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Highly (002)-oriented Al-doped zinc oxide (AZO) thin films
with the thickness of less than 200 nm have been deposited
on an oxygen-controlled homo-seed layer at 200 °C by DC
magnetron sputtering. With the homo-seed layer being em-
ployed, the full-width at half maximum (FWHM) of the (002)
diffraction peak for the AZO ultra-thin films decreased from
0.33° to 0.22°, and, the corresponding average grain size in-
creased from 26.8 nm to 43.0 nm. The XRD rocking curves

1 Introduction Al-doped zinc oxide (AZO), one of
the transparent conductive oxides (TCOs), has attracted a
great deal of attention due to its many advantages, and has
been a promising alternative to indium tin oxide (ITO) for
transparent electrodes in flat panel displays (FPDs) [1, 2].
Minami et al. [3] pointed out that the transparent electrodes
used in FPDs should have a thickness below 200 nm and a
resistivity lower than 5 x 10~ © c¢m at a substrate tempera-
ture below approximately 200 °C. In a conventional sput-
tering process at a substrate temperature (7;) of 200 °C, the
typical film resistivity is ~6-8 x 10 Q cm with a thick-
ness of 200-700 nm [4, 5]. It has been proven that the hy-
drogenation of aluminum doped zinc oxide (HAZO) film
during sputtering may help to improve the properties at
low T; [6-9]. Nevertheless, as far as polycrystalline ZnO-
based films are concerned, the electrical property deterio-
rates rapidly with the decrease of thickness, especially
down to 200 nm, which is due to the poor crystalline qual-
ity for ultra-thin film [10, 11] causing a severe scattering
occurring at crystallographic defects [12], ionized impuri-
ties, grain barriers, grain boundaries [13, 14] and the struc-
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revealed that the AZO ultra-thin film grown on the seed
layer deposited in atmosphere of O,/Ar of 0.09 exhibited the
most excellent structural order. The AZO ultra-thin film with
homo-seed layer reached a resistivity of 4.2 x 107 Q cm,
carrier concentration of 5.2 x 10 cm™ and mobility of
28.8 cm® V! s7'. The average transmittance of the AZO ultra-
thin film with homo-seed layer reached 85.4% in the range of
380-780 nm including the substrate.
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tural disorder [15, 16]. Birkholz et al. [16] emphasized that
the perfect preferred orientation order of ZnO crystallites,
i.e. (002) texture, was one of the key parameters for the
preparation of films with optimized properties. Hence, it is
still a challenge to fabricate ultra-thin AZO films by con-
trolling the growth of the initial layer for promoting the
structural order of the following film. In order to reach the-
se aims, different deposition methods, such as pulsed laser
deposition (PLD) [17], ion beam assisted deposition
(IBAD) [18, 19], ion plating with DC arc discharge [20,
21], and the introduction of a hetero- [22, 23] or homo-
seed layer [24-27] before the growth of the bulk films,
have been adopted. Though significant achievements have
been made, a simple and scalable sputtering process
for preparing AZO ultra-thin films still needs further de-
velopment. In this regard, 180 nm AZO ultra-thin films
grown on a 10 nm oxygen-controlled homo-seed layer we-
re fabricated by DC magnetron sputtering and exhibited
excellent properties. Two layers were grown continuously
using the same target at 200 °C without breaking vacuum.
The effects of the oxygen-controlled homo-seed layer on
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the structural, electrical and optical properties have been
investigated.

2 Experimental The AZO ultra-thin films grown on
an oxygen-controlled homo-seed layer were deposited on
low-iron glass (100 x 100 x 3.2 mm’) using direct-current
(DC) magnetron sputtering. The target was a homemade
3-inch ceramic disk consisting of 98 wt% ZnO and 2 wt%
Al,O3 [28]. In the DC magnetron sputtering, the base pres-
sure was 4.0 x 10~ Pa, and the deposition temperature was
kept at 200 °C. The homo-seed layers were firstly depos-
ited at a DC power of 60 W and a pressure of 0.6 Pa with
sputtering atmosphere of Oy/Ar =0 and 0.09, named SO,
and SOqg9 samples. The AZO ultra-thin films were then
deposited on the SOy and SOy g9 samples in the sputtering
atmosphere of Ar+ 8 vol% H, at a DC power of 200 W
and a pressure of 0.2 Pa using the same target. For compa-
rison, the AZO sample without any seed layer was also
prepared in the same sputtering condition and named NS
sample.

