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Abstract Aluminum-doped zinc oxide/platinum/fluorine-doped tin oxide (AZO/Pt/FTO) trilayer films were prepared by
sputtering S-nm-thick Pt layers and 150-nm-thick AZO layers in sequence on commercial FTO glass. The effects of one-
step annealing and layer-by-layer annealing on the morphology, structure and photoelectric properties of the AZO/Pt/FTO
trilayer films were comparatively analyzed. It is found that the both annealing approaches increased the grain size and
improved the crystallinity of the films, leading to enhancement in transmittance and conductivity. However, layer-by-layer
annealing led to the formation of quasi-continuous or continuous AZO layers, different from the sparsely distributed AZO
particles brought about by one-step annealing, resulting in excellent optical and electrical properties. Specifically, after
layer-by-layer annealing at 400 °C for both Pt and AZO layers, the AZO/Pt/FTO trilayer film showed an increase in
average transmittance from 71.3% to 85.3% and a decrease in sheet resistance from 7.5 to 5.6 /[, leading to the highest

figure of merit of 3.64 x 1072 Q™"

KEY WORDS: Annealing; Magnetron sputtering; Optical property; Electrical property; AZO/Pt/FTO

trilayer film

1 Introduction

Transparent conducting oxide (TCO) films, which are widely
used in photoelectric device applications such as thin-film
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solar cells [1], flat-panel displays [2], gas sensors [3] and
organic light-emitting diodes [4], have attracted tremendous
academic and industrial interests in recent years. Among TCO
films, tin-doped indium oxide (ITO) [5, 6], fluorine-doped tin
oxide (FTO) [6] and aluminum-doped zinc oxide (AZO) [7]
single-layer films hold greater promise for potential applica-
tions in solar cells because of their excellent optical and
electrical properties. However, with the development of thin-
film solar cells, there is an increasing requirement for the
photoelectric property of single-layer TCO films. To meet this
requirement, new multilayer composite films have been
constantly developed for improving transparency and con-
ductivity of single-layer films [8—10]. Many multilayer films,
such as ITO/Ag/ITO [11], ITO/PYITO [12], AZO/Ag/AZO
[13, 14], AZO/AuW/AZO [15], AZO/AI/AZO [16] and ZnO/
Cu/ZnO [17, 18], have been prepared and display high
transparency and low resistivity. It is noteworthy that Pt
possesses the virtues of high conductivity and excellent sta-
bility, enabling it to act as an effective interlayer material for
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multilayer film electrodes in thin-film solar cells especially in
thin-film dye-sensitized solar cells [19]. Despite the high
material cost of Pt, using small amount of Pt to form a very
thin Pt interlayer (several nm in thickness) can reduce the cost
of the multilayer film [20].

It is well known that annealing treatment is also a con-
ventional and effective technique to improve the photoelec-
tric properties of TCO films. Annealing can improve
crystallinity of the films through promoting grain growth and
recrystallization, which will significantly affect the electrical
and optical properties of TCO films [21, 22]. Tong et al. [23]
reported that the electrical resistivity of AZO films annealed
in hydrogen at 300 °C decreased from 9.8 x 10™* to
3.5 x 107* Q cm. Sheu etal. [24] found that the resistivity of
gallium-doped ZnO (GZO) films reduced from 1.4 x 10~ " to
5.3 x 107* Q cm after the films being annealed in nitrogen
under the temperatures ranging from 400 to 800 °C. There are
already many reports about one-step annealing approach for
enhancing the photoelectric properties of multilayer TCO
films [25, 26], but relatively few studies have focused on
layer-by-layer annealing approach.

In this study, Pt layers and AZO layers were deposited
in sequence by direct current (DC) magnetron sputtering on
commercial FTO glass. Two strategies, i.e., one-step
annealing and layer-by-layer annealing, were adopted to
improve the photoelectric properties of the as-deposited
AZO/Pt/FTO trilayer films. The effect of annealing
approach on the morphology, structure and performance of
the films was investigated, based on which the more
effective annealing approach with the optimum annealing
temperature was proposed.

