Chapter 5

Results ._

Wd Discussions
2

and discussions for the depo-

sition and the pro ad ZnO thin films fabricated in this thesis work.

Figure 5.1 shows t n Tate versus the RF power used

in the sputtering pr(}cess. For a given argon (Ar) gas pressure, the depdsition rate
o/

is found t p ﬁ EJ]?fTﬂ ition rate, which is the
average vﬂyﬁn po'ji:[n of a sample, increases as the RF power increases.
It plai a i‘ ization ﬁ ir s when the RF
povgql ﬂzi)gn ﬁﬂMﬂﬂnﬁl ﬂ ﬂﬁﬁ:ﬁergy due to the

increasing of both applied current and applied voltage. The GZO target is then
bombarded by high energetic particles, resulting in more sputtered atoms and ions

arriving the substrate. Therefore, at the same deposition time, the films deposited

by high RF power will be thicker than those deposited by low RF power.

Figure 5.2 shows the dependence of the deposition rate on the sputtering Ar

pressure (Pa,). For the same RF power, the deposition rate decreases slightly as Ar
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Figure 5.1: Dependencegfof ghe'dep o,u | on the sputtering RF power for the

GZO thin films
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Figure 5.2: Dependence of the deposition rate on the sputtering Ar pressure for the
GZO thin films
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pressure increases. For higher Ar pressure, the mean free path of sputtered species
in the chamber decreases and undergoes many collisions leading to the decreasing of
kinetic energy. Therefore, the mobility of these species decreases and the deposition
rate also decreases. However, consider a GZO target, the deposition rates in each
Ar pressure conditions differ in narrow range. For example, the deposition rates of
sputtering the target with 2 wt% Ga,Oj3 at varied Ar pressures were in the range
84 — 98A/min. On the oth% 3|

position rates of sputtering the same

100 W were around 65—92A / min

Were more significant than those

target with increasing of

range. The depositio

with varying Ar ply ”

5.2 Struct

Figure 5.3 shows the atberns of GZO thin films deposited at a thickness of
3153, 7207 and 1099 ingl. .0x1073 mbar and RF poWer of

The only (002) ‘diffsaction—peatkew s observed ai ‘ 34.1°, revealing that all of
the obtained ﬁlmsl-? aal structure, and a preferred
orientation with t e‘c-a.xis perpendicular to the substrate. These peaks showed

deviations uﬁfh \%{W O powder (JCPDS: 05-
0664) but ﬁy \;/er?rclge}ngjﬂ the non-go'r):jaﬂ)?x)in film prepared at RF
po 7 y ¢ ﬂﬁ% i \ﬁ [ aﬁ( es significantly
whﬁtﬁ:iﬁﬁzj ﬁ sﬂxﬁlﬁi& c]ﬂglpl inerease in the peak

height with increasing thickness reveals that increasing the thickness improves the
crystallinity of the film. We note that for the films prepared using this sputtering
condition, the intensity of the XRD peaks reaches the saturation when the film
thickness is more than 7000A.

The results in Figs. 5.4(a) - (c) suggest that the crystallinity of the film
depends on the RF power. At the same Ga,0; content, the peak intensity decreases
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with the increasing of the > péaks observed for ZnO (002) plane

indicate a strong c-axis orie

7

wis that lower sputtering power yields

better crystallinity 8 he fnitensities of the diffraction

-
peaks were more infense and sh Was decreased.

As previously mcussed, the deposition rate is ﬂportional to the RF power.
Consider the thi 1& i }i( is.encouraged by low de-
position ratﬂjjs ﬁmﬁiﬁ ﬂmwﬁﬁ find an energetically
favourable latl"clilce position. On thé other hand gwhen the deposition rate increases,
man®piAbred G Srbbob e bt bbbl ik o alohs were i
ing on ghe surface of the deposited film. It suggests that the sputtered atoms could
not be arranged into suitable lattice sites in the crystal structure of the films. Thus,
the crystallinity can be improved by decreasing the deposition rate by lowing the

RF power as shown in Figs. 5.4 and 5.5. The films shown in Fig. 5.5 were deposited
at the RF power of 50 W and 100 W with the deposition time of 200 mins and 90
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Figure 5.4: XRD patterns for GZO thin films prepared at RF power of 50 and 125
W using the the target with Ga,O3 content of 2, 3 and 6 wt% ((a) - (c)) at Ar

pressure of 8.0x10~2 mbar
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mins, respectively. The grain si ising Scherrer formula [34]

