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Thin ({lms of ZnO and Al doped ZnO were prepared by rf magnetron sputter techniques. When the oxygen [rac-
tion in Ar-O, sputier gas was about 2.0%, the films exhibited the composition of Zn:0=1.05:1. The films pre-
pared at 250 W contain larger grains than the films grown at 100 W. However, high deposition rate seems to
deterioratcs the crystallinity as well as Al-substitution, resulting in lower concentration of mobile electrons. The
Al-doped ZnO films which were deposited at 500°C show resistance of 1x10™ Wem; optical band gap of the films
ranges from 3.25 to 3.40 eV. These electrical and optical features are related with microstructural as well as

crystalline characteristics of the films.

Key words: ZnQ, Al-doped ZnQ, Thin film, Sputter, Sputter gas, Microstructure

I. Introduction

nO has attracted much attention over the last decade

due to its desirable and unique characteristics like
semiconducting behavior, optical transparency, piezoelec-
tricity, etc. Thin films of ZnO with the physical characteris-
tics have become more needed in microcircuit systems, as
electrical devices have tended to become smaller and lighter
recently.

The ZnO films can be used as transparent electrode due to
the high optical transparency and electrical conductivity
when the films are doped with particular elements in III or
TV periods."™ Moreover these films have higher chemical
stability in hydrogen plasma compared with other transpar-
ent conducting films such as indium tin oxide (ITO), F- or
Sh-doped Sn0. The films can also be used to determine the
micro-concentration of oxygen or trimethylamine (TMA)
present 1n odour by using the varied electrical conductivity
vs. chemisorption of oxygen gas."® Becausc the ZnQ films
are very sensitive to various gases and have a high response
spced without consuming the gas, the films are expected to
be increasingly developed for various sensors; for such
applications the microstructural features and physical prop-
erties of the films should be controlled by adjusting thin film
growing parameters.

Various thin film growing techniques such as the physical
vapor deposition (I’'VD) and the chemical vapor deposition
(CVD) are applicable to deposit ZnO thin films. Among
them the rf magnetron sputter deposition technique has
merits of simplicity of equipment and fast depositiion rate,
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and also has several deposition parameters which can be
controlled. These parameters include sputter gas, working
pressure, substrate temperature, substrate-target geometry
and sputter power. As ways of controlling the microstruc-
tural features and physical properties of the films, impurity
doping, post-deposition heat-treatment and post-deposition
surface-treatment have also been performed. These deposi-
tlon parameters and post-deposition treatments have con-

Heating clement
Cooling line

Thermocouple 4
Substrate
rqhutter [l :
Spulter Gas
A Do -

Cooling line

Matching system

- RF _Ci:zleramr

Fig. 1. Schematic diagram of the r[ magnetron sputter sys.
tem.

Magnet

Vacuum Pump

(D.P.and R.P)




36 The Korean Journal of Ceramics - Jung Ho Choi, et al.

siderable influence on the surface morphology and micro-
structure of the films which are directly relatded to the
physical and chemical properties.

However, only a small number of research papers have
been reported on the microstructure of the ZnO polyerystal-
line films prepared by rf magnetron sputter, partly because
of the restrictions caused by small grain size and random
geometric relation among the grains.”™ As a result, the
microstructural features, especially grain boundary struc-
ture and misorientation relations among the grains in the
thin films have not been revealed well enough.

In this study, we investigated the relationships of surface
morphology, microstructure, chemical composition and
physical characteristics of ZnO thin films with film prepara-
tion parameters such as sputter gas, substrate temperature
and sputter power. In particular, the effect of post-deposi-
tion surface-sputter as well as Al addition in the films on
the microstructural characteristics, electrical and optical
properties were investigated in detail.

II. Experimental

Thin films of ZnO and Al-doped ZnO (AZQO) were prepared
by rf magnetron sputter techniques. A schematic illustra-
tion of the sputter system used in this experiment is shown
in Fig. 1. The distance between the substrate and the target
is about 4.5 cm. Hot pressed pure ZnQ (99.99%) ceramics
and ZnO ceramics doped with 2 at.% Al,O, were used as tar-
gets for ZnO and AZO films, respectively. Sputter gas con-
sisted of a mixture of Ar-O,. The fraction (R) of oxygen in
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Fig. 2. XRD patterns of (a) the ZnO and (b) Al doped ZnO
films. The films were prepared in sputter gas of R=1.3% at 250
W. The substrate temperature ranged [rom R.T. to 500C.
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Fig. 3. AFM images of (a) the ZnO and (b) the AZO films. The films were deposited in pure Ar gas at 150 W; the substrate tem

perature was 300°C.
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the sputter gas in this paper is the ratio of oxygen to argon
gas inserted into the reaction chamber. It is expressed by
following equation (1). Details of the deposition conditions
are summarized in Table 1.

