by statistical methods.

We take both the RMS roughness as well as the excess area into account for the study of
our surface textured ZnQ films.

3.3.3 Resnits of AFM stodies of ZnO thin films.

WATER VAPOUR SERITES

The ZaO samples grown in the water vapour series were analysed with AFM, Figores 4.2
and 4.b show the AFM image of the ZnO films grown at low and high partial pressures of water
vapour, regpectively. The images are the result of a three dimensional scan. It is observed that
similar images as those that we obtained by SEM is reproduced by AFM. The columnar and
granular surface morphologies, at Jow and high partial pressures of water vapour, respectively,
are clearly depicted by the AFM images. In the water vapour scries, one AFM image from each
morphology is shown in figure 4. Figure 4.8 shows the columnar morphology of Zn0O films
grown with 2 x10” mbar pressure of water vapour during sputtering. Regularly faccted grains am
clearly visible from the image, Figure 4.b shows the granular morphology of ZnO films grown






The execss area over the peometrical area and the RMS roughness are both calculated
using the formulas mentioned in section 3.3.2. Figure 5.2 shows the excess area of the surface
textured ZoQ films grown in the water vapour series in function of the partia! pressure of water
vapour during sputtering. As is scen, the excess area increases with the increase in partial
pressure of water vapour during sputtering. It can be seen that the increase is almost linear.

Figure 5b shows the variation of the RMS roughness of the surface-textured Zn() films
grown in the water vapour series in function of the partial pressure of water vapour during
sputtering. The figure clearly shows two different mpgimes for the variation of RMS roughness.
The two regimes cogrespond to the columnar and ular morphologies. In the columnar
morphology region, the RMS roughness increases with the increase in the partial pressure of
water vapour. Similarly in the granular morphology region the RMS roughness also increases
with increase in the partial pressure of water vapour. However, in between these two regions,
when the transition from columnar t granular morphology takes place, the RMS roughness
remains the seme.
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Figure 55 The veriation of excess zrea over the
geometrical area of the ZnQ» thin films in function
of partial pressure of water vopour during
sputiering. The substrate wemperantre was 200°C.
The RF power was 200W. The tolal pressure of te
mixture of Ar and water vapour s 5 x10°mbar. The
Iwo regions of surfice morphologies, the regions of
columnar(type B md the grmnular(type M)
morphologies are shown in the figure. The surfaoe
mughness increases continuously, There is no
smogth surface during the iransilion from type [ to
type 1),

Fipure 6 shows the cross-section of the surface of the ZnO films at different partial
pressurcs of water vapour. The columnar morphology(type 1) and the pranular morphology{type
i) arc clearly manifested in the figure, The transition from one surface morphology to the other is
also shown in the figure, This figure helps us to visualise clearly the shape of the surface peaks
that results duc to surface textoring. Also, thwe effect of the addition of partial pressure of water
vapour on the shape of the surface peaks can be seen,

As explained in subsection 3.3.2, images of the surface of ZnQ film using lateral
variations of the tip are also scanned. This is called the FFM image {frictional force microscopy
irnage} [6,7]. This was done to investigate the surface features further. Figure 7 shows the
Frictional Force Microscopy image of a columnar morphology ZnO film with columnar

Figure 5.b. Varialion of RMS moughness of surface-
textured Zn0 films. These are the same gurfaces as
shown in figure 5.a. During 1he transition of surfece
morphologies, the RMS roughness does nol change.
This shows that there is a conlinvous transition
w.r.l. RMS rough between graniar morphology
and cotumnar morphology













Figure 9. The variation of excess area and
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Figures 10.a and 10.b also exhibits another interesting and important feature. Let us
compare those two AFM For the case of columnar mosphology with the other images, also for the
case of columnar morphology in the power series (figure 10.a and 10.b). There is a notable
difference in the images for the case of columnar morphology in the power series and for the case
of columnar morphology in the temperature series. The images for the case of columnar
morphology in the power series show regularly faceted grains, The images for the case
ofcolumnar morpholagy in the \emperature series has some regions of gramdar morphology . In
figure 10.a, the AFM image of the ZnO film grown at 100°C, the regians of pranular morphology
is marked. In figure 10b these regions are stll present but their amount is decreased in
comparisan to figure 10.a. Now, a clase look at the SEM picture of the ZnO film grown at 100°C
{figure 3.a) will reveal local region of granular morphalogy superimposed on the general case of
columnar morphology {(also see also figure 19 insection 3.4)

Figure 11 shows the excess arca over the geomnetrical area and the RMS roughness of the
Zn0 films grown in the substrate temperatre series. Here in the temperature serics, the RMS
roughness and the cxcess area vary differently with the variation of substrate temperature. In both
the columnar morphology repion as well as in the granular morpholagy region, the excess area
decreases with an increase in substrate temperature, The RMS rouphness, on the other hand, with
an increase in the substrate temperature, increases in the columnar morpholopy repion and
decreases in the granular morphology repion,

3.3.4 Discuossion

B ERI

First, the AFM has reproduced the same morphologies that we obtsined using SEM. The
surface morphology of the ZnO films at different experimental conditions are very well visvalised
in the 3 dimensional scan images.

STM analysis of ZnO has already been done by several other research groups. In general,
the respective papers mainly concentrated on the interfaces between daped ZnO and liquids [8]
and on the studies of the electronic structure of large band pap materials like ZnO [9, 10]. The
AFM images of Zn0O were shown in some reports on ZnO [11, 12]. However, the analysis of the
surface morphology of rough ZnO films using AFM has so far (to the best our knowledge}, not
been reported in the literature. AFM has been just used to show the surface roughness of the
films. Among the available work on surface-textured ZnO only in this work, to our knowledpe,
has AFM been vsed to analyse the surface texture of ZnO Films.
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surface peaks in the mgion of columnar morphology is defined by the hexagons which are the
rnain feature of columnar surface morphology. Hence, the granular morphology is, infact based
on the columnar morphology. This means that the granular morphology is formed based on the
surface varations in the columnar morphology. The transition from columnar to granular
morphology is gradual. ‘There is no intermediate change in the surface roughness and the granular
morphoiogy starts as a slight modification from the columnar morphology. Figure 5.a shows that
e surface roughness increases almost hnearly with the addition of partial pressure of water
vapour, The effect of water vapour on the shape of the surface peak is explained in figure 13.

In (ke frictignal foree microscope (FFM) image (figure 7), the columnar morphology of
Zn0} films i5 shown. In this image the hexagonal pits can clearly be seen. A closer look at the
image will reveal that almost every line in the image can be derived as a part of a hexagon.
Another point (o nole is thal the surface gruin is not simply a single hexagon. A grain can have
more than one hexagon, This is noted here because many times it is mentioned in literature that
the surface roughness is equivalent to the density of ‘grains on the surface’. However, this is not
the case; the surface roughness is related 10 the density of bexagons on the surface and not lo the
density of grains The reason for the hexagonal shape is due 10 the orientation of the growing fitm.
The dissociated water vapour in the plasma leads to a growth that is combined with etching. This
is discussed further in the section of structural propertics.

In the cross-section of two morphologies shown in figure 6, the colomnar morphologics
exhibited a constant inclination angle with the substrate. This constant angle arises from the
crystaltographic facets of Zn0, Here, the facets are associated with the minimum cnergy planes of
ZnO. This will be shown in the section on structeral analysis.

PRESSURE
[mTosr)

Figure 12,). A. Th *s "standlard” growth model gencrally wsed ro explain the evolution of the surface
morphelogtes. Zone 1 1s o low surface mobility regime. Zone 2 is a high surfsce mobility regime. When the
surfece mobility changes the surface morphelogy undergoes a transition segion, Zone T, in which the ilm has a

Ny surface.,
A ‘standard” growth model generally usable in the case of sputtering wiath Ar for the

surface of & thin Rim is explained by J. A. Thronton[13]). Figure 12 shows the surface
morphology of thin films at different experimental conditions during sputtering. It is
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demonstrated in the figure that the surface roughness oceurs due o the increase in substrate
temperature and an increase in Ar pressure, There are four regions shown in the picture; Zone 1,
Zone 2, Zone 3 and Zone T. The Zane 1 and Zone 2 show two different types of surface
roughness. Zone 1 contains mare rounded giains whereas Zane 2 contains regularly faceted
grains. Zone T is the transition region from Zone 1 to Zone 2: The film shows a smooth surface
m this region. An increase in substrate teroperature lzads to the ¢rystallographic facets (Zone 2}
and recrystallization (Zone 3) of the thin film. This model will be discussed further in later
sections. Here, we see that during the change in surface morphelogy the film comes to a region
of the smooth swrface morphology (ZoneT).

During the growth of surface-textured ZnQ thin films we come across two different
morphologics namely eolumnar and granular morphology. To understand the surface texture
growth of ZnD, we compare onr observations with Thronton's growth model. We notice the
following points.

1. Our regions of columnar morpholegy seems to correspond with Thronton's Zone 2,
But the substrate temperature regime is not close to the value (0.5 T/T,,) as given by J.
A. Thronton,

2, Our region of granular morphology resembles Thronton’s Zane 1. But the regions are
not the same as in Thronton’s model.

3. Taking the surface morphelogy in to account (sce below), there is no smooth transition
Zone T during the transition of the two surface morphologics which one wonld expect according
to Thronton’s model (as mentioned above).

The main difference between the well known Thronton's mode! and the present case is the
use of & mixture of Ar and water vapowr instead of ondy Ar gas as in Thronon's model,

3.3.4.3 SURFACEMOBILITY

We introduce here an important mechanism that occurs during the growth; we give much
consideration to this mechanism in our efforts 10 explain the gowth of surface-textured thin
films; this is the mechanism of surfizce mobiliry. Surface mobility designates the movement of
atoms or molecules during the growth process of the thin films. The atoms can move inside the
grains and even on the surface of the substrate during growth. Obviously the surface mebility
depends on the kinetic energy of the adatoms (the incoming atoms) dusing giowth. This depends
on the growth parameters. During sputtering, the RF power, the subsirate temperature and the
working pressure are the main parameters which can affeet the surface mobility.

How does the surface mobility affect the surface roughness? When the adatoms have very
poor surface mobility, they just stick on the site where they intercept the subsmate. Further
addition of adatoms make statistical fluctuations in the thickness, which, in other words, we call
'surface roughness’. When the adatorns have sufficiens kinetic energy they can move around and
give rise to a smooth surface, since the system req_uires a smooth surface to minimise the surface
energy. Hence the surface always has in fact an inherent tendency to obtain a smooth or 'flat’
surface during grawth, but it needs an input of kinetic energy to reach this state. The high input
of kinetic enetgy (1.e., high enough surface mobility} is necessary but not a sufficient condition,
as we will just see. Indeed smooth surface should result for intermediate values of sorface
mobility.

in fact, when there is very high surface mobility, the adatoms try and can find minimum -
energy atomic sites in the grains. This resalts in the growth of particular crystal planes. Note thet
this can again lead to ‘surface roughness’; regularly-feceted surface morphology may indeed
result during this process,

We see uniformly-faceted grains in the columnar morphology of ZnQO films. Hence, it
seems that these belong to the high surface mobility regime as described above. The
corresponding RF power of 200W and substrate temperatuse of 200°C {for figure 4.2) assures an
increased kinetic energy of the adatoms.
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Cn the other hand, the granular morphology probably comrespond to a low surface
mobility regime. The increase in water pressure could decrease the surface mobility during
growth, Now, the curve showing the variation of RMS roughness with partial pressure of water
vapour indicates that there is no intermediate smooth surface region. Tt also shows that the
granular morphology is based on the columnar morphology.

Note, (herefore that the excess area of e surface of ZaQ film prown with water vapour
glone is 3.9 nm?, a value which is very close o that for flat films. This value again confirms the
requirement of mixture of Arand water vapour io prow sutface textured Zn thin films.

5
3 -
subsirate plane substratz plane E substrate plane substrate plane
(a) (b} (©) @

Figure 13 Schematic disgram shawing the effect of water vapour on 1he shape of 1he surface peaks. The amount of
walcr vapour intreases from 13¢a) 10 130d). The 13(a) and 13(5) comrespond 10 columnar matphalagy end 13{(c} snd
13(d) coamespond to the granular morphalogy. In the cotumnar morphology, the increase in water vapour increases
the height of the surface peaks. Figure 13(a) and 13(b) shaw an increase in RMS roughness and an increase in the
excess area with the increase in the amount of water vapour, During the transition granular morphology is formed
over the colummar morphalogy configuration. Just a1 the beginning of transition, this increases the cxcess aca end
the RMS roughiness does not change., A further increase inthe \ of water vapour intreases the twight of the
surface peaks by pmdumng meore granular grains. This is shown in 13(c) and 13{d)

In the power series, llle cases w1l.h oolumnar morphology show (figure 8.2 and 8.b) that
they are in the high surface mobility regime. In figure 8.c further increase in RF power from
150W to 200W leads to the pranular morphology. An increase in RF power will cetainly not
decrease the kinetic energy of the adatoms. Hence, it seems thal the increase in RF power makes
changes in the plasma that may be the cause of grannlar morphology. The change in the plasroa,
mainly the dissociation of water vapour, may change the surface mability. In this case, it is
certainly the change in the plasma that leads to the transition from columnar to granular
morphology.

Hence, for the granular morphology regime in the power series, the RF power alone can
not explain the growth, Later it will be shown that there is a change in the plasma associated with
the change in the morphology. Alsc it will be shown that there is a change in the stnicture of Zn0O
during this transilion from calumnar to granular morphology.

The variation in RMS roughoess and io excess area as a function of RF power is shown
in figure 9. Both RMS roughness and the excess area increase with the RF power in the columnar
morphatogy region. And both decrease in the granular morphology region. Based on the
knowledpe of the shapes associated with columnar and granular morphologies (figure 8.a, 8.b
and 8 c} and also based on the definirions of RMS ronghness and excess area, we can now point
oul the changes in the shape of the surface peaks with RF power.

The increase in RMS ronghness means that there is 2 higher standard deviation of the
surface peaks from the reference line {in two dimensions). The excess area, is thereby, just
increased in length. Hence in the columnar morphology region of the power series, as is seen in
the figures, we have more surface peaks than in the granular morphology region. The higher
density of peaks Iead to an increase in the excess arca, The increase in RMS rwughness within the
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same columnar morphology region is due to an increasc in the peak height, as seen in the figures
8.a and 8.b when the RF power is changed from 100W (o 150W. This is explained in figure 14,

Mainly, the increase in RF power increases the peak height. This is due to the collision of
high-energy ions and molecules during sputtering on the growing surface. In the secticn on
structural properties, it will be shown that there is an etching process that is associated with the
growth of surface-textured ZaQ films in the columnar morphology region. Here, we see that the
inercase in RF power increases the etching process. The increase in the height of the surface
peaks increases with the etching. '

Surface peak height

substrote plane substrats plane substrale plane
@) i) )

Figure 14, Schematic disgram showing the effect of RE power an the shape of the surfece peaks, The RE power
increases from 14{a) to 14(c). The 14(a) and [4{b) illustrates a case of columnar morphotogy and 14{c) illustrates a
case of granuler morphology. The increase in RF power increases the height of the surface peaks. At the angle of
inclination iy constant since it is defined by the crystallographic facets of ZnO, the bcrease in peak heighi iz
always associated with an increase in the size of kexagon, Figure 8. and Bh demonstrates on inceeass in the size of
the surface peaks associated with an increase in their height. Figune 1448} and 14(b) illustrate the increase in RMS
roughncss and the increase in excess arca with the inerease in RF power. In 14{¢) we schematically show that the
case with granular reorphology has tess RMS roughness and 1ess cxcess arca when compared with the cases of
cotumnar morphology as illustrabed schematically in figures 14(a) and 14(b).

3,345 SURSTRATE TPMPERATURE SERIES

The variation in RMS roughness and in excess area as a function of substrate temperature
is shown in figure 11. The RMS roughness increases with substrate temperanire within the
region of columnar morphology and it decreases with in the region of granular morphology. The
excess area is higher for low substrate temperatures and it decreases with an increase in substrate
lemperature, The surface morphologies found in the substrale temperature series are different
from those found in the power series. As mentioned in section 3.3.3, there are mpgions of
oolumnar grains with the ZnO sample grown at relatively low temperatures (figure 10.a and
10.b). It is algo noted in figure 10.a and 10.b that the peak height is higher for 100°C and it has
here a relatively higher fraction of granular regions.

This behaviour of RMS roughness and excess area a5 a function of substrate temperature
is explained in figure 15:

An incresse in substrate temperature increases the surface mobility, A reduction in
substrate temperature feads lo a reduction in the surface mobility and the film ‘tries’ now 1o grow
with a granular morphclogy. But with an increased RF power of 200W, the surface always
obtain columnar morphology, However, the reduction in substrate temperature can indeed form
grains with granular morphology. (Figure 19 in section 3.4, shows SEM image of surface of
Zn0 with mized granular and columnar morphologies. The Zn0 film was grown withoist
substrate heating and the RF power during growth was 200W. The increase in the granular grains
in the surface when com with the surface of ZnQ in a similar growth condition but at high
substrale temperature (figure 3 in section on SEM analysis, seclion 3.2) is in accordance with the
ahove explanalion )

The evolution of surface morpholopy with the substrate temperamre leads to a very
interesting conclusion of some practical importance. The RMS roughness of the sample with
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columnar morphology growa at 100°C is still as high as the RMS roughness value obtained with
high partial pressure of watet vapour. In the section on electrical properties (section 3.5), it will
be shawn that the increase in partial pressure of water vapour increases the electrical resistvity of
the ZnO films. On the other hand, the reduction in water pressure reduces the surface raughness,
Hence with this low temperature process, we inerease the surface ronghress withoul any lase in
elzctrical canductivity. main point of practical importance is thal by this we achieve low
temperature surface texture growth of ZnO thin films. The high RF power used gives rise to high
ace mobility: This fact allows us Lo correspondingly reduce the substrale temperature.

strface peak height

substrate plane substrate olane substrate otane
(a) (3] ©)

Figure 15. Schemnatic diagram reganding the effect of substrale temperatune on the shape of the surface peaks. The
substrale temperature increasss from 15(a) to 15{).The 15(a} and 15(b) show colunmar smorphology and 15(c)
shows granular morphology. Fig 15(z) et 15(b) also show granutar morpholagical grains oo the columnar
marphology. A docrease in substrate temperature decnsases the surface mability of the adatoms. The swface
mability of adatoms thanks 10 an increase in RP pawer kead to the columnar growth. However, there still exist
individual grains of granular morphology when one reduces the substrate temperature. This increases excess aca.
This is shown schernatically in figare 15(z). However, there is now relatively lower density of surface peaks and
this causes a reduction in RMS roughness. An increase in substrate temperature reduces the amount of gramwlar
geaing, This reduces the excess atea. This is shown in figure 15(b). Granular morphology together with a relatively
low surface peak height lcads 10 both low RMS roughness value and low encess arcas. This is schematically
shown in figurs 15(c)

3.3.5 Conclusions regarding the Surface properties analysis

The study of swrface texture growth af thin films has become an important requirement,
both to produce %‘:]ms 1hat are suited to salar cell applicatian as weit as for the basic understanding
of the evolution of the surface morphologies. Surfaces of ZnQ thin films that were grawn by RF
magnetron sputtering were studied in detail in this section. The effect of various prowth
parameters on the surface morphologies were investipated. AFM and SEM analysis were done on
the surfaces of Zn) thin films. The role of water vapour , RF power, substrate temperature were
smdied. The following conclusions are made:

There are two diffensnt surface morphologies obtained depending on the partial pressure
of water vapour during RF magnetron sputtering. We call them ‘colnmnar’ and ‘granular’
marphalogies. The increase in partial pressure of water vapoor increases the roughness of the
Zn0) thin film. But water vapour should be mixed with Ar to provoke efficient surface-t=xtured
growth. It has been noted that the water should be dissociated io obtain surface-textured growth.
By the AFM analysis the surface morphaologies were quantified using the values of BMS
roughness and excess area. This allows one o study the growth process as well as o quantify,
with two parameters, the shape of the surface grains.

A comparison with the ‘standerd’ growth model of J. A. Thronlon showed that the
columnar and granular roorphologies are associated with high surface mability and low surface
mobility regimes, respectively. But AFM analysis has proven that the granular morphology
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region is, in fact, not a genuine transiiton from columnar morphology, but 1t is just based on the
columnar morphology.

Cases with coluomnar morphology exhibit hexagonal pits which are due to the
crystallographic orientation of the growing Zn0Q fitms.

RF power and substrate temperatiure also change the surface morphologies. Basically,
these two parameters change the surface mobility of adatoms. The RF power increases the height
of the surface peaks. 1t is ebserved that the RF power changes the plasma conditions; depending
on these conditions the surface of the film can form either grannlar or columnar morphologies.

The substrate tamperature mairly changes the swrface mobility. The reduction in substrate
temperature leads 1o grains of gramular morphology on the columnar marphology. In this case,
the low-temperature surface texture growth has been achieved; the rcasons for achieving this are
explained,

Different growth process were illustrated thanks to the AFM images. The cross-section of
the columnar morphology displays a constant inclination angle with respect to the substrate; this
is due o crystallographic faceting, The FFM images of columnar morphologies showed that the
surface peaks can be devided into many hexagonal pits.

The important mechanism to be considered during surface texture growth is the surfaoe
mability of adatoms during growth. In these sections it is shown how the surface maobility can be
modified by changing the partial pressure of water vapour, RF power and substrate temperature.
By using these paramelers, one can modify the surface texture of ZnO during growth,

These results give us, as main ouicome, insight into the machanism of surface textured
growth. Based on these resnlts, we will now study further these serface-textured ZnQ thin films
with respect to the properties that are relevant for thin film solar cell applications.
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3.4 Optical properties of surface-textured ZnO films

3 4.1 Intreduction

The most important characteristic features of transparent conducting oxides are their
optical and electrical properties. The usefulness of surface texturing of the TCO is immediately
seen in the optical context w.r.t. solar cell applications; surface fexturing increases the effective
optical absorption of the solar cells by introducing light scattering. The surface texturing of ZnO
films that can be used in the solar cells as window layer has an importance mainly in the
wavelength region of 300 to 600 nm. On the other hand, the surface textured ZnO films that can
bee used in solar cells as back reflector should have a high transmission in the wavelength region
of 600 to 1100 nm. The higher wavelength limit depends on the device. For example, a
microcrystalline silicon cell can use the light up to 1100nm and an amorphous silicon cell can nse
the light up to 950 nm. In this section the optical properties of surface-textured ZnQ films will be
presented. The effect of surface texturing on the optical properties will be shown, The effect of
adding water vapour, RF power and the substrate temperature during sputtering, on the optical
properties will be studied in detail.

34.2 Experimental

The optical properties of the ZnQ films were studied using a UV/VIS/NIR spectrometer
(Lambda 900) with an integrating sphere manufectured by Perkin Elmer co. Two rediation
sources, a deuterium famp (DL), and a halogen lamp (HL), cover the working wavelength range
(UV/VIS/NIR) of the spectrometer. The radiation passing alternately through the sample and
reference beams is reflected by the optics of the detector assembly onto the appropriate detector,
A photomultiplier (PM) is used in the UV/VIS range while a lead sulphide (Pbs) detector is used
in the near illE'd.l‘Bd range,

With the integrating sphers we can analyse the surface texture of the thin films. The
schematic diagram of the integrating sphere is shown in figure 1. The entrance port of the
reference beam (A), enrance port of the sample beam (E), specolar (direct) exit port for
transenitcance (B), and specular (direct) exit port for the reflectance (C) are shown in the figure, A
special feature of this sphere is that the collimated beam can be allowed to escape out of the
sphere through a port and thus only the scattered (diffused) radiation is recorded. This possibility
to distinguish between the scattered and collimated (direct) radiation is necessary to characterise
optically the surface texture of ZnO thin films. Various methods of measurements used bere ame
explained below.

3.4.2.1 DIFFUSE TRANSMITTANCE AND DIFFUSE REFLBCTANCE

The surface roughness is optically characterised by a number called haze factor. To
explain this term, ove shonld mention the meaning of diffuse transmittance and diffuse
ectance, When a light beam falls on a surface, transmittance, reflectance and absorption take
place. Al the same time, the amount of light that is ransmitted, reflected or absoried is highly
modified by the momphology of the surfsce. A rough surface nlways scatter the Light in ail
possible directions depending on the surface morphology. A measure of the transmitted or
reflected light in all directions other than the direction of transmitted or reflected light ray (normal
to the surface of the film) can be a measure of the surface ronghness. The sum of all the light that
is transmitted except the directly transmitied light is called thiffuse transmittance. A similar sum
for the reflected light is called diffuse reflectance. The diffuse transmiitance, Tq, the diffuse
reflectance Ry, the direct ransmittance Tdirect and the total transmittance Tintal are shown figure

2(1].
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3.4.2.2 THE HAZE FACTOR

The haze factor H(lrv) is defined as the ratio of dilfuse transmittance to the total
ansmittance.
H = Ttotal -~ Tdireet
Trotat
T "
H = —diffused (1
Trow!

The haze factor is spectrally dependani. Generally, the haze factor is mentioned at the
wavelength of 550nm. The effectiveness of the scattering by textured TCOs are measured by this
number.

I

I Bk

| Figure 1. Schematic disgmm (lop view) of the
integrating sphere. In the figure A is entrance port of the

[ reference beam, E is entrance port of the sample beam,

I B is specolar {direct) exil port for transmittance and C is
specular (divect} exit port for the reficctance. Also in

[ figure M is mizror and D is detector.

!

Figure 3 and figure 4 explain the measurement of total transmittance, diffused
transmittance, total reflectance, diffused reflectance(2]. For the measurement of total
transmittance the sample is placed at the port E and the ports B, C, and F are closed with the
white windows made up of the same material like the sphere. For the measurement of only
dilfuse transmiftance the direct transmitiance is allowed to escape from the measurcment by
opening the window B, G is a light trap that collects all the light that come te it . Similarly for the
measurement of total reflectance, the ports B and C are closed and the sample is placed at the port
B. Note, the port B is kept tilted with a small angle of around 7° to make (he primarily reflected
light to travel to the port C and not to the same port where the incident light is amiving. For the
measurement of ooly diffuse reflected light the window C is kept open so that the direct
reflectance from the sample escapes, through G, out from the measurement, With these
measurernents we can clearly quantify the direct, diffuse and the total radiation reflected or
transmitted from the thin film samples.

sampla

Figure 2, Schematic represemiation of angular distribution of reflected endi transmitted mediation, Diffise
transemittanee Ty, specutar transmittance T, diffuse reflectance Ry, specular reflectance R, are shown In ibe
figuse.
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hyam
Sample Beam

3(a)

| |
|8mle Beam | Referance basm

4(a)

Figure 3 and 4 Total and specular measurements using integrating sphere: 3{a) total transmittance, Hb) diffuse
transmittance, 4(a) total reflecmnee, 4{b) difuse reflectance. G is a lght trap.
3.4.2.3 BAND GAP DETERMINATION

Band gap is an important individual parameter, Determination of band gap is necessary to
monitor the changes in the material properties during the growth of surface-lextured Zn0O thin
films. The band edge of ZnO thin films are calculated using the theory developed for optical
transions in semiconductors{3) and in insulators[4, 5]. The absorption coefficient () of ZnQ is
a parabolic function of the incident energy and the optical band pap. For direct allowed band to
band ansitions,

a(hu) = A(hv - E,)' "2 e

where A* is a constant of the material that depends on refractive index and effective mass. Using
this equation the band gap can be derived by platting of as the function of incident photon encrgy

and extrapolating the lincar part of the curve to mtuucg: the energy axis. The intercept gives the
value of Band gap [6.3). The absorption coefficient is derived from the equatian,

TR = [~ R(M]2 “exp(-ad} 3



60

where d is the thickness of the film, T(L) is the measured transmittance and R(A) is the measured
rctlectance of film on a non absorbing subs(rate.