(5.1)

o S

where A is the wavelengthjof the X-rays (1.5405 ' :jj agg diffraction angle
at the peak position in dﬁee, and 3 i idth at @lf—maximum (FWHM)
in radian. This gives the eglgted grain s1ze°£) of 33 nm and 39 nm at the RF

power of 100 W aﬁ%ﬂs@a%@l%@ﬂ}ﬁ ﬁ)],ﬂid%)sition rate leads

to larger grain size‘@nd better crystallinity.
¢ o v/

QYRR B IIRL B  Be s
important fabtor forming non-stoichiometric or nearly stoichiometric of the compo-
sition ratio between the oxygen and zinc atomic in the films. Lin et al. [35] and
Bachari et al. [31] studied ZnO thin films deposited by RF magnetron sputtering
and reported that the films became non-stoichiometric at high RF power. The
non-stoichiometric or oxygen deficiency leaded to the growth of less homogeneous
films with more crystallographic faults, and a decrease in long range order in the

sputtered films. It suggested that the non-stoichiometric films displayed poor crys-
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tallinity [31, 35]. Thus, the GZO thin films prepared at high RF power are proposed
to be non-stoichiometric. On the other hand, a near stoichiometric oxide can be

formed with dec’reasing RF power.

In addition, every XRD pattern shows that the ZnO (002) peak is left shifted

from 33.44° which is the value of standard ZnO powder. However, it is close to the

peak of non-doped ZnO thin filn ich is used to show that the thin films
prepared by sputtering om stress. By following the Bragg
law

(5.2)
where d is the interp tion angle. It can be explained
that the decrease of s in the increase of interplanar
spacing since thé . Al the data show 1 thin films have the d values

higher than that o strain occurring in the films. It

indicates that all GZ tresses as well as the non-doped ZnO
thin film. The film str 15'@51‘,5;( the imperfection of the crystal structure due
to the deposition process_[@;.‘ ? 25 5 shows the XRD pattern for the GZO
6 wt% thin films deposited with the sam he RF power of 50 and 100

W. The peak position is sl

( '34:26° to 34.12° with increasing
RF power. This sugests that tt suffers more stress with the increase of the
sputtering power related to the deposition rate.

The j?é &&n& t gcﬂoaja::lﬂngof the samples in air at-
mo, he_samp lzﬂn t 20 d.400°C inair atmosphere for 2
hrﬁzﬁo’j‘la iﬁﬁ ﬁ%)ﬁnﬁiﬂﬂ%\] patterns of GZO
2 wtq% thin films deposited at power 100 W. The XRD patterns of GZO 4 wt%

thin films deposited at power 50 and 125 W are shown in Figs. 5.6(c) and (d),

respectively. These films were deposited under sputtering Ar pressure of 8.0x1073

mbar.

Figure 5.6(a) shows a comparison of the XRD patterns of the samples before

and after annealing at the temperature of 200°C for 2 hrs in air atmosphere. The
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peak position did not show a shift after annealing. On the other hand, the peak
position of GZO thin films shifted toward the higher angle with the increase of
annealing temperature to 400°C, as can be seen in Figs. 5.6(b) - (d). The post
deposition annez;ling at high temperature leads to a decrease of interplanar spacing
d values that become closer to that of the standard powder. This suggests that

annealing seems to provide energy for structural rearrangement, resulting in a re-

laxation of the films. Howev ;i cient to improve the film crystallinity.
that the intensity of XRD spectra
was not significantl hang ; ystallinity of the film does not

change after the post d ! ealing invair atmosphere.

-t '\'éj‘ .l'.

5.5 Eleqt}%ic:al Prop

In our set up, the Ebstra e
of target during thegplanar sputteringg The deposited films show non-uniformity

wat o o Y4 ,g VNG W B G rciusof the rotation

as shown in'F ig. 5.7.

AHANIRIAHUAIZNUAR Y.« e

8.0 xiO % mbar. In Fig. 5.8, we show the results of the resistivity of the films with-

rcle p@.llel and off-axis to the surface

Gay 03 contents of 2wt% and 6wt%, in each zone of the substrate as we varied the
RF power. The Hall measurement shows that the GZO thin films are degenerate

doped n-type semiconductor.