R% = 0,/Arx100 (1)

The thickness of the films was measured using a surface
profiler (alpha-step 500), The Van der Pauw method was
employed to measure the electrical resistivity and Hall

Table 1. Deposition Condition of the ZnO Thin Films

Deposition parameter Experimental range
Target(2"1/6”) Zn0, Al:ZnO
Substrate glide glass
’> Spulter power (watt) 50-250 (f)
Sputter gas Ar, Ar-0, (O,/Ar=0-50%)
Background pressure (Torr) 10°¢
Working pressure (Torr) 107
Substrate temperature ("C) R.T.-500

A wﬂ’m b v

Fig. 5. SEM views of the Z O films. The films were deposited at 250 W for 1 hour; the substrate temperature was R.T.; the R
values were (a) 0.7%, (b) 2%, (¢) 50%, and (d) 0%, respectively.
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mobility of the films. The optical transmittance in the visi-
ble range was measured using a UV-visible spectrometer
(UV-2401). The surface morphology and roughness of the
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Fig. 4. XRD patterns of the ZnO films. The films were pre-
pared at R.T. for 1 hir; the R value ranged from 0 to 50%; the
sputter power was 250 W.
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films were analyzed by scanning electron microscopy (SEM,
Hitachi X-650) and atomic force microscopy (AFM, Topome-
trix, ACCUREX). The microstructural and erystallographic
analysis of the films was performed by X-ray diffraction
(XRD, Philips, PW3719) and transmission electron micros-
copy (TEM, Philips, CM200). The Rutherford backscatter-
ing spectroscopy (RBS) technique was used to determine the
chemical composition of the films. Tn RBS, 2 MeV He' ions
were used as incident particles and a backscatter angle of
170° was employed. Quantitative chemical analysis was car-
ried out by computer simulation of the experimental RBS
data with RUMP program.”

IIl. Results and Discussion

1. Thin film growth and microstructure

Fig. 2 shows the XRD spectra of the Zn0O and AZO thin
films deposited at substrate temperatures of 25~500°C. It is
observed that {002} crystallographic planes of the films
grown at 500°C tend to lie parallel to substrate surface. This
indicates that the sputtered particles arriving at the sub-
strate surface have enough energy to move around at 500°C,
forming the closest packed planes.

The AFM images of the films are shown in Fig. 3. With
the addition of A, the average grain size decreased by a half
and the surface roughness also decreased. This seems to be
because the density of nucleation sites increased at initial
state of film growth with the addition of Al. The nucleation
sites can to be produced by the limited incorporation of Al
into ZnO lattice.'” Even though the target has about 2.0
at.% of Al, it is estimated that the concentration of Al in the
films is about 1 at.%, based on the concentration of the
charge carriers of the films; this will be discussed in the fol-
lowing section.

Fig. 4 shows how the intensity of the 002 peak in the XRD
spectra changed with the oxygen fraction in the sputter gas.
With increasing the oxygen fraction (R%) in the sputter gas
from zero, the peak intensity increased, reaching its maxi-
mum at R=1.3%. At R>2.0%, the peak intensity decreased
with increasing the R value. The grains of the films depos-
ited at R=0% were considerably random-oriented (Fig. 5(d)).
As the oxygen fraction in the sputter gas became near 2%,
the grain size decreased and the film appeared to become
denser (Fig. 5h, ¢); the growth rate of the films decreased
and the packing density of the film increased.

The films prepared in pure Ar (R=0%) has oxygen defi-
ciency of about 25%, as shown in Fig. 6. When the oxygen
fraction in the sputer gas was 2%, the composition was
Zn:0=1.05:1. On the other hand, when the oxygen fraction
in the sputter gas was 30%, the composition was
Zn:0=0.90:1. It was also found that the thickness of the
films decreased with the addition of oxygen in the sputter
gas.

The oxygen in the mixed Ar-Q, sputter gas Is thought to
play a crucial role in reducing the deposition rate as well as
the cation-to-anion ratio of the films. Such decrcase is
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Fig. 6. RBS spectra of the ZnO films. The films were pre-
pared at 250 W in various sputter gas; (a) R=0%, (b) R=2%,
(¢) R=30%. The substrate temperauter was R.T.

believed to occur by the chemisorption of excited oxygen on
the surface of the target.!'* This, as a result, caused the
film to exhibit the highest orientation preference, nearly
stolchiometric composition, and good crystalline quality at
R=1.3~2.0% in this experiment.