3.4.3 Results

31.4.3.1 THE WATER VAPOUR SERIES

The optical propenties were measured for the samples of water vapour series. Figore §
shows the total transmitiance of the ZnO; Al films that were grown with different partial pressurcs

140 T T T T
| \ Granular morphology ]
e r 1
- 5 % 90 ‘m ber water vapowr|
] i 13.7900 | #4ohm.em}
&
eo o -
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500 1000 1500 200 2608
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Figure 5. Total transmittance of Zn0 Glms grown ar diffenent partial pressures of watcr vapour during spartering.
The tote! werking pressure was 5 x 107 mbar. The RF power was 200W. The subsirate temperature was 200°C.
Ag the partial pressure of waler vapour increases the film shows more ongh sudace. The resistivity of the films
increases with increase in waler pressure. The free coorier absorption (at the near infra e region) varies depending
on the resistivity (the number of charge carriers) of itve Glms.

of water vapour during sputtering. The substrate lemperature was kept at 200°C, The RF power
was 200W. As the partial pressure of water vapour is increased, the roughness of the surface of
the ZnO films gets increased, This is can be seen from the picture. When the surface of the film is
flat, the transmittance displays an interference pattern. The interference pattern decreases with the
increase in ronghness of the surface of the ZnO films.

343 2 ELECTRICAL CONDUCTIVITY AND THE SHAPE OF THE TRANSMITTANCE SPECTRUM AT THE NEAR
INFRA RED RECION

From figure 5 il is also noted that the transmittance in the near infra red region gels
maodified depending on the partinl pressure of water vapour. The Zn0 film grown with high
partial pressure of water vapour shows transmittance in the wavelength region that is more than
1500 nm. As the partial pressure of water vapour during growth decreases the films show more
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absorption in the near infrared region and the films have increase in electrical conductivity. This
absorption is mainly due to the free charga carmiers in the film and will be discussed later.
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Figure § Diffusc transmittance of the same samples in figure 5, The increase in pattial pressurs of water vapour
incrcases the diffuse transmittance
3433 SURFACEMORPHOLOGY AND THE OFTICAL TRANSMITTANCE

In the SEM analysis it has been seen that the ZnO films exhibit mainly two classes of
surface morphologies depending on the pantial pressures of water vapour during growth. The
columnar and granular morphologies show clearly different behaviours in the transmittance
spectrum, The zize of the grain, shape of the graing, number and mobility of charge carriers; all
these factors can affect the shape of the ransmiftance curve in the near infra red region. The
granular morphology has a salient transmittance in the near infra red region.

3.43.4 DIFFUSE TRANSMITTANCE

The diffuse transmittance is measured by integrating all the light that is transmitted by
Zn(:Al films in all directions and then by subtracting the direct transmttance from the earlier one.
Figure 6 show the diffuse transmittance of the ZnO:Al films grown with different partial
pressures of water vaponr during sputtering. With the increase in the partial pressure of water
vapour the diffuse transmittance increases.

For each set of experimental parameters, the surface roughness and hence the diffuse
transmittance was observed to increase with the imcrease in film thickness., After certain
thickness, of around 1500nm, the diffuse transmittance reaches 2 constant value and then it gets
saturated.

3.4.35 VARIATION OF THE HAZE FACTOR

The haze factor is calculated for these films using equation (1). Figure 7 shows the
variation of haze factor with the partial pressure of water vapour. The haze factor is calcrlated at
550nm. The classification of the surface morphologies als? made in the diagram. The maximum
value of 48% is cbtained at the particl pressure of 3.5 x10 mbar, The comesponding surfzce has
granular surface morphaology,
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Figure 7. Haze factor values of the samples grown ai different partial pressuces of water vapour during sputiering
(see fig 6). The Mat film, columnar and granular regimes are shown in the figure,

3.4.3.6 ZN0): AL FILM GROWN ONLY WITH WATER VAPOUR DURING SPUTTERING

The ZnO film grown with water vapour slone has total transmittance and diffuse
transmittance as shown in the figure 8. The trensmittance measuremeni is done with a
background correction for glass substrate. The interference patterns shows the smoothness of the
film. The high transmittance at the near infra red is due 1o the poor electrical conductivity of the
film. The diffust ransmittance is very low and it resembles the diffuse transmittance of the flat
films grown with only Ar gas. This shows, as mentioned in the earlier section, that water vapour

2 104 3104
Waier pressure {(m bar)

needs 10 be mixed with Ar gas to have surface textured growth,

4 10"
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Figure 8 Tota!l and diffise ransmitiance of the films grown by using water vepour alone for sputtering. Without
eddition of Ar gas there is no surface texture growth and the film shows flat surfoce. This is seen from (he diffise
ransmitianee, The high transmittance at the pear infrn reed ragion shows the films are electrically highly resistive

(due ta very low number of charge carriers).

Wave lengih {nm)
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3.4.3.7 BAND GAP AND ABSORPTION COEFFICIENT OF ZNO FILME GROWN WITH THE ATMOSPHERE OF
WATER VAPOUR

The absorption coefficient{rr) is derived from the optically measured transmittance and
reflectance values as well as the thickness values using the equation (3). The band gep is derived
by plotting the a?versus photon energy, E(hv) and by using equation (2). Figure 9 shows the
a?versus E(hv) curve for the samples grown at different partial pressures of water vapour. The
absorption coefficients were caloulated using the specular transmittance and specular reflectance
as well as total transmittance and total reflectance. The variation of uz(specular) and the
uz(wml} are shown in the figure 9. We sec that the linear part of the uZ(specuiar} and the

o? (total) give different intercepts at the x-axis thereby giving different apparent band gap values.

Associated with this, there is a shift in the apparent (L&, measured) band gap values when the
surface of the thin film is rough. The difference between band gap determined using 'specular’
data and the band gap determined using ‘total’ data increases as the surface roughness increases.
This is explained further and the correction necessary for the measurement of band gap of Zn0
with rough surface will be demonstrated in the discussion part.
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Figure 9 Squere of absorption coefficient a3 p function of photon energy for Zn0 films grown i different partial
pressures of water vepour (see table T and Table I1): A- values obtained with specular measurements, O-values
obtained with total measurements {also see gure 3 and 4) end ®-oomecied vatlues {see the discussion). The
roughness in surface leads to an apparcnt shift in the band gap measurernents, Also the band gap obtained using the
tatal measurements docs not give the camect value,

The intercepts of the Linear portion of the aversus the energy curve the band gap of
Zn0. The band gap of intrinsic single crystal ZnO is 3.32eV. The band gap of flat ZnD (grown
with only Ar) is higher than that of intrinsic ZnO. The band zap of the Zn0 film grown at low
partial pressure of water vapour shows also higher band gap than the intrinsic ZnO. Further
increase in water vapour during growth shows a ‘reduction’ of this ‘increased’ band gap. It is
noted that the values of band gaps are higher for the samples with high electrical conductivity



64

(grown at low partial pressure of water vapour). As the water pressure increases the band gap
comes to a valuc around 3.3 eV,

Figure 10 shows the o versus E(hv) curves for ZnO films grown with only Ar and only
water vapour duting sputtcring. Both of the films have flat surfaces. We observe the increase in
band gap values for the conductive ZnQ film grown with only Ar. The band gap value of Zn0>
filrn grown with anly water vapour is close 1o the intrinsic band gap value of Zn0.

Figure 10 Square of the absocption coefficicnt as
] a function of photon energy foc the ZaOr Glms
grown at 100% water vapour and at 100% Ar
+w’t T {se¢ table IIT), The ZnO film grown with only
Ar bas shown an increase in the band gap value

] whereas the sample grown with only water

b vapaur has a band gap value similer te: that of
intrinsic ZnO. The shifi is due to high carrier
concentration in the Fiest case,
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3.4.3.8 OTHER EFFECTS OF WATER VAPOUR ON THE OPTICAL PROPERTIES OF Z80

The effects of water vapour on the optical propertics of ZnQ films apart from the effect of
surface roughness, are cqually important. By this, one can also analyse the changes in the
material properties due to the growth of surface textured ZnQ by addition of water vapour during
sputtering. Also, in general cases of flat film growth, this is helpful to study the effect of
background water vapour [7] on the properties of ZnO films.

Figure 11. Total transmittance spectra of
the ZnO films grown at different partial
pressures of water vapour(see figure 5)
A1400-50(nm there is reduction in
transminance while comparing with the
transmittance spectra of the sample
grown with only water vapour, The
distinet reduction in transmirance in
this wave length region is due 1o the
fotmation of vetlow color centers in the
filns, The resistance to yellow colar
formation iz high in the case of the
films grown with anly water vapour.
The addition of Ar with water vapour
lead to the fermatlon of yellow coloc
oemaes

T(%)

Weve length {nm)

Comparison between the transmittarwce spactrum of ZnQ films grown at different partial pressures
of water vapour with the transmittance spectrum of fidm grown by using only water vapour {flat
surface) is shown in figure 11. It shows that there is an absorption at around 409 to 500nm.
Generally, except the sample grown with very low water vapour, this absorption increases with
increase in partial pressure of water vapour. This corresponds to the development of a yellow
coloration in the {ilms, This will be discussed further, The sample grown with only water vapour
shows a good transmittance at this wave length region. Therefore, we take this transmittance
spectrum to compare 8l other samples.
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Figure 12, Reflectance
specira of the ZnQ {ilms
grown at different partial
pressures of waler vapour
(same samples shown in
Figure 5; see table | and table
11 for the experimental
parumeters) The peak in the
UV regions are due o
excitons|&] . The exciton
peaks are highly pronounced
only in the diffuse
refleclances.

R (%)

250 200 30 4w 40 S0 50 600
Wave length {nm)

Figure 12 shows the reflectance of the Zn0 films grown at different partial pressures of
water . At the shorter wavelength region where we have strong absorption, the reflectance
shows cleardy distinctive peaks. These peaks are reported 1o be due to excitons and they are
explained later. It s observed that the absorption is pronounced in diffuse reflectance
measurements

3.4.3.9 POWER SERIES

Figure 13 shows the diffuse transmittance of Zn(:Al films grown at different RF pawer
values. The substrate temperature was kept at 200°C. The partial pressure of water vapour was

keptat 2.5 x 10-4 m bar. The increase in RF powes makes the surface morphological change
from ¢olumnar morphology to granular morphology. The Zn(hAl films grown with 100W and
150W belong to columnar surface morphotogy and the film grown with 200W belong to granular
morphology. The diffused transmittance increases with increase in RF power during the growth,
The strong influence of RF power on the surfsce texture growth can be seen from the picture.

Figure 13 Thiffuse transmitlance of
the ZnQ fitms grown at different
RF power values. The partinl
pressure of water vapour is 2.5 x
16* m bar. The substrate
temperature was 200°C. The total
working pressure was 5 x 167 m
bar. The increase in RF power
increases the diffuse transmittance
and henee the haze factar. The
samples grown at 100W aad 150W
have columnar surface mombolopy
wherees the sarmple grown at 2000

has granuler surfece morphology
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Figure 14. Total transmitiance spectra of the
Zn0 films geown al different RF power values
during sputtering (see figure 13). At 400-
500nta there is reduction in transmittance of
the sample grown al 200W while companing
with the transmiitance spectra {dotted curve) of
the sample grown with onfy water vapour. The
distinct reduction in iransmittance in this wave
lengih megion is due fo the formaticn of yellow
colpr centers in Ibe films, The resistance o
yellow color formatipn is high in the case of
ihe films grown with low RF power values,
The sample grovwn al 100W shows almosi no
yellow color formation.

Figure 14.b Totak reflectance af the nliravinlet
region for the samples grown at different RF
power values. See table (TV).

The comparison of the transmittance of these ZnQ) samples with the transmittance of ZnO grown
at 100% water vaponr do not show a notable difference in the absorption at 400-500 nm. Figure
14 shows the tansmittance of the samples grown with different RF powers, We observe that
reduction in RF power lead 1o reduction in yellow colour formation in Zn0O films. Figure 14b
shows the reflectance of the same samples shown in figune 14. Similar to figure 12, here also the
absorption due to excifons is observed.
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Figure 15. Total transmittance of ZnQ films
grown at different substrote temperature values
during sputtcring, The patisl pressure of
water vapour was 2.5 x 10 mbar, The tofal
working pressure was 5 x 107 mbar. The RP
power was 200W. As the substrate
temperature decreases the films show mixed
columnar and granular morphologies. The
res|stivity of the films incresses with increase
in substrate temperaure. The free carrier
absorption {af the near infra red region) varies
depending on the registivily (the nrmber of
charge camriers) of the films.
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34 310 TEMPERATURE SERIES

The total transmittance of the films grown at different substrate temperattires are shown in
figure 15. The RF power was 200W, The partial pressure of water vapour was 2.5 x 16™* m bar.
It is observed that at an increased RF power of 200W, the change in substrate temperature makes
a change in near infra red absorption region.

Figure 16 shows the tiffuse transmittance of the same samples. From these figures it is
seen that the substrate temperature modifies the surface morphology. The incease io substrate
temperature from 100°C to 150°C increases the diffuse transmittance. These films have the
columnar surface morphologies. The sample grown with 200°C substrate temperature belong to
granular surface morphology. Hence the structure of the film grown at 200°C is also different
from the other samples. The diffuse transmittance can not be directly compared because of this
reason. The interesting result from this curve is that the diffuse mransmiltance of columnar
morphology could be more thun the diffuse ransmittance of granular morphology. Also by this it
is seen that one could achieve hiph diffuse transmittanoe hence the high haze factor at low
terperatures. This is an important requirement for thin film solar cells, Especially for a-Si:H and
micro crystalline silicon solar cells the film growth process should be always under 200°C to
prevent the diffusion of metal atoms.

Figore 16 Diffuse transmitlance of the Znd films
prown at different substrate temperature velues_ The
pantial pressure of weter vapour is 2.5 x 10°* m ber,
The substrate temperature was 200°C. The totzl

T working pressure was 5 x 30-2 m bar. The daerease
in substrate remperamure increases the diffuse

E transméttance. The samples grown 200°C show
Grasalar mecpheiogy granular morphology whereas the samples grown at
E 150°C and 100°C have shown mixed colinnar and
granular morpholagies.
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A o F o Figure 17. Transmittance: spectra of the ZnQ films
A S grown at different substrate temparature values (see
figure 15). At 400-500mm there is reduction in
teansmittance of the sample grown at 200°C whike
oomparing with the transmittancs spectra (doved
curve) of the sample grown with only water vapour,
The resistance to yellow color fommation is high in
the case of the films grown with low subsimae
lemperature values, The sample grown st 100°C and
150°C show no yellow color formation,
Comparing figure 11 and 124 we chserve that the
reduction In kinetic energy during prowth reduces
the yeliow color cenire formaiion.
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L]

T~ Figure 18. Achieving high diffuse fransmittance a1
L Room tempermiur Iow temperafures, Diffuse transmittance af the
sample grown at roomt lemperanire wilh partial
pressure of sater vapour 8t 3.5 x 10 m bar. Itis
compared with the sample grown at 200°C at
relatively reduced water pressure of 2.5 x 10 m
bar {solid line). The RF power was 200W and the
total pressure was 5 x 10 m bar. The surface
mosphology of the sanple grown at oom
temperatune shows mixed columnar and granular
morphologies, The increased value of RF power
T~ . helps 10 reduce the substrate temperature. With

(] 500 1800 1509 F1il. g 500 reduced substrate emperature increase in water
Ware tength (nm) vapour lead to higher surfase Texturing (see figure

19 also).
3.44 Discussion.

The addition of water vapour with Ar gas increases the diffuse transmittance and hence
the haze factor. Sputiering with water vapour alone does not make surface texture, The Ar gas
mixed with water vapour during spttering dissociates the water vapour inta mainly hydrogen
and OH group molecules and ions, This dissociation is necessary to make surface texturing of
Zn0 films. During the growth with only water vapour, of course there is dissociation of water
vapour. But the degree of disseciation is very less while comparing, with the dissociation that
takes place when the water vapour is mixed with Ar gas.

The change in the RF power s well as the subsirate temperature mainly changes the
surface mobility of the adatoms during growth. The surface mobility of adatoms plays coe of the
key roles in making the surface texture growth and this is discussed in other sections. The
increase in surface mobility enhances the surface {exturing in the case of columnar morphology.
At a high RF power of Z00W il is casy to achieve the maximum haze values corresponding to the
respective partial pressure of water vapour. Any increase in substratc temperature, as seen in the
transmittance curves for 100°C and 150°C (in temperature series), does not show big change in
transmittance like the change with increase in the RF power (fig 13 and 16). (Similarly at an
elevated substrate lemperature, a low RF power can still sesult in high diffuse transmittance,
hence the high haze factor). By this important conclusion we achieved the low temperature
surface texturing of ZnO thin films with biph RF power values. This low temperature process of
surface texmred growth of ZnO is highly vscful for 2-5i and microcrystatling silicon solar cell
technologies [9].

At an increased RF powet, the: increase in partial pressure of water vapour helps lo reduce
the substrate temperature to room temperature and stll obtain surface texture growth. This
increases the haze factor more than what is obtained by the ftlm prown at 200°C grown at the
samc partial pressurc of water vapour. The clectrical rosistivity of such flm s 14.1x 10 -4
$3.cm. This describes the way ta achicve surface texturs growth at low termperatures, Figure 18
shows the diffuse transmittance of ZnQ:Al films at increased pastial pressure of water 3.5 x10-4
mbar at substrate temperature as Jow as room temperature. 1l has an increased haze value that is
more than 50%. The surface morphology of Za0:Al film t this experimental growth condition is
shown in figure 19. A closer look algtyhc surface morphology reveals (hat the & confains both
colwmnar and granular morphologies.

The ZnO films grown at low substrate temperatare are superior in haze factor as well as
electrical conductivity values than previously reported surface textured ZnO films [10].
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mixed granular and columnar morphologics are shown. As is seen for the oplumnar morphology,
the RMS roughness measurement has a linear relationship with the haze factor. Similarly the
granular samples have another slope, The convincing thing is thal the haze factor increases
lincarly with the increase in RMS roughness value and thus it can be connected with RMS
roughness values. On the other hand, the excess area measurement does not give 4 cohercnt
relation with the haze factor. This shows that, as discussed esarlier, the RMS roughness
measurement is more useful parameter than the excess area over the geomctrically projected area.

3.4.4.1 FREECARRIER ABSORFTION

In the transmittance specira there is an absorption in the near infra red region in the case of
ZnO films with high electrical conductivity (figure 3 and figure 15). This absorplion is due to the
free charge carriers in the film. In the near infra red region the frequency of the incident radiation
is insufficiently high to cause band to band transition or formation of excitons and absorption is
due to transition between the states in a single engrgy band (intra band transition}[11]. Clearly,
for a completely filled band, no such transitions are possible. For the conduction band, the
absorption will zc proportional to the number of free electrons, Generally, the absorption due to
free carriers is dircctly proportional ta the square of the wavelength and is inversely proportional
to the mobility. The free carrier absorption is already explained in chapler 2 (see equation 2 in
chapter 2). For ZnO films, the absorption at the near infra red region is a measure of number of
charge carricrs in the films. More i5 the absorption lowands low wavelength side mure is the
number of charge camiers. Hence bly leoking at the optical transmittance spectra one may say if
the film is conductive or not. Clearly the conductivity measurements show that the conductivity
increases with decrease in partial pressure of water vapour during sputtering. (as seenin figure 5)

Figure 21. The total and
specular transmittance
and reflectance spectra of
swface-textured ZnQ) film
{semple W4 in table M),
This cxplains that the
specular transmittance
and reflectance:
measurements ‘soc” the
diffusc light as *absorbed
Tight. This lead to  shift
in absorption coefficient
alyo in Ihe band gap
measuremen| values.

500 1000 1500 2000 2500
Wavslength {(nm)

lnthebandgapnmstmnent(f’gureQandmbleI 1, Wandv} it is seen that the
specular transmittance and specular reflectance measurements show an apparcnt shift in the band
gap of ZnO films. This is clear when we lcok at the transmittance and the reflectance spectrum for
total and specular measurements (figure 21). In specular measurcments, the light whieh is
diffused in all other direction than e direction normal to the film, will be seen as the light
‘absorbed’ by the film. Hence the absorption coefficient derived using specular-measurements
always lead to higher values of absorption coefficients. On the other hand, in the total-
measurements all the light that is transmitted and reflected by the film is collected by the detector.
Hence it should give the correct valoe of absorption cocfficient. However, there is the light that
escapes through the edge of the glass substrate by the wave puide action. Hence the absorption
ooefficient derived using total-measurements will alen be slightly higher than the original vatues,
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Hence when the film has a rough surface, both the specular and total- measurements may lcad to
wrong values of the band gap. To derive more comect value we need 1 apply a comection. In a
general transmittance formula, the contribution of scattering can be written as

1spec ={ot+ag M

iransmitied = 10¢

where (041} is the total attenuation where @ is the tue optical absorption of the film and o is
the scattering coefficient. For strong scattering and strong absorption, we can calculate the optical
scattering ceefficient. The absorption coefficient a,,, is calculated using the following relation
(2.

Teon | Cylexp(+agd)-1] @

Tepec
Where Tgeq is the diffuse transmittance (only scatered transmittance) and Topee s the direct
trangmittance (only specular transmitlance). Cy describes the space of the cone of the total
reflectance angle 8,. The Cy is given by Cyp= (1-cos8,). The light ray reaching the substrate
with an angle above 0, will perform a waveguide action. The value of 8. depends on the
refractive indices of the substrate and the ZnQ film, For doped ZnO film we take the value of n to
be 2 (at 4 eV)[13]) . The absorption coefficient derived from these measurements is the absorption

due to the scattering and this also take the light which goes through the edges of the glass into
account. Now the true absorption coefficient can be writien by the following relation.

o = afspec) — afscat) (S)
Because what is measured in specular measuremnent (‘apparent’) is the real absorption plus the

contribution from the scattering. From the cormected absorption coefficient adliv), the band gap
can now be determined. In fipure 9, the third curve (closed circles-@) shows the corrected values

of a® in function of incident energy and the band gap at diffcrent partial pressures of water
vapour, It is seen that the comected values are very close to the total-measurement values, This
means that the light that ¢scapes by the intemal reflectance is weak due to compamable value of
refractive index of ZnO with the substrate. As the pantial pressure of waler vapour increases the
sirface reughness, and hence the hare facior increases. The correction is necessary for the
samples with high haze factors; flat films do not need this comection.

The value of band gap of the ZnO films with columnar morphologies is listed in table 1.

Table I. Band gap and the absorption coefficient values of ZnO films with columnar surface
morphology grown at different partial pressures of water vapour. W,=15 x10° m bar,
W,=1 xI0" m bar. The RF power was 200W and the substrate temperature was 200°C.,

Sample | E, from specular [ E, from total | E comrecied | Comected Haze
measurements measuremenis values (eY) absorption | factor
(V) &Y} coefficient o | (%)
aldeV(om")
Wi 3.46 349 349 23104 [
w2 334 3.34 3.35 20044 20

the sample W1 has a band gap of 3.49z2V. This is well above the band gap of intrinsic ZnQ and
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this is explained as follows. In the section on electrical properties we will see that the resistivity
of the ZnQ films increase with the increase in partial pressure of water vapour, The resistivity is
decided by the sumber of charge carriers as well as the mobility of the charge carriers. The
amount of charge camiers in the ZnC can be immediately seen in the ransmitiance and the
meflectance spectrum. As the number of charge carriers increases the wavelength at which the
plasma resonance takes place moves towards the shorter wavelength side. From the transmittance
curves of the samples shown in figure 5, it is seen that the sample W1 has more number of
charge carriers. When the number of charge carriers are very high, this lead to filling up of the
lowest levels of conduction hand. When the lower levels of conduction band are occupied, the
excited electrons from the valence band occupies higher energy levels than the bottom of the
conduction band. Hence the threshold for the band o band transition shifts to higher encrgy. The
apparent shifi in band gap due to heavy doping has been explained by Bumstein{I6] and
Maoss|17). It is known as Burnstein-Moss cffect (see chapter 2). However the magnitude of the
shift can be less than the values according to the Burnstein Moss effecl due to the merging of the
impurity band (e.g. Al donor state) info the conduction band, thereby shrinking the band
Bap[18,19). We see that the samples with increased number of charge carriers showing increase
in band gap, hence Bumstein-Moss effect dominates herc.

Table Il Rand gap and the absorprion coefficient vwalues of ZnQ fiims wiﬂtx’;mudar surface
morphology grown at different partial pressures of warer vapour. W,=25 xI0° m bar, W =35
xi0” m bar. The RF power was 200W and the substrate temperature was 200°C.

Sample | E, from specular [E, from total | E, comected | Cormrected Haze
measurements measurements values absorption | factor
coefficient a | (%)
aldeV
W3 330 335 337 80322 5|
[Wa 321 3.28 3.30 418716 48

The band gap values for the samples grown with granular surface mosphology are shown in able
11. As the surface roughness increases, the difference between the band gap values measured
using specular and total measurements as well as the comection values increase. The values of the
band gap for the samples with granular morphologics are slightly diffcrent from the values
corresponding 10 the sample with columnar surface morphology, The samplc W3 is relatively less
resistive when compared with sample W4, However it is mere resistive then the sample W2, The
correspording free carrier absorption {figure 5) indicates W3 has relatively less number of charge
carriers. Hence the band gap value is expected to be less than the value corresponding to W2, But
the values are very close to each other. Hence we can not consider the samples with colnmmar and
granular morphology in a similar manner. In fact the samples with columnar morphelogy show
higher crystallinity with larger prain sizes (shown in the section of structural properties) where as
the granular morphology samples show low crytallinity with small grain sizes. Redfield |20, 21,
22) has shown that the electric fields of charged defects (point, line and planar defects) in a solid
broaden ils fundamental optical absorption edge. Recently [15], it has been proposed that the
effective band gap can be reduced when the grain sizes am small ( between 30-30nm) and the
number of charge carriers are lower. Also il has been explained that on an amorphous (glass)
substrate, the thermal mismatch strains lead to increase in the band gap. Hence the effective band
gap of films on glass substrate is further influenced by the interplay between the periodic potential
in the grain boundaries, which decreases the band gap, and the thermal mismatch strains which
increases the band gap.

The absorption coefficients measured at 4 eV am showm in Table 1 as well as table 11. The
co ison between these two tables show that the waler vapour increases the absorption
co:;g:‘i—‘enl when there is transition in surface morphologies. The absorption coefficient can be
written as [23]
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a(hv) = A Fyay (6}
where A is a constant. The sum is over all possible transitions hetweea states separated by enerpy
b, P, is the transition probability from the initial state to the final state, and g, is the joint density
of states, According to this equation, when there is 2 morphological transition (also souctural

transitions), we assume thal the joint density of states and/or the tansition probably increasc
resulting in increase in an absorption coefficient.

Figure 10 shows the a® versus energy curve for the samples grown with 100% water
vapour and 100% Ar. Both the films show flaf surfaces with haze factors less than 2%, Table 111
lists the main parameters, The band gap of the film grown with Ar alone as = spultering gas has
higher value. The band gap of the films grown with only water yapour has band gap close to that
of the intrinsic ZnO. The sample grown with Ar has a good electrical conduectivity (resistivity,

p=4.9x 10* Q.cm). The density of charge carriers are higher, as seen from the transmitiance
curve. Hence the increase in band gap can be attributed to the Burnstein -Moss effect. The sample
grown with 100% water vapour has a high resisitivity with very low number of charge carriers.
Therefore we have a band gap that is closer 1o that of intrinsic ZnO.

The absorption coefficient is higher in the case of sample grown with only waler vapour.
Generally the samples grown at high partial pressure of water vapour {granular morpholopy)
show small grain size with muftiple onentations during growth. This increases the number of
states available and thus the joint density of states resulting in the observed increased absorption
coefficient. Y. Qu et al[13] explained the increase in absorption coefficient of same quality ZnO
films with different thickness values only in terms of the incrense in states availsble in conduction
tand due ta reduced number of charge carriers, However we can not directly atiribute the increasc
in absarption coefficient to the number of charge carriers, as the material properties like grain
size, the growth orientations, defects (point, line and planar defects) vary due fo the increasc in
water vapour during growth which may resull in the change in @ansition probability in equation
{6).The band gap vatues, absorption coefficient and haze factor values of the samples grown at
different RF power values and substrate temaperatures are listzd in table I and able V.

Table 111, Comparison between optical properties of the samples grown with 100% Ar (at a
pressure of 2x 107 m bar) and with J100% water vapour (at a pressure of 2x 107 m bar). The
subsrraie temperaiuire is 200°C and the RF power is 200W. The working pressure, RF power and
substrate temperaiure are the same as that of fiie water vapour series.

semple E, (measured) absorption Haze factor
(cm™)

W100 3.35 76590 2%

AT00 362 63043 >2%

3.4.4.4 COLOUR CENTERS

Figure 11 shows the mansmittance of the films grown &t differeot partial pressures of
water vapour. For comparison the tansmittance of the sample grown with only water is also
shown. A closer look (eliminating the effect due to the shift in band edge) reveals that there is a
reduction in the ransmittance at around 400nm for the samples grown with water vapour. This
corresponds to yellow coloration in the films.

