CHAPTER 5

RESULTS AND DISCUSSIONS

In this chapter, the results on characteriz

power and the argon gas pressure

7€ described. Next, the results of the

.—‘ L . .
ural properties, the electrical

. 1 be shown.

tion of ZnO(ALl) thin films fabricated in this
thesis are discussed. First, the i i K \\
on the deposition rates in e ~'
characterization of ZnO(2

properties, the optical prope

5.1 Deposition Ratgé

In this work, we calculatéd ¢ ansmission spectra as described

in Chapter 4 by using Eq. 4.3. il : ¥ posited at the same thickness of about
500 nm in each sputtering condi WG The 44 On tllrne was in the range of 60—140
mins depending on the sputteriag-e ] ample, the deposited films of the
same target with inotead 2 W IC 125 <W, the deposition time

-

- eposmon time. Fxgure 5.1 sho . the deposition rate of the
films from eac i‘ re. For the planar
sputtering, the mﬂmﬁﬂ ﬂﬂ W(Elgjlﬁ:jso these deposition
rates were the average value over thé area of thesfilms. As showii ﬁlg 5.1, we

e 10) WIS Dol Bord i £ TN

pressure, e deposition rates from each target were less than 1 nm/min difference and

decreases from 140 deposition rate is the ratio of

the films thickness to t

argon gas

independent with the Zn content added in the target. However, the influence of the
argon gas pressure on the deposition rate of each target shows the same trend, that is
the deposition rates gradually decrease as the argon gas pressure increases. This is
probably because at higher argon gas pressure, the mean free path of the sputtered
atoms decreases, resulting in many collisions of atoms and leading to the scattering of

sputtered atoms and decreasing of kinetic energy.
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Figure 5.2: Deposition rates of the films in each target as a function of the RF power

at the argon gas pressure of 8.0x 107 mbar.
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Considering the influence of the RF power on the deposition rates, we found
that the deposition rate was linearly increased with the increasing RF power as shown
in Fig. 5.2. At the RF power of 125 W, the deposition rates are about 2.5 times higher
than that of 50 W Higher RF power means higher current and higher voltage.
Therefore, the number of argon ions increases and have higher energy. Thus the

number of sputtered atoms at the target surface increases due to the enhancement of

more significant than thosg evarying gn#ssure From these results, the

deposition rate is inverse POLI0N? e argen gas pressure and proportional to
the RF power.

5.2 Structural P

To check all possible pea < 1 Gy At word ected from the ZnO(Al) thin
films, the XRD system was § O petiorm: ) s€an with a step scan of 0.1 and a

step time of 0.6 s. Figure 5.3 4@y sh WS4 atterns of the ZnO(Al) thin films

deposited at different.atgbn gas pressures. The XRD mesa: sUrgments were taken on the
central region of the safa '

I

films having about the §2

g. 5.3 (a) came from the

e thickness 00 nm). At thefsame Zn content, all films

show only the ( 3’ 2" and no peaks of
metallic Zn orﬁzﬁg 1§(ﬁsﬁﬂ ﬁﬂ ;1ﬁ bncated by the RF
magnetron sputtenng were polycrystdfline with a Hexa nal struct d a preferred
onentatla \w q@ ﬁ‘é‘@‘mm Wb’.}’a 5 eaks showed
a dev1at10n from 34.44" which i is the value of standard ZnO powder (JCPDS 05-0664)
but they agree well with the value reported in the literature for the ZnO(Al) thin films
[13,14]. The impact of argon gas pressure on intensity of (002) peak is small in argon
gas pressure from 6.0x 10™ to 1.0x 10" mbar due to insignificantly varying argon gas

pressure, ie. the intensity of (002) peak is slightly decreased when decreasing the

argon gas pressure.
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Figure 5.3: The X-ray diffraction (XRD) patterns of the ZnO(Al) films deposited at
different argon gas pressures for the RF power of 100 W, (a) a rough scan with a step

scan of 0.1 “and a step time of 0.6 s, (b) a fine scan with a step scan of 0.015 “and a

step time of 3 s.