2 Experimental
2.1 Pre-treatment of FTO Glass

The commercial FTO glass was cut into small pieces of
20 mm x 20 mm and cleaned with deionized water, ace-
tone and anhydrous ethanol in an ultrasonic bath each for
10 min, followed by blowing high-purity (99.99%) nitro-
gen to dry the film surfaces.

2.2 Layer-by-Layer Annealing of AZO/Pt/FTO Films

Firstly, 5-nm-thick Pt layer was deposited on the pre-cleaned
FTO glass by DC magnetron sputtering coater (Emitech
K575X) at room temperature using a metallic Pt target
(99.99% purity). The deposition chamber was evacuated to a
base pressure of about 1 x 107 Pa, and then high-purity
(99.99%) argon was introduced. The working pressure and
current were 35 Pa and 60 mA, respectively. The ultimate
thicknesses of the Pt layers were monitored in situ by a quartz
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crystal thickness monitor. After that, the obtained Pt/FTO
bilayer films were thermal annealed at 400 °C in a tube
furnace (Hefei Risine CVD(Z)-06/60/3). During annealing,
high-purity (99.99%) nitrogen with a constant flow rate of
10 mL/min was introduced into the furnace chamber and
maintained for 20 min. Subsequently, 150-nm-thick AZO
layer was deposited on the annealed Pt/FTO film by the
K575X coater using a zinc—aluminum alloy target (2 wt%
Al,O3). The working current used here was 150 mA, and the
other details of deposition process were the same as descri-
bed above for deposition of Pt layers. Then, the as-deposited
AZO/Pt/FTO trilayer film was annealed in the tube furnace at
a certain temperature (300, 400 or 500 °C) for 20 min with a
nitrogen flow rate of 10 mL/min.

2.3 One-Step Annealing of AZO/Pt/FTO Films

One-step annealing of AZO/Pt/FTO trilayer film was also
carried out for the purpose of comparison. Firstly, 5-nm-
thick Pt layer and 150-nm-thick AZO layer were deposited
in sequence on the pre-cleaned FTO glass by the K575X
coater at room temperature using the metallic Pt target and
zinc—aluminum alloy target, respectively. All the details of
deposition process were the same as those of the AZO/Pt/
FTO film prepared by layer-by-layer annealing. Then, the
as-deposited AZO/Pt/FTO trilayer film was annealed in the
tube furnace at a certain temperature (300, 400 or 500 °C)
for 20 min with a nitrogen flow rate of 10 mL/min.

2.4 Characterization

The morphologies and thicknesses of the films were observed by
a scanning electron microscope (SEM) (Carl Zeiss EVO MA10).
The particle/grain size distributions and average particle/grain
sizes on the film surfaces were obtained by Nano measure soft-
ware. The 3D images with root-mean-square (RMS) rough-
nesses were scanned with an atomic force microscope (AFM)
(Asylum Research MFP-3D-SA). The crystal structures of the
films were examined by an X-ray diffractometer (XRD) (Rigaku
D/max2500VB3-+/PC) using CuKa radiation (A = 0.1541 nm)
in the scan range of 260 between 20° and 80°. The optical prop-
erties were measured by a spectrophotometer (Shimadzu UV-
2550). The electrical properties were evaluated via a digital four-
point probe instrument (Suzhou Baishen SX1944) and a Hall
effect measurement system (Accent HL5500PC).