H Rafla-Yuan et al [24] have done reflectance studies oo aluminiom doped ZnO powders.
They observed yellow coloration in their samples. This was displayed in reduction in reflectance
at around 400nm explaining an absorption. They also observed that the resistance against this
yellow coloration increases with increase in Al doping.
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1. C. Simpson et al(25]), based on DLTS studies of the deep levels in Zn0, sugpested
tha! the yellew coloration might be related fo the charge transfer of an electron from the valence
band 10 a decp donor like level located a few tenths of an ¢V below the conduction band edge.
This might be related lo either an interstitial zinc atom, a singly ioniscd oxygen vacancy|27]
(F* center) or a cluster forming a donor like species]23] .

W. E. Veshe e al|28] observed a 410nm optical absorption band in ZnO crysials. This
absorption wavelength corresponds to a 3.0. &V optical excitation. This was accompanied by a
change in the crystal color from clear to pale yeliow.

There are two species of intrinsic defects reported in the Zn0 literature[29, 30,31] , Zinc
intexstitials Zn,, and oxygen vacancies, V. These species may act as electron donors or taps
through the folilowing reactions

Zod = Znj+e, ' VoV, e,
. and - .
Zn; —» Znj +¢€, V,— V,+e

where Zn; andZn; are first and second ionisation of interstitial zinc, and V,and ¥, are first and
second ionisation of oxygen vacancics. In the literature, the value of the trap level varies for
ionised zinc interstitial and ionised oxygen vacancies. A good estimate of this deep donor Like
level is 0.24 eV below the conduction band[24]. As the band gap of Zn0, as determined for our
films is 3.35eV, the difference E-B=3.11cV which is approximately the energy where the
decrease in transmittance occurs. The optical excitation may, therefore comespond to the charge~
transfer reaction [23] as follows.

0% (2p%)+ V, = 0" (2p°) + VX

The optical shsorption process leaves hehind a hole and the ionised oxygen vacancy (F' centre)
goes to a defect associated with a neutral oxypen vacancy or cluster, H, Raffla &1 al. have
observed that upen pressure grinding, ZnQ powder with low Al has yellow color formation.

In figure 14 it is scen that the reduction in RF power redirces the yellow color formation
in Zn0 films. Similarly the reduction in substrate temperature reduces the yellow color center
formation (figure 17). Basically, the increase in RF power increases the kinetic energy of
impinging ions arxl adatoms during the growth. Similarly, the increase in substrate temperature
increases the kinetic energy of the mobilc adatoms. We observe that increased valpes of RF
power and substrate temperatiure lead to yellow color center formation. This is the same effect we
observe with water vapour series,

The ZnQ film grown with only water vapour shows high resislivity against yellow color
centre formation. During the growth with only water vapour the dissceiation of water vapour ig
very poor and the plasmna js very weak. In other words, the plasma is very ‘soft’ {the fon energy
in the plasma ig low). By the addition of Ar with watcr vapour, the water vapour is highly
dissociated and this lead to yellow color formation in addilion with surface texture growih.

This is an important conclusion for growing Zn0 films for solar cell applications where
na loss in transmittance in the 400-500nm is prefemred.

3.4.4.5 EXCQTON

Figure 12 shows the reflectance spectra of the samples grown at different partial pressures
of water vapour. At the near band edge region, we have pronounced peaks. Similar absorption
peaks arc observed for the samples of power series and the substrate temperature series (figure
14.b and 23). The reflectance peaks at this energy values are reported to be due 10 excitons,
Frenke1(32] postulated that a photoi may excite an electron 5o that it remains in the vicinity of its
nucleus, thus forming an electron-hole pair, called an exciton . Electrons and holes are bound by
electrostatic foroes and revolve around their mutuzal centre of mass. The electrons may hope
through the crystal and change their respective partner, One depictsf3] the excitons by intraducing
*excitomic levels' in the forbidden gap. R, L. Henghold et al.[8) have studied the ultra violet
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teflectivity spectra of ZnO single crystals at room ratire. Around 3.3¢V they have identified
the peaks in the reflectance spectra. R. Klucker et al.[§3] have &lso obtained the pronounced peak
at 3.3 ¢V at room temperature and they explained these peaks to be due (o excitons. The exciton
spectra of Zn0 crystals were first investigated systematically by Thomas el 21.[34]. Afterwards
there are severat reports[35,36,37] about l:Igie exciton peaks af the fundamental tion edge of
Zn0. W. Y, Liang et al.[37] have shown the positions of the excitons to be at 366nm, 351nm,
360nm, 357nm and 356 nm for single crystalline ZnQ at low temperature. For our polycrystalline
samples at room temperature we have broadened peak like that of R. L. Henghold et af and R,
Klucker et a] from 345nm to 3650m due to all these excitonic states,

Figure 22 Total speeular and diffuse reflectance of

sample grown &t 150°C (see table W). It 15 shown

a5 an cxample that the exciton absorption is

B abserved anly through the diffuse eeflectance and

. henoe through the [otal reflectance. Similarly for
] all the samples the absorption at the nliraviolet

4F 3 region is highly pronounced in the diffuse

2

.
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Tabie IV Band gap and the absorption coefficient values of Zn0 films grown at different RF
power values. The partial pressure of water vapour was 235 x 107 bor. The RF power values are
pi= 100W, p2= 150W . The substrate temperature was 200°C.

[Sample E, from specular | E, from tofal | E corrected | Corrseted Haze
Measurements | measurements | values absorption | factor
coefficient a | (%)
at 4 e¥icm™)
Pl 3376 338 338 303 3
P2 3.34 3363 3.367 28517 24

It is worth to be noted that theses peaks are pronounced onily in the diffuse reflectance and
hence in total reflectance and not in specular reflectance (figure 22) It is usnally observed that the
absorbed energy is dissipated mainly by diffuse radiation{39] .

Table V Band gap and the absorption coefficient values of ZnQ) films with columnar swrface
marpholag}bgrawn a different substrate temperoture velues. Partial pressure of water vapour

was 2.3 xJ07 m bar, The RF power was 200W and the substrate temperoture values are T, =
100°C, T, =150°C.
Sample | E, from specular | E, from total | E, corrected | Corrected Haze
measurements measurements values absorption factor
voefficient o | (%)
at4 eViom')
t 3316 3.362 3382 33157 43
3297 3.350 3564 23139 49
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3 4.5 Conclusions

The optical propertics of surface textured ZnO:Al films were analysed in this section. The
effect of deposition conditions an the optical properties were studied, The addition of water
vapour during Spottering along with Ar pas increases the diffuse transmittance of ZnQ films.
Both the change in RF power as well as substrate iemperature increascs the kinetic encrgy for the
film prowth. At increased RF power values low substrale lemperature can give high haze values.
This lead to the achievement of surface texture growth with high haze values. The effect of
surface roughness on the band gap vatue measurement has been studied. The band pap
measurement using the specular-measurement lead to incarrect valucs. Similacly the band pap
value measured using total-measurements has also shown slightly deviated values. Comection for
the light last doe to wave guide sctin is applied and the true band gap values were obtained. The
difference between the band gap value obtuined using specolar and total measurements as well as
the cormection values increases with increase in the surface roughness. The values of band gap of
Zn0 are explained using existing theories. The value of absorption cocfficient is found to increase
wilh increase in water vapour. The absorption due to excitoos are found in the surface textured
Zn0 films. The formation of yellow color centers were found in the ssmples grown using water
vapour. The yellow color centre formation is found to decrease with reduction in RF power as
well ag in substrate temperature. It clearly shows thal a *soft” growth lcads to ZoO films wilh less
yellow color centers. This, again, is an advantage of prowing ZnD films at low substrate
temperature. The optically measured haze factor values are compared with RMS roophness values
measured using AFM. The ZnD films grown at low substrate temperature show high haze values
with good glectrical properties. They can be used for low temperature thin film, especially a-Si
and p-c-Si, solar cetls fabrication.

The study on the optical absorption at the ncar infra red region, shift of the band edge in
the UV region and transmittance 10ss doe to colar centers, are highly important for the growth of
Zn0 fikms for any application as transparent canduetors, especiatly in thin {ilm solar cells,
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3.5 Electrical properties of surface-textured ZnO films

Partially discussed in the previous section, the efectrical propertics of the surface textured
Zn will be further discussed in this section. The ZnO films with surface texture can not be used
as such for solar cell applications when the conductivity is vem poor. The resisitivity of the Zn0Q)
film that lead to chmic contact should be less than 20 x 10 2 Q.cm. A resistivity of 4 x 104
2.cm for the flat Za0O has been optimised by using Ar (chapter 1), However, the rsistivity
chanpes coasiderably when there is an addition of water vapour during sputtering.

For the present studies, the sheet resistance was measured using four probe [13] and Van
der Pauw methods {14]. The thickness was meastred using a stylus thickness measurement
sytems manufatured by Tencor Insttuments.

3.5.1 Results and Discussion

The resistivity of the ZnO films deposited a1 different partial pressures of water vapour are
shown in figure 1. As is seen the resistivity increases with the addition of water vapour. This is
expected, as there is water vapour in the plasma more oxygen is incorporated in the films. [t was
secn in Lhe previons section o0 optical properties that the haze factor (surface texturr) also
increases with addition of water vapour. For solar eell applications, high electrical conductivity as
well as high value of the haze factor and of the optical transmiltance are necessary. The films with
low conductivity values correspending to samples W3 and W4 (see table T) can not be used in the
solar cells without any further treatment.

The Zn has two valence 45 electrons which transfer to the oxygen 2p band, Za0, if
strictly stochiometric, has thus a filled valence 2p-band and an empty zinc 4s-band employing a
gap energy of 3.3 eV. Stochiometric ZnO is therefore an insulator or a wide band-gap
seroiconductor. But when there is zinc in the interstitial position the valcnee electron of these Zn
atomns are casily ionised (0.05 V) and acts therefore as a donor. Nonstochiometric ZnO is an n-
type semiconductor {15). By introducing Al atoms, which have three valence electrons, (or other
111 group elements like B, Ga, In} in the Zn positions the condudtivity is increased very much and
they can be used for ohmic coniacts, The number of electrons in the film has s direct impact on
the absorption at the near infra red region (see chapter 1). The electron density in the film can be
obtained from the plasma frequency (1] due to Free carriers in the film [1, §]. One considers
thereby the free electrons in the semiconductor, ie., in the ZnO to be governed by Lhe saime way
as the electrons in an actual plasma. The charge carrier density is given by the relation (2, 3, 4];

o2 e
n-iﬂfﬂ“‘zA where A = ==

e m

where g, 13 the high frequency dielectric constant whose value it taken 1o be 4.5 [4] and m' is
the effective mass and is taken to be 0.35me. From the reflectance spectra Ay, the wavelength at
which the minimum in reflectance due to plasma resonance occurs, values are taken. The plasma
wavelength can be obteined by using the relation )L =1.13hy [4], Table 1 shows the number of
charge carriers at different experimental mndmons As the pama] pressure of water vapour
increases (W1, W2, W3) the number of charge camriers decreases. This is due to the
incorporation of uxygen in the films {10]. As meationed, the number of charge camiers for
conduction can increase by mainly two ways; 1) increase in interstitial Zn (deviation from
stochiometry) ot deficiency in axygen {deviation from stochiometry) and 2) effective doping. The
deficiency in oxygen can be reduced if there is more vaygen in the film. The oxygen also
occupies the grain boundaries [10]. These factors reduce the conductivity of the films
considerably.



79

The mobility of the ZnQ films (obtained using the values of conductivity and charge
carrier density) can be affected by scatlering mecbanisms such ss jonised impurity scattering and
grain boundary scattering. Muller [7] as well as Noguchi and Sakata [8] interpreted their mobility
data for sputtered and evaporated InzQ3 films respectively in.terms of scattering by ionised
imperfections. For sprayed 8002 films Imai [11) concluded that the konised impurity scattering is
the domipant scattering mechanism, However, all these conclusions are guestionable [5] as the
computed and experimentsl values do not agree well. Shanthi et al. [3] have calculated the
contribution due t0 ionised impurity scattering and optical lattice scattering and have found that
the: contribution of these two electron scatiering mechanisms is very small, Further, the
value of mobility due to ionised impurity scaftering using the Brooks- Herring formula [6] is
much higher than the measured values. Hence, the grain boundary scaftering mechanism is
considered to be dominant [12].
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E Figure 1. The vanation of clectical
3 o candluctivity of surface textured ZuQ films in
1047 1 function of partial pressure of water vapour,
*o The black circle is for flat ZnQ grown

wilhout water vapour.
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Fabie I Elecirical properties of surface texture ZnQ films o1 different experimenial conditions. The general
condifions are; the working pressure iz 2.5 x 167 m bar. Ar 100 is grown without water vapour. From W, 1o W,
the partial pressire of water vapour increases. The partial pressiores of water vapour are; Wi = 1.5x 167°m bar, W, =
15x 167m bar, Wy = 25x 10" m bar and W, = ¢ x 10" m bar. The RF power is 200W and the subsirate
remperanure is 200°C, The film P,y is grown at reduced RF power of 150W and T, is grown or redured subsirate
temperature of 150°C., For Pyond T; the partial pressure of water vapour is | 5x 167 mbar.

[Sample Flasma number of free Resisovity Mobility

wavelength (nm) | electrons (104 Q.om) (cm?/V 5)
x1020/cm)
Arl 1923 4.7 494 26,6
1 1534 1.5 4.5 18.6

W2 2074 4.1 17.6 BT

W3 2448 2.9 297 T

W4 high{zbove 2500) | low 379 low

P2 2110 3.9 9.4 8.2
1890 4.4 146 X

Obviously, it is preferred to have larger grain size to reduce the grain boundary scattering of
tlectrons. The grain size decreases considerably when the partial pressure of water vapour is
increased from the conditions corresponding to sample W2 to sample W3 (transition from
columnar to granular morphology). Samples W1, W2 have a larger grain size than W3 and W4.
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We take the partial pressure of water vapour corvesponding to the film W3 and then we change
the other deposition parameters like RF power and substrate temperature. As it is seen the
oondugtivity of the samples grown m low substrate temperature (T2) and low RF power (P2) is
high enough 1o be nsed in the device. The samples P2 and T2 grow with eolumnar morphology.
The main difference between W3 and P2 or T2 are the kinctic energy for the film formation. We
have studied that when there is less amount of water dissociation we have columnar growth. The
columnar morphology of the samples grown at low RF power, and substrate temperature: values
suggests that the reduction in RF power or sshstrate temperatwe is mainly reducing the
dissociation of water in the plasma. The reduced dissociation leads to enhanced columnar growth
with high surface texture. This is scen in the high haze factor values of the samples grown with
low RF power and substrate temperature values. The increase in natmber of charge carriers in
these films shows the effective doping of Al atams in the columnar structure. The comesponding
grain sizes are very high while comparing with the samples grown at high RF power and high
{200°C) substrate temperature values {at the same partial pressure of water vapour). Hence we
contribute the increase in conductivity to the effective doping and increased grain size. The value
of the as prown-resistivity is the lowest achieved so far for ZnO films grown in water plasma [9].
By this one can grow device quality ZnO films with surface texture as well as high electrical
conductivity.

1t should be noted that the reduction of substrate temperature or substrate temperature with
in the colnmnar morphalogy, however, does reduce the grain size and growth rate following the
usual growth mechanisms {see chapter 1}.

3.5.2 Conclusions

The electrical properties of surface textured Zni at different experimental conditions were
discussed in this section. The addition of water vapour which increases the haze factor also
increases the resisitivity. 1t is found that the effective doping, increase in grain size that lead to
high electrical conductivity can be achicved by reducing the kinetic energy of the species in the
water plasma during growth and thus by bringing them from granular morphology to the
columnar morphology.

References

(1] R.E.Hummel, Electronic pmpcnics of materials, Narosa Publishers, 1594,
Also see chapter 1 of this thesis,

(2) Z.C. Jin, 1. Hamberg and G. Granqvist Appl. Phys. Lett 51 (3}, 1987 p 149.

[3] A.E. Dclahoy and M. Chemy in Thinfiims for pholtovolataic and related Device
Applications edited by David ginley, Anthony Catalona Hans W. Shock, Chris Eberspacher,
Temry M. Petcrson and Takahiro Wada, MRS proceedings volume 426, p. 467-478.

|43 Y.Qu, T. A, Gessest, K. Ramanathan, R. G. Dhere, R. Noufi and T. T Coutts. J. Vac Sci.
Technol, A 11(4). 1993, 996 -100.

|5) E. Shanthi, V. Dutta, A. Banerjee and K. L. Chopra J. Appl. phys., 51 (1980) 6243.

{6) H. Brooks, phys. Rev. 83 (1951) 879,

{7] H.K. Muller, Phys. Status solidi, 27 (1968), 723.

i8) S. Noguchi and H. Sakata, J. Phys. D, 13, (1980}, 1129.

9] T.Nakada.Y.Ohkubo and A Kunioka, J. 1. Appl. Phys, 30, 12A, 1951, pp 3344-3348,

| 10]T. Nakada, Y. Ohkubo and A. Kunioka, proceedings of 1IEEE PYSEC, 1991, p1381.

(1111, Tmai, J. Phys.SocJpn 15, (1960}, 937,

[12]¥. L. Chopra, S. Major and D_ K. Pandya, Thin solid films, 102, (1983) 1-46.

[13]F. M. Smitth, The Bell systcm technical youmnal, May 1958, p 711-718.

[14]L.). ¥an der Pauw, Philips Research Reports, vol 13, no 1 feb 1950,

[15]Current Topics in Materials Science, edited by E. Kaldis, North-Holland, Vol. 7, pp 143-
482.



3.6 Structural properties of surface textured ZnO films

In this section the structural properties of surface textured ZnO will be analysed in detail,
The connection between the surface morphology and the structural properties, the effect of water
vapour on the structural properties of Zn0D will be studied and the main reasons to get columnar
ard granular morphology will be examined. These studies give more insights about the surface
texture growth of ZnQ and also of thin films in general.

X-ray powder diffraction was done on the ZnO thin films grown t different experimental
conditions. The diffraction experiment was carried out using SCINTAG XDS 2000 instrument.
Cu-K,, radiation with the wavelength 1.5406A was used for this structural analysis by powder
diffraction method, The interplanar distance, *d’, and the latdce parameter *c', are calculated from
the diffracticn angles. The grain size is calculated by using the value of full width at half
maximum of diffraction peaks. Mechanical properties were studied using a Nano Hardness Tester
manufactured by CSEM instruments.

3.6.1 Results

The X-ray diffraction patterns (26 versus intensity pattems) of the ZnO films grown a
different partial pressures of water vepour are shown in figure 1(a), (b), (¢} and (d). The woal
pressure for the deposition of these films was 55 107 m bar. The RF power was 200W. The
substrate temperature was 200°C. It is explained in the first chapter that the flat ZnO films has
*fiber texture growth' along [0002] orientation. This is the c-axis of the hexagonal crystal system
and it is perpendicular to the substrate.

As 5 seen io figure 1(a) and (b} the ZnD grown with low partial pressure of water vapour
show fiber texture growth. (The peak at 20 = 72° is ¢the second order diffraction of (0002)
planes). As the partial pressure of water vapour is increased further, the fiber texture growdh gets
modified and there are additional orientations, The ZnQ film grown at 2.5 x 1074 mbar of
waterpressure {figure 1(c)) has dominant {101 3] orientation along with [0002] orientation.

Further at 4 x 10~4 mbar (figure 1(d)), the ZO film has a dominant orientation of (1011)
planes. The relative intensity of the diffraction peaks comesponding to (101 1) is 100%. There are
peaks corresponding o (1010), (1012), (1120) and (11 22) planes other than the (DDD2) plane.
Clearly, the addition of water vapour during prowth has an impact on the orientation of Zn0
films. The fiber texture growth gets roodified into multiple crientations,

The comparison of the X-ray diffraction patterns with SEM and AFM pictures reveals that
the fiber texture Zn(} thin films that were grown at low partial pressures of water vapour have
columnar surface morphology. (See SEM photo graphs in section 2.1). The Za0 films grown at
high partial pressure of water vapour have the gramdar morphology and they have multiple
orientations mainly along [1120], [1010] and {101 1] directions.

The diffraction pattern for the ZnO films grown with only water vapout is shown in
figure 2, The Zn(} thin films grown at 100% water vapous (0o Argon) have shown predominant
orientation aleng [101 0] direction. There are difiraction peaks for (1120) and (1010) planes. It
is to be moted dhat there is no diffraction peak for (0D02) plane,

The diffraction pattem of the samples grown at different RF power values are shown in
figure 6. As is seen there is diffraction only due to (0002) plases. These films have columnar
surface morphology (see SEM figures 2.b and 2.¢ in section 3.2). The diffraction pattern of the
samples grown at different substrate temperature values are shown in figure 7. As is seen there is
diffraction only due to (0002} planes. The corresponding surface morphologies of these films
basically have columnar morphology (see SEM figures 3.a and 3.b in section 3.2). Within the
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columnar morphology, an increase in RF power or an increase in substrate tempetature increases
the intensity of the diffrection peaks and the grain size.

{00-2)

09.2)

Intensity CPS [an]
Intensity CPS§ {a.u)
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20 k1 40 50 1] 7 80 20 kL] 40 50 60 ?

28 26
(a) (b)

Figure 1 (&) and (b}. The X-ray diffraction patterns for ZnO flms grown 8l bow partial pressures of water vapour,
The partial pressures of the water vapour during growth were (a). 1.5 x 105 mbar, (b) 1.5 2 10 ™ m bar, The ioial
sputtering pressure was 2.5 1 10 ? m bar, ihe RF power was 200 W, the substrale temperture was 200°C. The
fifms exhibil fiber lexture growih along the c-axis of the hexagonal wurtzite struclure, The surfaces of these films
are typical of films with columnar marphology.

The diffraction at 26 = 36" (peak for (0002) planes} for the semples at different partial

ssure of water vapour including 100% water vapour shows that as the pressure increases the
intensity for (0002) planes gets reduced and at 100% water vapour there ts no diffractton from
{0002) planes. The fiber texture oricatation is completely modified with addition of water vapour

during growth,

=[G

3.6.2 Discussion
3621 THESTRUCTURE OF 7000

Basically ZnO has hexagonal wurtzite structure. The structure of ZnD is shown in

figure 3. The positions of Zn and O are marked in the figure. The Zn and O are bonded by sp?
hybridisation. The hybridisation occurs along the c-axis of the hexagonal crystal system. That
means the Zn and O atoms are stacked with ABABA... sequence along the c-axis [21]. Here A
and B are Zn and O respectively or vice versa. This makes the c-direction of the hexagonal erystal
systern close packed direction,
There are some basic questions arising from the study: 1. Why does the fiber texture
growth correspond © columnar surface morphology? 2. What is the meaning of granular
morphology? 3. How were the other orientations salected? 4. How are the surface and structural
properties connected? These questions lead to more insights of surface texture growth of Zn0
films. Also these questions lead to the generat explanations for the evolution of rough thin films.

To investipate FRirther the stractural propenies, the surface free energy per plane for ZpO
structure is considered. Zn has 2 valance electrons, ie., 2 bonds per atom. The oxygen has 6
valerce electrons. They have tetrahedral co-ordination with typical sp? covalent bonding along
[00D1] direction. The number of bonds varies in each crystallographic directions. Depending on
the number of atoms in each planc, the density of surface energy per plane varies. The atoms in a
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crystal always prefer io occupy a place of minimum energy. The calculation of surface energy
density per plane for Zn0O shows the plancs with minimum sunface energy. Figure 4.b shows
three important planes of Zn0). They are (000]1), {1120) and (1010) planes. These are the three
minimum surface energy planes of ZnO. The ((K01) plane has the lowest density of surface
energy and it is followed by (11 20) and (10 70) respectively.
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Figure 1 (¢) {top) and {d) {bottom). The X-ray diffraction pattern for the ZnO films grown al high partial pressures
of the water vapour. The partial pressures of Lhe water vapour dusing growth were (c}. 2.5 x 105 m bar, () 4 x10™*
mbar, the 1088 sputtering pressuse was 2.5 x 102 m bar, the RF power was 200 W, the substrate temperature was
200°C. During growth at high partial pressure of water vapour, the fiber texture was modified and there are poaks
due 10 non equilibrium growth (see text). Figuse 1{d) shows anomalous peaks due 1o (101 1), {1013) and (11 23)
planes.

During growth the adatoms always try (o occupy the minimum energy laitice points. This
meany during growth of ZaO film the adatoms will prefer to accupy the (0001) planes. If the
growth is disturbed the second mosi energetically favoured plane is the (11 20) plane and the
third plane is {1010). Hence if the adatoms have enough kinetic energy during the growth they
always result in orientation along [DD01] direction. We call this 'equilibrium growth of ZnQ'.
Figures 1(a) and 1{b) belong to the equilibrium growth of Zn0.

NOA-EQUN AN M GRONTH AT HIGH PARTIAL PRESSURE OF APOATH

_  When the ZnO film can not grow along the [0001] direction, it prefers to grow alnog
[1120] or [1010] directions. We call this 'non-equilibrium growth of ZoQ'. The term 'non
equilibrium' is due to the fact that the atoms coutd not select the minimum energy direction during
growth, Such a non-equilibrium growth depends on the oxygen in the plasma, the RF power,
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and the substratc temperature [2]. The ZaQ films grown in non-equilibrium conditions show
different behaviours w.r.t microscopic as well as macroscopic propertics.

: ' Figure 2. X-ray difftaction pattern

for ZnD hlm grown with 100%
water  wvapour. There s o
diffruction for (00.2) ptanes. The
(110) md (100) are the second
o thicd minimum encrgy planes
and the growth of these planes e
due to the non cquilibrium growth
of ZnO due to increassd oxygen in
plasma duning growth,

{10.0)

Intemstty CPS [1. 1]
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Figure 5 shows only the diffraction due to (11 20) plane at different partial pressures of
water vapour. As the partial pressure of water vapour increases the intensity of this peak
increases. This shows that the increase in partial pressure of water vapour enhances the non
equilibrium growth [20] of ZrO along the second energetically favonred direction [1120].

Figure 3. The wurzite struchae of ZoQ. The
position of Zn and O atoms are shown (black and
white spheees mespectively of vice versa), The
hexagonal onit cell is shown by dotted line, Zn
and O arc bonded by sp’ hibridization along the o
axiz a9 shown in the figure

The work of C. R. Aita et al. [1] and the work of N. Fujirama et al. [2] on reactive
sputtering of intrinsic ZnQ helps ane to understand more about the {11 20} orientation of intrinsic
Zn0. C. R. Aita has changed the ratio of oxygen to At during the reactive sputtering. When the
ratio of pressures of oxygen to Ar is 133 he got highly pronounced preferred orientadons along
the [0001] direction. N. Fujimura showed that when the ratio of oxygen to At is 3:1 he coold get
the orientation of (11 20) planes. He explained that the growth along [1120] direction changes
with the variation in oxygen pressure by the change information of tetrahedral bonding with Zn
and O atoms in the vapour state as well as on the substrate.

This means that the eguilibrium growth is highly distuebed by the addition of oxygen,.
During the addition of waler vapour, the oxygen is not added intcntionally. But there is the
growth of (1120) and {1010) planes that occurs mainly due to the oxygen during sputtering.
This growth of (1120) and (1010) plancs increases with the partial pressure of water vapour,
Obviously this oxygen comes from water. During sputiering the water is dissociated in to fons
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and molecules. Hence we have atoms, molecules and ions of O, H, OH, Hz, O2 during the
growth. The OH group that results from this disseciation plays an importamt role in the surface
modifications and the oxygen atoms leads to the growth of (1120) and (1010) planes[2].
According to N. Fujimura, if the plasma has Zn and O atoms are tetrahedrally bonded in plasma
tefore they make the growth, a [0001] orientation will result and if the Zn and O do not have
bonding before they make the growth, a [1120] crientation will result, The latter is highly
probable when there is more oxygen in the plasma.