Fig. 7 shows SEM micrographs of the films deposited at
sputter power of 100~250 W . The substrate temperature
was kept at 500°C. Grain size of the films increased with
sputter power. Microstructural changes with sputter power
was Investigated by XRD, and these arc shown in Fig. 8.
The film growth rate increased linearly with sputter power,
but the FWHM decreased. The (002) peak was observed to
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Fig. 7. SEM views of the AZO films. The films were prepared at various sputter power of (a) 100, (b) 150, (¢) 200 and (d) 250 W,

respectively. The substrate temperature was 500°C.
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Fig. 8. Variation in the deposition rate, FWHM, and (002)
peak position with sputter power. The films were deposited
with various sputter power ranging from 100 to 250 W.

shift to low angle. These are regarded to occur because the
crystalline quality and the substitution of Al at Zn sites
decreased as the deposition rate increased.

2. Electrical features
The electrical resistivity of the ZnO and AZO films is

shown in Fig. 9. The resistivity of the AZQ films decreases
remarkably as the deposition temperature increages. There
is relatively large difference in resistivity at low substrate
temperature depending on sputter power than at high sub-
strate temperature; the resistivity of the films deposited at
sputter power of 100 W was ~10° times higher than that of
the films prepared at sputter power of 250 W; these films
were prepared at 100°C. The microstructure and crystallin-
ity of the films varied sensitively with the sputter power;
the average grain size increases from ~30 to ~100 nm as
sputter power raiges from 100 to 250 W. Such a variation in
microstructure and crystallinity with sputter power seem to
affect the electrical mobility as well as carrier concentration
in the films in a complicated way. In addition, all the AZO
films prepared at 500°C exhibit semiconducting behavior
(resistivity=10"~10"% Wem), and the variation in resistivity
with sputter power is more less reversed from the case at
100°C.

Fig. 10 shows the TEM diffraction patterns obtained from
the plane-view specimens of the AZO films deposited at
500°C (a) and 100°C (b), respectively. These films were pre-
pared at sputter power of 250 W. AZO films prepared at
500°C exhibit good crystalline quality as well as highly pref-
ered orientation with c-axis perpendicular to substrate sur-
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Fig. 9. Variation in the electrical resistivity of the ZnO and
AZ0O films with deposition temperature. All the films were
prepared at B=2%. The ZnQ films were grown at 250 W. The
AZQ films were prepared at various sputter powers; the
closed triangle, open circle, closed square, and open triangle
in the plot indicate the variation of the resistivity of the AZO
films which were prepared at 100, 150, 200, and 250 W,
respectively. The asterisk indicates the electrical resistivity of
the ZnO [[lms, which were grown at 250 W and then
annealed in reduced atmosphere of N;:H,=3:5 for 1 hr.

faces.

As a consequence, preferred oricntation enlarges the
mean free path of the charge carrier along the c-axis direc-
tion, while nearly continuous lattice planes frequently
observed across the low-angle tilt grain boundaries reduce
boundary scattering. These microstructural features in-
creage the electron mobility of the films deposited at 500°C,
compared with that of the films grown at temperatures
lower than 500°C. As the substrate temperature increases,
the resistivity of the AZO films declines by virtue of the
microstructural features as well as higher crystallinity.

In contrast, the ZnO films have resistance of above 10*
Qcm, much higher than that of the resistivity of the films
reduced in N,-H, atmosphere, as shown in Fig. 9. It is possi-
ble to decrease the resistivity of the films by adding particu-
lar elements as well as post-deposition heat-treatment. For
instance, Al is doped in this study and the relevant defect
chemistry is expressed in ¢q. (2)

Al = AL, +¢’ @)

The relevant defect chemistry for the latter case is
expressed in eq. (3).

0, = 1720,(g) + V, +¢’ 3
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Fig. 10. TEM diffraction patterns of the AZO flms. The [ilm:

were deposited at (a) 500°C and (b) 100°C, respectively. The
sputter power was 250 W, while the R value was 2%.
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Fig. 11. Variation in the Hall mobility and carrier concentra
tion of the AZO ilms with sputter power. The films were pre
pared in sputter gas of R=2% and at a substrate temperature
of 500°C.

Each case, electrons are generated as charge carriers.

The resistivity, Hall mobility, and carrier concentration of
the AZOQ films with sputter power are shown in Fig. 11. For
the AZO films deposited at 500°C, the concentration of
mobile electrons ranges from 4x10" to 1.6x10%/¢m? depend-
ing on sputter powcr, and the mobilities are about a few
em*/Vsec.

