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Optical properties of hydrogenated ZnO-Ga thin films studied
by spectroscopic ellipsometry
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Abstract: The effects of Ga doping on structural, electrical, and optical properties of hydrogenated ZnO-Ga
(GZO) thin films deposited by sol-gel technique have been investigated. From the X-ray diffraction observations,
the films doped with different gallium concentrations were found to be pure wurtzite-structured ZnO. The electrical
properties of the hydrogen-annealed films were improved and a lowest resistivity of 3. 410 x10®() + cm was ob-
tained. The refractive index and extinction coefficient of ZnO-Ga thin films were determined in the range of 270 ~
1600 nm by varying angle spectroscopic ellipsometry ( VASE). The simulation was carried out using a double os-

cillator model, which includes the Psemi-MO equation and the rho-tau Drude equation.
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Introduction

Transparent conductive oxide ( TCO) thin films
have been widely used in optoelectronic industry, such
as displays, organic light-emitting diodes, solar cells,
piezoelectric transducers, gas sensors, and other optoe-
lectronic devices''™’. Among the various TCO materials,
Ga-doped ZnO (GZO) is regarded as a promising alter-
native material to indium tin oxide, owing to its low ma-
terial cost, non-toxicity, high transparency, and high
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chemical stability'**. Since cost effectiveness is an im-
portant issue in the practical application of these films, it
is attractive to develop a simple and effective process to
further lower fabrication cost. There are a variety of
physical and chemical deposition methods for GZO thin
films such as DC and RF sputtering'”’, sol-gel tech-
niques''”" | spray pyrolysis''"! | plasma-enhanced chemi-
ce o 12] see [13]
cal vapor deposition' ~', or pulsed laser deposition' .
Among them the sol-gel spin coating method is the least
expensive. It has been reported that hydrogen plays a
beneficial role in improving electrical properties of GZO
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films!"#1¢!

Most previous studies have focused on the develop-
ment of GZO transparent conducting oxide thin films for
various applications. For example, Nayak et al. reported
a new type of organic light-emitting diodes, which had a
GZO transparent film prepared on glass substrate using
sol-gel technique'®’. Tsay et al. fabricated UV photode-
tectors based on sol-gel synthesized GZO films "’ .
Though there are many reports that characterized the
doped ZnO films, the mechanism of the correlation be-
tween the carrier concentration and electrical and optical
properties of GZO film is still not clear. Spectroscopic el-
lipsometry (SE) is an excellent technique for investiga-
ting the optical response of semiconductors, for measur-
ing the spectral dependence of the dielectric func-
tion' """ Recently, SE has been applied to evaluate the
optical parameters (refractive index and extinction coeffi-
cient) of ZnO films'*' >/,

In this paper, we have experimentally investigated
the effects of Ga doping on the electronic and optical
properties of hydrogenated GZO thin films prepared by
simple sol-gel spin coating method. The optical constants
n and k of GZO films in wide UV-V-IR spectral regions
have been determined. The correlations between n, k
and the carrier concentration have been founded. The re-
sults may be helpful for the development of integrated op-
tic devices.

1 Experiments

The precursor solution for spin coating was pre-
pared by dissolving an appropriate amount of zinc ace-
tate dehydrate and gallium nitrate in 2-methoxyethanol
at room temperature. Monoethanolamine ( MEA) was
then added to the mixture as the solution stabilizer.
The concentration of gallium was varied from 0 to 10
at% . The total concentration of the sol was maintained
at 0.5 M and the molar ratio of MEA to acetate was
maintained at 1: 1. The resultant solution was stirred
at 60°C for 3 h and then aged for 2 days. The ready
solution was then deposited on silicon substrate using
the spin-coating technique at 3000 rpm for 30 s. The
as-deposited films were immediately placed into a fur-
nace of 300°C and for 10 min. The deposition and
preheating processes were repeated for 8 times in order
to get a desired thickness. Thereafter, the GZO thin
films were subsequently annealed in hydrogen ambient
at 450°C for 60 min.