T ohoo® P4

(0001) (1120) (1070)

Figure 4{n) (left) and 4{b) {right). Main planes and their a(omic armangements of Zn0 with hexagonal wurtzte
structure. The black sphere comsponds to Zn atoms and the white spheres cormespond lo O atoms (see also the
previous figure). The calculation of energy per plane based on the number of bonils in each plane shows that {0001)
is the plane with the minimum surfece cocrgy density followed by (1120} and (16 T0) planes. In equilibirium
growth conditions ZnO grows atong [0001] directions

N 8 10 m bar water |
2
Nan equilibliom
with increase |
| n axypen from water |
100% walar

Figure 5. X+ay diffraction due 10 (1120)
h planes of ZnQD grown at different partial
pressures of water vapour. The RF power was
20DW, Substrate temperature was 200°C. Toal
J sputtering pressure was 2.5 x10% mbar., ‘The
increase in partial pressure of water vapour
cohances the growih of these planes leading to
non cquilibriom grawth of ZnO. The films
grown at high panial pressure of water vapour
have granular marphology, The films grown at
low partial pressure of water vapour do not
have [1120) corientations end they have
columnar surface morphology.

2.8210° " m bar watey
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The band streagth of the diatomie molecule of H-O is 428 kI mol'[19). When the partial
pressure of water vapour is low in the plasma, the energy spent in the plasma to dissociate the
water is reduced while comparing with the energy spent in dissociating the water at high partial
pressure. At low partial pressure of water v r, there may be Zn-0} bonds formed in the plasma
since there is low amount of oxygen in the plasma. Acconding to N. Fujimura [2], when there is
low or no Zn-O bond formation in the plasma (during reactive sputtering) the growth will be
along [1120] direction. At low partial pressure of water vapour, there is na growth along (1120}
direction. This is, therefore due to the presence of bonding between Zn and O in the plasma. At
high partial pressure of water vapour, the amount of oxygen in the plasma is high and hence there
could be dissociated bondings between Zn and O atoms in the plasma. This resulis in osientation
of the growing films along [1] 20] direction. The oxygen atoms come from dissociated water
molecules as well as from the target. Note that dee to reduced amount of Ar, at high pardial
pressure of water vapour, the species in the plasma bave reduced kinetic energy.

3.6.2.5 THEANOMALOUS QRIENTATIONS ALONG [1071] anp [1013] pIRECTIONS

The origin of the peaks corresponding to the (1120) and (1010) planes can be
successfully cxplained as described above, But the diffraction patiern of Zn0O films grown at high
partial pressure of water vapour do have other peaks like (101 1) and (101 3). In fact, the ZnO
film grown ot 3.5 x10°3 mbar shows a diffraction peak for (1011) relative intensity of 100%,
Also the diffraction peak for (1071 3) is more dominant than the non egquilibrivm (1120) peak,
The diffraction along {101 1] is not expected accerding to the calculation of surface energy
density per plane |2] as explained above and the evolutionary selection theory. The preferred
orientation along {1011} is veported to be anomalous for ZnO film grown by ECR
sputtering [3). This is investigated further in the following scction,

3.6.2.5,1 THE CUPIC STRUCTURE OF ZNCH

Zn0 penerally exists in hexagonal wurtzite structure. But there have been neports shout
cubic structure of Zn0. In 1969, cubic structure of ZnO was reported by Radczewski and
R.F. Schicht(8]. In 1976, J. Nowak explained a transition of hexagonal ZnO to cubic ZnO [4]
as well as double hexaganal close packing structure. Particles found in ZnO sinoke (prepared by
buming Zn metal) cansists af four needle crystals united at a camman juncture {fourlings). Fuller
[5) found that the legs of the fourlings, elongated along the c-axis, are united by a twinning of
{1122} planes. Strunz and Meldau [6] postulated that the center of the fourfold tetrahedral twins
of ZnO crystal should consist of the cubic ZnO. M. Shigjiri and C. Kaito [7] experimentally
confinmed this. Hence, the cxistence cubic ZnQ) at the centre of the fourlings was confimed.
There arc a few reports about the metastable cobic phase of ZnQ_ The ASTM card for Zn0O has
the information about cubic ZnO. Bul the intesplanar distances, ‘d' values, are referred from
Radczewski work (1969) itsclf as there is nol many reports abont cubic Zn(.

3,6.2.52 CUbIC STRUCTURE OF 7N0) DURING SPUTTERING WITH WATER

The 'd' valnes cormesponding 1o the diffraction pattem peaks of the ZnQ films grown at
high partial pressores of water vapour were compared 1o the 'd’ values of hexagonal ZnO as well
as cubic Zn0. In table T the comparison the ‘d’ values observed with the ‘d" of the standard Zn0
of hexagonal wurzite structure and the ‘d‘ values of cubic structure planes reported by
Radczewski and R. F. Schicht |B] is given. 11 is seen that the 'd* values comresponding to
(1011), {1013) and (1122) planes are more closer to the values corresponding to the cubic
structure of ZnO [18).

1.6.2,5.3_VERIFICATION OF CURIC STRUCTURE QF Z0

The ratio of the rociprocal of the interplanar distance *d” values of selected planes of a
crystal system is an universal constant. The ratios of reciprocals of 'd* velues of different planes
have been calculated. The following ratio was calculated for those planes corresponding to cubic
structurs (from table I) and the planes cormesponding to hexagonal structure {only for planes with
1=0).
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1. _}_/ql_ ()
A
d2
The valoes were then compared with the constant vatues for hexagonal and cubic structures taken
from crystallographic handbook [22]. _ ~
The ratio, given in equation (1), for the planes (1120} planes and (1010} demonstrates
that they belong to the hexagonal crystal._(}n the other hand, the ratio of (012} and {312) planes
(for hexagonal they are (1011} and (101 3) planes) comresponds to the simple cubic structurs.
Table Il summarises the valves for hexagonal as wetl as cubic structures. We conclude that there
is a structural transition from hexagonal to cobic structure at high partial pressure of water vapour
during sputtering. The main evidences are,
. At high partial pressures of water vapour the

sputtering a thhpuwerdoes not yield a fiber texture growth of ZnO. The diffraction peaks for
the planes {1011} and {1613} do not comrespond to the mintmnm energy planes.

© 2.The'd' value of ZoO: The 'd' value for the peaks correspond to the cubic structure of
Zn0.

3. The gj/g2 value: This value is a universal consiant for certain planes for the crystal
systems. The values for the planes (103) and (112) correspond 10 the cubic siructure.

Even though the [1011] onientation is explained to be anomalous orentation [2,3,10],
E. Baucr [9] gave cxplanations for peculiar textures in films of hexagonal crystal system in tenmns
of the twin with the [0001]oriented crystals. However, the evolutionary selection theory strongly
dlsagmes with the previous one.

Planes Tor Correspondmg d value d value d value for

Tt:‘:m planes for observed for Hexagonal Cubic STD
cubic structure [8] STD from ASTM (form seference 1)

values

(100) 2.833 2814

(002} 2.033 2.603

(10N 012} 7495 24759 2.50

(102) 1.925 1.9111

(110) 1.630 1.6247

(103) (312} 1486 1.4771 148

(112) {41Q) 1.3820 1.3782 1.37

As is seen with h.lgh parual pressures of water vapour durmg growlh there ere diffraction
peaks for hexagonal structure as well as for cubic structure of ZnQ films. These films have
granular surface morphology. The films have grains of hexagonal ZnQ &s well as grains of cubic
Zo0).
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To summarise, the effcct of water vaponr on the structore of Zn0 is mainly the following.

1. The non equilibrium growth of ZaO films that lead & other orientations than the fiber
texfure orientation,

2. There is a structural change from hexagonal to cubic structure so lhat the resulting films
have mixed hexagonal a5 well a3 cubic grmns

d1/d2 values crystallo- values constant from | corresponding | corresponding
of graphic planes | obtained from | the crystallo- | value forthe valne for
for present study | graphic table STD Cubic
equalion (1) hexagonal tructure from
structure of the Rel. B
Zn0
Hexagonal | d(200)/4({110) 0.869 0.866 (Hex) 0.866
Cubic(8C) | ¢012)/4(312) 1.679 1.673 {Cubic) 1.6891
Cuhic(BCC) | d420)4(312) 0.839 0.837 {Cubic) 0.845

The Zn0O films grown with 100% water vapour shows peaks corresponding w (11 20}
and {1010} planes. The peak for (1010) plane is present with 100% relative intensity. The plane
{1010) is the planc with third lowest energy density plane for Zn0O. The plane (1120) is the
second lowest cnergy plane, The film belongs to hexagonal structure and it is a demonstration for
the non-equilibrium growth of Zn0,
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Figore 5. X-my diffraction pattern of Zn0O films
grown al different RF power values. The partinl
pressure of water vapour wis 2.5x 107 m bar, The
substrate emperature was  200°C. The  total
working pressure was 2.5 2107 mbar. With fhese
experimental conditions, at Tow RF power valucs
{op to 150W) the Zn0) prows with columnar
morphology. It has fiber texture orientation as
shown above, Further increate in RF power
changes the morphology to granular morphology
ad the fiber texture orientation is modified as
shown in figuee 1{¢). Those films show smaller
grain size, Here, with in the columner morphology
the increase in RF powee increasss the grain size
ad growth rate following the usual growth
mechantsms (refer chapter 2).
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1t has been shawn that the films with columnar surface morphologies thal were grown at
low partial pressure of water vapour have single orientation that corresponds to (0002) planes
{fiber texture). On the other hand the granular morpholopy films show mixed hexagonal and
cubic structures. The RF power also has resulted in colummar as well as granular morphologies.
The X-ray diffraction pattern of ZnO samples with columnar morphology grown at different RF
power values can be expected to have fiber texture orientation. Figure 6 shows the X-ray
diffraction pattern of Zn0 films grown at Jow RF power values. The partial prossure of water
vapaut was kept constant at 2.5 x 10 -4 mbar. The substrate temperature was kept at 200°C. As
expecied they show fiber texrore growth at Jow RF power. At high RF power there is diffraction

coresponding to (1013} planes.

. Figure 7. X-ray diffraction patterns of ZoQ films
e grown at different substrate temperature values. The
panial pressure of water vapour was 2.5x 10* mbar.
The RF power was 200%W. The 1otal working pressurc
was 25 x107 mbar, With these experimental
conditions a1 substrate tempersture values the ZnQ
grows with columnar morphology, They grow with
150°C fiber texture ofientation as shown in this figure,
Purther increase in substrate temperamre changes the
morphology ta granular morphology and the fiber
a texture orientation is modified as shown in figure
g 1{c). Those films show smaller grain size, Hete, with
0

{4n.2)

—

(00.2)

Intensity CPS [ax]

in the colemnar marphology e increass in substrate
temperature increascs the grain size following the
usual growth mechanisms.

The substrate temperature ma.ml mcmasesthe su.rfaoe moblhty of adatoms and they lead
to better crystallinity, At a RF power uf 200W and at a fixed partial pressures of waler vapour,
the change in substrate temperature results in ZnD films that have the diffraction pattera as shown
in figure 7. At low substrale temperaturcs the films have columnar surface morphology and the
films have fiber lexture growth along the c-axis. Further increase in substrate temperature Jead (o
mixed orientations similar to the orientations obtained at increased RF power values in the power
series.

The evnluuon of émrface morpholagy in terms of surface mahlllty has been explained in
section on atomic force microscopic studies {scction 3.3). According to evolutionary selection
theory of Van der Drift [10], the fastest growing plane will be the preferred orientation of a
polyerystalline film. The fastest growing plane suppresses the growth of other planes. As is seen
for ZnQ, the fastest growing plane is (0001). This growth is supported when there is high
surface mobll:ty of B(EEIDS That is when the adatoms have the freedom to select the growing
plane. When the surface mobility of adatoms is not enongh to make selection For the minimum
energy plane there will be multiple crientations.

As is seen the increase in water vapour during growth reduces the fiber texture growth.
Further increase in Water vapour gives rise 1o multiple onentations. This explains thar the adatonts
have lost enough surface mability to cause ortentarion of the fastesr growing ((0001) plane and
this leads to mudniple orientations. Hence the addition of water vapour reduces the surace
mobility of adatoms.

As the amount of high energetic Ar ions that reaches the target surface is reduced by the
addition of water vapour (since the waler pressure is increased with a constant total pressure).
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The kinetic energy of Ar tons is lost in dissociating water molecules in the plasma. This reduces
the kinetic energy of the adatoms sputtered from the Larget.

Thus, we can sce that the surface mability of adatoms is higher during the growth of films
with columnar morphology and is lower during the growth of films with granular morphology .
The columnar morphology has hexagons on e surface by the action of etching by energetic
species {OH group molecules and ions). During the growth of granular morphology, the adatoms
stick 1o the sites where they intercept the substrate, as they do not have enough surface mability
to form a flat surface.

The increase in RF power also gives rise to a change from columnar to grannlar
morphology. How docs the increase in RE power reduce the surface mobility? It is seen in the
surface property analysis (section 3.2 and 3.3) that during the transition in surface morphology
the change must be in the plasma as well as on the substrate. Now we can see that the increase in
water pressurc reduces the surface mobility. The increase in water vapour increases the
dissociation of water vapour in the plasma. At a constant water pressure #he incregse in RF power
increases vhe dissoctarion of water vapour . This leads to an increased scattering of adatoms in the
plasma. As aresult, when they reach the substrate they wonld have lost the kinetic energy so that
the selection of minimom encegy lattice sites of the film is not possible. Hence we have multiple
oricntations as well as granolar morphology. Similarly with an increase in substrate temperature
the dissociation of water vapoor ncar (he substrate is increased and this leads to evolution of

grannlar morphology.

3.6.2.9 COLUMNAR MORPHOLOGY
Col grawth
with Fiat suraca
10001}
Growth
L] vl

Figure 8. Unil cefl of Zn0) in columnar structure: [a) shows the unil cell of Aat ZaQ (grown
with Ar alonc). {b] is the unit cell of ZnO grown &1 low pariial pressuce of water vapour. The
surfice morphology is mfemed as ‘columnar surface morphology’. The columnar surface
morphotogy is ihe resull of enmbined action of growth and ctching along [DD01] direction,

From the SEM analysis it is seen that the columnar morphology shows hexagons on the
surface. Here, by the structural analysis it is seen that off the coliunnar marphology films have
fiber texture growth. This growth is along the c-axis of the wurtzite structure of the hexaponal
system. Hence, the hexagonal unit cells are standing normal with respact to the glass substrate.
The water vapour during growth (the OH group) reacts with this surface and roveals the
hexagons on the surface. G. Matiman et al. [23] have speculated, based on their IR studies on
Zn0O, that the OH groups are reactive on the basal planes of ZnD and that they are inert to other
crystallographic directions. In the case of columnar surface morphology we observe that the
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surface consists of hexagonal pits. This pits are due to etching on (0001} planes of Zn() and
probably caused by the OH gronp that is dissociated from water vapour. This shows that she
growth is the combination of growth as well as etching. Figure 8 shows the flat and texmred
surface with columnar structire [24]. It has been already seen that the AFM cross section picture
consists of surface peaks with constant slopes (see ﬁ%ure 6 in section on AFM studiw) Now itis

understood that the constant angles are due to crystallographic facets as shown in figure 8.
3.6.2.10 GRANULAR MORPHOLOGY
1t is noted in the difftaction of the samples of water vapour series that the [0002)

orientation always exists in all the films. For the columnar morphelogy the [0002] orientation is
the only orientation and the growth is explained to be accompanied by etching along the basal
planes {{D001) planes). Hence as long as there are grains of [0002] orientation there could be
surface roughness. On the other hand the surface mobility is reduced during growth with high
parfial pressures of water vapour. Hence the adztoms stick in the places where they are
intercepting the substrate. As the surface has roughness due to the etching, this leads to surface
peaks which hides certain sites of substrate from the exposure to the coming adatoms. Also the
adatoms do not have sufficient kinetic energy to move on the substrate to make the surface of the
film flat (to minimise the surface energy). This leads tw surface roughness of granular
morphology. This is the reason why the transition frorn columnar 10 granular surface morphology
does not have a flai iransition region. Due to this, it is observed in AFM analysis that the grenular
morphology is based on columnar morphology

The {0002) dxﬁ'mcuon peak can be used to estimate the crystallite size of the grmins
with[0002] orientation. The calculated
values using the formula,

2 grain size = 0.94 A/B cos8

o where B if the full width at half
0 L-....... . Unswessedpowder (ZnO}]  primum (FWHM) and 0 is the
diffraction angle, gives the values of

o] grain size much lower than the one
.2 | i that is observed during SEM and
APM analysis. Similar ohservation

has been made by Hu and Gorden for
surface textured ZnO films by CVD.
-4 1 They observed that the grain size of
the surface textured ZnQ calculated
o was much lower than that of the
-5 4 values determined by scanning
o electron  microscopy. The CuKg
radiation contains two lines of
-8 : ' : S wavelength 1.54056 A and 1.54439 A

wi wi w3 w4 with an intensity ratio 2:1 [11}. This

Sample will give two diffraction pesks

separated by A28 = 0L0B® with an

Figure 9. Tnirinsic stress in ZnO films grown at differsnl partial intensity ratio of 2:1. When the graio
pressures of waler vapour (see table TV). The negative sign shows  gizes are sthall this will appear as one
thal the film is in a state of ¢loogation. The ZnO films gown at peak [11). Another factor that
high partial pressures of water vapour have higher intrinsic stress inflyences the broadening of the
in the film diffraction peak is the instrumental
broadening and that can be determined

by using a single crystal wafer diffraction peak. As these comections zre not made, in the present
study, we can not get the true grain size values. However, the FWHM gives an indication of the

Stress (QPa)
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grain size. We see from the table TV that the grain size is relatively lower for ZnO with granular
morphalogy.

The interplanar distance, 'd" values are calculated from the diffraction angle and the X-ray
wavelength by using Bragg's equation. The lattice constant ‘¢’ of Zn(Q is the twice of the inter
planar distance d of the basal planes (0002). Table 111 shows the lattice parameter, ‘c” valves of
the ZnO films grown at different partial pressures of water vapour. The value for the standand
ZnQ is also shown in the figure. As is seen the 'c’ valucs increase with increase in partial
pressure of water vapour, The lattice constant can be used to evaluate average uniform strain, exz
in the lattice along the ¢ axis{12] vsing the formula,

- cg-¢
o = Ot @
Where cg is the strain frec lattice parameter measured from ZnQ powder sample. The biaxial flm
stress is related to the measured ¢-axis strain by the modules of clasticity [13]

0 = {(2C;3 —{Cyy + C12(Ca3/Cy3)ley, €)]

where C;j are elastic stiffness canstants for ZnO. The campressive biaxial stress can be calculated
by using the following values for Cjj [14], C11= 209.7 GPs, C12= 121.1 GPa, C33= 2109
GPa, C13= 105.1 GPa, The stress in the ZnG films grown at different partial pressures of water
vapour is shown in figure 9. The negative stress indicates that the lattice constant ¢ is elongated es
campared to unstressed powder and therefore the films are in a state of elongation. It is seen that
the stress in the films with columnar morphology is lower in comparison with the stress in the
films with granutar morphology. Table 1V and table V show various parameters ebtained for Zn0
grown at different RF power values as well as different subsirate temperature values. It is seen
that the increase in RF power as well as increase in subsirate temperature reduces (he intrinsic
stress in the material (within the columnar morphology). The stress in sputtered ZnG, in general
cases, is reported to be mainly due to interstitial oxygen [15].

The stress in the sputtered ZnQ film in the as grown condition is reported [15) to be
tensile along the c-axis. Annealing of ZnG films [15,16] leads to strain relaxation, Both the
groups |15, 16] reported that the increase in annealing temperature lead o teduction of tensile
stress along c-axis. In other words, the increase in annzaling temperature incrcases the activation
cnergy and this lead to strain relaxation. Further increasc {after 673K in mef, [16] and 773 K in
ref. {15]) in temperature had lead to compressive stress along ¢ direction due to the difference in
thermal expansion of the film and substrates. In the present case, the as grown films show very
low compressive stress that is closer to powder samples. The increase in water vapour leads to
the developmeni of intrinsie tensile stress. This indicates that the increase in waler vapour reduces
the kinetic energy of adatoms during growth and this leads to intrinsic stress in the film. This is in
agreement with the annealing studies,

£l (P roDerT LY i

Sample Lattice Stress Full Width [ Morphology
i&é"' (002) | constant e | (GPa) a  half
diffraction | ¥ i
W1 (34472 5.1993  [063741 |0.16600 | Columnar
W2 34333 52197 1.1395 | 0.16000 | Columnar
(W3 [333889 5861 69230 | 044120 | Granular
Wa 34025 53656 -5.1368 | 0,39000 | Granular
STD powder | 33 43 §.2060 0 -
2nO(ASTM)
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Morphology
power | Siane constant ‘c* | (GPa) | (ArSec)
diffraction | A
00 3400 5.2693 54641 | 15130 Columnar
150 34.166 33443 A998 | 2.6250 Columnar
200 33.880 5.2861 69250 | 10694 Granular

The density of the films can be calculated by using the following expression: density
D = M/NV, where M is the total mass of unit cell of ZnO, N the Avogadro constant, V the
volume of the unit cell of Zn0. As the value of the lattice paramcter ‘c’ is known, the lattice
parameter ‘a’ can be taken from standard powder samples (The eror due to this is very

small, =0.002g/cm’) [16]. Hence, the density is inversely proportional to the value of the latmice
parameter "c’. As the value of ¢’ (sze table IH) increases with addition of water vapour, the
samples W2, W3, W4 show reduction in film density due to the addition of water vapour during
growth. This is in accordance with our explanations in terms of surface mobility of adatoms
during growth. This is a confirmation that the growth with high partial pressures of water vapour
takes place with less surface maobility. Because the growth with less kinetic energy of adatoms
will result in porus material with less density. This i3 also in accordance with the J, A, Throntons
model of evolution of microstructure of thin films in which the films grown with less sarface
diffusion will have tapered crystals separated by open, voided boundaries (see section 3.3 on
AFM studies ).

[i04] I 7568 [13754 R.a819 Columnar
i50 34372 7361 (73718 B.9236 Columnar
Fou 33,889 2861 [6.9250  [1.0694 Granular

To investigate the mechanical propertizs of ZnQ) films we made experiments o study the
¢lastic constants of surface textured ZnQ}. The measurements were done using Nano Hardness
Tester manufactured by CSEM instruments. For sach sample the measurements were done on
many places af the film and the mean value was taken, Figure 10 shows the hardness and
young’s modulus of ZnO films grown at different partial pressures of water vapaur, The values
in the figure can be taken oaly qualitatively as the insument was not calibrated. The bulk valuc
of clastic constant is influenced by the change in lattice parameter. According to Zhenxing o
al. {17] the bulk elastic constant along the c-axis is inversely proportional to the fourth power of
the change in latdce parameter. Hence the elastic constants shown in figure 10 can be comelated
with the intrinsic stress in the film {shown in figure 9). Funthermore when the columns are not
perfectly aligned, the elastic constant vary. From the figure 10, it is noted that the films with
columnar morphology grown at low partial pressure of water vapour show high hardness and
young's modulus values comparcd with the velues of the films grown at high partial pressure of
water vapour. That is; mechanically the ZnQ with columnar morphology is supenior than the ZnO
with granular morphology. This is in accordance with the varation of density of these films
derived from X-ray measurements.
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T T T Figure 10, Mechanical
properties of Zn0 grown
at different partial
pressure of water vapour.
Qualilatively, the
herdoess as well as
young's modnlus values
of Zn(} tlecrenses due o
Ihe: addition of water
vapour during growih.
‘This is in accordanos with
Granular the: stress measurements
60 using X-roy diffeactions
oOH—| 4 data (figure 9). The films
_ 1 1l K. with granular
w1 w2 w3 w4 marphology have low
hardness and density
sample valugs.
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1.6.2.13 GROWTH RATE

The prowth rate of Zn(} films prown at different experimental conditions are shown in
figure 11. Ar 100 is the ZnO film grown without water vapour addition. W100 is the ZnO film
prown without addition of Ar. For other samples the partia! pressure of water vapour are;
w,=1.5x 10°° mbar, w,=1.5 x 10 * mbar, w,=2.5 x 10 * mbar and w,=4 x10 mbar. The total
sputtering pressure was 2.5 x 10 7 m bar, The RF power was 200W and the substrate
temperatarc was 200°C. The growth rate makes a clear distinction between colymnar and granular
morphologics. The growth mte has rednced from an average value of 4.5xlsec for columnar
films, to an average value of 2A/sec, The reduction in growth rate can be due to the reduction of
amount of Zn, O or ZnO species sputtered from the target due to the reduoction in the kinetic
encrgy of the ions during sputtering. Considerable part of the energy of Ar ions is spent in
dissociating water vapour. This decreases the number of atoms and molecules sputtered from the
target per ion (the sputter yield). This reduction of growth rate with an increase in partial pressure
of water vapour is in accordance with the sub section on ‘explanations with surface mobility'

(3628] Figure 11 Growih rate of

6 . Zn0 fitms grown at different
partial pressures of water.
] (See tahbte). WI10G is the ZnO
film grown with water
1 vapour glone. The
Granular . ]  conespending surface
' mwphologies ere also noted.
! The high growth rats of ZnO
' Fiat 1 filmsal low partial pressure
: of water vapour reduces to
: low values at high partdal
! 1  pressures of waler vapour,

T T T

Fiat Columnar

L]

o

Growth rate (A/sec)

o The energy of ions for
spurtering (s highly rediveed
e ro the addition of water
t vapowr and thic reduces the
Arlo0 W1 Wb w2 w3 Wi WI00 spueiter yield.
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3.6.3 Conclusions

The structural properties of surface textured Zn(r thin films are analysed in this section. 1t
is found that the ZnO films grow with fiber texture orjentation at low partial pressures of water
vapour. The orentation gets highly modified at high partial pressures of waler vapour. An
anomalons orientation and the presence of cubic ZnO are explained. The growth at high partial
pressurc of water vapour gives rise to mixed cubic and hexagonal grains. The connection
between the surface texture and strcture is established. The columnar morphology and the
surface hexagons correspond lo the fiber texture growth. The mixed orientaticns correspond lo
granular m u:ghology When the amount of water vapour in the plasma is more the films grow
with low surface mobility. The reasons to get different surface morphologies are explained in
terms of surface mobility of adatoms during growth. The values of grain size, the inter planar
distance, intrinsic stress in the films and the mechanical properties show that the high quality Zn0
with surface lexture has columnar morphology.
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3.7 Optical Emission Studies during surface texture growth

Control and analysis of the growth by the spwttering {glow discharge) is possible by
optical emission studies, By these studies one observes the emission lines of the excited species
in the plasma, This allows one to get direct information abaut the growth of films. It is the target
of this present study to comelate the appearance of the emission lines with macroscopical
properties of Zn0. To analyse the surface texture growth of ZnO furher, in this seclion, we
present the plasma emission studies during the growth of surface textured Zn) using water
vapour during sputtering.

3.7.1 Experimental

Figure 1 shows the schematic diagram of the experimental set up for the measurement of
the plasma emission spectrum during the deposition of surface lextured Zn0 using water vapour
and Ar mixtures. During the sputter growth of Zn(, the emitted light from the plasma is collected
by aconvex lens and focused on slit of a monochromator equipped with a photo detector af the
exit, Using this set up emission spectrumn for plasma is obtained in a X-Y recorder.

monochromator

Sputtering glow discharge

Figure 1. Experimental sel up for measuring the plasma ¢mission spectrum.

