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ABSTRACT Highly surface-textured ZnO:Al (AZO) thin films have been fabricated at room temperature by a two-step magnetron
sputtering process and using an oxygen-deficient ZnO target with small grain sizes. The as-deposited AZO films are composed of a
highly oriented seed layer and a closely packed columnar overlayer with pyramidal growth fronts, supporting a two-step mechanism
of crystallite nucleation and grain growth. The structural, optical, and electrical properties of the AZO films can be tuned by the
deposition conditions. The optimal two-step AZO film with a maximum root-mean-square roughness of 40.2 nm reaches a very low
square resistance of 0.66 Q/sq (p = 1.32 x 10~* Q - ¢cm) with an average transparency of 87.9 % in the range of 400—1100 nm. The
maximum haze factor of the as-deposited film is 60.7 % at 360 nm, and the average haze factor is 14.8 % . These properties are
comparable to or exceed the reported values of surface-textured SnO,- and ZnO-based transparent conducting oxide films, making
our films suitable for transparent electrode applications, especially in thin-film solar cells.
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1. INTRODUCTION

nO-based transparent conducting oxide (TCO) films,

used as a front electrode in solar cells, have attracted

significant attention because of their low cost and
nontoxicity (1, 2). Surface-textured ZnO films with incident-
light-capturing ability have become an important issue to
improve the photovoltaic efficiency for a-Si/uc-Si and CIGS
thin-film solar cells (3—5). For a-Si:H and uc-Si:H solar cells,
relatively low optical absorption coefficients in the red and
near-IR spectral ranges have been observed because of the
indirect-transition nature in elemental silicon. A textured
rough surface of the TCO layers can improve the perfor-
mance by allowing efficient light scattering inside the solar
cell and, hence, more light absorption along the longer
scattering path. Therefore, surface-texture techniques have
received much interest and are becoming an industrial
practice in the a-Si/nc-Si and uc-Si solar cells.

There are two main surface-textured ZnO film deposition
methods. Neither low-pressure chemical vapor deposition
(LPCVD) (6—8) nor a postdeposition etching process after
magnetron sputtering (9—15) is ideal for forming quality-
stable ZnO films because of difficult process control. The
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high deposition temperature of 200—500 °C for magnetron-
sputtered ZnO films is also deleterious to the device perfor-
mance (11, 16, 17). Therefore, there is an urgent demand
for developing a new low-cost technique to produce high-
quality surface-textured ZnO films.

A new film deposition mechanism is investigated here for
the fabrication of surface-textured ZnO films by using widely
used magnetron sputtering. In general, the combined nucle-
ation/growth film deposition is divided into two individual
steps, including crystallite nucleation and grain growth. The
fast growth of the overlayer in the second step without
further nucleation of new grains can facilitate the generation
of large columnar grains with a textured surface on a highly
oriented crystallite (seed) layer deposited in the first step.

The conventional ZnO film deposition is a simultaneous
process of nucleation/growth, with the ZnO grains oriented
along the [001] direction. Under fixed sputtering conditions,
the kinetic energy and concentration of sputtered atoms on
the substrate are constant and result in a corresponding
microstructure (grain size, surface texture, etc.). A small
amount of low-kinetic-energy atoms on the substrate with
low mobility is not able to grow a large-grain, surface-
textured film. Although larger grains can be obtained from
improving the Kinetic energy of sputtered atoms by heating
the substrate, the high-temperature film deposition is trouble-
some for solar device fabrication. Except for the high Kinetic
energy of sputtered atoms, a highly textured surface requires
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a high concentration of atoms on the substrate for a fast
growth stage. Enough sputter power and material supply are
essential to ensure large grains, but the fast growth of the
overlayer only on a highly oriented crystallite (seed) layer
might form a highly textured surface. Normally, a small-grain
seed layer crystallizes from a low kinetic energy and a low
concentration of sputtered atoms in the first step, and the
following fast growth with a high kinetic energy and a high
concentration of atoms favors the selection of the fastest
growing grains on the seed layer. Some seeds grow up
rapidly into very large columnar grains; the others are
crowded out in the competition, and advancing faceted
fronts of the remaining grains around the [001] axis finally
form a pyramidal microstructure on the surface.