58

For fine scan, the XRD system was set to the range of 26 which scanned only

the peaks in displayed—26 regions detected from Fig. 5.3 (a). The system was set with
a step scan of 0.015 and a step time of 3 s for fine scan. The peak from the fine scan

was used to calculate the grain size of the films using the FWHM . Figure 5.3 (b)
shows fine scan XRD patterns of the ZnO(Al) thin films deposited at different argon

gas pressures. We calculated the F om the peak of fine scan as shown in Fig

5.3 (b). Moreover, we calculated . 2ift fize of the films from the FWHM as a
il / .
4. The change in FWHM generally

reflects the change in the™gfaifiSize d th s, 1.e. the increase in FWHM

function of argon gas pressure.as shov

corresponds to the decreasg / ’{// \ \ how that the trend of grain size of
the films gradually increz pressure. This can be explained
by; at lower argon gaS prgs *\ \\i\~ \'- sputtered atoms increases,
resulting in less collision / \ \ increasing of energetic ion
bombardment on the grain siirf; ces, £ r" ak \ maller. Also the crystallinity

of the films is deteriorate SO ot
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Figure 5.4: Full width at half maximum (FWHM) of XRD (002) peaks and the grain
size for ZnO(Al) films deposited at various argon gas pressures for the RF power of
100 w.
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The XRD battems of the ZnO(Al) thin films deposited at different RF powers
are shown in Fig. 5.5. We note that all the films compared here have about the same
thickness (~500 nm). It was found that the intensity of (002) peak decreases with
increasing RF power. The films deposited at the RF power of 50 W show a (002) peak
with relatively highest intensity. This shows that the crystallinity of the films prepared
at 50 W is better than that of the others, resulting in the narrower and sharper intensity
MJOhdoNdong et al. [19], this can be

y owth that are influenced by the

e wnergetlc atoms on the film

crystallinity. The formati@ A%0 \ it
according with depositiofi rae®alldd \'\\

adatoms. However at higher
\\ N -
power, the (002) peak.4 \ \ stallinity deterioration of

is at the suitable condition

ore, the formation time
of adatoms used to reorgapf? £1 Vs On the s ate,is not sufficient due to high
deposition rate. This resulf; & et , " Of¥more defects such as Zn interstitial
atoms and oxygen vacancies over Dstrdte temperature was set at room

s

temperature, thus the formation bStrate was not sufficient to promote

the diffusion length of the adatéims. - =

The grain siz8 fW—‘y 1g the RF powers were
calculated from Fig. M increases with the

increase of the RF powe rs from 50 W to 125 W This is because the energetic ion
bombardment o the grains become
smaller and the @.ﬁﬂrﬂjﬂ ﬂMﬁmre aﬁgher RF power, the
formation time of adatoms ﬂs ? é’ lﬁh deposition
rate, thusa '] a‘\ﬂ ﬁ ﬂw Pi % g ﬁ
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Figure 5.5: The X-ray diffraction (XRD) patterns of the ZnO(Al) films deposited at
different RF powers for the argon gas pressure of 8.0x 10° mbar, (a) a rough scan

with a step scan of 0.1 “and a step time of 0.6 s, (b) a fine scan with a step scan of

0.015 and a step time of 3 s.
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8.0x 10”mbar.

%ers for the argon gas pressure of

The XRD pa tern depgsited from different targets

7

20 region at 26 ~34. -al - nQO r"J 1) target without Zn content

(0 wt%) shows a (002) p?k with relatively hi Vhest intensity, while the films deposited

from the ZnO(ﬂ %ﬁw‘}ﬁ %\% ﬁ’lw Ejﬂcﬂﬁ6 wt% show the (002)

peaks with lowetjintensity 1nd1cat1ng that the Zn content influences the crystallinity of

AR T TN AL oo

and shown in Fig. 5.8. The FWHM is increased when the Zn content is increased from

are shown in Fig. 5! 2) peak in the displayed—

0 wt% to 6 wt%. As a consequence, the grain size decreases as the Zn content
increases. The grain size becomes smaller with the increasing Zn content due to more
Zn interstitial atoms in the films acting as impurities. They may cause the interruption

of the columnar growth, thus the grain size becomes smaller.
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Figure 5.7: The X-ray diffraction (XRD) patterns of the ZnO(Al) films deposited from
different targets for the argon gas pressure of 8.0 x 10° mbar and the RF power of

