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Structural and Electrical Properties of Gallium Doped Zince Oxide Films
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Gallium doped zine oxide (GZQ) films were deposited on soda-lime glass substrates without substrale heating
(T,<B0°C) by de planar magnetron sputtering using GZC ceramic oxide target with different inert gas (Ar, or Ne.
For the GZO fils deposited under different total gas pressure (P, ), structural and electrical properties were
investigated by XRD and Hall effect measurements. Crystallinity of GZO films deposited using Ar was degraded
with increase in P, suggesting that it was heavily affected by kinetic encrgy of sputtered Zn particles (PAg !
arriving at substrate surface. Whereas, crystallinity of GZO films deposited at lower P than 3.0 Pa using Ne
gas was degraded with decrease in P,. This degradation was considered to be result of film damage caused by
the bombardment of high-energy neutrals (Ne®). On the basis of a hard sphere collision processes, the average
final energy of particles (sputtered Zn, Ar® and Ne®) arriving at subsirale surface were estimated.

Key words: GZO, DC Magnetron Sputtering, Crystallinity and Electrical Properties, High Energy Particles

I. Introduction

on-doped (stoichiometric) Zn0O films usually have

high resistivity due to the low electron density in the
film. Whereas, impurily doped ZnO films showed high
conductivity and optical properties. These propertiez have
led to applications of ZnQ films as transparent condue-
tors,” transparent window insulation.? gas sensor.” In
recent, transparent conducting films hased on zinc oxide
(Zn0) have been promoted as a promising alternative
materials to indium tin oxide (ITO} and tin oxide (SnO,)
films because of their advantages of low cost, abundant
elements, nontoxicity.® It is alse reported that ZnQ based
films are more stable than Sn0,- and In,0,-based films in
the presence of a hydrogen plasma.’ In general, ZnO
based films have been prepared by metalorganie chemical
vapor deposition,” laser ablation,” magnetron sputtering,®
evaporation,” ete, Among these deposition methods, in the
case of aluminum, m, and indium doped ZnQO films, mag-
netron sputtering has been frequently used with the dep-
esition of homogeneous large-area films. " For this
sputtering deposition, a few authors reported that high
energy particles were generated during the deposition,
which affected on the structural and electrical properties
of sputtered films, Brodie et al'V observed high-energy
neutral atoms (Ar”) bombarding the substraie in the sput-
tering of metal targets such as Cu, W, and Ta. Tominaga
et al.”™ reported the production mechanism of high-energy
negative ions (O and their energy distribution. In the
case of I'TQ, a low resistivity poly-crystalline film was fah-
ricated by improvement of erystallinity, which was
achieved by reducing the structural damage due to bom-
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bardment of high-energy particles during deposition.'™ On
the other hand, it was also reported that the crystallo-
graphic characterigtic of ZnQ film strongly depended on
the sputtering condition or Jocation of substrate.'”

Az we have mentioned before, Ga-doped ZnO (GZ0)
films deposited hy magnetron sputlering have potential
application for eonductive transparent electrodes, so it is
important to investigate the influence of depogition condi-
tion on electrical and structural properties. In this paper,
therefore, the effect of P, on structural and electrical
properties of GZO film deposited at low substrate temper-
ature (I') was studied, in connection with esthmated
kinetic energy of PA, and high-energy particles (Ar°, Ne")
which arriving at the substrate surface.

II. Experimental

GZ0O films were deposited on soda lime glass subsirate
by dc planar magnetron sputtering. Oxzide ceramic GZQO
target {doped with 5.7 wt% Ga,0,, packing density: more
than 90%) was used. The films with thickness of 150-
200 nm were deposited under different £, using Ar or Ne
sputtering gases. Depasition times were adjusted to get a
similar film thickness for each deposition condition. These
films were deposited at discharge power of 100 W, with-
out substrate heating, where the substrate temperature
was measured to be below 50°C using TEMP-PLATE dur-
ing deposition. Partial pressure of water in lhe residual
gas was controlled lower than 107 Pa using a quadrupole
mass spectrometer (MSQ-400, ULVAC) in order to guar-
antee high reproducibility of films. Room {emperature
electrical properties (resistivity, carrier density and Hall
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mobility) were determined by the 4-point prabe method
and Hall-effect measurement (Hall System, Bio-Rad). The
film thicknesses were measured dy a Dektak 3 surface
profiler (VEECGU/Sloan Tech.]. The microstructure of the
films was investigated by X-ray diffraction (XRIN with
40 kV-20 mA CuKo radiation (Rigaku, Rint 2000). The
crystallite size was determined by Scherrer method,* and
the measurements were carried oul with the step scan
mode and a step interval of (.01°.