On the basis of the proposed mechanism, we report a
simple technique to fabricate surface-textured Al-doped ZnO
(AZO) films at room temperature using magnetron sputter-
ing only. The technique involves a two-step deposition
process with a homemade Zn-rich AZO target. In the two-
step process, a “seed” layer was first formed on the substrate
to guide the subsequent growth of a well-crystallized AZO
film. The surface texture of the AZO films is next tuned by
adjusting the deposition condition in the second step. The
film reaches a very low square resistance of 0.66 Q/sq and
an average transmittance of 87.9 % in the range of 400—1100
nm, comparable to or exceeding the best reported values
of indium—tin oxide, FTO, and ZnO-based TCO films (17, 18).

2. EXPERIMENTAL SECTION

The ZnO:Al (AZO) powder precursor was prepared by copre-
cipitation using an aqueous solution with a 98:2 molar ratio of
Zn(CH5COO0), - 2H,0 (analytical reagent) and AI(NOs5)5 - 9H,O
(analytical reagent) with an ammonia solution. The precipitate
was ball-milled for 12 h with the additive of 0.25 mol % zinc
fine powders (0.1—4 um, 5 N) based on the total metal elements
(Zn+ Al). The uncalcined mixed powders were die-pressed into
a green body and then sintered in air at 850 °C for 3 h for the
final AZO target.

The AZO films were deposited in a JPG450 magnetron
sputtering system on glass slides. Films were prepared using
both a commercial target and the homemade target described
above. An unthrottled base pressure of 2.0 x 107* Pa was
reached using a combined vacuum system of mechanical and
turbomolecular pumps. All of the experiments were conducted
at nominal room temperature (with the maximum temperature
monitored being 55 °C) and under a flow of high-purity argon
gas (99.99%, 15 sccm). Because the AZO target is electrically
conducting, direct-current (dc) sputtering was used in this work.
The two-step deposition procedure involves a first deposition
of a thin AZO layer as a “seed” layer, followed by a second
deposition to grow a textured film. For this purpose, a lower dc
power (60 W) at a higher pressure (1.2 Pa) was used in the first
step, while a higher power (100—140 W) at a lower pressure
(0.2 Pa) was used in the second step. In addition, the power of
the second step was varied from 80 to 140 W to examine its
effect on the electrical and optical properties of the textured
films.

X-ray diffraction (XRD) measurements were carried out on a
Bruker AXS D8 Advance diffractometer using Cu Ka radiation
to characterize the crystallization and phase structure of the
films. Surface and cross-sectional morphologies of the AZO
powder, targets, and films were investigated by scanning
electron microscopy (SEM; JEOL 6510), field-emission SEM
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FIGURE 1. XRD patterns of the AZO powders and target.
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(LEO-1530VP), and transmission electron microscopy (TEM,;
JEM2100F). Atomic force microscopy (AFM; Seiko II SPI3800
V and spa300HV) and a profilometer (Dektak 150) were used
to evaluate the roughness and thickness of the AZO films. The
van der Pauw method was used with an Accent HL5500
instrument to measure the electrical transport properties in-
cluding the resistivity, carrier concentration, and Hall mobility.
UV—visible—IR transmission spectra of the films were recorded
by a spectrophotometer (Hitachi UV-3010PC) between 300 and
1200 nm. The absorption spectra reported were obtained after
subtraction of the signal of the glass substrate.

3. RESULTS AND DISCUSSION

3.1. Effects of the Sputtering Target. The as-
prepared AZO powders were obtained from coprecipitation,
and the AZO target was sintering from such powders with
the addition of excess zinc. The XRD patterns and SEM
images of the as-prepared AZO powders and the ceramic
AZO target are shown in Figures 1 and 2, respectively. The
diffraction peaks of the target have shifted to higher angles,
indicating a significant contraction of the unit cell during
sintering. The particle dimensions in the platelike AZO
powders range from 0.2 to 2.0 um, while the polyhedral
grains in the ceramic target are about 1—3 um. The density
of the 850 °C sintered target is comparable with that of the
commercial target sintered at 1300—1400 °C, over 95% of
the theoretical value, but our target has finer grains, accord-
ing to the SEM images, presumably because of finer powders
and a lower sintering temperature. The low-melting metallic
zinc powders were used as the sintering agent during the
low-temperature densification of the ceramic target. As a
side effect of the addition of excess zinc, the resistance of
the homemade AZO target reduced to less than 1.0 Q/sq,
lower than 3.0—7.0 Q/sq of the commercial AZO targets
with the same Al doping level.