100 W, (a) a rough scan with a step scan of 0.1 " and a step time of 0.6 s, (b) a fine

scan with a step scan of 0.015 “and a step time of 3 s.
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5.3 Electrical :b .
Y= o

For planar sputtering,Be substrates ai d'1n ,T" parallel and off-axis to the

surface of the target during  the deposition, ag shown in Fig. 5.9 (a). The films obtained

from the depﬂ %‘Jan ’oJ %rw @%ﬂf}ﬂﬁ cm x 5.85 cm SLG

substrates. The Sbstrate is divided ‘,mto three zones Zone A, Zone B and Zone C,
e QIR O TN MBS oo
shown ingFig. 5.9

The Hall measurement shows that all ZnO(Al) films are degenerate doped n—
type semiconductor. The resistivity of the films as a function of the RF power from
two different targets (0 wt% and 6 wt%) is shown in Fig. 5.10 (a). All of the films
were deposited at the same argon gas pressure of 8.0x10™ mbar and the substrate
temperature was initially set at room temperature. The resistivity in the same zone of

the films from different targets with varying the RF power was compared. It was
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found that, at the Zn content of 0 wt%, the resistivity in each zone decreases with
increasing RF power from 50 W to 125 W. For the Zn content of 6 wt%, the
resistivity in each zone decreases with increasing RF power from 50 W to 100 W and

slightly increases when the RF power reach 125 W.

(b)

Figure 5.9: (a) Configuration of planar sputtering, (b) Three zones of the films on the
SLG substrate.
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The lowest resistivity of the order of 10 Q-cm was achieved at the Zn content
of 0 wt% and RF power of 125 W. As shown in Chapter 3, the resistivity is
proportional to the inverse product of the carrier concentration and the Hall mobility.
Therefore, the change in the resistivity with the RF power as shown in Fig. 5.10 (a), is
ascribed to the change in carrier concentration and/or Hall mobility which are
characteristic parameters reflecting the films properties and/or the impurity content of

the films. It can be explained that theé intrinsic donors (oxygen vacancies

and Zn interstitial atoms) increases due ment of formation time of the
adatoms on the substrate , br inﬂhe surface diffusion and re—
organization of the ada ‘ -_y dins and defects like oxygen
vacancies and Zn intefStitial® atbme/ - ormed. conductlon mechanism is
governed by a higil coneé douor \ sic defects, which results in low
resistivity. This agrees ; ': ﬁ i o lin Fig. 5.5 (see section 5.2
for structural properties a fisotso \\\

In general, for the 8 -' e 1€ oxide, an aluminum atom is
considered to substitute for a e, ‘ \ lonor. Therefore, the increment
of carrier concentration, when !;hil ' cases as shown in Fig. 5.10 (b), can

be assumed. At low RF powe isferzed to the target by argon
ions. The energy of ‘gﬁ' €fe dissociation of ALOs
molecules. At high RF pawe gon iBns provide enough energy

ﬂ of A1203 molecules So the number of aluminum atoms in
the films increa centratlon (see Fig.
5.10 (b)). Also tﬁ ﬁ:ﬂﬁlmﬂﬂ? ﬂﬁ:[e resnst1v1ty and the carrier
concentration of the films

AR AR NNALL ..

increase of RF power from 50 W to 100 W and slightly drops at the RF power of 125

for a complete dissociat

W. Generally, the increasing of grain boundary cause the decreasing in Hall mobility.
But our work shows that the enhancement of the grain boundary (this is due to the
films have smaller grain size (see Fig. 5.6)) does not influence on the Hall mobility
from RF power 50 W to 100 W because the Hall mobility is still high. But at RF
power of 125 W, the grain boundary start to have the influence on the Hall mobility

due to the decrease of Hall mobility.
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Figure 5.10: Dependence of resistivity (a), carrier concentration (b), and Hall
mobility (c) of ZnO(Al) thin films on the RF power at argon gas pressure of 8.0 x 107

mbar.
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Apart from this, the crystallinity of the films, which is deteriorated due to
bombardment of high energy, can also decrease the Hall mobility because of the
limitation of the carrier path. For this reason, the resistivity slightly increased when
the RF power of 125 W due to decreasing in the Hall mobility of the films.