It can be observed clearly for the GZO of 2wt% thin film that when the RF

power increases from 50 W to 125 W, the resistivity of each zone decreases from
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Figure 5.7: Three zou€s offdapg ‘t‘ Ims,a ling to radius of the substrate

rotation
the order of 107! Q-cm toffhe g¥der 6f 1058, Q-cm. In the case of GZO 6wt%, the
resistivity of the film in each zene differsmSignificantly and is at about the same

order as depositedsby dif \
o v
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The resistivit@ependence onn Ga, O3 content i@hown in Fig. 5.9. The films
were deposited at low @ngdyhigh RF power/of 50 W and 125 W under Ar pressure
of 8.0 x 10‘ﬂmu Hs%%%@s“t&aﬁ%ith increasing GayOs
content and lﬂ‘ power. The resistivity of eaclgone of the ﬁh&} deposited at low
e ARVRGNFRGNV) IBIAEH) oo
close atihigh RF power in all Ga,Os content as well as the case of deposition at high

Gay03 content in all RF power. From Figs. 5.8 and 5.9, the GZO thin films with low

e, the trend of dependence of

resistivity on the | : ‘Gase of low GapOj3 content.

resistivity in the range of 1073Q-cm are more uniform. In addition, the resistivity
of each zone is about the same which decreases when the Ga,O3 content increases.

In our electrical measurement, we use only the central part of the substrate.

Figure 5.10 shows the dependence of the resistivity, the mobility and the car-

rier concentration versus GayOs content. Both carrier concentration and mobility
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films versus the RF power at

Figure 5.9: Resistivity of each zone of the GZO films prepared at different RF power

and P4, = 8.0 x 1073 mbar as a function of GayO3 content in the target
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Figure 5.10: Dependence of resistivity (a), mobility (b) and carrier concentration
(c) of GZO films on GayO3 content in the target. The films were deposited at the
RF power of 50 — 125 W and P4, = 8.0 x 10~3 mbar
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increase while resistivity decreases with increasing Ga;Os content for a given RF
power. The results show the same trend as in Fig. 5.9. In the case of the films
deposited using the RF power of 50 W, it can be clearly seen that the resistivity
of the films decreases from 1.07x10~! to 2.10x 10~3 Q-cm when the Ga,Os content
increases from 2wt% to 6wt%. Both carrier concentration and mobility increases

from 3.70x10' to 3.00x10% cm~3 and from 1.55 to 9.86 cm?/Vs, respectively.

In addition, for a gl;e\\@ﬁl the resistivity decreases with increas-

ious results. Figure 5.10(a) clearly

shows that the resistivatyWidely di Ga,O3 contents but very closely
for high Ga,O3 conie e Joweast, resistivity of:1.45x 1073 Q-cm was obtained

The resistivity is THic e inverse of the product of the mobility
and the carrier concentrat%;‘éé]‘ne efore, the change in resistivity with RF power,
especially in th‘a,—lcase of low éfag()";; con cribed to the change in carrier
concentration andfor mobility; ife-chiaractenstic parameters reflecting the

stoichiometry aIldD'npu ——

especially intrinsic dgnor associated Wlth oxygen vacancies or excess metal ions can

be mcreaﬁ %ﬁ@}gﬁf Efm WLEJtﬁ? ﬂﬁ%‘r concentration increases

and the resigtivity decreases due to non-st01ch10metnc of the films that corresponds

AR A A e
content, the resistivity de rgé ollo ier concentration

and mobility. Especially, the carrier concentration increases due to the contribution

. Tﬁ means that the donor defects,

from Ga ions (extrinsic donor) on substitutional sites of Zn ions and Ga interstitial

atoms, as well as from oxygen vacancies and Zn interstitial atoms (intrinsic donor).

For the most of films fabricated in this work, a high carrier concentration
was obtained (> 10%° ecm™3). The potential barriers associated to grain boundaries,

which are the scattering centers of electron transport in the films, are proposed to
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account for this effect. Both intrinsic and extrinsic donor increase the impurity
density, but they also diminish the potential barriers between the grain boundaries
[38]. The barriers can be so narrow such that the electrons are able to tunnel
though the barriers. This means that the grain boundaries no longer limit the
carrier scattering [14]. The importance of scattering mechanism is dependent on film
quality and the carrier concentrati o1 [38 39]. Therefore, the decrease in resistivity

yblhty
‘iho

of the films is due to the i

and carrier concentration.