The advantages of the homemade target are manifested
in the property of the films made using (one-step) dc
sputtering, typically at 100 W under 0.2 Pa of argon pressure
for 30 min. A lower square resistance of 4.9 Q/sq was
observed for the films made from the homemade target,
compared with 7.4 Q/sq of the commercial one. The films
have different morphologies, as depicted by the SEM and
AFM images in Figure 3. The film obtained from the home-
made target has a much rougher textured surface than that
from the commercial one, in good agreement with the
corresponding root-mean-square (rms) roughness values of
14.2 and 5.34 nm, as listed in Table 1. Their optical proper-
ties are also remarkably different, as shown in Figure 4.
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FIGURE 2. SEM images of (a) the AZO powders and (b) the 850 °C sintered target.

FIGURE 3. SEM and AFM images of one-step 100-W-deposited AZO
films obtained from (a and c) the homemade target and (b and d)
the commercial target.
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FIGURE 4. Transmittance and haze spectra of one-step 100-W-
deposited AZO films obtained from the homemade target (solid
lines) and the commercial target (dashed lines).

Although the transmission is similar, the haze factor, which
is the ratio of the diffuse to total transmission commonly
used to indicate the light-capturing ability of a surface-
textured film, is much higher in the film made from the
homemade target (28% at 360 nm vs 2.3% at the same
wavelength). As shown in Table 1, overall, the films from
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FIGURE 5. (a) XRD patterns of the seed AZO layer (red lines) and
the black dashed lines from JCPDS No. 01-1136 and (b) ADF image
of the 60-W-deposited seed layer. The SAED pattern and its profile
image are displayed in the top right insets of parts b and a.

the homemade target also have superior electrical properties
compared to those from the commercial one.

3.2. Effects of Two-Step Sputtering. Our two-step
deposition process was developed to promote seeding in the
first layer, followed by textured growth in the overlayer. To
aid crystal nucleation, a much lower power (60 W), together
with a higher base pressure (1.2 Pa), was used in the first
step to reduce the kinetic energy and ion flux, which
presumably could allow more time for surface diffusion and
crystallization. The seed layer examined by SEM and TEM
shows a thickness of about 200—300 nm, as shown in Figure
5 (also see later in Figure 9, the cross-sectional micrograph
containing both the seed layer and the columnar overlayer).
The XRD pattern (Figure 5a, red solid lines) suggests a strong
(001) texture, as evidenced by the only two diffraction peaks,
indexed as (002) and (004) reflections; all other reflections
of the zinc blende structure (JCPDS No. 01-1136 shown in
black dashed lines) are absent. The inset of Figure 5b shows
a small area electron diffraction (SAED) pattern that has a
ringlike distribution, indicating no in-plane texture between
the [001]-oriented grains seen in their annular dark-field
image in Figure 5b. The (001) texture is also consistent with
the intensity profile of the SAED pattern shown in the inset

Table 1. Physical Properties of One-Step Sputtered AZO Films Obtained from the Homemade Target and the

Commercial Target

thickness rms roughness  haze at growth
sample (um) (nm) 360 nm (%) temperature (K) Rp(Q/sq) p (x107* Q- cm) u (cm?/V-s) N (x10?' cm™)
0.2 Pa/100 W/30 min 1.26 £0.03 142+ 0.3 27.8 £ 0.41 494+ 0.16 3.55 + 0.09 956 +0.18 1.84+£0.12
(homemade target)
0.2 Pa/100 W/30 min 1.21 £0.02 5.34 +0.12 2.3 +0.05 7.43 +0.27 8.89 £ 0.17 598 +0.08 1.17+£0.05
(commercial target)
www.acsami.org VOL. 2 ¢ NO. 7+ 2147-2152 2010 IENAPPLIED MATERIALS 2149
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FIGURE 6. SEM images of two-step sputtered AZO films deposited
with different supplied powers: (a) 80 W, (b) 100 W, (c) 120 W, and
(d) 140 W, respectively.

FIGURE 7. AFM images of two-step sputtered AZO films deposited
with different supplied powers, revealing differences in the grain
size and morphology: (a) 80 W, (b) 100 W, (c) 120 W, and (d) 140 W,
respectively.

of Figure 5a, which contains only (hkO0) lattice planes. Note
also that these seed crystals have apparently covered the
entire substrate surface because the grains in Figure 5b
appear to be contiguous and closely packed.