The thickness of the seed layers was fixed at 10 nm,
which was determined by the sputtering rate and time. The
thickness of the deposited AZO ultra-thin films was kept at
180 + 10 nm, which was characterized by a M-2000DI
Ellipsometer (J. A. Woollam) according to the Cauchy
model. The phase structure of the films was analyzed by
X-ray diffraction (XRD) with CuK, radiation (Bruker,
AXS D8 Advance). The XRD rocking curves were em-
ployed in a random direction (@ = 0°) and perpendicular to
it (@ =90°) by a high resolution XRD (Bruker AXS DS
Discover). The resistivity, Hall mobility and carrier
concentration of the AZO films were analyzed by Hall
measurement with the Van der Pauw method (Accent;
HL5500PC; UK). The transmittance of the films was
measured by a UV-Vis—NIR spectrophotometer (Perkin
Elmer Lambda 950). The surface morphologies and rough-

ness were observed over a scan area of 1 x 1 um” by an
atomic force microscope (AFM, CSPM 5500).

3 Results and discussion

3.1 Structural properties Figure 1(a—c) present the
XRD curves of NS, SO, and SO, ¢ samples, respectively.
Obviously, all the samples reveal the preferred (002) orien-
tation. The intensity of the (002) peak of the AZO ultra-
thin films with a homo-seed layer increases markedly, es-
pecially for the SOy o9 sample. The (002) diffraction peak
of the AZO thin films shifts from 34.31° to 34.32° with re-
spect to the reference strain-free ZnO film (34.40°), imply-
ing a reduction of residual stress. The full-width at half
maximum (FWHM) of the (002) peak of the AZO films
decreases from 0.33° to 0.22° with an introduced homo-
seed layer. The average grain size calculated according to
the Scherrer equation increased from 26.8 nm to 43.0 nm.
These results imply an improvement of crystalline quality.
Fujimura et al. [29] demonstrated that a proper oxygen di-
luted argon gas minimizes the ratio of Zn/ZnO in the vapor
phase, promoting the formation of ZnO tetrahedral coordi-
nation, which has the effect of approaching the deposition
state to equilibrium state. In this case, the surface plane of
each three-dimensional ZnO nucleus must be (002) plane
in the equilibrium deposition state, therefore, an excellent
(002)-textured seed layer with nearly perfect crystal nu-
cleus can be obtained by being deposited in the atmosphere
of oxygen diluted argon [29]. The second AZO layer will
grow along the (002)-oriented seed layer due to the native
self-texture properties of ZnO. So the initial seeding layer
plays an important role in controlling the orientation and
crystallinity of the whole AZO ultra-thin films. To further
investigate the improvement of structural order, the rock-
ing XRD scan curves with @ = 0° and 90° are presented in
Fig. 1(d—f). It is apparent that the AZO ultra-thin films
grown on these seed layers are characterized by an im-

TQ 1200 o
12000 . (a) NS o FWHM (d)NS
10000 ! 1000r0>  7.25°
8000 1 800 7.38°
6000 . 600
4000 : - ” 400
FWHM=0.33" : 20=34.31
2000 ' 200
A .
12000 (b)soo = so00 ®  FWHM (e) S0y
10000 : =, asgof O° 4.02°
' = B o
8000 H 90°  4.18
e : E 2000 o=0°
[ : s 1500 0
4000 _ . . E 1000 =
2000p  FV "31:0'27“ St 500 Figure 1 (a—) XRD patterns of the
- ' © aoed S e NS, SO and SOg 9 samples in 6-26
" ¢S I . . .
10000 500.09 000k g (0 S0 99 geometry. (d—f) Corresponding rocking
silie ::gg o0 273 5 curve measurements, the orientation of
000 4000 o= 8 @ =0° (black) stands for the meas-
4000 3000 — =90 urement along a certain direction of
w00l FWHM=022"] | 20=34.32" f:ﬁ the sample, @ =90° (red) stands for a
: o : measurement perpendicular to it.
3 32 O3B M 3B W 3 M ¥ 4 10.0 125 15.0 17.5 20.0 2.5 254

2-Theta Deg.)

www.pss-rapid.com

of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


zhk
铅笔


M. Wang et al.: Ultra-thin (002)-oriented Al-doped zinc oxide transparent electrode

174

Seed layer Seed layer and AZO film

RMS=6.55 nm
NS
RMS=0.373 nm ¢ RMS=5.71 nm
SO,
RMS=2.36 nm

SO[I_II‘)

b T
Figure 2 Surface morphologies and RMS roughness of the initial
seed layers and the AZO ultra-thin film.

proved orientational order, as the peak position of each
sample detected in orientation 0° and 90° becomes closer.
The decreased FWHM of these peaks show an improved
quality of the out-of-plane texture of AZO thin films.
These are due to the improved orientational order of the
crystallite c-axis along the substrate normal [18], giving
rise to a better nucleation regime of the initial thin film
growth on the following ultra-thin film growth stages [15].