For more details; endence of resistivity and mobility
on the Gay,O3 conten

the RF power of

thin films were deposited using
10~3mbar. It shows that the
resistivity decreases tent from 2 wt% to 4 wt% and
becomes saturated
is related to the chaumge

content is increased n 4 wit%:to 6wt This suggests that there is no necessary

reason to increase G& .fﬁb aigher than 6wt%. The relationship between
[T i =

the mobility and the camel!@ﬂeﬁn i can be observed in Fig. 5.11(b). Figure

5.11(c) shows the dependefméf—ﬁ?%ﬁ"r nd the carrier concentration on the

e 1 ;‘4:_7.._:-._‘:_ 1Ciea 1.‘
lattice sites of the-film.
attice sites o eﬂl ﬂ

According to the '&revious resultstgle resistivity decreases with increasing RF

power amﬁa% EJJQc ‘W@ ‘}q @ Pﬁpﬁ}e’;}rﬁe%s from 100 W to 125 W,

the resistivity is still in the rangg of order 10‘39 -cm. We note that the RF power of

R N AN B o
power of 12 m temperature of the system is rising high due to the aggressive
bombardment on the target and over the ability of the cooling system. Figure'
5.12(a) shows the dependence of the electrical resistivity versus the Ga,O; content
for various Ar pressure. The resistivity differs insignificantly and also decreases with
increasing of Ga;O3 content at all Ar pressure similar to that shown in the previous
results. It was followed by the increase of the mobility and the carrier concentration.

The lowest resistivity of 1.14x1073Q2-cm was achieved for Ga,O3 content of 6 wt%
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Figure 5.11: Dependence of electrical properties of GZO films prepared at the RF
power of 100 W and P4, = 8.0 x 1072 mbar on GayO3 content in the target
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Figure 5.12: Dependence of resistivity (a), mobility (b) and carrier concentration

(c) of GZO films on GayO3 content in the target. The films were deposited at

different Ar pressure and the RF power of 100 W
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GZO 4 wt%, RF 125 W As-deposited Annealing in the air

Resistivity, p (2cm) 1,93 x 103 1.23
Mobility, u (cm?/Vs) 10.85 4.95
Carrier concentration, n (cm™3) 0% 10" 1.0 x 108

Table 5.1: The electrical properties of GZO 4 wt% thin film, prepared at the RF
power of 125 W and 8.0x1073 before and after annealing in air atmosphere

at 400°C for 2 hrs

at Ar pressure of 6. mbe ﬁr of 100 W, whose corresponding
mobility is 12.63 c / ier ¢ s 4.36x10%° cm™3, as shown in

Figs. 5.12(b) and BSDECH

For a compari of the éffect-of anneali \ electrical properties of GZO
4 wt% thin film beforgfand afte aling in air atmosphere at 400°C for 2 hrs are

% - _ e resisti of as-deposited GZO film was
1.93 x 10-3Q-cm, wiiile fhe resis » the il

shown in Table 5.1471t 18 o

increases substantially by three
orders of magnitude affer 4 ng=4 ue to the decrease in the mobility and
the carrier concen’créa,’cign_q that annealing in the air could enhance
the chemisorp ic N mation.of .Ga0, or GaN, reducing the

chat

density of the dof ation [32]. This formation can

also reduces the Ga ions on substitutional sites and-Ga interstitial atoms leading to

the lower carrier ¢ Iﬂﬁr tio Cjﬁ,ﬁf aN, will lead to an increase in scattering
centers aréieth%J a e% ohlity. Iﬂaﬂljmre defects are annealed
out, and the decrease of oxyged vacancies rgsult in the highyresistivity of the film

N 100 21350498 ABTEHR B ek o mroa

anngaling in air atmosphere.
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5.4 Optical Properties

As for a representative, samples from zone B are used for the optical transmission
measurement. Figure 5.13 shows the optical transmission (%T) of samples with
different Ga;Os3 content in the GZO target at the Ar pressure of 8.0x10~3 mbar

and the RF power of 50, 100 and 125 W. The transmission spectra were measured

at the wavelength in the raug . 00 to 1500 nm. All samples, which were
compared together, hav s :T; surfaCe’nd at about the same thickness. Their
measured transmissiﬁé show 1n@fr1nges The transmission of all

films decreases with increasing rer for-a given GayO3 content. This suggests

transmission is small. ete are sl reases in transmission which
of XRD patterns with the RF

power in Figs 5 4 and 5/, thisrslight's ase in transmission may be attributed

"' nsmission. A low RF power

1gh optical transmission due toﬁ perfect ZnO structure of the
films, whi uﬁ‘ﬁ V%: ission. This reduction
of transm@o I \ﬂ@ ﬂﬂe:joﬁ j: the increasing carrier
concentration in 1 5.10(c 11 y a free-carrier
AR AR TN TAY

9

The GZO thin films are poor crystallinity at high RF power. Then, the

(50 W) mamtams

number of free electrons increase due to more donor defects. The increase of car-
rier concentration is attributed to high free-carrier absorption at long wavelength.