The mobile electrons in the AZO films is believed to be
produced by the process described in the above reacticn
(2); s0 the concentration of Al substituting Zn ions in the
lattice i1z about 1 at.%. Consequently, the crystallinity,
grain size, Al-substitution, and the electrical features
vary with sputter power; the films deposited at 250 W
exhibit larger graing than the films grown at 100 W; but
the former exhibits lower crystallinity that the latter. The
carrier concentration as well as electrical conductivity of
the films grown at 250 W is much lower than those of the
films preparced at 100 W, mainly because the former has
lower crystallinity and as a result lower Al-substitution,
compared with the latter.
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Fig. 12 shows the optical transmittance of the Zn0O and
AZO thin films. The ZnO films were prepared in sputter gas
of R=0~50% at 25°C; the sputter power was 250 W. The
AZO films were deposited in pure Ar gas at 500°C; the sput-
ter power ranged from 100 to 250 W.

In Fig. 12(a), absorption edge is observed to shift to high
frequency with increaging the R value. As the rf power
increases, the absorption edge of the AZO {films moves to
longer wavelength region (Fig. 12(b)).

Variation of absorption coefficient with photon energy is
shown in Fig. 13. The absorption coefficient of the films was
calculated from the above transmittance spectra using the
lollowing relation

Il(transmit tan ce)=c¢ w
0

where I is the intensity of transmitted light, I, is the inten-
gity of incident light, and t is the thickness of the film. In
direct transition semiconductor{such GaAs, InSbh and many

335 3.36 337 338 339 340 341 342 343
photon energy (eV)

(c)

Fig. 13. Square of the absorption coefficient vs. photon
energy (a) for the ZnO and AZO films. (b) and (¢) are
enlarged views of the energy region indicated with letters (A)
and (B) in (a), respectively.

of III-V, II-VI compounds) with parabolic bands, the optical
band gap (E) and the absorption coefficient could be
described by the following relation.'

o = A(hv-Ep)'"? (5)
where h is the Plank’s constant, v is the frequency of the
incident photon, and A is a constant determined by the band
property. The absorption edge of the films was obtained
from the plot of o vs hv.

In Fig. 13(a), the absorption edge of the ZnO films is about
3.25 eV( part(A) ), while that of the AZO films is about 3.4
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eV( part(A)).

Fig. 13(b) is an enlarged view of part (A) in Fig. 13(a). The
absorption edge of the ZnO films changes with the R value.
The film deposited at R=0% has the absorption edge of 3.25
¢V, and the edge slightly increases to 3.29 ¢V when the R
value is 2%.

Fig. 13(c) 1s an enlarged view of part (B) in Fig. 13(a). The
absorption edge of the AZO films shifts to lower energy
with increasing sputter power. As shown in Fig. 11, the elec-
trical conductivity as well as carrier concentration of the
AZQ flms change with sputter power. With increasing
sputter power from 100 to 250 W, the concentration of
charge carriers decreased from 1.6x10™ to 4x10%/cm?; this
variation seems to be related with the crystallinity, as dis-
cussed previously. It is also regarded that the observed vari-
ation in absorption edge is associated with the Burstcin-
Moss shift.’*'® The shift is caused by the variation in Fermi
level in conduction band associated with the high concentra-
tion of charge carriers in the AZO films.

The kinetic energy of the sputtered atoms decreases
monotonically as the pressure of the sputter gas increases,
when the mass of the sputtered atom is greater than that of
the sputter gas atoms.!” But this is not the case, when the
mass of sputtered atoms is lighter than that of the sputter
gas atoms. The pressure of Ar sputter gas was kept constant
at 10 mTorr in our experiment, and in this rather high sput-
ter pressure the above results seems to be quite applicable.
The difference in the kinetic energy of Al and Zn is large
because of the selective decrement of the kinetic energy. So
it is highly likely that high deposition rate at high sputter
power caused deterioration in crystallinity and doping level,
resulting in decrease in carrier concentration.

IV. Conclusion

ZnO and Al doped ZnO films were prepared by rf magne-
tron sputter technigue. The films have a strong tendency
that {002} planes lie parallel to substrate surface at 500.
When the oxygen fraction in sputter gas was 2%, the ZnO
Alms exhibited the composition of Zn:0=1.05:1. The films
prepared at 250 W contain larger grains than the films
grown at 100 W. However, high deposition rate seems to
detcriorate the crystallinity as well as Al-substitution,
resulting in lower concentration of mobile electrons. The Al-
doped ZnO films which were deposited at 500°C show resis-
tance of 1x107 Wem; optical band gap of the films ranges
from 3.25 to 3.40 eV. These electrical and optical features
arc related with microstructural as well as crystalline char-
acteristics of the films.
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