Since the electrical properties of the films in each zone showed the same trend,
so we will use the average values of these data (resistivity, carrier concentration and

the Hall mobility) over the wholeisubStratg' (Zone A, B and C). Figure 5.11 (a), (b),

and (c) show the resistivity, the ecarriel#Goficentration and the Hall mobility,
respectively, as a functioiQistic-2n Col ten@he films were deposited at RF
power of 50 W to 125 Wi N.Ox 10 mbar. The influence

of RF power on the ] r// : -\‘Q\%\
' .

t10n and the Hall mobility with
‘due to low RF power (50 W

varying Zn content sheWs o / f ‘}\
and 75 W) or high RF péwe, O\ ' 5
i ‘& [-l:" i\ \

At low RF powgf, tlie fesistitity¥of the ‘ increased with increasing Zn
)\ O >

atllo

2 =l
-

compositions. This can be gkplaiiled tsing’

sing the d model as shown in Fig. 5.12.
o E’?k‘l /

®=Ar
=0
®=Al
®=7n

A8

ZnO(Al) target An embedded Zn Zn((Al) target

Figure 5.12: A model showing a cross section of ZnO(Al) target and an embedded—
Zn ZnO(Al) target.
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The addition of Zn to the target causes the metallic Zn to spread out in the
target. Thus, the probability of the Zn atoms being sputtered increases, resulting in the
decreasing of sputtered Al,O; molecules. Consequently, there are less number of Al
atoms at the latticé sites in the ZnO(Al) films, ahd the carrier concentration decreases.
We recall that the carriers due to the contribution from Al atoms on the substitution

sites of Zn atom yield better electrical conductivity in the ZnO(Al) films than that

from the oxygen vacancies and the\ Zn figherstitial atoms. From this reason, the
resistivity of the films increases' 'wl 1CT g*Zhecontent in target. For the reason
of the decrease of the Ha &Iproposethaisthere are more Zn interstitial

atoms obstructing the carri WirCiaact as the sCaitering® centers.

At high RF po tk \“\\\i'{. the films increased when
the added Zn composii® ; k to 3 wt%. This can be

explained by the same re the Zn content of 6 wt %, it

turned out that the resistivi sed as the critical value of the

Zn content for the RF po "\, The drop of resistivity was

\

achieved by the excess Metal 48 “the' resulting in increasing of the Zn
" 7#[ -

interstitial atoms being consisteht with hi of carrier concentration (see Fig
5.11(b)).

For the lowe F—_““_—' +Df 0 wt% to 3wt%, we
similarly propose that t 8rcse atofs obstructing the carriers,

which act as the scatterers. From Figs. 5.7 and 5.8, the Zn contents show an influence
on the crystallini t 1‘ o, Hi -4 yi ain size. The films
have smallest grﬁuﬂnﬁm\mmﬁl (b) showing the
films with high carrier concent Ziiﬁz 20 o d)E cari cﬁl’ ably tunnel
through ta gﬁnaaiﬂ B]S]ﬁ \ﬁﬂﬁﬁiﬂagm IFEIbility. Thus

this promotes the decreasing of the resistivity of the films.



70

5.4 Optical Properties

The transmission spectra of the ZnO(Al) films fabricated from ZnO(Al) target with
Zn 6 wt% at different RF powers are shown in Fig. 5.13. These transmission (%T)
values were measured in the central region of Zone B of the films at the argon gas

pressure of 8.0x 10™ mbar and the RF power of 50, 75, 100 and 125 W. All samples

'In

are comparatively at the same thicknes impact of the RF power on the
transmission is very small for'the RE powe 0 W and 100 W. The average
transmission of above 90%"W4s Gbtained’in t%h range of 400 to 1000 nm,

-

, Iims. Butsfor the RF power of 125 W, the
average transmission drops” tof abodt _80% ame range of wavelengths.