This highly oriented and closely packed seed layer pro-
vides an excellent substrate to grow a well-crystallized
overlayer of the desired thickness. The overlayer was de-
posited at a higher power (80—140 W) and a lower pressure
(0.2 Pa) to facilitate faster film growth without further
nucleation of new grains. SEM and AFM images of the as-
sputtered sample shown in Figures 6 and 7 reveal well-
crystallized AZO films with a rougher, more textured surface
than those in Figure 3. The corresponding average rms
roughness in a3 x 3 um? area steadily increases from 15.1
to 40.2 nm with an increase of sputtering power from 80 to
140 W, as listed in Table 2. The morphology and roughness
of such a textured surface of the AZO films are comparable
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to those made from acid-etched sputtering (11) or LPCVD
methods (8).

During the two-step sputtering process, the growth of the
overlayer and the surface texture is greatly influenced by the
sputtering power, as is evident from the XRD patterns of the
as-prepared one- and two-step AZO films in Figure 8. Under
the same deposition conditions of 100 W and 0.2 Pa, the
two-step sputtering achieved much better-crystallized and
rougher surface-textured films, as is illustrated in Tables 1
and 2. The crystallinity of the as-deposited films can be
indexed by the peak intensity and full width at half-
maximum (fwhm) of the (002) diffraction peak. The well-
crystallized polycrystalline film with large grains usually has
strong diffraction peaks and a narrow fwhm. As shown in
Figure 8, with increasing sputtering power, the (002) peak
intensity dramatically increases and the fwhm decreases,
which indicates the better-crystallized film obtained at a
higher sputtering power. Because all of the SEM images
(Figure 6) show a pyramidal microstructure on the surface,
it is clear that crystal growth of the overlayer proceeded by
advancing faceted fronts around the [001] axis, which is also
supported by the previous XRD and SAED patterns in Figure
5.

A microstructure comparison of the films obtained by
two- and one-step sputtering is seen in Figure 9, showing
cross-sectional SEM images of two films. There is obvious
columnar growth in the overlayer (Figure 9b) in two-step
sputtering, but even in one-step sputtering, the growth
eventually becomes columnar (Figure 9a), as is schematically
illustrated on the right-hand side of Figure 9 (19, 20).
However, as the power is increased in the second step, the
diameter of the column increases (see Figure 6), reaching
500 nm in Figure 9b for 120 W. This compares with the seed
crystal diameter of 50—100 nm (Figure 5b). Such columnar
growth with increasing diameters occurs because the faster
growing grains tend to crowd out the slower growing grains
when they all compete in the same growth direction. Be-
cause a higher power promotes faster growth in general, it
also favors the selection of the fastest growing grains.
Therefore, the advantage of two-step sputtering lies in (i)
nucleation of a coat of smaller seed crystals that provide a
more complete coverage of the substrate and more crystals
to select for later fast growth and (ii) faster growth conditions
that favor fewer columns that grow to larger diameters while
maintaining conformal coverage. As a result, a more coher-
ent yet rougher surface-textured film results.

The electrical properties, including the resistivity, carrier
concentration, and Hall mobility, were measured at room
temperature and are listed in Table 2, and five excellent TCO
films reported in the literature are also included in the table
(8, 11, 17, 20). As the sputtering power is increased, the
electrical resistivity and square resistance decreases from
516Qand 4.86 x 1077 Q- cmto0.66 Qand 1.32 x 107*
Q - cm, respectively, which may be attributed to the increas-
ing grain size and better crystallization achieved at higher
power. The correlation between the mobility and sputtering
power, however, is less clear. The mobility initially increases

Wan et al. www.acsami.org



Table 2. Physical Properties of the Two-Step Sputtered AZO Films and Five Excellent TCO Films Reported in