The crystal structure of the GZO thin films were
characterized by X-ray diffractometer ( Philips X’ Per Pro
with Cu Kal, 0. 154056 nm) from 20°to 80°. The
chemical composition was characterized by a multi-func-
tional X-ray photoelectron spectroscopy ( XPS, Kratos
AXIS Ulira”™) with Al Ko radiation. The resistivity was
measured by standard four-point probe method. The opti-
cal constants and film thickness were measured by spec-
troscopic ellipsometry. The SE standard measurements
were performed using a Variable Angles Spectroscopic
Ellipsometer ( VASE32, J. A. Woollam) operating in the
spectral range of 270 ~1 600 nm with a step of 10 nm.
Measurements were performed at three angles of inci-

dence (55°, 65°, 75°). The SE data for the GZO thin

films were fitted by the double oscillator model.
2 Results and discussion

The XRD patterns of hydrogen-annealed GZO films
with various Ga doping concentration on silicon substrates
are shown in Fig. 1 (a). According to the X-ray diffrac-
tion spectrum, the films doped with different Ga concen-
trations are all pure wurtzite-structured ZnO ( JCPDS
card No. 36-1451). The corresponding X-ray diffraction
peaks for (100), (002), and (101) planes at 31.7°,
34.4° and 36.2° confirm the formation of wurtzite struc-
ture of ZnO. The intensity of diffraction peaks decrease
with the increase in the Ga concentration, which indi-
cates that the doping of Ga suppress the crystalline be-
havior of ZnO. The FWHM of major peaks of doped GZO
films increases compared with pure ZnO and confirms the
grain size reduction, which is also verified by SEM ima-
ges' ™. To clarify whether Ga dope into the ZnO films,
X-ray photoelectron spectroscopy ( XPS) measurement is
performed on the GZO thin film doped with 5 at% Ga.
As shown in Fig. 1 (b), the survey scan indicates no
impurity above the detection limit. The Ga 2p peak loca-
ted at 1117. 8 eV corresponds to Ga-O bonding and the
characteristic peak of metallic Ga is not observed, which
confirms the doping of Ga in the ZnO crystal lattice. The
SEM images of the hydrogen-annealed GZO thin films
doped with different Ga concentration and cross-section
views of the corresponding films are presented in Fig. 2.
All the films exhibit excellent compactness and uniformi-
ty.

Spectroscopic ellipsometry is a nondestructive tech-
nique to measure the optical response of semiconductors.
Measuring at several angles of incidence over a wide
spectral range produces a wealth of information about the
[24] . . .
sample The ellipsometric measurement is normally
expressed in terms of the parameters ¥ and A, which are
determined from the ratio of the amplitude reflection coef-
ficient r, and r_for p- and s-polarizations with the follow-
[24]

p = tan Yexp(iA) =r,/r, (D

From the experimental data of ¥ and A, the refrac-
tive index, n and extinction coefficient, k£ can be extrac-
ted through a suitable dielectric function model fitting of
¥ and A. Film thickness is also obtained as a by-prod-
uct.

ing relations

In this study, double oscillator model was tentatively
used to fit the experimental data. The GZO thin film is
supposed to be composed of three layers: the surface
roughness layer, the ZnO-Ga layer and native Si oxide
layer. The Bruggeman effective medium approximation of
a 50/50 vol. % mixture of the GZO underneath and voids
was used to model surface roughness. The dielectric
function of the ZnO-Ga layer is split up into two different
absorption mechanisms,

e(E) = & T Epa o (E) + &g camier (E)

(2)

Here & =1 is the dieletric constant at high en-

ergies (E—o ) when the electric polarization cannot fol-
low the oscillation of the light field. &,,,,,,, is the funda-

mental absorption of the semiconductor and &, e
stands for the free-carrier absorption process.



8 48 5 2 oKk ke M 35 %

10% Ga doped
= 7.5% Ga doped
5
? 5% Ga doped
g

2.5% Ga doped
Pure ZnO
idinaciba A oy
1 L
20 40 60 80
2 Theta (degree)
()
L Ga 5%
o
Q
L 5|
Y2
- r o
2]
s L o
: :
= —
gr @ o
Q
all! L
20| ©
L —
) Ao =
on 5 ) N
g B g b
N O

0 ’ 2(;0 ’ 4;)0 6(;0 : 8(1)0 ' IO(I)O ’ 1200
Binding Energy (eV)
(®)

Fig.1 (a) XRD patterns of hydrogen-annealed GZO thin
films with 0 at% , 2.5 at% , 5 at% , 7.5 at% , and 10 at% of
gallium; (b) X-ray photoelectron spectroscopy of the 5 at%
doped GZO thin film
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Fig. 2 (a-e) SEM images of hydrogen-annealed GZO thin
films with O at% , 2.5 at% , 5 at% , 7.5 at% , and 10 at% of
gallium; the insets are cross-section views of the corresponding

’

films
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Since ZnO is a direct band-gap semiconductor, we
use the Psemi-MO model for modeling the fundamental
absorption.