Moreover, the depositéd 1lms with brown coloration

formed by excess defeefS » tasing the transmission of
films. This can be said 4 parency. We recall that the
power (see Fig. 5.5), so that
the defects such as Zn interglitial afoms. ¢ : ancies and Al on the Zn site
icreased with increasing RF power
(see Fig 5.10 (b)). Thiswdec n the trans g favelength is attributed to
—7"“? the transmission shifted
to the shorter wavelength (blu ) witl easin@lF power. This effect is
attributed to the Burstemrl@ss effect, sin & sthe absorption edge of a degenerate

semiconductor ﬂ %ﬂ 6}1% E—!ﬂ § W‘ﬂ ’q.ﬂ ‘Ereasmg free carrier

concentration [ 14§

e S AN TR AN TR

W. The Zn content has the following impacts on the transmission:

the increase of free cz '.!f

- For the wavelength below 1000 nm, the impact of the Zn content is very
small. All the films have the average transparency of over 90%. The

transparency of the films is excellence in the range of visible light.
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Figure 5.14: Transmission spectra of the films as a function of Zn content (wt%) at
the argon gas pressure of 8.0x 10° mbar and the RF power of 100 W.
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- For the wavelength above 1000 nm, the transmission of the films increases
when the Zn content are changed from 0 wt% to 3 wt% and decreases at
the Zn content of 6 wt%.

The increase of transmission with increasing Zn content from 0 wt% to 3 wt%

at the RF power of 100 W corresponds to the decrease of carrier concentration shown

in Fig. 5.11 (b). In addition the decrease of free carrier absorption results in the

increase of the transmission in_the inffaged region. However, as the Zn content
deposited thin films significantly

ﬁsistent with increasing of the

decreases especially in the

carrier concentration (s¢

For the films fabrice 847 e it 0f 0. W% to 3 wt% the absorption
edges of the transmissi® oligd » ed shift). These results are
5.11 (b). However, for the
Zn content of 6 wt%, thgfabgory o s\back 0, the shorter wavelength (blue
shift). This blue shift 1s a Giie) ‘\ g

high content of Zn atoms.

consistent with the decuéz

ier concentration due to the

h _
2000 =I u

Huwbiingninens
RIANNINUNINY1AY-

500

ogf:éilt(cm)"

Absor

0 1 1 1 1 1 1

0 1 2 3 4 5 6
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Figure 5.15: Averaged values of absorption coefficient of the films as a function of Zn
content at the argon gas pressure of 8.0 x 10”° mbar and the RF power of 100 W.
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Figure 5.15 shows averaged values of the absorption coefficient in the
wavelength region 400-1200 nm as a function of Zn content in the targets. For the Zn
content of 0 wt%, the film exhibits the highest absorption coefficient of about 2300
cm’'. This is because the 0 wt% Zn films show a relatively low transmission in this
region of wavelengths. At the Zn content of 3 wt% the film has the lowest absorption

coefficient of about 1700 cm™ because it has relatively high transmission. Figure 5.11

(a) shows that the resistivity of t power of 100 W increases when the
added Zn compositions are #4193 wt%, and it decreases when the
Zn content is increased tg tarmend is better for achieving the

conductivity again, bu

oefficient of films would be
T —

\ Ot'necessary to increase the Zn

increased as shown in \
n of the films would be

content to more th

diminished.

Because the Zn _ 1has a dircet gap semiconductor, the optical
energy gap of the film ¢ Wploting, (chv)® vs. hv, where a is
absorption coefficient and 1S PRE — y. Th |photon energy at the point where
(ahv)? is zero is E . [13]. Fig f 5.16 shows the variation of optical energy gap as a
function of RF powersin; e tarociailil ntentiof 6, wt%. The extrapolation of

the linear segments AV e E, values in the range

3.46-3.57 eV, where the smallest and the largest mergy gap correspond to the
highest and lo ﬁ m ely. in Fig. 5.10 (a). The
higher E, haﬁﬁ ﬁ%ﬁ]ﬂ ﬂl]fﬁ] c sed by an increase of
free ﬁ ( e free carrier
concenﬁi% ﬁﬂg ﬁeﬁ mgfﬁ %] mjl ﬁl vﬁlnce band and