ITI. Resuits and Discussion

Figure 1 shows the XRD profiles of the GZO films
deposiled without substrate heating using only Ar gas at
several P (0.25-4.0 Pa} and target-substrate distance (T
8)=130 mm. The crystallinity of the GZO films was
degraded with increase in P, For this degradation in
crystallinity, it is considered thal crystallinity of GZO
films was strongly affected by the kinetic energy of sput-
tered Zn particles (PA,) arriving at substrate surface.’®
Based on the assumption that the eollision of PA, with
the gas molecules is a hard sphere collision pracess, the
kinetic energy (B, ) of PA, arriving at substrate surface
can be estimated as follow.'®

B, = (E(}kaTG)exp[nln(%)]+kBTG (1

Where, £, inilial energy of PA, (this was assumed 1o be
3 eV), T; temperature of sputiering gas. &,/E, the ratio of
energies before and after a collision, and » collision num-
ber between FPA, and gas molecules. n and E,/E are
given by
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Fig. 1. XRD profiles of GZ0O films deposited under several
total gas pressure using Ar gas only at T below 50°C and
Larget-substrate distance (75)= 130 mm.
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Table 1. The Varjation in Discharge Voliage (V) and Esti-
mated Average Kinetic Energy of Particles Arriving at Sub-
strate Surface During the Deposition for the GZQO TFilms
Deposited Using Ar Gas Under Different P, and T8 of 130

mm at Discharge Power of 100 W, E, : Final Energy of Sput-

tered Zn Particles, K|, .. Ep, . Imtial and Final Energy of

Reflecled Ar Neutrals, Eig-, K- Initial and Final Energy of

Negative Oxygen Ions.

P (Ba)| VV) | E, (eV)| B, oleV) | Ep, ooV | Ep-(eV) B -(eV)
0.25 a0 1.45 28.7 233 5077 498
0.6 462 (.48 26.2 17.3 462 441
1.0 426 0.20 24.2 121 426 394
20 | 399 | 006 | 226 | 57 | 399 | 840

3.0 375 0.05 2149 2.8 375 270

where d is the distance traveled, o: the collision cross
section assuming a hard core interaction, m,, m,: the
atomic mass of Zn and Ar. The estimated £, as a func-
tion of P, are shown in Table 1. The estimated E,
decreased with increase in P, due to increase in collision
number between PA, and Ar gas atoms. From this result,
degradation in crystallinity of GZO film with increase in
P, could be due to decrease in E,, ie, PA, were nat
energetic enough to form the crystalline structure as they
arrived at the film surface,

Figure 2 shows the XRD profiles of GZO films depos-
ited using only Ne gas at several P, in the same deposi-
tion condition as Ar gas. Variation in crystallinity of film
with decrease in P, showed two patterns, ie., crystallin-
ity of films was improved with decrease in P, until 4.0
Pa, whereas it was degraded again with further decrease
in P, lower than 4.0 Pa. Twao possible effects could be
considered for these results. First, improvement in crys-
tallinity with decrease in P, until 4.0 Pa can be
explained in the same manner as Ar deposition, that is, it
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Fig. 2. XRD profiles of GZO films depaosited using Ne gas
anly under different total gas pressure at T, below 50°C and
T-8= 130 mm.
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might be due to mncrease in E, of PA, arriving at film
surface with decrease in F,,. One more effect is that the
erystallimity of GZO films depnsited using Ne gas was
affected heavily by the high-energy particles. In general,
sputtering process causes energetic particle hombardment
on the growing film. The energetic reflected Ar neutrals
(Ar") and the negative oxygen ions (01 are considered
generally as high-energy particles. This O ave generated
at the target surface, and then acceleraled by the cath-
nde potential almost normal o the target surface, and col-
lide with the substrate and induce damages in films.
Cuomo ef of.”' suggested that negative ions are predicted
by the value of the ionization potential and electron affin-
ity (I-EA) for target element. In particular, Cuomo’s model
predicts negative ion formation in the case of I-EA lower
than 5.4 &V. Ishibashi et «l.'® reported the amount of O
flux for YBCO (I-EA=3.75), ITO (-EA=4.33), Zn0 (1.EV
=7.93), and BCO (I-EA=3.75) targets m dec spultering.
They also found that the flux of O in ZnO target was less
than 107 of those in YBCO and BCO targets, in good
agreement with the Cuomo’s model. The initial kinetic
energy of O (E-) on deposition using Ar or Ne gases are
shown in Tablez 1 and 2 as a function of P_. Bach E -
revesals kinetic energy corresponding to the discharge volt-
age because they were accelerated by cathode potential, If
film damage due to O bombardment is present on sput-
tered GZO films, degradation in crystallinity of film will
be observed for the film deposited at low P, hecause £ -
{507 eV at 0.25 Pa) for Ar is Ingher than E - (299 eV at
1.0 Pa) for Ne. In practice, however. degradation in crya-
tallinity of GZQ film deposited using Ar was not observed
at even low P_,. Thus, it can be said that the crystallinity
of GZO films deposited using Ar was nol strongly affected
by the bombardment of O.1%"