3 Results and Discussion
3.1 Surface Morphology of AZO/Pt/FTO Films

Figure 1 shows the surface morphology of the as-depos-
ited AZO/Pt/FTO trilayer film. The inset in Fig. la
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provides the particle/grain size distributions on the film
surface, and the average particle/grain size was taken as
the quantity to compare the grain sizes for this and sub-
sequent films [27]. The film had a rough surface and
exhibited some AZO particles with an average size of
~ 160 nm, as shown in Fig. 1a. From the cross-sectional
view shown in Fig. 1b, it is observed that the FTO layer
exhibits the columnar growth of pyramidal shapes with a
thickness of about 750 nm, and the monitored thicknesses
of the Pt and AZO layers (5 and 150 nm, respectively) can
be further verified.

Figure 2 shows the surface morphologies of the
annealed AZO/Pt/FTO trilayer films at 300, 400 and
500 °C, respectively. The insets display the particle/grain
size distributions on the corresponding film surfaces. After
one-step annealing, the films were covered by sparsely
distributed AZO particles rather than continuous AZO
layers (Fig. 2a—c). It is unfavorable for the enhancement of
the film quality, although the average particle size of AZO
layer (250, 270 and 300 nm in Fig. 2a—c, respectively)
becomes greater than that of the as-deposited AZO/Pt/FTO
film (~ 160 nm). Furthermore, the film prepared by one-
step annealing at 500 °C showed some nonuniformly dis-
tributed agglomerations consisting of small particles and
displayed a broad particle size distribution (Fig. 2¢), which
is detrimental to the optical property of the film as will be
confirmed later in transmittance analysis. In the case of the
layer-by-layer-annealed AZO/Pt/FTO films (Fig. 2d, e),
quasi-continuous or continuous AZO layers containing
densely distributed particles were obtained. Especially at
400 °C (Fig. 2e), the average particles size (~280 nm)
became greater and the particles distributed more uniform
than that of the as-deposited AZO/Pt/FTO film. It may be
attributed to the effective improvement in crystallinity of
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the film, which will be discussed later. Uniform and larger
particles were also obtained on film surfaces through layer-
by-layer annealing in other reports [28]. However, when
the annealing temperature increased to 500 °C, agglomer-
ated particles with a nonuniform distribution were
observed on the film surface, resulting in an average par-
ticle size of ~320 nm (Fig. 2f). Obviously, annealing
temperature was a crucial parameter that can affect the
surface morphology of the films.

The 3D AFM images with a scanned region of
5 pm x 5 pm for the as-deposited AZO/Pt/FTO film and the
AZO/Pt/FTO films annealed at 400 °C by the two approaches
are displayed in Fig. 3. The as-deposited film exhibited a
rough surface with nonuniformly distributed pyramidal par-
ticles (Fig. 3a). The surfaces of the annealed films seemed
rougher and consisted of obviously enlarged particles with
relative smooth edges (Fig. 3b, c). It is notable that the par-
ticles on the surface of the layer-by-layer-annealed film are
larger and more densely distributed as compared to those on
that of the one-step-annealed one, which is consistent with the
above SEM analysis. Figure 4 gives the surface RMS
roughnesses of all the films extracted from AFM data. The as-
deposited AZO/Pt/FTO film had a RMS roughness of
20.13 nm. Both the one-step-annealed and layer-by-layer-
annealed films showed a similar trend of variation in RMS
roughness. Specifically, with increasing annealing tempera-
ture from 300 to 500 °C, the RMS roughnesses of the one-
step-annealed and layer-by-layer-annealed films increased
from 21.89 to 32.57 and 26.69 to 35.85 nm, respectively. Ng
et al. [29] reported that when sol-gel AZO films were
annealed at various temperatures from 100 to 400 °C, their
RMS roughness also increased from 12 to 50 nm. The
increase in RMS roughness may be ascribed to the grain
growth and improved crystallinity [29, 30].