The surface morphologies and root-mean-square
(RMS) roughness of the initial seed layers and the AZO
ultra-thin films are displayed in Fig. 2(a—e). It can be seen
that the RMS roughness of the seed layers increases from
0.373 nm to 0.912 nm with the ratio of O,/Ar changed
from 0 to 0.09. This means that the (002) orientational or-
der of the initial seed layer is improved. In addition, the
AZO ultra-thin films show a significantly reduced RMS
roughness from 6.55 nm to 2.36 nm and more obtuse hill-
coks, as reported by Miyata [27]. These are attributed to
the excellent (002) preferred orientation of the seed layer,
which can improve the c-axis texture of the following AZO
ultra-thin film aligned to the growth direction, and the de-
fects in grain boundary are reduced. The grain size of the
AZO ultra-thin films increases from 25 nm to 45 nm esti-
mated according to the AFM graphs (Fig. 2(c—e)), consist-
ent with the results of XRD measurements. Hence, the
structural evolution of the following AZO ultra-thin film is
governed by the improved structure of the nucleation layer.

Table 1 Electrical properties of the NS, SO, and SOy o9 samples.

3.2 Electrical properties Table 1 shows the electri-
cal properties of the NS, SO, and SOgg9 samples. When
the oxygen-controlled homo-seed layer was employed, the
AZO ultra-thin films showed a decreased resistivity from
84x10*Qcm to 42 x10* Qcm, and the correspond-
ing carrier concentration and mobility increased from
42x10%cm™> to 52x10° ecm™ and 17.7em’ V's ™' to
28.8cm’> Vs respectively. For the SOg g9 sample, the
lowest resistivity of 4.2 x 107 Q cm, the highest carrier
concentration of 5.2 x 10 cm™ and the highest mobility
of 28.8 cm® V' 57! can be achieved at 200 °C. These are in
the same range as the best electrical properties reported by
Ellmer et al. [30], considering that this group used magne-
tron sputtering with excitation frequencies of 27.12 MHz.
This highly crystalline homogeneous AZO seed layer with
perfect (002) orientational order contributes to the im-
proved (002) orientational order of the following AZO ul-
tra-thin film. This kind of AZO ultra-thin film exhibits less
defects [18], less grain boundary scattering [14] and excel-
lent (002) orientation [11], contributing towards the im-
provement of electrical transport. Interestingly, the carrier
concentration of the films with oxygen-controlled homo-
seed layer increased, which was different from the carrier
concentration decrease reported in literature [31, 32, 25].
This may be attributed to the promoted crystalline quality
of AZO films by the initial oxygen-controlled homo-seed
layer, reducing the sum of electron traps. Furthermore, the
decrease of the aforementioned RMS roughness also con-
tributes towards the improvement of the conductivity of
AZO ultra-thin films [33].

3.3 Optical properties The transmittance spectra of
the NS, SOy and SOy samples are shown in Fig. 3. The
average transmittance of the NS, SO, and SO o9 samples in
the wavelength range of 380—780 nm was 85.5%, 86.8%
and 85.4%, respectively, including the glass substrate.
With the oxygen-controlled homo-seed layer, the transmit-
tance of the AZO films in the infrared range showed a
drastic decrease. This decrease is caused by the increase in
carrier concentration, which enhances the plasma fre-
quency [25]. When this homo-seed layer was introduced,
the ultraviolet absorption edges were blue-shifted. This is
attributed to the increased carrier concentration, which can
be explained by the Moss—Burstein effect [34]. As seen in
Fig. 3, the SO o sample indicated the highest carrier con-
centration and the largest band gap, consistent with the re-
sults of Hall measurements.

sample  thickness R resistivity carrier mobility

label (nm) (Q/sq) (107* Q cm) concentration (em®*V's™
(10 cm™)

NS 169 49.6 8.4 42 17.7

SOy 182 42.0 7.7 4.2 19.3

SO¢.09 191 21.8 42 52 28.8
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Figure 3 Transmittance spectra (including the glass substrate) of
NS, SOy and SO 9 samples.

4 Conclusions In summary, highly transparent and
conductive AZO ultra-thin films with oxygen-controlled
homo-seed layer were successfully deposited on glass
by DC magnetron sputtering home-made AZO ceramic
target at the substrate temperature of 200 °C. When the
oxygen-controlled homo-seed layer was employed, the
resistivity of the AZO ultra-thin films decreased from
84x10"Qcm to 42x10* Qcm, and the correspond-
ing carrier concentration and mobility increased from
42x10"cm™ to 5.2x 10 em™ and 17.7cem’ V's™ to
28.8 cm® V's™', respectively. The XRD measurements
illustrated that the FWHM of the AZO ultra-thin films de-
creased from 0.33° to 0.22°, corresponding to an increase
of the average grain size from 26.8 nm to 43.0 nm with
employing the homo-seed layer. The XRD rocking curves
revealed that the AZO ultra-thin film grown on the seed
layer deposited in atmosphere of O,/Ar of 0.09 exhibited
the most excellent structural order. The transmittance of
the AZO ultra-thin film with oxygen-controlled homo-seed
layer including glass was 85.4% in the 380—780 nm range.
This work reveals that the oxygen-controlled homo-seed
layer method is promising for fabricating high-quality
AZO ultra-thin films as transparent electrode in FPDs.
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