part1a11y some states of conduction band. Therefore, for the transition of electrons
from the filled valence band to the unoccupied conduction band, they require higher
energy than energy level of the occupied state in conduction band, resulting in the

widening energy gap of the films.
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Figure 5.17: Plot of (ah 0)2 versus hv for ZnO(Al) films grown at the argon gas

pressure of 8.0x 10° mbar, the RF power of 100 W and various the Zn contents.
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Figure 5.17 shows the variation of the optical energy gap as a function of the
Zn content. It shows that the energy gap narrows (red shift) with increasing Zn
content from 0 wt% to 3 wt%. This narrowing effect can be understood based on the
Burstein-Moss effect. For the Zn content 6 wt% showed the energy gap slightly
increases again (blue shift). This broadening effect is pointed out that there is an

increase in Fermi level due to the increasing free carrier concentration [13].

5.5 Figure of Merit
For application of the Zn Wi layer for Cu(In,Ga)Se, thin
films solar cells, the Zn : Verage transmission in the

, ) energy greater than the energy
gap of Cu(In,Ga)Se; s 5 2 an Greate electron=hole pairs). Moreover, the

ZnO(Al) thin films must 2 fow ' dency and complexity can
be lifted by considering a figfire ﬁg 3 ned as [37]
(GR))
where p is the electri cﬁ;-“___ 1 Tis ,i"j <
Figure 5.18 showBFO . O(AD) Tilms frof different targets deposited

at argon gas pressure of 80x%10°> mbar and power of 100 W. The higher FOM
p

means good ﬁlnﬂn%de&}sqéﬂlﬁ %cﬁ ws&}%ﬂ@ low resistivity. The

films from Zn con®nt of 1 wt% show ‘he highest Fi QM of about 37% (Q-cm)™ due to
its low rﬂtw&ﬂlgaﬂ @m%w (’i%‘s}owgt@ @H transmission
(averaged if the 400~1200 nm wavelength (see Fig. 5.14)). However, its transmission
is still high enough. For the films prepared from the ZnO(Al) target with no Zn content
added (0Owt%), although it does have the lowest resistivity (see Fig. 5.11 (a)) but it
does not show the highest FOM due to its lowest transmission (averaged in the 400-
1200 nm wavelength (see Fig. 5.14)). While for the Zn content of 3 wt%, it has the
highest transmission (averaged in the 400—1200 nm wavelength (see Fig. 5.14)) but
the FOM yields relatively low value due to its highest resistivity (see Figs. 5.11 (a)).
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Lee et al. [37] investigated the optoelectronic properties and the FOM of the
ZnO(Al) thin films using the ZnO(Al) (AL,O3; 2.5 wt%) under various argon gas
pressures between 2-30 mTorr (~2.67x10°—4.0x10? mbar). Other deposition
conditions were kept constant to be RF power of 120 W and no intentional substrate
heating. They found that the ZnO(Al) films deposited at 2 mTorr (~2.67x10™ mbar)

showed lowest resistivity of about 1x] 0® Q-cm, while the transmission was less

affected by the pressure and still.ab /' o f2yeraged in the 400-800 nm wavelength
region) in whole investigatedupres ire range’Mbrcover, the 2 mTorr film showed
highest FOM of about 6000 (C:Ciii Culated the FOM of our samples
from the average value of th \ \l nm wavelength region then
\ 56, /"OM of about 4200 (Q-cm)’
and Lee et al. [37] is due to the
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Figure 5.18: Variation of the figure of merit with the different ZnO(Al) targets.
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The problem of the ZnO(Al) thin films prepared by the ZnO(Al) target with no
Zn content added is that the films yield low resistivity and low transparency. Low
transparency can cause the decreasing in the FOM and it is not suitable for making the
window layer of solar cells. In this work, we prepared ZnO(Al) thin films by
sputtering embedded-Zn ZnO(Al) targets and found that the target with added Zn
content of 1 wt% yields the ZnO(Al) thin films with highest FOM due to the increase

in the transparency. However, we no! e that the/Zn content may vary from one method

or machine to another.
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