3.7.2 Resuits and Discussion

Figure 3{a) sho-ws the emission spectra of the plasma during growth of ZnQ film, The Ar
pressure was 7.5 x 107 m bar, The RF power was 200W, The substrate was kept at room
temperature. With only Ar, under these experimental conditions. the Zn0 film shows a smooth

ace. In figure 3 the emission Lines are identified as noted in the figure. With only Ar in the
plasma, there are emission lines of Ar and Zn. These lines are due to electronic transitions of the
atomic and molecular siales of Ar and ZnQ). The argon atom can make several atoric transitions
as shown in figure 2. The transitions comesponding to the emission lines at wavelengths 416nm,
6020m, 696nm and 707nm can be seen from the figure. The intensity of Ar[416] s dominant in
this spectrum. For Zn there are emission lines at 635nm and 481nm [1]. Water vapour is added in
the plasma as a second step. The total pressure was kept constant at 5 x 10 m har for the whole
series using mixture of Ar and water vapour. The RF power and substrate temperature are the
same as mentioned before. Figure 3(b) to 3(h} show the emission spectrum of plasma with
different partaal pressures of water vapour. For figure 3(b) the partial pressure of water vapour
was 2 x 107 m bar. This small addition of water vapour increases the imensity of Zn emiasion
lines both at 6350m and 48 Inm wavelengths. This means the slight addition of water vapour
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increases the amount of atomic

15785 A as23p5 Zn in the plasma. Hence the

oV deposition rate of ZnD with
slight addition of water vapour
can be expected to be more, In
figure 11 of the section on
structural properties ({section
3.6), it is shown that the sligh
addition of water vapour does
not decrease the deposition rale.
The deposition rates of Zrd
films grown with slight addition
of water vapour are found to be
equal or slightly more than the
case for Zn0 film growth with
only Ar. With low parial

&l transiiong: -

667.7<h<1148 80m pressures of water vapour, we
get columnar surface
oz By morphology and the films grow
153 11720V ¢
ap5 45 [+ ",1_ 1 184 11820V with columnar structures.
e 185 11.550V With increasing partial presswre
1l E E of water vapour the surface
- 2 @ morpholcgy tums to  he
ot R = 2 Ground stats ular. As is seen the increase
4 L ] Ar3s? aph i water vapour reduces the

relative intensity (relative to At

Figure 2. The schematic encrgy level diagram of the argon atom (afier |2) ir;zsﬁ'; l[li'r;es) 0"1;]2;1[_:;;;?%1-

and 13]). The possible transilions in energy siales of Ar atam are shown, 15
o . ey - x10°m bar the intensity of
The transitions conesponding 10 the emission lines abscrved in the present Za and A ion lines

Study are aoted. almost the same. Further
increase in partial pressure of water vapour decreases the intensity of Zn emnission lines. It is to be
noted that at aronnd this partial pressure values (around 1.5 x 104 m bar), the transition between
columnar to granular morphology takes place. It is mentioned that &s the total pressure is
constant, an increase in partial pressure of water vapour means decrease in the partial pressure of
Ar. This means that the increased addition of water vapour decreases the stomic Zn in the plasma
(figure 4). Firsi, the growth rate of Zn0 may be reduced. As the amount of water vapour
increases, the sputtering yicld S, namber of target atoms (o7 molecules) ejectad per incident ion,
decreases. Since the sputicring yield is directly proportiona) 1o the product of the masses of the
colliding atoms, Ar, with relatively high atomic mass number, is mere efficient in removing an
ator or molecule by collision from the ZnQ target. Hence increase in water vapour reduces the
amount of Zn ejected from the target. Due to this, the growth rate of ZnO grown at high partial
pressuee of water vapour is expected to be low. Again we look at the variation of deposition rate
of ZnO shown at different partial pressures of water vapour in figure t1 of section on structural
properties (section 3.6). 1t is seen that the deposition mte of Znd) is considerably reduced at high
partia] pressures of water vapour. This is well in accordance with the emission spectra of the
plasma,

Figure 3(b) shows the emission spectrum of plasma with almost water vapour alone. It is
seen that the plasma, at room temperature, is mainly due to the shight addition of Ar. At high
temperatures the plasma can sustain without Ar., The emission lines corresponding to O at
304nm, OH, H at 434 nm and O at 777 nm [ 1] could not be identified here due to the absorption
of the emission lines by the window material of the ehamber, due to dominant Ar emission lines
at 400-470nm and due to dominant Ar emission lines in the infra red regions respectively.
However, an emission line of H,0" at 63%nm is identified. At very high partial pressure of water
vapour this line has considerable relative intensity and this decreases with decrease in partial
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ressure of water vapour. The emission line of water vapour at 65%um is shown by down arrows
in the figure 3 . .

The decrease of the amount of water molecule in the plasma with decrease in partial
pressure of water vapour can be atfribuied to the total reduction of water vapour in the plasma as
well s increase in the dissociation of water vapour. The increase in dissociation of water vapour
(for a given partial pressure of water vapour) at low partial pressure of waler vapour in the
plasma i3 due to the increase in enerpetic Ar ions. In the surface as well as structural property
analysis (sections 3.2, 3.3 and 3.6} it was shown that the hexagonal pits on the surface of ZnO
grown with low partial pressure of water vapour is mainly due to the etching action of dissociated
OH molecules from water vapour. This 5 in agreement with the present diagnostic study of
plasrna at low pantial pressure of water vapour.

(a) 75x10° mbar |F
pressurc x
g
7 13
2 [5
gk ) g
<§ -] [ g T
s 2.5
-
720 Wave length (nm) 310
§ Water SUI
{(b) % =2x10" m bar
E)
o
B |8
ElIIE 8 £
g2 & z
g L4
v <




Figure 3 The emission spectra
during spulicring with mixture
of Ar and water vapour,
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Figure 4. The ratio of intensitics of emission tines of Zn at 481nm 1o emission fines of Ar at 4t6nm in function
of partial pressnre of water vapour. The corresponding regions of surface marphologies of ZnO are also noted.

It was mentioned that the sputtering yield 8 is more when the target atoms or molecules are
cotlided with Ar ions. The continuous decrease in the amount of Zn in the plasma as well as Ar
also suggests that the kinetic energy of the adatoms during growth continuously decreases with
the addition of water vapour (high partial pressure regime). The spublering yield at low ion
energies is proportional to

4m;m. E
Sudmimg_ E 1
(m; + mg)? Up W

where m;, m, are the masses of the incident ion and target atom respectively. 1, is the surface
binding encrgy of the material being sputtered and E is ion energy. According to this expression
the amount of sputtered atoms increases with the increase in the ion energy. Hence the decrzase in
the amount of sputtered atoms shows the decrease in the ion energy. The kinetic energy of the
neutral atoms ejected from the target depends on the energy of the incident ions. Hence the kinetic
energy of the adatoms decreases with the decrease in the incident ion energy. This wifimately
decreases the surface mobility of adaloms during growrh. Tt was explained in previous sections
that reduction in surface mobility correspond to the growth with granular surface morphology. In
agreement with that the growth af high partial pressures of water vapour has granular surface
morphology.

Plasma diapnostic analysis with different RF pawer values were also dane. With a fixed
partia) presstre of water vaponr at 2 x10™ m bar with all other parameters the same, it was
seen that the increase in RF power, the amount of Zn[635) and Zn*[481] increases. This is
accordant with the above explanations thet the increase in amount of sputtered atoms implies the
increase of ion energy.

On the gther hand, it is seen that the amount of Zn is high when the partial pressures of
water vapour in plasma is low. According to the equation (1}, this shows the increase in jon
energy at low partial pressures of water vapour. This, in tumn, suppests an increased surface
mobility of adatoms during growth. This i3 in agreement with our previons studies. It was shown
in previous chapters that at low partial pressures the ZnO films have columnar surface
morphalogy and this comrespond to high surface mobility of adatoms during growih,

3.7.3 Conclusions

The plasma diagnostic analysis during surface texture growth of ZnO has given more
insight about the surface exture growth of Zn0 by sputtering. The two different wgimes of
columnar and granular growith can be identified by the emigsion spectra during growth. The
deposition rate, surface morpholagical tansitions and the growth mechanisms derived from the
present study are in accordance with the studies described in the previous sections.
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3.8 Surface texturing of flat ZnO

3.8.1 Surface texturing of highly ariented ZnO

After smdying the propertics and growth mechanisms of surface textured ZnQ, now we
can analyse other methods to obtain surface texture of Zn0, For example, surface texturing of flat
ZnO films grown in a ‘standard manaer', i.e. for example by sputiering using only Ar without
the addition of water vapour; such a method will be highly useful due to its simplicity. fn this
section we will show the considerations to obMain surface texture of ZnO. With those
considerations we will demoostrate the surface lexture of ZnO obtained on the flat Zn0.

Let us recapitulate very shortly some general facts obtained for surface textured ZnQ,
There are two tyires of surface morphologies: onlumnar and granular morphologies. For the
onlumnar morphology the ZnQ grows with its hexagonal columns of grains pexpendicular to the
substrate {(bence the name). For granular merphology theve are grains with multiple crientations
including the one with perpendicular columns. The columnar morphology results when there is
high surface mobility during growth. The granular surface morphology is associated with low
surface mobility during growth. The ZoO film with columpar surface morphology is superior in
mechanical, and micns structural properties when compared with the ZnQ with granuolar surface
morphology. For use in device the surface textuted ZnQ) with columnar morphology is more
suitable one. The ways o arrive at columnar morphology were described in previous sections.

By sputiering it is seen that the flat Zn(» grown with only Ar has fber texture growth, that
is, it displays hexagonal columns perpendicular to the substrate. In mast of the cases, the
sputtering with only Ar lead to fiber texture growth. It is shown in the chapter on flat ZnQ,
{chapter 2} independent of the substrate temperature, RF power Ar pressore and position of the
substrate, sputiering lead 1o the fiber texture growth of ZnO. This is a unique feature of ZnQ)
grown by sputtering. This mainly happens duc to the fact that the adatoms during sputtering (with
Ar) have enough energy for the equilibrivm growth and also there is no other disturbance for Zn
and O bonding (that may happen by addition of oxygen)[1] iz plasma. We want o use this fact
for surface texturing of %;m Zn0.

In the structural property analysis of surface textured ZnO, it was revealed that the growth
with the mixture of water vapour and Ar is the combination of growth as well as efching along
[0001] direction,

Hence if we etch a flat ZnO prown with fiber texture orientation it should reveal i
hexagonal pits on the surface. The etching will be different from the usual etching of
polycrystalline films as the ZnO has only one orientation and it will lead to surface nearly similar
fo an anisotropicatly esched single crystal surface.

With these oonsiderations we made chemical etching of flat ZnQ prown with orientation
along[0001] direction. We used dilated HNO,, diluted HCI as etchants to etch the flat ZnO. The
SEM photograph of the surface morphology of a etched film is shown in figure 1. As expecied
the flat ZnO reveals the hexagonal pits on the surface. They are uniformly spread as if it is a
surface of single crystatline wafer. Figure 2 shows the SEM photograph of the hexagon on the
surface. This shows that the ZnO has [(001] as the growing direction. Anisotrepic etching results
due to the differences in the etch rates in different crystallographic planes. Here, etching along
[0001] direction is faster than other crystallographic directions. Figure 3 shows the cross section
of the surface hexagons. Il shows the constant inelination angle of the surface peaks. This is the
samg as the surface facets obtained during surface texture prowth (see AFM studies). 1t reveals
along the intercepting crystatlographic plane (101 1) as shown in figure § of previous section on
structural properties (section 3.6).

The total ransmitance and diffuse transmittance of the ZnD before the etching is shawn
in figure 2. The film was deposited at a pressure of 2 x 10 m bar. The substrate was kept &


ofthesurfacehexagons.lt
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However, it is explained in previous sections how to grow high quality snrface textured Zn0, By
growth, there is 4 need (o go to higher thickness values to obtain the maximum surface
roughness, By the post elching one can grow high quality films with good electrical properties
and than can make the post etching. The resitivity does not change by the post etching, The haze
factor can be easily controlled by changing the dilution of the etchants or by changing the etching
time. Hence this gives good control over the haze factor. Therefore it is simple, efficient and
meaningful way of surface texturing[6]. This method has high potential o be a standard process
to make surface textuting,
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Figure 4(a} and 4{b). Total and diffuse rensmittance of ZnO film before and after pest chemica) textwring. The
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As long as the post textured ZnQ) forms the substrate for the solar cells (on glass as
window layers for PIN and as back reflectors on metallic substrates for NIP solar eells), the post
texmri;i is highly useful way. On the other hand this method has practical problems to be used
on the device { ex, window layer for NIP structures, back reflectors for PIN selar cells). In this
case a surface texture growth method is the only practical way.

However the disadvantage of post texturing is that thers could be residual chemicals on
the swface of the ZnO (same as on the surface of crystalline wafers). This could be overcome by
the following ways.
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1. Cleaning it efficiently. 2. Depositing another flat ZnQ layer {this will just cover the surface
while keeping (he surface morphology unaffected).

1.8.1.3 LT FOR POST TEXTURE ETCHING

The maximum haze by etch lexturing can be easily obtained without loss in ransmitiance.
COnce the maximuem is reachod, further etching does not increase the haze factor but slightly
reduces the total transmittance (and henee the diffuse ransmission) by the absorption at low
wavelength region. For example, in figure 5(g}, the curve t, is for the maximum haze obtained by
ctch texturing for the same ZnQ film shown in figure 4{5). After this, further increase in duration
of etching (t,, t,} does not increase the diffuse transmission. The total tensmission shows that
there i3 an increase in the total transmission at the long wavelength side. This is due 10 dhe
roduced charge carriers in the film, The reduction in charge carriers is mainly due 10 the reduction
in thickness of the film. On the other hand the total transmittance at low wavelength region
(around 400-600nm) shows a reduction at increased duration of etching time. The absorption at
this wavelength region is analysed in the section on optical properties of surface textured Zn0.
The absorption corresponds to yellow colour formation in the film. The color centres are formed
due to the formation of ionised oxygen vacancies (F' centre). Probably these point defects are
formod only on the surface. For the use as surfzce textured ZnQ, such a long duration is
obviously om necded.

For texturing polycrystalline films (or wafers) several attempts have becn made. There
are, laser scribing[7], plasma efching of patiems defined by using photolithography [8], and
mechanical grooving[9]. Laser texturing is slow, expensive and incompatible with thin
substrates. Mochanical grooving also appear to be incompatible with thin substrates[3].
Comparing with other methods wet chemical iselopic eiching is reporied 1© be a potentially low
cost method of texture etching polycrystalling fitms[3]. For the chemical etching of
polycrystalline films two methods can be appliod.

1. Crystaiographic anisotropic etching (efficient for single crystalline wafers).
2. Photolithographically nucicated wet chemical etching.

The finst method can not be used for polycrystalline films due to their multiple orentations.
Therefora the second method is followed usually.

In the present case due 10 the fiber texture orientation of ZnO films, we can use the first method.
Thus it is further low cost method of surface texturing.

3.8.2 Eiching by plasma

In the post chemical etching we have etched the material to reveal the surface hexagons.
As is understood for sputtered ZnQ, it is important to etch the surface of the [0001] oriented Zn0
to have high quality surface textured ZnQ. In this section we will analyse the other methods o
bring the same effect. Even though the chemical etch texturing is 2 low cost highly efficient
technique, a texturing method in the vacuum chamber can be nseful for the on line fabrications.
For example, an etching method using plastna can be useful for the on line fabrication of thin film
sotar cells,

During the growth of flat Zn0 we change the RF power to see their effect on the surface
of the flat ZnO. We have grown ZnO using only Ar at different valucs of RF power. The
substrate temperture was 200°C. The tota! working pressure was 5 x 10* m bar, The RF power
was variod to different valoes from 75 W to 250W. Figure 6{a) o0 &{c) show the SEM
photopraph of the surface morphology of ZnQ films grown at different RF powers. As is seen
the surface ronghness increases with an increase in RF power values. The surface shows
uniformly disiributed hexagonal pits. The size of hexagons increases with increase in RF power,
The surface roughness obtained with high RF power during growth (with only Ar), however, is
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A post plasma eiching can increase the surface texturing efficiently, as there is only etching rather
than etching along with growth. We made some preliminary experiments on the post plasma
etching. Milky ZnQ surface was obtained during the etching of flat ZnQ by using  Ar, oxygen
mixtures. Still this is not as efficient as the growth using water vapour or post chemical texturing,

During growth with water vapour, when the total working pressure was low, in other
waords, when the ratio of water vapour to Ar in the plasma is high it pives rise 1o flat surface
morphalogy. {similar te that of * 100% water vapour during growth’) Such a flat film skows poor
crystallinity. The plasma etching of these film using only Ar do not show surface hexagons but a
surface morphology shawn in figure 7.

We observed thai during surface textured growth using water vapour the OH group is
highly responsible for the growth of surface textured ZnO (see the structural properties}, During
the additien of water vapour the OH group comes from the dissociated water vapour. Hence a
plasma etching wsing water vapour rather than Argon or oxygen conld give an efficient surface
texiuring. This can be examined by the future investigators.

3.8.3 Microstructure evolution of ZnQ thin film

Up o now, we have studiad the growth mechanisms of ZnQ films under different
experimental conditions. Basad on this we proposed some methods to texture the surface of
sputtered ZnO. Using all these information together we introduce our model of evolution of
surface morphology and microstructure. This mode] describes the surface and microstruciure
evolution of Zn() which is grown by sputtering in an atmosphere where the species in the plasma
react with the film.

Figure B shows the schematic diagram of the evolution of surface morpholopy of ZnO in
the atmosphere of water vapour. In one axis the amount of water vapaur during sputtering is
tnereased from W, to W, keeping the total pressure the same. As the total working pressure is
fixed this means the increase of water vapour 1o Ar ratio in plasma. It is important to note that the
total pressure is helow 2.5 x 107 m bar, Because at increased Ar pressure, with out any additional
efforts the growth would be of low surfage mobility. In the ather scale, the RF power increases
from P, to P,.

Thens are different zones indicated in the figure 8. They are explained as follows.

Zong L 1n this zone the RF power is low. There is no water vapour in the plasma. The film has a
smooth or flat surface morpholagy. The film grows with its c-axis perpendicnlar to the substrate.
The adatorns in this region have enough surface mobility to form flal surface so that the surface
free energy of the film is reduced. b is a columnar growth with flat surface.

From zone 1, any addition water vapour does not increase the surfack ronghness. The
deposition rate is highly reduced. The film shows poor crystallinity, The orientation of the films
changes from fiber texture to multiple orientations. At high partial pressures of water vapour, the
film has low density and high intrinsic stress__

Zong 2:At an increased RF power a small addition of water vapour reveals the surface
hexagans by the etching action of dissociated water species. In this region the adatoms have high
surface mobility. without any water vapour in the plasma the film will try to have a smooth
surface, However, even when there is no water vapour there will be an etching duc ta the Ar ions
{figure 6(c)). Hence the surface is textured to a small cxtent. However this is small while
comparing with zone 2. When there is etching due to dissociated water, it is no more physical
etching as is the case when there is only Ar. With the addition of water vapour there is reactive
eiching and the growth is combined with etching. The growth is cnlumnar along the ¢-axis of the
hexagonal system., The film has rough surface with hexagonal pits on ii. The surface morpholopy
is called ‘columnar morphology”, There is not a considerable change ity the deposition rate due 10
the addition of water vapour, The film has good mechanical properties. Funther addition of water
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vapour ingreases surface roughness due to the increased action of etching by dissociated species
of water vapour.

Figire 8. Evolution of surface morphology and microstmcture of Zn(k by sputtering.

W10D is the Zn0 film grown withoul addition of Ar. {The partial pressure of water vapour, in the misture of Ar
and water vapour increase fram W, toW,; W a1.3 % 10"* mbar, wy=1.5 2 10 ™ mhar, w,=25 x 10 * mbar axi
Ww=4 210"* mbar. The total sputiering pressure was 2.5 £ 10 m bar, The substrate temperature was 200°C)

Zane 3 : From Zone 2 increase of water vapour at increased power lead to a transition of
surface morphology. At high partial pressure of water vapour. not all the water vapour is
dissociated. Most of the power is lost in dissociating the water vapour. The growth takes place
with low surface mobility. The action of etching by dissociated water simultaneously takes place
along the polar planes of ZnQ. On the other hand, the adatoms at the substrate do not have
enough surface mobility, Hence the adatoms just stick at sites of the substrate where they
intercept. At this zone the films have a surface morphology called ‘granular morphology”. The
films may not have the minimum energy planes corresponding fo the growing direction. The
films have multiple orientations. At high partial pressures of water vapour the film has high
intrinsic stress in the film and low density. The growth rate reduces considerably.

A3 is explained, the granular morphology results due to the eiching and low surface
mobility growth, At low partial pressures of water vapour in the plasma doring growth (Zone 2)
there is etching but the surface mobility is relatively high. As the action of reactive et:hmﬁ
continues in both the morphologies, the transition is continuous. That means there is no smoot
transitional zone when the surface mobility changes from high to low values. 1n usus! conditions,
according to the standard zone model of J. A. Thronton[10] (see section 3.3), the change in
surface mobility will give rise to a transition zone jn which the film has smooth surface,

Zoye 4; In the atmosphere of water vapour, any reduction in RF power reduces the
surface roughness. This is due to the reduction of dissociation of water vapour. Of course the
surfece mobility during growth also reduces with the reduction in the RF power, Hence at low



113

power values the pranular and columnar mosphologies mix together and the swrface has a
granular morphology, However this surface roughness is small. The orientation of the film
fallows the same trend as the growth at the high power values. It changes from c-axis oriented
columns to mixed orientations as the partial pressure of water vapour during growth increases.

Zone 3 This zone describes the growth at extrenaely high partial pressares or 100% of
water vapour during sputtering. The film has smooth surface. The prowih takes with low surface
mobility. Obvicusly very few amount of water vapour is dissociaved. The prowth is due 10 the
lons that are dissactated from water vapour as there is no Ar or very few Ar in the plasma. But
the etching is highly reduced. Hence the adatoms could make a smooth surface.

At very high partial pressures of water vapour, the reduction in RF power increases the
range of the flat 2ore as shawn in the diagram. Because the reduction of power further reduces
the dissociation of water vapour. As we can expect, the prowth rate is considerably law in this
region. The film has multiple arientations. The mechanical properties of the films are inferar to
the films with columnar morphotogy.

From zone 1 an increase in RF power increases the grain size, The films at zone 1 as well
as the following flat regions {only with Argon) have flat surface with device quality
microstructural propertics. The ZnD films in these region beve fiber texture growth and they can
be casily poat wextured. This gives a great comiroll over the optical scarering properiies of the
films. That is, the size of the grains and surface hexagons can be easily tailored during the prowth
and depending on the size, the wave length dependence of diffuse wansmittance or reflectance can
be changed.

Even though the model we described is particulardy for ZnO by sputtering based on our
experimental resnlts, some general trends can be followed f{lr the growth of all thin films by the
method of sputtering in similar condition, The similar conditions are as follows; the process is not
physical vapour deposition. As we introduce waler vapour in the present case, the process
becomes reactive sputtering. The dissociated waler species, namely OH group reacts
anisotropically with the ing film. When the dissociated species react on the growing film,
shis model can be followed explanationy for the evolution of microstructure can be given in
tzrms of surface mobility.

Alzo it shauld be noted that when the total working pressure is too high there will be
reduction of surface mobility and this will lead to the growth of surface with morphology similar
to granular morphology, even at the absence of reactive species in the plasma. In the above model
the total working pressure is sufficient to make smooth surface.

3.8.4 Couclusions

In this section the surface texturing mechanisms have been analysed in detail. A simple,
highly efficient technique has evolved as a result for the fabrication of surface texture of ZoD
films grown by sputtering. By chemically etching the fiber texture oriented ZoQ) grown by
sputtering, we have highly pronounced surface teaturing without much loss in electrical
properties. This gives a good freedom for the growth of ZnD films that can be post surface
textured. Other ways of surface texturing have been analysed. Anisotropic plasma etching has
been suggested. Based on the experimental results, a model for the evolution of surface
morphology and the microstructure has been presented. These results are important for the
efficient fabrication of surface textured ZnO films for thin film solar cells.
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3.9 Development of surface-textured ZnQO/Ag/metal systems as
back reflectors for solar cells

Surface texturing of ZnO plays an important role in thin film solar cells. Swface-textured
Zn0 can be advantagequs in many ways for thin film solar cells, as was explained in section 3.1.
Surface-textured ZnO can be used in the cell either as a front contact (window) or as a back
contact (back reflector). In P/I/N solar cell structures, a glass/TOO system will be used as
substratc. In he invered structure, i6., in N/I/P solar cell structures, a substrate other than a
glass substrate, for example, a metal or a flexible polymer, can be used. In the present case, we
study surface texiure growth of ZnO on stainless steel covered by a silver film. The swrface-
textured ZnQ/Ag/ stainless steel system will be analysed in this section for its futore incorporation
in N/L/P solar cells as deseribed in chapter 4,

3.9.1 Experiment

Clean stainless steel sheets of of size 4cm x dom were used es substrates. The thickness
of the stainless steel substrate was 230um. For silver deposition, RF sputtering method was used
with a silver targel. The electrode separation was 4 cm. The silver deposition wes done without
any substrate heating. The RF power was 40W. The sputtering pressure was 5 x10? m bar. The
thickness of the silver deposited for all the samples in this study was kept constant at 3200 A.
When the thickness of the silver on stainless substrate was further increased, the change on the
reflection was, infact, observed to be negligible.

Surface-textured ZnQ was deposited on stainless steel substrates where silver had been
previousty deposited. Surface texture growth of ZnQ was the same as explained in previous
sections. The only difference is that the substrate is changed from glass to Ag/stainless steel,
Three diffesent series of depositions were carried out. They are the water vapour series, the RF
power series and the substrate temperature series, A fourth series was done to change the
thickness of ZaO. It was difficult to measure the thickness of Zn() on the stainfess steel substrate.
Hence, the deposition was carried out for different durations until we obtained a ‘saturated’ ie.
maximum value of surface roughaness of Zn0. For this, 8 number of depositions were done at
different experimental conditions and at different thickness values.

3.9.2 Results and discussion

Figure 1 shows the total reflection from the stainless stcel substrate alone, silver-coated
stainless sieel substrate and fipally from surface-textured Zn} on Ag/stainless steel with two
different haze values. As we see from the figure, the reflection from the stainless steel is lower
than other reflections, Optically, we need to reflect more Light back in to the device. It is seen that
stainless stee] alone is not very efficient to serve this purpose. This is indeed the reason why
silver is coated on the stainless steel. Due to the interference pattemns in the curves, the reflectance
curves given in this chapter ane smoothened in order to distinguish one with the other,

The reflection of silver below 3.8 eV can be explained in teyms of free canier absorption
[1]. After 3.8 ¢V interband mransitions need to be considered. The reflection values of roetals are
connected with their electrical resistivities. Silver has one of the lowest resistivities. The value is
1.59 x10*Q.cm. According to the classical Hagen -Rubens relation the reflectivity is given by,

Rel1-2 =¥
op
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where v is the frequency and og is the dark conductivity. When the dark conductivity very high
the second term is very small and the reflection of silver is a maximum. In figure 1 we see the
maximum reflection of silver. The resistivity of stainless stee} is 72 x10° Q.cm. Reflection
studies oa thermal evaporated Ag, Al and Cr were alsa done. As expected silver has a better
seflection than these metals {figure 2), The teflection of aluminum is reduced around 8% in the
visible region (at 600nm). Gold has a good reflection at higher wavelength, but significant
absorption starts around 500nm. Chromium has only 48% of reflection in the visible region
{around 600nm). All these metals other than silver have contribution Lo absorption from their
solid state atomnic structure, Due to this reason sitver should be used as it qualifies as one of the
best back reflectors for thin film solar cells.
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Even though the total reflection of silver is maxirmum, in practice silver leads to a poor
interface with silicon (amarpholous and microcrystalling). This interfzoe seems (o absorb soms
light s0 that the high reflection of silver is not usually realized within silver/silicon devices. Also
silver and silicon have poor adherence on each other. An intermediate oxide layer is found fo
form optically a3 well as mechanically a good imterface between silicon and silver. On the other
hand, for amorphous silicon solar cells the diffusion of metal atoms from the back contact Vo the
device is supressed when there is an oxide layer used as “diffusion barrier’, For an ‘inverled
configuration, iz., for the N/I/P device structure, this axide will be exposed to the hydrogen
plasma used for the fabrication of device. For this application, ZnQ is preferred as it is more
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stable w.r t. the hydrogen plasma than other TCOs. Zn0 has proved to be a successful barricr for
the diffusion of metal atoms and generally helps in improving the perfarmance of the cell (w.rd
the problem of ‘pin holas'{2]). Hence, there is a necessity for an intsrmediate ZnO layer. Now
one has to find ways to get maximum light back into the device with this intermediate layec
configoration. In figure 1 the total reflection of surface textured ZnO with high haze factor as well
as low haze factors are shown, The total reflection from surface textured ZnO wich high
haze/Ag/stainless steel is somewhat lower than that of the system with ZnQ baving a Tow haze
factor. This reduction can be atiributed 1o the Light that is escaping at the edges of the film by the
wave guide action es well as ultimate absorption of light in the ZnQ by the muliiple passage of
lipht inside the film because of the high surface roughness. However, this reduction in total
rcﬂacznedcc is not so pronounced at the long wavelength region where the back reflection is really
now ed.