Therefore, the optical transmission at infrared (IR) region decreases with increasing

RF power.

The transmission spectra show more interference fringes as the growing of



70

| T T Ll

ol @ ]

80 [ i

70 E
- W, |

o GZO 2 wt% o .

3 — 50 W, 4435 | _‘ ! GZO 3 wt% d

i — 125 W, ] ! 4 50 W, 4617 A

20| & i . 125W, 4719 A 4

10 | 0 \ B

0 & [ 1 1 1 1 1 1 1 1

300 400 500 600 700 800 900 4000 1 300 1400 1500 0 600 700 800 900 1000 1100 1200 1300 1400 1500
Wavele (ng Wavelength (nm)
100 T T T T T
[ (c)

80 | o

70 -l

[ -
8 =} i -
| . E

GZO 6 wt% =
a0 ——50 W, 4137 A GZ0 6 wt% .
—— 125W, 4107 =50 W, 10654 A
100 W, 10995 A
¢ o

. S U R S S
- 1ooo "-"F.P. jw ‘ 600 700§ 800 900 1000 1100 1200 1300 1400 1500
\Vavelength (nm)

NS W %‘nwm 11 Wl

various]Ga,O3 contents at different ower and P4, =80 x 1



71

the film thickness, as shown in Fig. 5.13(c), (d), and clearly in Fig. 5.14. For the
increasing of thé thickness of the GZO 6wt% thin films deposited by using the RF
power of 100 W and the Ar pressure of 8.0x10~2 mbar. With increasing thickness,
the transmission of the films is decreased due to the thickness effect leading to a

decrease in light scattering losses [1].

Figure 5.15 shows the transmission spectra of the GZO thin films prepared

ing the s w;termg condition. It is shown that the

transmission at long wavelengths.

| 'J T—
With increasing Gaqa % th tr ; ission decreases because of the increase
of the carrier conce OIS, € substituted in the lattice sites,

resulting in the inc ' _ or ion at the IR wavelengths.
The absorpt shorter wavelengths as the
increasing of Gay,0, ue-shift of the absorption edge

and hv is the phot on 161 The absorption edge for the

direct interband transxtlon is given by E%J2]

ﬂ U EJ ’J VI B 24 B0 653)
ﬁm SHIFORIN AN AV L -

by the extrapolation method of which the linear segments of the curves toward the

x-axis gave the E; values in the range 3.39 — 3.63 eV for the films deposited at the
RF power of 100 W and the Ar pressure of 8.0x10~3 mbar.

The variation of optical band gap as a function of Ga,O3 content is shown in
Fig. 5.16. It shows that the band gap is widened (blue shift) with increasing Ga,0;
content. Since the energy gap of pure ZnO film is about 3.30 eV [22], it is evident
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Figure 5.17: Plots of (ahv)? vs. hv for GZO thin films prepared using the target
with GayO3 content of 3 wt% at Ar pressure of 8.0x10~3 mbar
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that the change of optical band gap has been interpreted as a Burstein-Moss shift,
where the change is the result of the shift of Fermi level in to the conduction band
of degenerate semiconductors, as a result of increasing free-electron concentration.

The Ga doping is responsible for this effect.

With the increase of Ga doping in ZnO film, the free-electron concentrations

increase and the electrons occu P conduction band states. When there is an

interaction between photon & electron in valence band must have

state in the conduction band to

cross from the fille upied conduction band states.

In addition, ent, ergy gap increases slightly when
the RF power in ¢ : 5.17 shows the plots of (ahv)?

versus hv for GZ et with 3 wt% GayO3 at Ar

. 5.16 and mﬂ it shows that the energy

gap widens slightl creasin fwer 0 aﬁ ‘Qﬁ increasing GayO3 con-
tent. Whe uﬂ wCéJ:ﬁ Imsthave more donor defects
increasing the carrier concentration. However, the increase of/Ga;O; content has
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gap 1§ widened with increasing GaOj3 content due to increasing of high carrier

According tﬂthe results n

concentration attributed to the Ga doping.
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