On the other hand, Ar® are produced by the Auger neu-
tralization and reflection of energetic incident Ar ions at
the target surface.!” these reflected Ar® cam have a large
fraction of the incident ion energy and may induce signif-
icant changes in the structural and electrical properties of
the deposited films. In practice, entrapped Ar® in metal

Table 2. The Varialion in Ihscharge Voltage (V) and Esti-
mated Average Kinetic Energy of Particles Arriving at Sub-
strate Surface During Deposition for the GZ0O Films Depo-
sited Using Ne Gag Under Different Total Gas Pressure (P, )
at Distance between Target and Substrate (7-5) of 130 mm
and Spultering Power of 100 w. E, . Final Energy of Sput-
tered Zn Particles, B o, Epye: Initial and Ginal Energy of
Reflected Ne Neutrals (Ne®), E,-, Er,- Initial and Final
Energy of Negative Oxygen Jons.

P, P VeV | B, (eV) Bl eVIE ot eV ] BigieV) |[Egg-(eV)
1 299 | 063 | 84 66 209 | 272
2 267 | 0.16 | 75 47 267 | 218
3 242 | 007 | 68 25 942 | 178
4 | 220 | 005 | 62 21 220 | 145
5 207 | 0.048 | 58 14 207 | 122
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films deposited using de magnetron sputtering were abser-
ved,™ where the content of them in the films depended on
Ar gas pressure, the atomic masg ratio of target and Ar
gas. and discharge voltage. In this study. therefore, on the
basis of Cuomo’s model, we would like to focus on the
effect of reflected neutral bombardment on growing films.
Based on a hard sphere collision, initial kinetic energy
of high energy Ar neutrals (&, . ) at 180° refleclion (nor-
mal to substrate surface) can he estimated as follow,™

Epw = ———5V, (4)

The variation in V, ol dc sputtering processing using
GZ0O axide target are shown in Tahle T as a function of
P, , under the constant discharge power of 100 W. The V,
decreased due to the increase in discharge current (7))
with increase P, ie, plasma impedance decreased with
inerease in P The values of the estimated initial energy
(.. and final energy (Ep,.) of Ar® for each P are
shown in Table 1. B, . were calculated by the equation (1)
and (4). In the case of Ne gas, the values of the esti-
mated initial energy (E,.) and final energy (Ep,.) of Ne®
are shown in Table 2. In spite of the same discharpe
power (100 W) and P, (1.0 Pa), V, in sputtering using Ar
showed larger value (426 V) than that of Ne (299 V). This
result might be interpreted in terms of the difference in a
secondary electron emission rate (y) which was reported
by Hagsirum et al®™ They reported that v for Ar was
much lower than the one for Ne, where the magnitude of
the v plays an important role in determining the I-V char-
acteristics of the discharge. In the case of low v, the
increase in plasma 1mpedance was considered ta be the
regult of the decrease in number of electrons colliding
with gas molecules.'