However, one must note that the really important requirement is @ diffuse the light back
inta the device so that the light rays have longer optical path lengths. This is seen from the diffuse
reflectince. Figure 3 shows the diffuse Egm of the same samples for which the iotal
reflectance was shown in figure 1. Tt is seen that the diffuse reflectance of stainless steel, Apgf
stainless steel is very fow while compazing with the diffuse reflectance of the system with ZnQO of
high haze. The diffuse reflectance of the system with ZnO of low hgze factor has a very low
diffuse reflectance, even lower than that of Ag/ stainiess steel. This clearly demonstrates the need
to have surface roughness of ZnO. The major portion of diffuse reflectance of the stainless steel
or the Ag/ stainless steel combination is due to the irregularities on the stainless steel substrates.
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Figure 4 shows the total and diffuse reflectance of the ZnO/Ag/fstainless steel with ZnO
grown at different partial pressures of water vapour in the mixture of Ar and water vapour duning
sputtering. The total working pressure was 5x 107 m bar, The substrate temperature was 200°C.
The RF power was 225W, The depositions were done for a number of times with different
thickness values to obtain saturated or maximum diffusc reflectance. It is seen that the pantial
pressure of water vapour during sputtering changes the diffuse transmittance and hence the haze
values considerably. It was seen for the growth on glass, the ZnO wilb columnar surface
morphology, that results during growth at Jow partial pressures of watec vapour, has low haze
values when compared with dhe facior of the ZnO with gramlar surface morphology. The
grenular surface morphology results during growth at high partial pressures of water vapour. In
contrast to the growth on the glass substrates, here the growth on Ag/ staintess steel suhstrates
shows that the low partial pressure water vapom growth {columnar surface mosphology) has
relatively higher haze values when compared with high partial pressure water vapour growth
(granular surface morphology). As the ZaQ by sputtering at high RF power, in our experience, is
less affected by the interaction of substrate matertal we assume that there is no influence or
negligible infloence of silver on the growth of ZnO. The main difference in both growth
processes (on plass and on Ag/stainfess steel) arc the surface imegularitics on Ag/stainless steel
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In figure 4(a) the total reflectance curves show that as the diffuse mflectance and henoe the
surface roughness increase, the total reflectance decreases, For this measured reduction, as
explained before, beth the absorption in the material as well as the escape of light at the edpes of
the sample should be taken into account.

In figure 5, the AFM picture of the surface morphology of the ZnO grown on Ag/
stainless steel at high partial pressure of water vapour is shown. At this pressure we expect
granular surface morphology. The figure shows indeed granular swrface morphology. However,
the top view shows that there are siill hexagons present on the surface (not shown herej. The size
of the surface peaks are smaller while comparing with the granular morphology on glass substrate
(see analysis of AFM picture in section 3.3). It shows that the size of the surface mountains in
granular morphology is limited by the irregularities on the Ag/stainless steel substrate.
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Figures 6(a) (left) and 6(b) (right). The total (6(a)) and diffuse (6(b)) refloctance of the ZnQrAg/siainless siccl
system., Zn0 was grown at different RF powes values. The substrate cemperatiure was 200°C. The partial pressune
of water vapour was kept at 1.5x10* mbar,

Figure § shows the total and diffuse reflectance of samples grown at different RF power
values, The partial pressure of water vapour was kept at 1.5x 10 m bar. The substrate
temiperature was 200°C. A mumber of ZnQ films were grown at differeni thickness values. In
figure @, the samples with ‘maxirowmn’ or “saturated’ diffuse reflectance are shown. As is seen,
the RF power increases the surface roughness hence the diffuse reflectance. Similar to the water
vapour series the total reflectance decreases with an increase in the surface roughness. The trend
of variation in surface roughness with RF power is the same as that for surface texture growth on
glass substrates. That is; the surface texture increases with an increase in RF power.

Figure 7 shows the iofal and diffuse reflectance of ZnO on Agfstainless steel substrates at
different subsirate temperature values. For the growth of these films shown in figure 7, the RF
power was kepl at 225W and the paniial pressure of water vapour was kept at 1.5x10* mbar. The
surface youghness and hence the diffuse reflectance incremse, in general, with an increase in
subsirate temperature. It is seen that even for the growth af room temperature the diffuse
reflectance is highly pronounced. The change in the amount of diffuse reflectance of the samples
grown at RT and at 75°C shows a different trend when compared with the samples grown at
200°C, 150°C and 100°C as shown im figure 7(b). This series was repeated and depaosition was
done for different thickness values of ZnQ and the diffuse reflectance sbowed the same trend.
Based on the knowledge of the growth of surface textured Zn() on plass substrates we can
explain this behaviour. 1t was seen that the diffuse transmittance of surface textured ZnQ on glass
showed 8 maxirium when the substrate temperature was reduced. This is due to the presence of
granular grains on e columns of highly oriented ZoiQ (mixed morphology). Here it seems that at
75°C there are already pranular grains on the coiumns of Zn0. In general, the reason for the
growth of granular grains on the columns js the reduction of surface mobility of adatoms during
growth due (o the reduction of substrate ¥emperature. For the growth on glass this wnuld also
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increase the diffuse reflectance of the sample grown at room temperature. In figure 4(b) it is
shown thet the diffuse reflectance of ZnD with grannlar morphology grown on Ag/stainless steel
substrates has a reduced diffuse reflectance when compared with the Zn0D with columnar
morphology grown on the same Ag/stainless steel substrates. Hence for the case of ZnC grown at
room lemperature shown in figure 7(b}, it seems that there are more gromdar grains when
compared with the ZnQ grown at 75°C.
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Figure 7. Figure T(a) (Jeft) and 7(b) (right) The total (7(a)) and diffuse(?(t)) refiectance of the ZnOVAg/stainless
steel system. The Zn0 was grown at different a1 substrate temperature values, The RF power was 225W. The

partial pressure of water vapour was kept at 1.5x 10 mbar.

Figure (b} shows the diffuse reflectance of Zn0 samples grown at different durations of
deposition time with the same experimeatat conditions. The partial pressure of water vapour was
15 x 10* m bar. The substrate temperature was 200°C. The total working pressure was 2.5 x10°
mbar, The RF power was 250W. The duration of the deposition was vared as follows: ¢ =30
t,=%0 1,=150 minutes. Further increase in the film thickness does not increase the diffnse
reflectance. The total reflectance of the same films are shown in figure 8{a). Depending on the
thickness as well as surface roughness the reflectance spectrum shows differences in both the
long wavelength as well as in the short wavelsngth regions. The increase in the total reflectance
of samples with reduced thickness at long wavelength regions is due ro the reduction in the
nomber of charge carriers. We know that the ‘mflectance’ which is measured here, in this
Znl)} Agfstainless steel system, 18 the reflectance from ZnO as well as the mansmittance of ZnO
combined with the reflectance from sitver. This, in addition is influenced by multiple reflections
and transmissions in the Zn0/Ag sysiem. This reduction in the reflectance at the long wavelength
region may happen also with the change in material property . For example the sample grown at
high partial pressure of water vapour may show a low free carrier absorption (see figure 4(a),
curve for ZnO grown at 3.5 x 10™ m bar of partial pressure of water vapour} due to an increase in
electrical resistivity. Again this can be varied by changing the thickness. For example, a thick low
conducting ZnO can give the same long wavelength reflectance as & thin high conducting ZnQ.

In the short wavelength region, ZnQ is weakly absorbing, in jdeal cases il is transparent
(after the band to band transition at around 375nm). But we have seen previously that there could
be point defects, color centers and other defects that affect the shape of the transmission of ZnQ
in this region. The absorption in this region is increased when the thickness is increased as well
as when the surface roughness is incteased. In both cases the effective thickness of the material is
imcreased and hence the absorption is enhanced. This is the reason for the reduction of total
reflectance when the diffuse reflectance was increased, Also, there is a definite amount of light
that escapes at the edges by wavcguide action when the surface is rough. This is also seen as
‘absorbed’ light. The diffuse reflectance depends on the thickness, ot the nature of the surface
texture (granular or colomnar} and on the size of the surface peaks as well as on the materal
properties, {conductivity, defects). The variation of total reflectance as well as of diffuse
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reflectance is shown in figues 4, 6, 7 and 8 for the different experimental conditions described
above.
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Figure B{z){lekt) and 8 (b){right). The total and diffuse reflection of ZnO film wilh different thickmess values. The
RF power was 225W. The partial pressum of water vapour was 1.5 x10* m bar, The depositions times ae
T=30min., Ty=%0mln and T,=150min. As the thickness increases the diffuse reflection increases and il reaches the
maximum ai the thickness of T,. The toml eflectance increases with dearease in thickness as well as increase in
surface roughness,

It was shown in the section on structural properties (section 2.6) that surface-textured
ZnD filems have intrinsic stress in the film, The tensile stress increases with an increase in surface
roughaess. For the present study on the surface textured ZntyAp/stainless steel system, we do
not use any film in between Ag and stainless steel substraies. The silver showed poor adherence
on stainless steel. When the substrates are not clean silver easily peels off from stainless steel.
Howewver, the cleaned stainless steel substrate in general, lead to a relatively better adherence, But
Zn0 has a pood adherence on silver and vice versa. When the surface roughness of ZnO
depasited on Aglstainless steel increased the intrinsic siress in the films got increased. Hence the
Jfilms with increased surface roughness lead the Zn(Vsilver 10 peel off from staindess steel. This
showed that the ZnO films on silver have similar mechanical behaviour as the Zn0 films on glass.
Ivis difficult to make a device on highty exmred ZnO/fAg/stainless stoel substrates. To gvercome
this problem a thin Za0 layer is grown in between Ag and stainless stecl so that Ag has pood
adherence in both sides.

393 Conclusions

The surface textured ZnO/Ag/stainless steel system is analysed in this section. Tt has been shown
that withont surface texturing of Zn0), the diffuse reflectance from the back contact of a solar cell
<an be infenior to the diffuse reflectance from silver alone. The total reflectance from the surface
textured Zn/Ag siainless steel can be lower than the same System without surface texturing. To
obtain a combination of both maximum total reflectance and maximum diffuse reflectance we
must vary those experimental conditions that give rise to changes it material property as well as
the thickness and the surface roughness. In this section the variation in surface roughness and in
the optical properties for different experimental conditions have been shown.
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3.10 ZnO grown by Chemical Vapour Deposition (CVD) and
its comparison with ZnO grown by sputtering

3.10.1 Introduction

A transparent conducting oxide for thin film solar cell shonld basically have thres
important qualities, electrical conductivity, optical transmiltance, surfece textwre. The thind
property is important in connection with photovoliaic solar cell. ZnQ has established a5 an
important TCO for thin film solar cells. Hence the efforts have been made to grow ZnQ with
surface texture. The snzcessful growth of device quality ZnQ with all the three properties have
been cartied out by chemical vapour deposition (CV0). By sputtering however, there is no work,
cxcept the present one, reported about the surface texture growth on the device. All reports [1,2]
were abont the surface textore growh in thin film stage.

Among the various works done on the growth of ZnO by CVIX [3,4,5,6,7,8.9), the main
wotk of snrface textured growth of ZnO has been done by Yamada [10], Wenas [11,12,13] and
the co workers and Hu and Gorden [14,15,16], Metal Organic Chemical Vapowr Depositon is
particularly useful for Jarge scale coatings at high growth rates. The most commonly used organo
metallic Zinc precursors are diethylzinc (DEZ) amd dimethyl zinc (DMZ). Zine can be oxidised by
using purc oxygen, water {10,11,12,15), alcohol [13,14] nitrous oxide, carbon dioxide or ¢ven
some oxygen containing cyclic compounds |8).

CVD is mn attractive oplion for the growth of ZnO. The growth rate of ZnO by CVIY can
be double or more the growth rate of ZaQ by sputtering. The common disadvantage of the above
mentioned methods is the usage of the toxic gases for the doping of Zu(). To analyse the growth
and properties of ZnO by CVD as weil as to compare the properties of ZnQ by CVD an
sputtering, wc grow ZnQ by CVD [17]. A non toxic gas for the dopin%' will make CVD more
useful, For this purpose we selected a non toxic boron doping gas, trimethyl borate[ 18].

In this section we study the growih and properties of ZnO by the method of CVD and we
compare the Zn0 grown by sputtering and CVO.

3.10.2 Expaimental

ZnQ) thin films doped with boron were grown by using trimethyl borate (TMB) as doping
gas. Dicthyl Zine {DEZ) and water vapour were allowed to react with each other by mixing them
in a chamber. DEZ can react with water spontaneoosly el room temperature. The doping gas
(trimethy! borate} was added during the reaction and the resulting films formed on the substrate
kept at terré;prnmres varying from room temperature up to 360°C. All the depositions described
here were done st a pressurc of 0.5 mbar. The distance between the nezzle oFOthe reaction pascs
and the substrate was 5 cm. Three different series were done. In the first series the ratio between
water to diethyl zinc (DEZ) was varied. In the second scries the amount of doping gas was
changed. In the third series, the substrate temperature was changed. The films were chamcterised
for their optical propertics, electrical propesties, surface properties and the strucrural properties by
the same techniques used for sputtered ZnQ.

3.103 ResuMs and Discussion: n T istivi

Figure 1 shows the growth rate of ZnQ films grown at different partial pressures of water
vapour. The total pressure was kept at 0.5 m bar and the flow rate of DEZ was kept sl 35s5cem.



123

The substrate temperature was 200°C. The flow rate of the doping gas TMB is 2 scem. It is seen
that as the ratio of ‘water to DEZ is varied the growth rate increases to high values and then it
reaches a steady value. The water and DEZ react spontaneously with each other. The basic
reaction that happens with DEZ and water vapour is the oxidation of DEZ that leads to Zn0O as
product. The oxidation of DEZ is a chain reaction with a slow initiation step [19]. The end of this
reaction is exathermic. Hence when there is more oxygen during growth the branching reaction is
important. The oxygen during the present growth comes from water. When the amount of water
dissociated is more, there is more oxygen during growth hence the oxidation of DEZ.

10 v v - ~ v
Figure 1 The effect of water to diethyl
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The growth rate is given by the following empirical relation {20],
R=Kf[D,)g[DEZ) T exp(-E/RT) H

Where K is & mte constant, {{D,] and g[DEZ] are functions of the reactant gas concentrations and
E is the activation energy of the reaction. The equation suggests that at low substrate temperatures
the effect of substrate temperature on the growth rate is small and the growth rate is proportional
o the concentration of reacting gases. At high substrate temperature, however the substrate
_ temperatire has an active part to increase the growth rate, Roth and Williams {19] have analysed
the properties of Za0 by the oxidation of DEZ using oxygen. Far their experiment, the
growth rate was independent of substrate rature when the substrate t2m re: values are
less than 350°C. In the present case, the substrate temperature is 210°C_ Hence we can expect the
active role of concentration of reacting gases on the growth rate. At reduced partial pressure of
waler vapour, the amount of oxygen dissaciated from water vapour is less. The concentration of
oxygen necessary for the oxidation of DEZ at a fixed partial pressure of DEZ and the total

ressure is, thus less at fow partial pressures of water vapour. Hence the amount of ZnD

eposited is less. By increasing concentrations of wafer vapour we jncrease the oxidation of DEZ
and hence the growth rate of ZnD. When the ratie of water to DEZ is around 1.25 the deposition
rate reaches a maximum showing a complete oxidation of DEZ. Further increase of water does
not increase the growth rate showing a saturation value of the concentration oxygen necessary far
the complete oxidation. Further addition of water vapour would disturh the growth by the excess
water.

23 3

Figure 2 shows the resistivity in function of the water to DEZ ratio for the seme ZnD
films shaowm in figure 1, The flaw ratz of doping gas is kept constant, Hence the changes that
happen in resistivily is mainly caused by water vapour, Figure shows a minimum value of
resistivity at the rago of waler vapour v DMZ at zround 1.7, The reduction of water vapour
below the ratio 1.2 increases the value of sheet resistance to very high values. Similarlly the
increase of the ratio after 1.8 lead to fitms with high resistivity values and they seem to remain
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canstant. The later values are not as high as the resistivity values obtained a1 low partial pressures

of water vapour,
2000 -
g
T \ Figure 2. Resistivity of ZnO:B films in
'E‘ 1500} 1 "-=‘ function of the ratio of water lo DEZ during
5 B growth. The resistivily has a minimum value
$ y when the ratio is around 1.7, The resistivity
1 T starts decreasing rapidly when the ratio is
o 1000 H around 1.2, Before thad al low partial pressure
; ? of witer vapour the resistivity is very high.
£ 1 ! Similerly when the ratio is around 2 the
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In figute 1 it is seen that the deposition mte increases with increase in water to DEZ ratio.
1t was cbserved that when the ratio is 1.25 the prowth mte has & maximum value. The resitivity
starts decreasing around the samc vatues of water to DEZ mtio. The values of ratios of water to
DEZ of 1.6 (o 1.7 correspond to maximum growth rate and minimum resistivity. The conduction
of ZnO films can be by defect structure (interstitial Zn and oxygen vacancies) and/or by the
extemal doping. However, very high conductivity is possible only by external doping. Here we
assurne that the major cause for conductivity is the extemal doping of boron from TMB. Dixring
daping, the B atoms occapy the positions of Zn. At low pantial pressure of water vapour the
doping is not efficicnt. The effect of increase in deposition rate and the decrease in resistivity is
due to the efficient increase in oxidation of Zn(} doe 1o the increase in water vapour. At the ratio
of 1.6 to 1.7 the oxidation is highly efficient and all the oxypen in the growth atmosphere is
efficiently used for the growth of ZnO. At higher water pressures above the mtio of 1.8,
howzver, there is an excess oxygen for the prowth of ZnO at 2 fixed partial pressure of DEZ.
This oxygen is incorporated in the film and thus reduces the conductivity.
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Figure 3 shows the growth mte of ZoO in function of the substrate temperature. All other
parameters were kept constant. The total working pressure was 0.5 mbar. The {flow rate
of TMB was 2scem. The water to IDEZ ratio was 1.7. As is seen the growth mte increases with
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increase in substrate temperature. It tas a maximum at 275°C and further increase in substrate
temperature decreases the growth rate. During the oxidation of DEZ using oxygen [15], the
growth rate of ZnO was found to be nearly the same af low substrate temperature and at around
300°C it started to increase. with increase in substrate temperature, During the growth of ZnO
using DEZ and water with diborane as dopant gas [12], the growth rate was reported to vary with
substrate temperature in a similar manner but at low substrate temperature region. However, the
growth rate s also a function of total pressure as well as the ratio of water to DEZ. As these
parameters are not the same we can not make a direct comparison of our results with the above
mentioned works.

In the present case the growth rafe increases fight from 75°C, with an increase in subsirate
temperature. Furthermore here, as is seen the growth rate decreases after 275°C with further
increase in substrate teraperature, This is observed only in the present case. (In Ref [12], it seems
thet the similar trend would have been obtained if the authors have increased the substrate
temperature more than 300°C). In equation (1}, it is seen that the growth rate is proportional to the
concentration of the reacting gases o# low substrate temperature and such a behavious is observed
in figure 1. However, in figure 3 the ratio of water to DEZ ratio is 1.7, and this is already a high
growth rate region for a substrate temperature of 200°C. Here almost we have aptimised partial
pressure of water vapour for the reaction with DEZ at 200°C. The increase in substrate
temperanrre from 75°C basically increases the reaction on the substrate surface. The branching
reactions {multiple chain reactions of DEZ and Oxygen) take place on the substraie surface [19].
Hence an increase in substrate temperature increases the reaction between water and DEZ, hence
the formation of ZnQ, At the substrate temperature of arcund 200°C, the water is sufficiently
dissociated for the growth of ZnQ. An increase of substrate temperature beyond 200°C may
increase the dissociation of water vapour. This, in turn, perturbs the growth of ZnD. That means
there will be more oxygen during the growth. This reduces the rate of formation of ZoQ. In this
case, one would expect the resistivity to increase in a similar manner.
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Figure 4. The resitivity of ZnO:B films as a Figure 5 Varigtion of resislivity of
funciion of substrate temperature for the same Zn0:B films in function of the flow rate of the
samples shown in figore 3. The residivity doping gas TMB. The substrate temperalure was
increases dus to the incorporation of oxygen in 200°C., The 1otal working pressure  was
the films. Beyond 320°C, the increase in 0Smbar. The ratio of water o DEZ was 1,7. Tt
crystallinity and she doping effictency increasas shows & minimom around lscem. Further
the conductivity. imcrense in flow eate increases the resistivity.

In figure 4 we see the resistivity in function substrate temperature. As expected, from
200 - 320°C, the resistivity increases as the substrate temperature increases. Henoe we come &0
the conclusion that the incorporation of oXygen increases as the substraie temperature is
increased. However further increase in substrate temperature, despite the perturbation due to the
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high dissociation of water vapour on the subsirate surface, increases the surface mability of
adatoms. This jo one hand increases the crystallinity by increasing the grain size, on the other
hand increases the daping efficiency. Hence at high substrale lemperatures the films have low
resistivity, This is further discussed during the snalysis of optical properties. The resistivity
obtained at 380°C is 14.4 x10"Q, cm. Below 150°C the films show very high resitivities.

In Figure § the variation of resisljvitz in function of the flow rate of the doping gas is
shown. The substrate 1t re was 200°C. The total working pressure was 0.5mbar. The
ratio of water to DEZ was 1.7. As one would expect increase in doping gas should increase the
conductivity. But as is seen in the figure, the resistivity shows a minimum value at the flow rate
of aronnd 1scem. Similar effect has been ghsarved for the ing with diborane [11]. The
increase in flow rate of diborane increases the amount of boron 1n ZnQ. When the flow rate is
increased mare than the flow rate that ds to the minimum in resistivity, the boron atoms
are found (by both hall effect and SIMS measurements) to be electrically neutral in the
material[11]. Farther increase in flow rate of diborane reduces the free carrer concentration and
the mobility leading o low valves of conductivity, Here in our films, we found the same gend
independent of the doping ges.

Further we would like to se¢ the effect of flow mate of the doping gas @ high subsrate
remperatures. Figure 6 shows the resistivity of Zn(xB films deposited at different flow rates of
TMB. The substrate temperature was 380°C. All other parameters are kept constant as the series
mentioned above. As is scen the resistivity decreases with increase in flow nite of the doping gas.
Hence the boron atoms that cowld be in electrically neurral situarion af low substrate temperature
are electrically active when the substrate temperature Is increased. This is due to the increased
kinetic encrgy of adatormns thet leads to efficient doping of B atoms. The minimum resistivity
achieved at the flow rate of 4 scem is 2.1 x 10 f2.cm. This is the lowest value of resistivity
achieved by using TMB as the dopant gas.

The growth rate of ZnO films shown in figure 6 are shown in figure 7. The growth rate
increases lingarly with the increase in the flow rate of TMB, The flow rate of the doping gas TMB
can change the growth rate from 10A/sec to 20A/sec. The increase in the growth rale can be
attributed to the orientation of the growing films and this will ba explained later.
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Figure 6. The resistivity in function of TMB at
high substratc tempemture of 380°C. The
resistivity deereases ns the fow rabe is increased.
The substratz wemperature was 200°C. The 1at
working pressure was 0Smbar. The ratio of water
to DEZ was 1.7, The B aoms are mak
cloctricnfly scfive at high substrate (emperstare,
See also figure 5.

Figure 7 The growth rate of Zn0:B film: as a
function of Ihe flow rale of the doping gas TMVB at
380°C. The deposilion condilions are the samme for
figure 6 and figure 7. The growth rate can vary
from 10A7sec 1o 20Afssc by changing the Now mbe
of doping gas. The growth rate mcreases linearly
wilh the increase in the flow mate. 11 is due to the
fasl non equilibrium growth of Zn0,
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3.103.2 Optical propertles

In figwe B the total transmittance of the ZnO:B samples grown at different substrate
temperatures are shown. The total warking pressure was 0.5 m bar. The ratio of water to DEZ
was 1.7. The flow rate of TMB was 2sccm. The growth rate and the resistivity of the same
samples are shown in figure 3 and 4. In figure 8, it is seen that as the substrate Wm
increases the free carrier absotption increases for the samples grown at 380°C 360°C, and
320°C. The samples grown at 275°C, 210°C and 150°C show the variation in free cafrier density
in a similar way of variation of resistivity as shown in figure 4. The films grown at the substrate
tem of 150°C and 210°C have different orientations of growth than the films grown at
320°C and 340°C (see figure 14). At 275°C the transition in the growth orientation takes place.

In figure 9 the total transmittance in the visible region of the same samples {of those
shown figure 8) is shown. 11 is scen that as the substrate temperature increases the absorption in
the wavefengdl region between 400-600nm increases for the samples grown at 380°C, 360°C,
340°C and 320°C. In section 3 4 on optical properties of ZnQ) grown by sputtering, it is explained
that the reason for the absorption in this wavelength region is the presence of color centers. These
defects increase as the substrate temperature is increased. 1n section 3.5 on elecirical properties of
Zn0 grown by sputtering it was seen that the increase in RF power and substrate tem
{transition from granular to columnar morphology) increased the defects in the material. Here a
similar trend is followed. However thete is another tegime gt which the increase in subsirate
temperature does not increase the absorption at 400-600nm wave length region {for samples
grown at 150°C and 210°C), The reason for this behaviour could probably be the change in
siructural properiies. As mentioned carlier these two sets of ZnO have different structural
properties. The transition from one regine to the other occurs at 275°C.

The CVD process used for thin film solar cells [9-12] generally uses the first regime at
low substrate temperatures. In this regime the absorption due to the defects is highly reduced.
This makes a considerable change in the visible region of the speciral response of the solar cells
that uses ZaC grown by CVD.

100 T T " T Figure 8. The total transmittance of the
ZnQ:B films deposited ot different substrate
temperaturss. The lotal working pressure
1 was 05 m bar. The ralin of water o DEZ
was 1,7. The flow rate of TMB was 2scom.
The ZnQ fims grown at 380°C, 360°C,
] 340°C and 320°C they can be compared with
each ather. For theee samples the increase in
subsirate  tempermiwe  incrcases  the
conductivity and Ihis mainly increases Lhe
free cossier shsorption in the near infra wd
region {sec figure 4}, The samples grown at
150°C, 275°C and 210°C follow the
variation in resistivity as shown in figure 4,
The two sets of samples {grown a1 320°C,
340°C & 150°C, 210°C ) also differ in their
structural criemtation during growth,
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Figure 10 shows the diffuse transmittance of the same films shown in figure 8 and
figure 9. Here also two different behaviours are observed. At low substrate temperature the
increase in substrate temperature increases the diffuse ransmittance. There is a transition in the
structural properties at 275°C. After that the films belong to another regime. The films have a flat
surface at around 300°C of substrate temperature, Further increase in substrate temperabure
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increases the surface roughness and hence the diffuse transmittance. 11 seems at 360°C the diffuse
transmittance reaches the maximum value,

Teta) Trunrmittence [%]
? 1
Diffoy Treormiiiaocs (%)

[T ERT T
Wi wegth e

Figure 9 (left). Th: 1otal transmittance in the visible region of the ZnQ:B films deposited at differsm substrate
temperatures (same samples shown in figure 8).1 is seen that for ihe samples grown at 380°C 360°C, 340°C and
320°C, the increase in substrate temperature increases the absorption in the 400nm-600nm wave length region. 1t
is explained in section 3.4 on optical propertics that the reason for absomption in this wavelength regions is the
presence of calor centres, The samples grown a1 130°C, 275°C and 210°C differ in helr structuresl propertics with
the high lemperature grewn samples

Figure [0 {righ). Diffuse transmittance of the same ZnO:B fAlms shown in figure § and 9. Here also two different
behaviours are observed. The films have smooth surface at around 300°C of substrate iemperature.
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Figure | 1. Totsl transmiance of Zn) films groen
ot different flow maies of the doping gas TMB. The
suhstrate temperatore wes 380°C. The water 1o DEZ
ratio was 1.7, The tota! wotking pressure was 0.5 m
bar. Unlike 8t low subsirate temperatures, the
oumber of free carrier increases with increase in the
flow mte of the doging ges. (See figures 5 and 6)

Figure 12. The lotal transmittance of the same
samples shewn in figure 11 jn the visible specixal
region, The change in the amount of B dopants does
not make a comsiderable change in the absorption in
the vislble region. (Note the shift in the band odge
and compare these figores 11 and 12 with figure 1
and 12 in chapter 1)

The total transmittance of Zn0 fitms grown at different flow rales of the boron doping gas

is shown in figure 11. The 1otal working pressure is 0.5 m bar. The substrate temperature was
kept at 380°C. The waler to DEZ ratio was 1.7. It is scen that the increase in boron doping
increasges the free carrier absorption. The films grown without the doping pas show no absorption
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in the near infrared region. This jost shows the efficiency of extermnal doping with TMB (see
figure 6). In figure ]2 the transmittance of the same samples in the visible spectral region is
shown. Zn0 grown without any extemnal doping shows high absorption that starts from the
visible region (400nm) and extends up to 1200nm. The doping of B atoms seems to make no
considerable change in the absorption in the wavelength range 400-600nm. The shift in the onset
of band to band transition with increase in boron doping towards the short wavelength repion is
noted in the figure. This effect is mainly due to Bumnstein -Moss shift that is explained already in
section 3.4 as well as in chapter 1. The doping of B atoms clearly influences the free camier
density. (Figure 11 and 12 can be compared with figure ! 1 and 12 of chapter 1),

Ll

Figure 13 The diffuse transmittance of
Zn0) films a1 different flow mtes of the
doping  pas (see figue 11  for
cxperimental  conditions).The  film
without B doping has high surface
roughness. The surface  roughness
decresses  with  incresse  in  boron
doping. The samples grown with the
TMB flow rate of l{scem) md
1 5(sccm) have different orientations
while comparing with the samples
grown with the flow e of 3 (sccm)
and 4 {(scem).
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The diffuse transmittance of the same ZnO films, shown in fipure 11 and 12, are shown
in figure 13. The ZnO film grown without doping shows high surface ronghness and hence high
diffuse transmittance. The addition of B atoms decreases the surface ronpghness of the films, The
samples grown with the TMB flow rates of J{sccm) and 1.5 (sccm) have different orentation of
growth while comparing with the samples grown at the TMB flow rates of 3{scem) and 4(scem).
&is will be explained later. Here it is observed that just the doping can influence the change in

‘ace texture.