the Literature

thickness rms roughness  haze at growth
sample (um) (nm) 360 nm (%) temperature (K)  Rg(Q/sq)  p (X107* Q- cm) u (cm?/V-s) N(x10?' cm™)
1.2 Pa/60 W/10 min  1.16 £0.02 151 £0.3 31.1 £0.37 RT 516 +£0.17 4.86 +0.12 6.68+0.11 1.93+0.14
0.2 Pa/80 W/40 min
1.2 Pa/60 W/10 min  1.48 £0.03 20.1 £0.36 49.8+0.52 RT 1.45 £ 0.06 2.06 £ 0.15 1524+022 201402
0.2 Pa/100 W/30 min
1.2 Pa/60 W/10 min  1.56 £0.03 37.3+£0.41 53.7+0.39 RT 0.9 +0.05 1.62 £ 0.06 354+ 037 1.09+£0.04
0.2 Pa/120 W/25 min
1.2 Pa/60 W/10 min  1.63 £ 0.03 40.2 +£0.28 60.7 +£0.43 RT 0.66 + 0.02 1.32 +0.09 26.3 +0.25 1.8+ 0.15
0.2 Pa/140 W/20 min
ZnO:B 2.0-2.5 ~60 453 110
LPCVD (8)
ZnO:Al sputtering +  1.20 2.8 70 573 3.8
wet-etching (11)
ZnO:Al 1.03 ~40 573 2.77 2.86 49.5 0.44
RE-HSC (17)
ZnO:Al 0.94 41 473 3.0 ~12.5 0.12
PE-MOCVD (20)
SnO,:F 0.56 ~35 ~723 14.35 8.6 30.6 0.24
CVD (17)
100 100
(002) -
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FIGURE 8. XRD patterns of AZO films deposited by one-step 100 W
sputtering and two-step 80 W, 100 W, 120 W, and 140 W sputtering.
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Two-step growth

WAL AL LA/
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FIGURE 9. SEM images of the cross sections of (a) a one-step 100-
W-deposited AZO film and (b) a two-step 120-W-deposited AZO film.
Related schematic growth models of (a) one-step and (b) two-step
AZO films are also shown.

with the power, peaking at 120 W with the highest mobility
of 35.4 cm?/V - s, and then decreases somewhat at 140 W.
The carrier concentration is relatively insensitive to the
power, but all are higher than 10?' cm™. These somewhat
complicated correlations are not entirely surprising because
the mobility and conductivity in thin films are sensitive to
not only the crystal imperfection but also the surface rough-
ness, which increases with the sputtering power. The lowest
resistivity of 1.32 x 107*Q - cm achieved in the 140 W film
is comparable to that of ITO films.
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FIGURE 10. Transmittance and haze spectra of two-step sputtered
AZO films deposited with the four different supplied powers.

The optical properties of the two-step sputtered AZO films
are shown in Figure 10 and Table 2, which also includes
other films in the literature for comparison. All of the
as-deposited samples show a very similar transmittance in
the entire spectral range in Figure 10. The average transmit-
tance in 400—800 nm is between 85% and 90% and
remains very high for the near-IR range. The 80 W film has
a higher transmittance because of its thinner thickness. The
higher transmittance of the 120 W film, especially in the
near-IR region, is consistent with its lowest carrier concen-
tration, which depresses the plasma frequency. Last, the
haze factor increases with increasing power, as was ex-
pected from the rougher textured surface shown in Figure
6.

The main purpose of this study is to develop a simple
magnetron sputtering method at room temperature to
fabricate surface-textured AZO films to manage the incom-
ing light. For the 140-W-deposited AZO films, a high-quality
textured surface was obtained with a maximum haze factor
of 60.7% at 360 nm and an average haze factor of 14.8%
in the range of 360—1100 nm. In contrast to our results, the
typical Asahi-U with textured FTO films has an average haze
factor of about 15%, a sheet resistance of 6 Q/sq, and a
resistivity of 8.59 x 107* Q - cm, respectively (21). The BZO
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films with thicknesses of several micrometers have an
electrical resistivity of ~107°> Q - cm, a haze factor of about
60%, and a transmittance of about 80% (8). In summary,
the low conductivity, high transmittance, and high haze
factor of our films compare favorably with the best TCO films
in the literature, as is evident from Table 2.

4. CONCLUSIONS
A simple magnetron sputtering method at room temper-

ature has been developed for producing transparent (trans-
mittance above 85 %) conducting (resistivity of 1.32 x 1074
€2 - cm, square resistance of <0.66 £2/sq) Al-doped ZnO films
with a high haze factor (60 %) that are advantageous for solar
cell applications. A two-step mechanism of film growth to
deposit surface-textured TCO films has been proposed. The
two-step method provides a seed layer with 50—100 nm
(002)-textured grains from which large (500 nm) columnar,
front-faceted grains can grow selectively in the second step,
providing coherent films with faceted rough surfaces (with
a maximum rms roughness of 40.2 nm). The use of a zinc-
rich sputtering target low-temperature-sintered from copre-
cipitated powders is advantageous; further studies are re-
quired to understand its role in AZO film deposition and film
quality. The simplicity of the present method and the
superior electrical and optical properties of the films may
allow surface-textured AZO films to be produced at low cost
on an industrial scale for commercial applications.
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