In the case of Ar, in spile of higher V, compared to Ne,
estimated E|,. was lower than E .. This result could be
explained in terms of the ratio of energy transler as two
bodies collide. Energy transfer function (y) is given by y=
4-m5gmw/ (mhgﬂnsp)z, where m,, m, o Tepresent mass of sput-
ler gas ion and target atom, and 1t increases in case that
m,, is close ta m,."" Thus, ¥ of Ar atom colliding with tar-
get Zn atom is obviously larger than that of Ne atom
because atomic mass of Ar (40 g} is close to Zn (65 g) com-
pare to Ne (20g). This means that Ar® have smaller
energy than Ne® and it is attributed to the larger energy
transferred from Ar atom lo Zn atom after collision with
target Zn atom, The estimated final energy of reflected
neutrals (Ar°, Ne®} decreased with increasing P, due to
the inerease i snergy loss caused by the increase in rolli-
slon number with gas atoms. In the case of Ar, Ep, . was
estimated to be 23.3 eV at 1.0 Pa. Kubota et al.** reported
that the crystallinity of filim was enhanced by ion energy
of 40 eV from the ohservation for the effect of Ar lan bom-
bardment on crystallogrphic property of sputtered ITO
film. Whereas, in the case of higher energy than 50 eV,
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Fig. 3. Varialion in (a) crystallite size, (b) resistivity, {¢) car-
rier density and (d) Hall mobility of GZO films deposited
using Ar gas only under different total gas pressure at T,
below 50°C

they found that the erystallinity of ITO film was degraded
due to film damage caused by ion bombardment. There-
fore, it is considered that crystallinity of GZ0 film depos-
ited using Ar gas was more strongly affected by E, than
£y, because Ep, . of 25.3 eV was not energetic enough to
cause [ilm damage. On the other hand, in the case of Ne,
Eiy. at 1.0 Pa was estimated 1o be 66 eV. This energy is
considered energetically sufficient to cause structural
damage of film from the report of Kubota et ol Thus,
degradation in crystallinity of GZO film deposited at
1.0 Pa might be due to [ilm damage caused by bombard-
ment of Ne®,

Pigure 3 shows crystallite size, resistivity (5}, carrier
density (n} and Hall mobility (w0 in GZO films deposited
using Ar gas under diffevent P, With increasing the P,
in spite of degradation in crystallinity of film, ¢ decreased
slightly due to increase in n whereas o decreased. The
decrease in crystallite size with ncrease in P, could be
interpreted with the imerease in nucleation demsity caused
by the generation of inhomogeneous nucleation sites. In
general, in the case of transparent conducting films based-
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Zn0, carriers are generated by the oxygen vacancy, sub-
stitutional atoms and interstitial Zn atoms. In this study,
r showed very small valnes for GZO films deposited at
without substrate heating and relatively larger T-5. Thus,
it is considered that dopant Ga atoms were not activated
in GZO film deposited at without substrate heating.
Theretore, the increase in n with increasing P, might be
attributed io the increase in interstitial Zn aloms than
substitutional Ga atoms,

IV. Conclusions

The crystallinity of GZO films deposited without sub-
strate heating was strongly affected by the kinetic energy
of particles (sputtered Zn atoms, high energy neutrals)
arriving at substrate surface. Based a hard sphere colli-
sion model, the kinetic energy of these particies Ne”, O
was estimated by the equation of K. Meyer and J. A,
Thornton. Caleulated results showed good agreement with
experimental results. In the case of Ar gas, crystallinity of
films was mainly affected by kinetic energy of sputtered
Zn atoms. On the other hand, in the case of Ne gas, crys-
tallinity of films deposited at relatively low P, was
degraded by the film damage. From the result of calcula-
tion, it can be explained that the degradation in crystal-
linity of GZO films deposited at low P, using Ne gas was
attributed to film damage eaused by hombardment of high
energy Ne”,

In this study, we could not find film damage caused by
the bombardment of high energy O, Consequently, it can
be said that the degradation in crystallinity of GZO filins
was dominated by sputtered Zn atoms and reflected high-
energy neutrals. GZO films deposited without substrate
heating revealed high resistivity due to low carrier den-
sity. In the GZO films deposited using Ar gas, in spite of
the degradation in erystallinity of films, decrease in resis-
tivily with increasing P might be attributed to increase
in carrier density caused by increase in interstitial Zn
atoms.
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