3.10.3.) Structural properties

The x-ray diffraction patiern of the ZnO films grown at different substrate temperatures are
shown in figure 14. The total working pressure was 0.5mbar. The ratio of water to DEZ was
1.7. The flow rate of the doping gas TMB was 2 sccm. The substrate temperature values are .
marked in each diffraction pattern. In the first look it is noted thai the [0002] orientation which is
typical for ZnO grown by sputtering, is not present. There are diffraction peaks due to (10 10)
and {10 T 1) planes.

In section 3.6 on structural properties of Zn0Q, it is explained that the (0002), (1120) and
(10 70) respectively are the three planes with lowest surface energy densities. In equilibriom
growth, the film always grow along [0002] direction which corresponds to the closest packed
plane. During non equilibrium growth other two orientations of grow1h may result. Also it is
explained that a arientation along [10 1 1] is not expected and it is considered as an abnormal
[21]growth direction.
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Figure 14, The X-ray diffraction pattern of ZnO:B films grown at different substrate temnperature valucs. The total
waorking pressure was 0.5 mbar, The water to DEZ ratio was 1.7, The flow rate of TMB was 2 scem. The substrate
teriperatuncs are marked in cackh diffraction pattern. It 1s seen that as the substrite kmperature is increased the
preferred oricntation of geowth changes. At low subsirate temperature the films grow along |10 140 direction.
There iz s ransition in the orentation at 275°C. The sample grown 275°C and there after has & orientation of
{10 1 1) arientation. This orientation is an abnormal oricntation for Zn0 films. At 360°C, the films again grow
along [10 10] direction. This corresponds o the plane with third Towest surface energy.

In figure 14, it is seen ciat at low substrate temperatures the films have orientation
corresponding to (10 10) planes which is the plane with third lowest surface energy. This is a
non eguilibrium growth of ZnO. At 275°C there is chanpe or transition in the growing direction.
The films have [10 T 1] direction as the prowing direction. As is already explained this is an
abnormal orientation of ZnQ. The along this direction continnes up to the substrate
temperature of 340°C. At 360°C, it seems that there is transition of the direction of growth agsin
ta [1070] direction.

The existence of cuobic ZnO has been analysed in section 3.6, The ‘d’ (interplanar
distance) values of the ZnO:B films grown at substrate temperarzre values of 275°C, 320°C and
340°C were compared with the ‘d" values of ZnO with hexaponal wurtzite structure and cubic
structure, The values are comparable for both the hexagonal and cubic structures.

Figure 13 shows the ZnO films grown at different flow rates of the doping gas TMB. The
substrate temperature was 380°C. The water to DEZ ratio was 1.7. The pressure was 0.5
mbar. It is seen that the addition of dopamts could considerably change the orientation of the
growing films. When there is no external doping the films have [0002] orientations. The grawth
along (0002] orientation continues at low concentrations of dopants. Up to the doping of
1.5 scem the dominant orientation of [0002] exists. This is the equilibriumi growth obtained by
CVD. Further increase in dopants Ieads to non equilibriom growth of ZnO. The films grow along
(11 20] and [10 i(}] directions respectively with the increase in the dopant concentrations. As the
[1120] and [10 1] ate the second and third planes respectively with the low surface encrpy, #
means that the addition of boron atoms increases the non equilibrivm growth of ZnQ, while no
addition of boron atoms cotresponds to equilibrium growth.,

Another important point is ncticed here. At high temperatures, without any dopant atoms
Zn0 grows with its minimum energy plane, ie., ( ) plane parallel to the substrate. The
addition of dopant atoms alone can make modification in the orientation of the growth. At
substrate ternperatires from 275°C to 340°C with TMB flow rate of 2scem, the ZnO films prow
with an abnormal onentation along {10 11) direction (see figure 14). May be, the B dopant
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Figure 15. The x-tay diffraction pattem of Zn0) films grown with dilferent flow mtes of the doping gas TMR, The
substrate (emperoture was 380°C. The water to DEZ ratio was 1.7. The tctal pressore wos 0.3 mbar. The flow mies
are marked in ench diffraction patiern. It is seen that the dopant atoms can considerabdy change the arientation of
the growing films. Without dopant atoms, ZnO grows slong [0G02] divection. A1 1.5scem there is dominam
[0002] orientation. An equilibrivm growih of ZnO by CVD. After this, the addition of more boron stoms Teads to
non equilibrinm growth of ZnO oleag [1120) and [10 iﬂ] directions respectively. The non equilibrium growth
oommesponds to increase in growth rate.

atoms occupying the Zn site make changes in the preferences of the adatoms for the occupation of
minimum energy atomic sites. This leads to the abnormal orientation of ZnO films.
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From these smidies on the orientation of growth of ZnQ we can make another interesting
study. Normally, ZnO at equilibrium grows alongl0002] direction, According to evolutionary
selection theory, this is due to the high Eowth rate of ((002) planes in equilibrium cooditions, If
there is another orientation to suppress (his growth along [0002] direction, it should have higher
growth rate. This would be a non equilibrium growth that would have fester growth rate than the
equilibrium one[22]. According (o this a [1120] orientational growth should have faster growth
rate than [0002] orientation growth and [1070] orientational growth should have faster growth
rate than [11Z0] orientation grawth. As the addition of boron atoms in ZnQO enhences the non
equilibrium growth, we ¢an expect the growth rate also to increase in a similar way. Indeed, that
is what we observed in prowth rate. It is seen in figure 7, the growth rate of the same samples of
Zn0Q, increases with the addition of Boron atoms. Comparison with figure 15 explains that

growth rate for (0002) < growth rate for {1120} < growth rate for (1070).

This effect may not be observed when there are many changes during growth. For
example, the change in the amount of reacting gases or the change in the substrate temperature
that changes the nature of reaction or the steps of the chain reaction, may hinder this effect.
However in the above case, the substrate temperature and the reacting gases are kept constant,
Only the amount of dopants has changed. These dopants conld modify the orientation of the
growing films and the effect of these modification on the grawth rate is clearly displayed. This
demonstrates the non equilibrinm growth of ZnO.

3.10.3.4.1 VARIATION IN SUBSTRATE TEMPERATURE

Figure 16 shows SEM photographs of surface morphologies of Zn0O films grown at
different substrate iemperatuores. The total pressure was 0.5 mbar. The water to OEZ ratio was
1.7. The flow rate of TMB was 2 sccm. As is seen the roughness of the ZnQ films easily gets
modified depending on the substrate empcrature. The variation in the surface roughness can be
compared to the vanation of diffuse transmittance of the same flms shown in fgure 10.

The surface roughness, as explained in the section on structural properties of surface
textured ZnQ), can be explained in terms of the strectural properties and tve kinetic energy of the
adatoms during growth, The surface morphological variations shown in figure 16 can be
gxx;jained]i‘;l terms of the grawth orientations of the Zn0 shown in the X-ray diffraction pattems
in figure 14,

The ZsO films grown at soom lemperature shows surface morphology with rounded
grains. This is an example of evolution of surface mosphology with low surface mobility. When
the substrate is at room temperaturc the adatoms do not have sufficient surface mobility. The
adatoms stick at the sites where they intercept the substrate. This results in the ronghness as
shown in figure 16(a}. When the substrate is af room temperature, where does the energy for the
film formation come from? 1t is mentioned in the beginning that the oxidation of DEZ is an
exothermic reaction. This heat energy is used for the growth of the film, However, this energy is
not sufficient to make faster growth, The thickness of the ZnO film shown in figure 16(a) is
935nm. The growth rate is 1.05A /sec. The reduction in growth sate is also due to the fact that at
low substrate temperatures the reaction between water and DEZ is highly reduced on the surface
of the substrate. 11 is the same film that would grow oo the walls of the reaction chamber. The
growth orieotation shows that it is non equilibrium growth,

As the substrate temperature increases, the non equilibrium growth along [1010]
direction continues. Two main things happen with increase in substrate temperature. One is, as
explained in the beginning, increase in the branching reactions of DEZ and water. Second is the
increase in surface mobility. The orientation of growth of the fitms shown in figure 16(b) and
16(c) are the same like the orientation of the film shown in figore 16{a). But the difference is the
surface mobility during growth. That means, the film shown in figure 16(a) should have the same
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surface morphology like the ones shown in 16(b) or 16(c), if the surface mobility is higher.
Figure 16(a). 16(b) and 16 (c) show three important classes of sarface morphologies.

= [n figure 16{a), the aloms in the growing films do not have enough kinetic entrgy for
the movement inside the grain and on the substrate -example of roughness that results due to sc
called ‘statistical fluctuation of thickness’. We call this ‘low surface mobility growth’.

s In figure 16(b), the film has enough surface mobility to make the movement in the
grains and it leads the growth of film with smeeth surface so thal the surfae energy of the film is
minimised. We call this 'nommal growth’.

= In figure 16(c). the film has high surface mobility so that the adatoms can move in the
grains and even on the surface of the substrates. This leads to the growth along the minimum
energy crystal planes of the growing planes, This makes the film lo grow with 2 regularly laceted
rough snrface. We call this "intensified growth’.

All these threc films have c-axis parallel to the substrate. Until now, it is believed that for
the surface textured growth of ZnO, the film *should have c-axis parallel to the substrate’[10, 11,
12, 13,23). Howevet, as is scen, the control over the orientation of the film is just one of the
crilerion [24] to have surface textured growth,

At 275°C the Rlm has a transition in the growth direction. The film has an abnormal
preferred otientation along [1071). The surface morphology is shown in Rgure 16(d). It has
high surface roughness as also scen in the diffuse transmittance shown in figure 10.

Further incnease in snbstrate teenperature gives tise to the growth of {1122) plane in
addition to the growth of (10 71} planes. Here the (11 22) have the dominant orientation. These
films have roduced surface roughness (see figure 19). It means that the surface maobdility for the
formation of facets along (11Z2) and (10 1 1) planes are reduced. The surface morphology of the
films with abnormal orientarions may be compared with the sorface morphelogy of the centre of
the fourlings of the tetrapode-like ZnO crystals [25] whose stracture is considered either as cubic
126] or fourfold twin structure with {11 22} planes [27].

At 360°C, growth oricntation of the films again change to |10 10) direction. With high
surface mobility at substrate temperature of 360°C, the film growth enhances the nniform facets
along [10 10} dircction as shown in figure 16¢f). This can be compared with figure 16(c).The
common thing between the two films is that both have the c-axis of the hexagenal crystal system
parallel to the substrate. But the film shown in figure 16(¢) has both [1071) and [1120]
orientations with relatively low surface mobility and the film grown at the subsirate temperature
of 360°C (shown in figure 16(f)) has mainly |10 1 1] oticntation with high surface mobility,

It i3 to be noted that the change in the substrate temperatore could make wide variations in
the soructural properties and the resulting film properties.

3.10.3.4.2 VARIATION IN THE DOPANTS

The SEM photographs of surface morphology of ZnO films grown with different flow
rates of the doping gas TMB are shown in figure 17. The substrate lemperature was keplt constant
at 380°C. The totz! working pressume was 0.5 m bar. The ratio of water 10 DEZ was 1.7. The
ronghness of the ZnO films decrcases with the increase in doping. The change in roughness
shown in figure 17 can be compared with the diffuse tmnsmittance of the same films shown in
figure 13. The crientations of these films are shown in figure 15,
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Al high subsirate temperatures of 380°C without doping ZnQ grows along [0002)
direction. This is the ususl growing direction of ZnQ by sputtering. The addition of B doping
does not affect this equilibrium growth when the cancentration of dopants in the film is low.
When the predominant orientation is along {0002] direction, the hexagonal unit cells are standing

rpendicularty on the substrates. Depending on the surface mobility during growth, these
K:xagons can be revealed by the surface morphology.

The ZaO film grown with the TMB flow rate of 1.5 (shown in figure 17 (b)) cleary
shows the hexagons on the surface. It seems that the addition of B atoms reduces the surface
mohility, Still, the surface morphology belongs to the *high surface mobility’ category. A closer
lock at figure 17(b) shows the hexagonal grains corresponding to (0002] orientation as well as
the grains comesponding to [10 1 1] (see figure 15) orientation. The hexagon perpendicular ta the
substrates does not give a morphology similar to the ‘columnar morphology’ obtained by
spattering. This will be discussed later.

When the flow rate of TMB is increased further to 3 or 4 scem, the equilibrium growth
gets modified and e preferred orientation is (1120]. The surface morphology of the films
carrespond to the orientation along [1120] direction. However, as the surface mobility Is
constantly reduced due to the addition of B atoms, the films have less surface roughness. Al the
TMB flow ratz of 6 sccm, the film shows almost smooth surface. 7t shows clearly that the
dopants are pertirbing the growth. Hence at very high concentration of doping one may expect a
surface roughness of low sorface mability, similar to the one shown in figure 16(a).

Figune 17(d) can be compared with figure 16(2). The main differcnce between the growth
condition of the rwo films is that the first one is grown at high substrate temperature and at high
dopam concentrations and the second is grown at reduced substrale temperature and reduced
dopant concentration, Both the films have similar orientations but different prain sizes {due to the
difference in the substrate temperature). The surface mobility during grewth is madified in bath
cases. The surface morphology shown in figure 17(d) would have the surface morphology like
the one shown in figure 18(c), if the surface mability during growth is increased.

3.10.3.5.1 AMBIGUTTIES ABOUT THE SURFACE TEXTURE GROWTH

In the ZnD Literature, the evolution of surface roughness has been an ambiguous thing.
First the roughness of the ZnQ films grown by CVD has different morphologies. These
morphologies were called *tetropod like' morphology, ‘cigar like' morphology 2tc. On the other
hand, the growers, by sputtering pot a surface morphology which is completely different
from the ones got by CVD. :

The reason to have surface roughness also has been misnnderstood in many cases.
H.lida et al. [28, 29] in some of the first reports about surface textured TCO (Sn0Q,), refers the
surface roughness as "grain size’. T. Minaroi ct al. [2] for the surface texture growth of ZnO by
sputteting observed that the milky color of the film may not be related with the ‘grain size’. This
is well explained in the section on the AFM studies of surface textured ZnQ. The connection
between surface roughness and the grain size depends on the type of surface morphology. For
example, a granular type surface mountain may have more than onc grain. And a columnar type
surface mountain sy correspond to one grain ( see section 3.2).

W. Winas [11-13] claimed that *(or the growth of surface textured ZnQ, the film should
have c-axis lel o the substrate’. According to H. Sato [30,23] et a the origin of the
formation of textured surface is the ‘suppression of the c-axis oniestattan’. Tokio Nakada who
grew surface textured ZnQ) by sputtering could not agres (23] this statement as the textured ZnO
by sputtering grew with the c-axis perpendicular to the substrates. By the present systematic and
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Figure 19. The morphology of unit cell of ZnO with different orientations during growth by CVD. When the
surface mobility of adaloms is very high, these orientations are exhibited on the surface (see figure 18). This can be
compared fo the columnar morphology cbirined by sputtering {figure 8 of section 3.6).

R BY SP
CYD

The main reasons to analyse the growth of Zn0 by CVI} is to analyse the surface texture

wth of ZnO'in general as well as to compare the properties of Zn() grown by sputtering and
by CVD. Since CVD and sputtering are the two major processes for the fabrication of thin flms
for large scale purposes, it is important to know the differences in the properties of the same film
grown by different methods. In this chapter, we have analysed the growth of ZnO by CVD and in
previous chapters the growth of Zn0 by sputtering has been analysed in detail. Now we can
compare the propetties of ZnD grown by these two processes.

The surface exture growth of ZnO by CVI and sputtering follow different mechanisms
and this has been explained above.
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Ouring sputiering using only Ar, we have the knocking of atoms and molecules from the
tarpet material. Without using water vapour, it is a physical vapour deposition. When the water is
introduced in the plasma the oxygen and OH-group molecules from the dissociated water vapour
makes the deposition process a reactive one.

During Ar sputtering, in normal growth conditions the adatoms bave sufficient surface
mobility. In normal growth conditions all the films have smooth (or flat) surface, When the
growth takes place with very high surface mobility doring sputtering, the growing film iy
constantly exposed to high energy bombardment of species from the plasma. This teads to
etching of the surface of the growing films, The surface texture growth by sputtering is basically
a combined action of giching plus growth, The action of etching is also possible with only Ar gas
when the RF power is high,

On the other hand the surface texture growth by CVD ig, as seen in this section, a growth
of the film along the minimum energy crystallographic directions. We classify the surface
textured growth by CVD into three categories

1. Intensified Grow!h, At high surface mobility the growth leads to a film with regularly
faceted prains. As the growth is more than the normal grosth by which a flat or smooth surface
is obtined, it is called “intensified growth’,

2, Normnal Growth: Here normal growth means a growth with sufficient surface mobility
'fs_o that the growing Film has smooth surface in order to minimise the surface free energy of the
ilm.

3. Low surface mobility Grawih ; A low surface maobility growth that leads to the growth
of rounded or granular prains: The edatoms grow just at the sites where they intercept the
substrate.

The basic difference in surface texture growth of ZnO by sputtering while comparing with
CVD is as follows. By sputtcring even when the surface mobility of adatoms during growth arg
very high, an intensified prowth along the minimum eoergy planes are not possible. That is o
surface texture of ‘intensified growth' rype cam not be achieved by spuitering. The main mason
for the surface texture growth in the high surface mobility region is etching. On the other hand a
low surface mobility growth is possible with pranular graing (simifar to the surface merphology
of the films grown at room temperature by Cv0).

Results on the devices using surface textured ZnO as well as on the mechanical propertics
of the films show that a swface texture ZnQ with surface texture of high surface mobility
category (a columnar growth in sputtering, a intensified growth in CVD}) is highly suitable for
devices. When the film with surface texture is to be grown on a device (for example, a back
reflector for pin salar cell), by sputtering method, one depends on growth plus efching, The
initial growth of soch a layer d)arﬁnite]y affects the exposcd material of the device (p layer in the

present example) and hence the interface between the device and ZnO. However, this ¢an not be
considered as a disadvantape of surface texturing by spuftering as this can be easily solved by
making a ‘saft growth’ in between. This will be explained in the next section. By CVD a problem
of etching at the interface is not present.

mobility {intensified growth}, in both sputtering amd CVD processes the adatoms move on the
grains as well as on the surface during the growih at high surface mobility. This makes the
growing thin film (ZnQ) to foltow the surface morphology of substrate or the device. However,
during sputtering, the bombardment of high e gtorns and molecules on the device should be
considerad. On the other hand, for growth of flat films, both methods offer high quality 'surface
covering” of the substrate. A surface texture growth of low surface mobifity in both cases
ggralnular marphalagy in sputtering} may not cover the surface morphelogy of the sbbstrate and
evices.
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section 2 that many changes in the growth conditions do not make any change in this ‘c- axis
perpendiculat orientation”. This is the equilibrivm growth of Zn0. By sputiering we get only ¢
axis perpendicular crientation. There is no other orentation present in the films.

Hence it is natare of spattering that gives rise to fiber texture orientation of Zn0. Te have
@ non equilibrium growth by sputtering ane has to make external efforts like adding water vapour
or oxygen during growth. However, the device quality surface textured ZnQ can be obtained only
with the c-axis perpendicular orientation.

By CVD one bas wide choice of deposition conditions to change the orientations of
growing films. It is always easy to obtain a non equilibrivm growth along [1010] or [1120]
directions. In fact, for the equilibrium growth one has to take special efforts (for example, high
substrate temperature and reduced concentration of dopants). However, this never gives only c-
axis orientatton. Always there are other orientations present in the film. This shows that the films
do nat have complete celumnar structure. By CVD one has a variery of surface morphologies and
ability io get different orientations .

Hence basically, spottering leads to equilibrium growth and CVD leads to non equilibrium
growth

IV, GROWTH RATE

The maximum deposition mte of a surface textured ZnO is 4 SA/sec. The maximum
deposition rate of susface textured ZnO by CVD, in the present case is 26A/sec. This is certainly a
preat advantage of the growth of ZnO by CVD.

V. ADVANTAQESORCYID

By CVDI one has variety of orientations. It posses a variety of surface morphologies. It
has a high growth rate. The case to the change deposition conditions (example-doping of ZnO)
gives a good freedom to obtain required properties. The growth is relatively soft while comparing
with sputtering. Thiz makes the growth that leads to high quality interface during device
fabrication.

All the sbove mentioned advantages of CVD may not be obtained by sputtering. The
growth during sputtering(with Ar) is always in equilibrium.

Y. MECHANICAL PROFERTIES

As the growth mechanism of sputiering and CVD are different they have their
consequences in the film properties. For example a sputiered material has high mechanical
strepgth while comparing with a CVD grown ZnO. By sputtering the film growth is a
equilibrium. By CVD, the film growth is mostly at non equilibrium. A non equilibrium growth is
a meta stable one, When there (s a perturbation, the maierial tends to come to the equitibriam
condition. A non equilibrium grown material {c-axis parallel), on annealing, however, did not
show deterioration of the non equilibrium growth but it improved the orientation [22}. Anyhow
such a orientation is not mechanically stable. Hence most of the time Zn® grown by CVD is not
mechanically stable. The ZnO flms grown by sputtering and CVD were kept in the same
atmosphere for 36 months. The Zn0 grown by sputtering has an excellent ical strength
and the film propetties have not changed. On the other hand ZnO grown by CVD showed
deterioration of the surface morphology and the film properties.

: The exceltent mechanical properties of sputtered ZnO is used for the surface texture of the
flat flms. However, the post treatments in order (o get siwface exture can not be done for films
grown by CVD, in general. A ZnO grown by CVD can even be etched away by simply asing
water with ultrasonic agitation.

A closer chservation of the growth mechanism reveals @ basic difference in the Ffilm
formation. By sputtering one has a complete columnar growth. That is, there is no other grain



146

oriented in direction other than {0002]. By CVD, however one do not have such a growth. The
SEM pictures of the surface morphology and X-ray diffractiop patterns of ZnO grown by CVD
suggest that the film by CVD growth can have several grains along the thickness. These greins
are easy to he deteriorated.

As it is a general case, a mechanically stable material can stll be obtained by CVD. As the
orientation and the non equilibrium growth are seems to be the reasons for the poor mechanical
strength of ZnQ grown by CVD, the mechanical sirength can be improved by modifying the
orientation (to equilibrium growth),

Vi, OPTiCAL PROPERTIES

By spuitering and by CVD the opticel absorption of ZaQ films in the region of 400-
600nm can be changed depending on the growth conditions. During the analysis of sputtered
Zn() it was seen that when the surface texture growth is ‘soft’ {reduced RF power, substrate
temperature), the sbsorption in the 400-600 wavelength region is reduced. During CVD the
growth in gencral, is ‘soft’. There is no impinging of high energetic atoms and molecules on the
growing films. This reduces the defects in the material, which in furn, leads to less absorption in
the 400-600nm wavelength region (sec figure 9). For this reason, care should be taken to reduce
this abscrption when ZnO is grown by sputtering.

3.10.4 Conclusions

In this chapter, growth of ZnO by CVD process is analysed and it is compared with
growth by sputtering. A non toxic target was used for the first time for the doping of ZnO by
CVD. High electrical conductivity, transmittance and surface texture are obtained at a2 substrate
temperature of 380°C. This is highly useful method to produce Zn0 window layers for pie solar
cells. The substrate femperature can be reduced below 200°C when a highly reacting gas source is
used for doping.

Usual growth non equilibrum equITTbnGm
Orientation c-axis parallel, inclined and c-axis perpendicular
perpendicular
Surface texture growth Intensified growth growth plus eiching
Growth rate high low
Fiber exture growth mixed crientations fiber texture growth
Surface Morphologtes vanety of morphologies columnar and pranular
depending on the oricntation
Mechanical property and moderate very pood

resistance apainst
environmental conditions

Ability for post treatments of Poar excellent
the grown films
Growth of surface textured good elching the device 15
ZnOon device possibla

The surface texture growth of CVD has been understood in ferms of the structural
properties. The methods of sputtering and CVD were compared with each other. The main results
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are given in table 1, The table lists the properties observed in general cases of growth by CVI» and
sputtering. However, the detailed study of haoth the methods (in previous sections as well as the
curment section) shows that by understanding the growth process, it is always possible to achieve
many of the imporiant properties by both methods.
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Incorporation of ZnO film into solar cells

The present work is the study of ZnO as a Transparent Conducting Oxide (TCO) so that
the films can be applied to the devices, efficiently. The application of ZnO to thin film solar cells
was the major aim of the analysis of the growth and propertics of ZnO. In this section the
application of ZnQ films in the thin film solar cclls will be analysed. Flat films, surface textured
thin films of Zn( were applied to thin film solar cells and the resuits will be shown in this
section. The consideration one has to make for the deposition of Zn() on the device will also be
presented.

4.1 Experimental

ZnO films were applied o two sorts of solar cells. One has P/UN and the other has
N/P configuration. In P/I/N configuration the substrate is glass and the light for solar el action
enters through the P side of the device (see figure 1 in section 3.1). For N//P solar cells the
subsirate iz usually a metallic or flexible polymer onc. For the present study the metal substrates
made up of stainless steel were used. The active photovoltaic material is either hydrogenated
amorphous silicon (a-Si:H) or hydrogenated microcrystalline silicon (pe-8i:H). The cells were
produced by PECVD using Very High Frequency-Glow Discharge Plasma (VHF-GD) method,
The solar cells were analysed for their spectral response and current-voltage characteristics. ZnQ
can be applied lo the solar cells a5 a top window layer or as a bottom back reflector. In the present
study the application of ZnQ as back reflector a3 well as diffusion barrier is given (he main
cmphasis,

42 Results and Discussion

B ACK REF BCTORS FOR MUICROCR YSTAT T INE STLICON SOLAR CELALS {N i RULURE

Microorystalline cells were deposited or stainless steel/Ap/Zn0O sobstraics. For this,
surface textured Zn0 films were grown by sputtering using water vapour and Ar mixtures on
silver deposited stainless stee] substrates. The details of swrface wexture growth of ZaQ vnder
different deposition canditions were presented in scetion 3.9. The ZnO films on Ag/stainless steel
had differed in their propertics, mainly, in (e surface roughness and in the resulting optical
propeities, The cells deposited were of around 3.6um thickness. The structine of the cell is
stainless stecl/Agltex ZnO/N//PATO. The cells were deposited 1o a single chamber parallel-plate
reactor by the VHF-GD fechrique [1,2,3 4], The i-layer was deposited with 5% of silane diluted
in hydrogen at sobstrate temperature of 200° C at a high frequency power of 22W and an
excitation frequency of 130MHz. More details about the active part of solar cell are given else
where [1]. Here our aim is to sce if the variation in the propenties of ZnO can make any change in
the performance of the cell.