& :gM()(Ec’A’ B’ wu7Ar7 Er) ’ (3)

[25

n_psemi
that is a so-called Herzinger-Johs oscillator ™’ | designed
for shaping M, critical points. The Herzinger-Johs func-
tion is also thoroughly disscussed by Charles C. Kim'*’.
In the version used here, the shape is controlled by six
parameters ; the overall amplitude A, energy position E_,
the broading B of the oscillator, the parameter w,, and
the dimensionless parameters A,, E_, which govern the
shape and asymmetry towards the highest energies.

In addition, free-carrier absorption in the near infra-
red (NIR) and infrared (IR) spectral range is modeled
with a rho-tau Drude formula:

— K2
eop, (T, E* +ihE)
m” 1
Pr = NG, T auN, -
The fitting parameters are p, and 7, , the related pa-

, (4

8n711Drd =

rameters of interest are m ™ (the carrier effective mass) ,
N, (the carrier concentration) , u, (the carrier mobility) ,
h (Plank’ s constant/ 77) , &, (the vacuum dieletric con-
stant) and the single electron charge q.

In Fig. 3 (a ~j), the experiental data ( green
dots) and fitting results (red lines) of hydrogen-an-
nealed GZO films with various doping concentrations by
two oscillation formulas are shown. The fitting lines are
consistent with the experimental data. The fitted film
thicknesses (247.9, 358. 6, 428. 8, 453. 6, 458. 5
nm) match the values measured by a field emission scan-
ning electron microscope (246.3, 356.8,423.9, 461.7
and 461. 1 nm, respectively) , which confirm the accura-
cy of our model further. Besides, the film thickness in-
creases with Ga doping. Weber and Botnaras et al. also
discovered the similar phenomenon in ZnO; Ga and
ZnO: Ga, In films'”"). A possible explanation could be
an inhibited growing of zinc oxide nuclei by the Ga do-
ping, if the crystals grow not only 2-dimensionally but al-
s0 3-domensionally. It will result in a thicker film.

Figure 4 shows the changes of refractive index (n)
and extinction coefficient (k) of hydrogen-annealed GZO
films as a function of wavelength in the range of 270 ~
1600 nm. For GZO films, we find that the refractive in-
dex decreases gradually with the increase of the Ga do-
ping concentration. This can be mainly attributed to an
increase of the carrier concentration in the GZO thin
films as confirmed by Hall Effect measurement in Fig.
5! Kim and Qiao e al. also found that the refractive
index was inversely related to the carrier concentra-
tion'**) . Tt is well known that Ga doped ZnO films can
act as an effective donor as a result of substitutional intro-
duction of Ga’* into the Zn>" site, generating free elec-
trons. With the increasing dopant concentration, the car-
rier concentration in the GZO films is increased. On the
other hand, from Fig. 4b, we can see that the extinction
coefficient increases steeply at short wavelengths and in-
creases monotonously at long wavelengths. It can be at-
tributed to the absorption edge and the increase of the
free carrier absorption, respectively. The increase of the
doping concentration results in the increase of the extinc-
tion coefficient in the near infrared and infrared spectral
range. It is due to the increase of carrier concentration.
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Fig. 3 (a~j) Measured ellipsometry data ( green dots) and fit-
ting results by the double oscillator model (red line) of hydrogen-
annealed GZO thin films
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Therefore, the refractive index and the extinction coeffi-
cient of the GZO films can be tuned effectively by varying
the carrier concentration, which is important for the ap-
plications in designing integrated optic devices.

The dependence of the electrical resistivity, carrier
concentration of the hydrogen-annealed GZO films on the
doping concentrations is shown in Fig. 5. A lowest resis-
tivity of 3.410 x10” Q + c¢m is obtained with 5 at% Ga
doping concentration. When the Ga doping concentration
is larger than 5 at% , vast amounts of crystal defects and
lattice distortion exist, which result in a decrease in mob-
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ility, and consequently an increase in resistivity ">

3 Conclusions

In this paper, the ellipsometric data for several an-
gles of incidence of the hydrogenated GZO thin films on
silicon substrate were analyzed. The Psemi-MO model for
modeling direct fundamental absorption and a rho-tau
Drude model for free carrier absorption were used in the
fitting process. The model yields good fitting results for
ellipsometric spectra range from 270 nm to 1600 nm. Ac-
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cording to the X-ray diffraction spectrum, the films
doped with different gallium concentrations were found to
be pure wurtzite-structured ZnO. A lowest resistivity of
3.410 x107 Q - cm is obtained for the ZnO film doped
with 5 at% of Ga by hydrogen-annealing at 450°C for 60
min. The optical properties of GZO films can be tuned
effectively by varying the carrier concentration, which is
important for applications in designing integrated optic
devices.
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