1\ is appropriate here to mention the meaning of spectral response. The electron hole pair
creation of a semiconductor caused by a monochromatic light is given by
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G= (1-R)aNexp(-a x) (1)

where N is the incident photon flox, Other symbols have the usaal meanings, For a shon
wavelength region the absorption coefficient is very high so that the light is immediately absorbed
upon entesing the semiconductor. Normally the solar cells are not very efficient at collecting Bght
gencrated near the sorface. At intermediate wavelength, o is smaller and the large proportion of
the carriers are pencrated in regions where the collection probability is high. The quanmim
collection ¢fficiency {number of electrons flowing in the external short circuiting lead per incident
photon in the monochromatic light) therefore increases. At lomg wavelength region, light is
absorbed very weakly and only a small proportion is absorbed in the active region of the cell. The
quantum collcction efficiency therefore decreases. When the photon energy is insufficient to make
clectron hole pair, the quantum energy becomes zero, The purpose of back reflector is 1o give the
longer wavelength lipht more chances to be absorbed. A rough back coatact is more efficient than
the flat one.

HISHLHY
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Figure 1 {left). Spectral response of microerystalline solar cell using flat and surface textured ZnO. The substantiol
increase in the response of the 650nm to 1000nm wave length region is due to the surface texture of ZnQ film,

Figure 2 {right). The spectral response of microcrysialline sclar with surface textumd ZnlWAg back mflectors of
diffsrent haze values, Tha Zn(d was grown at different subsimate tempershme valees. Hls 75°C, H2=100°C,
H3aroom femperature. Partial pressure of waler vapour during the growth of Zn was 15 z 107 m bar, The RF
power was 225W, The figure shows how the surface morphology of ZnQ can affect the performance of solar celi.
The haze value of H3 the haze value of HZ> the haze value of H3. This ehows just by haze factor it is difficult to
predict the performance of the cell, The reasans for this behaviour ik explained in the taxt.

Figure 1 shows the spectral response of the solar cell with flat ZnO and surface textured
Zn0 ag back contacts. The aim of using a back reflector was explained in sections 3.1 and 3.9,
To mention here, the aim is to reflect back efficienrty the light that is weakly abzorbed by the solar
cell o that one increases the amount of light going inside the cell hence the performance of the
solar cell. 1t is also explained that the main aim of having surface exture is to tncrease the optical
path length of the light that is reflected back in 10 the device, The effect of a back reflector is scen
in the wavelength regioo of 650om to 1000nm. In figure 1 it is clearly scen thet the surface
textured ZnO increases the speciral response in the wavelength region between 650nm-1000nm,

Surface textured Zn0 was depuosited with different surface temperatures and the properties
of these films wene explained in section 3.9. The ZnO/Ag/stainless steel substrates were nsed for
the deposition of above mentioned N/IP solar cell. The spectral response of the same cells
deposited on different Zn0 films are shown in figure 2. First, cleady it is observed that the
change in the surface morphology of the Zn() affects the performance of the solar cell. When the
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haze factor of ZnQ films vary, the spectral response of the solar cell in the wavelength region of
650nm-1000nm also varies.

Tydropen tratmet
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Figure 3. Spectral respomse of Microcrystalline solar
cell using flat and swface textured ZnO as back
reflectors. The ZaQ films in cells pl and p2 were
grown at 250W and 150W respectively. When the
surface  texture in gencral makes B distind

hancement in the spectyal response, the variation in
the surface roughness of PL and P2 is not stongly
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Figure 4. Effct of hydrogen treatment on the
srface textired ZnQ before depositing Si. The
figure shows the spectral respense of similar cell
with and withoul hydrogen treptment. Al a revers
bins voliage of -dv, both the cells have almost
gume spectral resp H , 2t zero hias theee
is & considerable differenee in the cell performance.

pronounced in the device performance.

The ZnOfilm corresponding to curve H1 was grown 2t 75°C, the Zn0 comresponding to
curve H2 was grown at 100°C and the ZnO comsmding to curve H3 was grown at room
temperature, The diffuse reflectance and hence the fector of the films (see section 3.9)
shows the following trend. Haze factor of sample H1> the haze factor of sample H2> haze factor
of the sample H3. The jncrease in haze factor correspends to a reduction in the cell performance
in the "back reflection region’ . Certainly we do not expect this trend.

The reason for no improvement or reduced improvement for ¢ell performance with
increase in diffuse reflectance may be the one of the followings.

1, The measurement of diffuse reflectance or diffuse transmittance and hence the haze
factor. There is always a cone of light which is escaping with the direct beam, This is never seen
as a diffuse light. This makes a change in the measured haze factar of the film. Also a surface
roughness with such a *diffuse light' may be advantageous.

2. The surface morphology. Clearly this factor plays an importam rle. The angular
distribution of diffuse reflectance depends on the surface morphology. As the substrate
temperature during sputtering is reduced, the surface morphology of ZnQ changes from mixed
columnar and granular morphology to granular morphology. This changes the wey how the light
is reflected back in the cefl. Furthermore, this changes the way how the device is deposited on the
surface textured substrates. Also when Lhe deposition conditions changes, the size of the surface
mountains of ZnQ chanpes. Al low substrate there may be mﬁms with a size
comrespording 1o the resenance scattering of light of wavelength from 650 to .

In any case, it is not meaningful to predict the performance [5] of solar cell based on the
haze factor measurement.

In figure 3 the spectral response of the micro crystalline silicon solar cells with back
reflectors of flat ZoO and surface textizred ZnO ane shown. Clearly, the increase in curvent in the
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long wave length region is due to the surface texture of ZnO. The Zn0 films for the curves Pl
and P2 were grown by sputtering with water vapour at different RF power values of 250W and
156W rercuvely The haze faclor or the surface roughness of ZoQ sample comesponding to Pl
is more than the haze factor of ZnD sample comesponding to P2. Both films have columnar
morphelogy with reduced sizes of hexagons on the surface due to the reducticn in the RF power
during sputtering. With the variation in the spectral response as shown in figure 3, it is not
possible to say which one is advantageous. However, the interference pattern in the spectral
response due to smooth surface is reduced with increase in the haze factor.

The growth of a solar cell on a surface textured ZnQ substrate may not yield a proper
Jjunction between the celt and the ohmic contact material (ZnQ) in the substrate. To check this we
made two sets of same microcrystalline silicon solar cells on substrates with same (a part of a
same sample) surface textured ZnQO. During deposition of first cell the surface of the Zn0 was
exposed to hydrogen plasma at 10W at substrate temperature of 200°C at a pressure of 0.8mbar
for 7 minuntes, Like this, the very top layer of the ZnQ is etched away for few nano metres. This,
does not affect the surface morphology but it reveals a new surface for the deposition of the
device on it.
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Figure 5. The spectral mespene of & Figure 6. The spectral response of a-5i:H solar cells
microctystalline silicon solar cell with sufuce  with structure of S$/Apictched ZnOMNAPATO, The
textured Zn0 prown on it, The stucture of the  surface roughness enbances the cutrent in the 580-800
cell is SnOuPAN/Ag/surface textued Zo0.  nm region. The etched ZnO can be applied to the
The surface textured growth of Zn) on the cell  device,

by spurtering is demonsteated for the fiest time,

The second cell was fabricated with out this hydrogen ireatment. The spectral response of both
the cells with and withont hydrogen treatment is shown in figure 4. As is seen the hydrogen
treatment on the surface of the surface textuted ZnO lead to a agh quality interface. The spectral
response at zero bias voltage of the cell fabricated without hydrogen treatment is inferior to the
response of the cell fabricated with hydrogen treatment. At increased reverse bias voltage of -4 V,
both the solar cells have similar spectral response.

The ndvanmfe of surface texture growth is realised when one has to grow such a Jayer on
smfphwl:on a post-reatment to obtain surface texturing is not practical for this purpose.
textured growth of ZnO by using water vapour and Ar mixtures during sﬁuttenng

was done on microcrystalline solar cells. The spectral response of the solar cell is shown in
figure 5. For the fabrication of the cells, the i layers wers deposited at 3 dilution level of 2.5%
silane into a total gas flow of hydropgen and silanc at an effective substrate temperature of 220°C at
a high Frequency power of 110 MHz. Mare details of the active part of the devices are given else
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where [1]. The surface textured growth of Zo0 was done at a substrate temperatare of 150°C.
The RF power was 200W. The partial ure of water vapour during sputtering was 1.5x 107
mbar, The surface morphology of such & ZnO is mainly celumnar. The spectral response of the
cell has an enhanced response in the region between 650 1o 1000 nm due to the surface texture of
Zn0. The cells have a 22.6 mA/em? of shart circuit current density, The stabilised efficiercy of
the cellis 5.3%. By this, it is scen thal the surface textured growth of ZnQ by sputtering using
water vapour can be successfully doae on the cell. With this, for the first time, by sputtening the
surface lextured growth of ZnO on the cell is demonstrated. Similar depositions were done for the
back reflection of ‘micromotph’ (andem solar cells [6,7,8,9,10,11] {a-8i:H/pc-S1;H stacked solar
cells).
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Figure 8. Spectral response of a-Si:H solar cells
Figure 7. The spectral respomsc of 3-5i solar ¢ells  with  §9/Aghurface  textured  ZnONAPITO
with structure of SS/clched ZnO/NPATO. The  configuration. The Zn( was grawn by CVD using
cells are the sanie like the previous one but without  TMB as doping gas. The small difference in the
silver layer. The effect of swfece moughness is  gurfaer roughness of ZnQ has very small variation
reduced withoul silver, in spectral response.

SE OF THE PUST TEXTRRED 4
MORFHOUS SILICON SUAR CALLS

The making of surface texture of ZnO from flat flm is explained in section on ‘surface
texturing of flat ZnQ® (section 3.8). The ZnQ), with fiber texture growth, on chemical etching
reveals the hexagons on the surface. This increases the surface roughness of the ZnO films
substantially. To study the use of such layers in solar cells, we fabricated amorphous silicon solar
cells on the stainless steel/Ag/surface textured ZnO (by etching) substrates. For this, amorphous
silicen solar cells were fabricated with i-layers of two different thickness (250nm and 500nm)
values. The i-layer is deposited at around 200°C at the excitation frequency of 70MHz. The
working pressure was 0.3 m bar, The <p> layer was microcrystalline SiC:H and <n> layer was
microcrystalline Silicon. PH; and B,H, diluled in hydrogen were used as the dopant sources for
the doping of <p> and <> layers respectively. More details of the active part of the devices were
presented elsewhere [12].

For all the devices Argon plasma with 10W was exposed on the surface of ZnO for
5 minntes ta clean the surface. Figure 6 shows the spectral response of the cells fabricated on the
surface textured (etch textured) ZnD/fAg/staintess steel substrates. Hirst of all, it shows that the
surface eexturing by chemieal etching is compatible for the making up of the interface between the
Zn( coated substrate and the device. This makes the post etching of Zn0 a useful technique. In
figure 6 the difference in the spectral response in the wavelength region of 550nm to 800nm (note
that the wave length region for back reflectors was 650 to 1100 nm for micrerystalline silivon
solar cells) due to the surface ronghness of ZnO is clearly observed. However, the increase in the

A
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current does not comrespond 1o the ncrease in the surface roughness. 1t is noted that when the
thickness of the cell is increased (from 250nm to 500nm) the surface roughness effect in the long
wave length region is redoeed.

As mentioned before the response of the sofar cell in the long wavelength region depends
also on the shape and the size of the surface roughness or surface mountain. For the surface
roughness made by anisotropically etching the crystal planes of c-axis oriented ZoO, it is always
possible to change the size of the surfacc hexagons depending on the experimental conditions.
This, however, should be investigated further. Now it is demonstrated that the chemical etching
tecil;nique of highly oriented ZnO can be an efficient method to produce back reflectors for solar
cells.

In figure 7 the spectral response of the same device configuration withont Ap layer is
shown. As is seen the effect of surface roughness is reduced without silver. This is bastcally due
to the reduction of total and diffuse reflection of light due to the absence of silver.

4.2.4 ZNO crown Y CVD

To see the effect of ZnQ grown by CVD using TMB as doping gas, solar cells were made
on the surface textured ZnO{CVDY Ag/stainless steel substrates. ZnO films with different surface
prt:rpenies were grown for this study on Ag (sputtered) coated stainless steel substrates. Different
surface propesties of ZnO were obtained by changing the flow rate of the doping gas TMB with a
spbstrate temperature of 380°C, The electrical properties of ZnQO also evidently vary with this
variation of doping gas. The rties of the films were explained in previons section on growth
of ZnO by CVD (section 3.10). An ideotical cell was deposited on all the substrates with surface
textured ZnO. The thickness of the cell was 500nm. Figure B shows the spectral response of the
cells mentioned above. It shows that the ZnO films grown by CVD using TMB as doping gas can
be efficieatly used in the solar cells. The films for the curves B4 and B6 have flow rates of TMB
of 4 and 6 scem nespectively and Lhey have small difference in the surface ronghness. Samples
with high swface roughness and low clectrical conductivity yielded very bad solar cell
performance. Table I shows the change in the cell parameters due io the change in the deposition
condition of ZnO during growth. 1t is seen that as the resistivty of ZnO (on highly conducting
Ag/S8 substrates) is increased it affects the series resistance of the cell. Also differences in the
roughness (low valees) of the films have an impact on short circuit current density.
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No. | TMBE flow | Senes resistance of the | Sbriace foDEhness - clrcmi curent
rate cell [Q*em’] Haze factor of ZnO | density mAfom?
values(%)
1 g 64 Tt 15426
Z 3 76 1.7 16044
3 Z 121 ¥ 681
47 noZn0 7.1 flat 13759

Fs, lal 1. ’ HLAOMN SOLAR CHL

ZnO can also be used as a top window layer for thin film solar cells, Either this can be
used as an anti reflection coating or as a thick ohmic contact film. When used as an anti reflection
coating the thickness of ZnO can be adjusted to give miniroum reflection in the wavelength region
where one has maximum quantum collection efficiency of a panticular device. For example, for an
amofphous silicon solar cell the maximum in quantum collection efficiency can be at 525 nm.
Hence the thickness of the Zn0 can be adjusted lo give minimum reflection at 5250m. The
refractive index of ZnQ is 2 and this makes it suitable for silicon as an ant reflection coating.
Figure 9 shows the reflectance of ZnO/a-Si:H/window glass system. The ZnQ is deposited by
spultering vsing Ar, The thickness of Zn(} is 65nm. The minimum in reflectance at 525 nm
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makes more light available for photovoltaic action at 520nm, Similarly the thickness of the ZnQ
can be optimised for a *mirror layer’ in between an 2-Si and wC-Si solar cells [13,14]. Due to the
difference in their work functions, ohmic contaci of ZnQ with p-type a-5i:H is normally a
problem. With pe-8iH, ZnO yields a geod ohmic ¢ontact. The work function of ZnQ (4.2eV) is
less than the work function of ITO and Sn0,:F (4.8eV). For this reason, ITO was used in cases
where we used 2-Si:H as a p-layer{19].

Here we want to see the difference in the process of deposition of ZnO film on the
performance of the solar cell. Amorphouos silicon solar cells (with mictocrystalline P-layer) were
deposited on stainless steel substrates. Details of theses devices are presented else where [15].
For the top contact (or the window layer}, thick, about 1 um, Zod) (nol AR) was deposited. For
this, two sets of depositions of Zn0O were made. For the first set, the ZnO films were deposited
by sputtering. And for the second set Zn0 films were dcposzted by CV0 . For sputtering, the RF
power was 75W. The working pressure was 5 x10% mbar. The electrode separation of the
sputtering system was 4.5 cm. The deposition was done at reom temperamre. The spectral
response of the same cell with ZnQO window layer deposited by swo differcnr methods is shown
in figare 10, The cells with ZnO deposited by CVD shows gond performance in the low
wavelength region. As the only difference between the two cells is the deposition process of
Zn0, there could be two reasons for this behaviour. Either there is an absorption in the material
or the absarption due to the bad interface between the cell and ZnQ.
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Figure 9 {lefi). The transmittance of thin Zn0/a-Si:Higlass. The sputiered Zn() has thickness of 65nm and this acts
as an anfi reflection coaling.

Figure 10 (right). Effect of the deposilion process on the solar cell performance. The figuce shows spectral response
of the same amorphous silicon solar cells with different top contacts. ZnQ films were deposited by spultering as
well a5 by CVD. Both of the films were thick and not performing the anti reflection for 1he opti wivelength
The transmitiance of the same ZaQ layers grown on glass do nat show a considerable difference. The reason for the
difference in spectral response of the cells is explained to be doe to the differerce in process. The process of
sputtering ‘tpoils' e interface between the device and the ZnD. This can be overoome by a proper interfane
making (soft start), ZnQ by CVD makes relatively smooth Jnterface.

The: transmittance of the ZnO deposited by sputtering was very high, At RF power of
75W at room temperature the material has & good electrical and optical properties. Hence, the
main reason for such behaviour is the process of deposition. As explained in the previons chapte:
{section 3.10), CVO is arelatively soft process and the interface with the underlying layers can be
of good quality. By sputtering, even though the material Zn(Q) has good optical and electrical
properties, the process damages the underlying device. Especially in the present cxample the
electrode separation for sputtering is 4.5 ¢cm, It seems that the bombardment of energetic jons and
molecules damages the top layer (<p>) of the devicc, The poor quality interface, thus lead to an
enhanced absorption in the low wavclength region, absorption that is located near the boundary
between the Zn0 and the <p> layer of the solar cells. This absorption does not lead to photo-
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‘glfncréi%%l of carriers and is simply lost. Hence making interface by sputtering needs mone care
an .

The problem of low quality interface or interface damage observed in spuitering can be
overcome by a soft start. By this, the very first layer of ZnO is grown with low RF power. That
is, the device interface is exposed (o the low energetic bombardment of atoms and ions during
sputtering,

4.2.6 HEAT MIRRORS WITH ZNQ

Ii was seen in section 3.4 on optical properties of ZnO as well as in chapter 2 that the
absorption in the near infra red wavelength region can be controlled by the deposition conditions,
Gencrally, higher the deasity of free carriets in the films is, the higher will be the absorption in
the lower wavelength side (of near infra red region). For an amorphous silicon solar cell the
useful wavelength region is 350 to 700nm. Hence for the wavelengths not absorbed in the a-Si:H
the ZnO film becomes absorbing, converting the near-IR part of the light in to heat. This can be
collected by a hybrid module (thermal/photovoltaic). With this, we have used ZnO to optimise the
thermal efficiency of a a-Si:H based hybrid collector [16].

4,27 COMMENTS ON MAKING DEVICES WITH ZNO)

As is seen above making interface of ZnO (or TCO) with the device in general is a crucial
process. It is important to understand the growth mechanism of the ZnO on the substrate or on
the device. As far as ZoO is nsed as a subsirate material one has more freedom to get required
propertigs. For example, the substraie with ZnO can be annealed in high substrate lemperatures to
increase the quality of ZnO. On the other hand, when Zn0) is deposiled on top of a device, the
impartance is given to the immediate layer deposited on the device.

By spuitering, when one makes an interface by using high RF power and low electrode
separations, it may lead to poor interfaces as explained above. One may not blame the process of
sputtering for such an interface. Because high quality ZnO films with unigue features can be

ined by sputtering {for ex. high mechanical strength, fiber texture growth). Growing first
few nano meters of ZnQ with low RF power prevents the device from imterface damage.
However, this has not been shown in this work,

During the surface textured growth of Zn0, independent of the process, most af the time
water vapour is used. Such a growth onr a device necds more attention. For a normal surface
texture growth the substrate is kept at a temperature of 150°C. When the water vapour is allowed
in the chamber, before the reaction it has a good chance 10 make oxidation on the device. A thin
or thick oxide layer will probably grow on the device depending on the time it is exposed to the
water vagour or any source of gxide. IF this would be the case, it 1s always possible to make a flat
Zn0O thin layer, which do not require waler vapour during growth by sputtering, on the device
and to make the surface textured growth on the flat ZnO.

During the surface textured growth it is always preferred to have a surfice roughness of
high surface mability. The surface roughness of low surface mability may lead to the presence of
porous particles and voids at the interface,

4.3 Conclusions

The incorporation of surface textured ZnD and flat ZnO in to devices is demonsirated
successfully, The effect of surface roughness is clearly realised in the solar cells, The connections
between the shape and size of surface morphology on the cell performance is actually not straight
forward. The surface morphology. (the size, the shape and the type) of the ZnO films should
correspond 10 the structure of a device. In any case, in the present work the ways to obtain
several shapes and sizes of different types of surface morphologies are well explained. Wich that,
one can control the angle with which the light shonld be diffused into the cell and one can select
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the wavelength of maximum diffuse light. And this, in addition to the high quality interface, lead
1o a "best ZnO’ for a particular cell.
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Summary and Conclusions

Thin film solar cells sequire a transparent comducting oxide with theee important
properties; electrical conductivity, optical transmission and surface texture. They can play crucial
role for both top window Iayers as well as near infra red reflecting back contact. ln this context
ZnD has many advantages over other available TCOs. Although its potential to contribme to
further cost teduction is not fully expleoited, it can be considered a mandatory required for thin
film solar cells. So far most of the work on Znd was carried out looking at flat (non surface
textured) films; we therefore first summarise the most striking properties of such [ayers.

FLAT FILMS

ZnO fitms with flat surfaces can be oblained by sputtering using an oxide target of ZnO
and carrying out thin film deposition with low RF power. The growth rate of such a smooth
surface ZnO can be highly modified by varying RF power. The sputtering pressure of Ar has a
stronger inflience on the resistivity of such ZnO films. A high electrical conducgvity
(4.5x10” Q.cm), and high optical transmittance {more than 85%} can be obtained by optimising
these two parameters. independently measured structural properties {grain size, crystatimity) have
been correlated with the electro-optical propetties.

An increase in RF power during sputtering can change the transmittance of ZnD in the
400-500 nm wave lepgth region. This is explained due to the Farmation of colour centers that
arise from inirinsic defects like jonised oxygen vacancies (F'-centre) of ZnQ. These intrinsic
defects result from the use of high RF power. Such colour centers increase the optical absorption
of a ZnO front contact in the solar celt in the shom wavelength regime that dead to the loss in the
blue response for the solar cell. Thus, high optical transmittance of ZnO for solar cell application
requires the use of a low energetic ion impingement during sputtering.

During sputtering with Ar alone the resultng ZnO films always show fiber texture
orientation along the c-axis of the hexagonal wurtzite structure of ZnQ independent of the
sputtering pressure, RF power and thickness. Therefore to obtain fiber texture orientation of
Zn0, which is highly required for other applications of ZnO to utilise its piezoelectric properties,
spottering with Ar using an oxide target is highly preferred.

Material properties like band gap, absorption coefficient, crysabinity, doping efficiency
and orientation during growth can be strongly influenced and, hence can also be controlied by
understanding the growth mechanisms and, as a consequence thereof by tailoring the growth
parameters.,

Zn0 with fiber texture orientation yields a columnar structore. Hence an optimised flat
film with fiber texture growth can be post etched to obtain superior surface properies combined
with high electro-optical properties. By such a post etching, the polyerystalline ZnO with fiber
texture growth reveals surface morphelogy like a single crystalline wafer. By that using a two
step process the highly wanted surface texturing of originally flat Zn(» can be achieved.

SURFACE TEXTURED ZNO FILMS

Surface texturing of ZnC} by sputiering can be achieved by sputtering ZnQ target with a
mixture of Ar and water vapour. In this work, for the first time, extremely high haze factors
(>50%) conld be achieved by RF magnetron sputtering. Two different surface morphologies of
Zn0) can be identified when employing this method; columnar and granular marphologies. The
fiber {exture onientation of Zn( is modified due to the addition of water vaponr. This is classified
as equilibrium and non equilibrium growth. With the increase in addition of water vapour the film

which is originally in equilibrium will be changed inte non equilibdum one. The
equilibrium growih is associated with an appearance of columnar surface morphology and nen
equilibrium growth is associated with sppearance of granular surface morphology. ZnQ with
columnar morphology has superior structural and mechanical properties when compared with



Zn0 with granular morphology. The surface morphological evalution during growth has been
studied in detail.

The key parameter that affects surface texture growth is the variation of surface mability.
The surface mobility can be modified by changing the pantial pressure of water vapour, the RF
power and the substrate temperature. High quality films are obtained with high surface mobility
of adatorms during growth.

The degree of dissociation of water vapour during sputtering, partially decides the surface
morphalagy. A columnar morphology is associated with an etching action of dissaciated water
vapour on the growing film and with high surface mobility. A granular morphology results due to
the reduction of surface mobility of adatoms during growth.

The surface roughness evolution in the atmosphere of mixture of waler and Ar does not
follow the classical microstuctural evolution models. The difference between the present case and
the stasdard models is that in the present case a medinm that reacts on the growing film is used as
sputtering gas and in standard models spuftering with Ar is considered,

The optical properties can be substantially modified due to the surface texture. The diffuse
transmittance and seflectance, the haze factor, the onset of band to band transitions, free carrier
absorption and the absorption coefficient of ZnQ can all be strongly influenced by the growth
oonditions. This has been described in detail,

Based on experimental evidences a microstuctural evolution model for Zn0O is presented.

More insights on the surface marphalogical evalution of ZnC is abtained by locking at the
CVD deposition process. Three classes of surface morpholagies can be identified here, They are
named as intensifred growth. normal growth and low surface mobility growth. In normal growih
the filus have a smooth surface 50 as to reduce the surface free encrgy. In imensified growth,
growih along the minimum energy crystallographic planes of Zn( takes place. Such a surface has
uniform facets of ZnD, In the low surface mability prowth, a morphology similar to granular
morphology that is obtained with sputtering sesults, duc to the larpe reduction in the surface
mability of adatoms. Such a surface has a non uniform roughness.

The crientation of ZnO can be maodified by changes during growth. The substrate
temperature, the ratio of reacting gases, and even the doping pas play an imporiant role in
deciding the surface mobility and oriemation of ZnD. The three soinimum energy planes of Zn0)
are (0002), (1120) and (1010) respectively, Al the three orientations can be obtained by
changing the growth parameters. An sbnormal growth along [1010] can also be obtained. The
rcason for this orientation is explained to be either due to the effect of the dopamt or to the
presence of cubic stracture of an.

Surface morphology typical of intensified grawth can be obtained for all these orientations
by increasing the surface mobility during growth.

The comparison between the growih of Zn0 by sputtering and CVD shows that the
surface ronghness of celumnar morphology obtained by sputiering is always related to etching
plus growth and never to an intensificd growth. This is a basic difference between CVD and
sputtering. On the other hand the granular morphaolopy obtained by sputteting can be similar (o
that of Jow surface mobility growth obtained by CVD.

Understanding the growth mechanisms of surface iexture growth is of great importance in
order to incarporate surface-textured ZnO in devices.

With this knowledge of the growth mechanisms and of the microstructural evolution of
Zn0, high quality Zn0O with good clectrical, optical and surface properties are obtained. Surface
texture growth on Ag/Stainless steel system as well as on thin film solar cells have been
demonstrated successfully.

The smooth and surface lextured Zn0 film were successfully incorporated into thin film
solar cells. It is found that based on the haze factor alone one can nof predict the observed



changes in the short circuit current of a solar cell. The textured surfaces of ZnO obtained by all
the above mentioned methods, showed clear advantages in terms of spectral response over a flat
surface Zn{> when incorporated in thin film solar cells.

For the first time, one has obtained here a complete picture of growth of ZnQ with smooth
and rough surfaces, the analysis of the propertics and their incorporation in thin film solar cells.
The ways to obtain different surface marphologies with different shapes of surface peaks of ZnQ
{or other thin film to some extends) furthemmore a centain procedure (o control the structural
properties, the opto-electronic properties, and the surface properties of ZnD can indeed be
obtained by following the present studies,
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