Fig. 1 SEM images of the as-deposited AZO/Pt/FTO film: a top view (the inset shows the particle size distribution on the film surface); b cross-

sectional view
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Fig. 2 SEM images of a—c the one-step-annealed, d—f the layer-by-layer-annealed AZO/Pt/FTO films at various temperatures: a, d 300 °C; b,
e 400 °C; ¢, £ 500 °C. The insets show the particle size distributions on the film surfaces

3.2 Structural Characterization of AZO/Pt/FTO Films the indexed diffraction peaks that are consistent with the

standard values of the SnO, tetragonal structure (JCPDS
Figure 5a shows the XRD patterns of the as-deposited  no. 41-1445), the Pt face-centered cubic structure (JCPDS
AZO/Pt/FTO trilayer film and the films obtained by layer-  no. 04-0802) and the ZnO hexagonal wurtzite structure
by-layer annealing under the temperatures ranging from  (JCPDS no. 36-1451). The strongest intensity in the SnO,
300 to 500 °C. It can be noticed that all the films exhibit  (200) diffraction peak confirms the columnar growth of the
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Fig. 3 AFM images of the as-deposited AZO/Pt/FTO film a, the one-step-annealed AZO/Pt/FTO film at 400 °C b, the layer-by-layer-annealed

AZO/PY/FTO film at 400 °C ¢
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Fig. 4 Extracted surface RMS roughnesses of the as-deposited and
the annealed AZO/Pt/FTO trilayer films

FTO layer [31], which has been indicated in the section of
SEM analysis. Due to the annealing effect on the Pt and
AZO layers, the Pt (111) peaks as well as the ZnO (100),
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(002) and (101) peaks of all the layer-by-layer-annealed
films, as compared to those of the as-deposited film,
showed slightly higher intensity and lower full width at
half maximum (FWHM), indicating that crystal defects in
the Pt and AZO layers were effectively reduced [32].
Moreover, with annealing temperature increasing from 300
to 500 °C, the ZnO (002) peaks showed an increase in the
intensity and a decrease in the FWHM as a result of a
gradual improvement in crystallinity of the films [33].
Figure 5b presents the XRD patterns of the as-deposited
AZO/Pt/FTO trilayer film and the films annealed at 400 °C
by layer-by-layer annealing and one-step annealing. It is
found that the annealed films exhibit stronger SnO, (200)
peaks and ZnO (002) peaks corresponding an improvement
in crystallinity of the as-deposited films. Only the Pt layer
in the layer-by-layer-annealed AZO/Pt/FTO film under-
went direct annealing, resulting in relatively higher inten-
sity and lower FWHM of the Pt (111) peak. In addition,
compared with the as-deposited and one-step-annealed
films, the SnO, (200) peak of the layer-by-layer-annealed
film were relatively stronger and narrower, indicating
higher crystallinity of the film and fewer defects in the film

(b)

¥ SnO,(JCPDS no. 41-1445)

layer-by-layer annealing

one-step annealing

Intensity (a.u.)

as-deposited
v

20 30 40 50 60 70 80
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Fig. 5 a XRD patterns of the as-deposited AZO/Pt/FTO trilayer film and the layer-by-layer-annealed AZO/Pt/FTO trilayer films at various
temperatures; b XRD patterns of the as-deposited AZO/Pt/FTO trilayer film and the AZO/Pt/FTO trilayer films annealed at 400 °C by two

approaches
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[32]. The twice annealing of the FTO layer in the layer-by-
layer annealing process should be responsible for this
result.

3.3 Photoelectric Properties of AZO/Pt/FTO Films

Figure 6a shows transmittance spectra of the as-deposited
AZO/Ag/FTO trilayer film and the films annealed at dif-
ferent temperatures. All the films exhibited a drop-off in
transmittance at shorter wavelengths that was related to the
fundamental absorption caused by band-to-band transition
[34]. The transmittance of the as-deposited AZO/Ag/FTO
film was significantly improved after employing both
layer-by-layer annealing and one-step annealing. But the
increment achieved by layer-by-layer annealing was obvi-
ously greater than that by one-step annealing, which may
be ascribed to the fact that the quasi-continuous or con-
tinuous AZO layer can suppress the total internal reflection
in the Pt and FTO layers [35, 36]. It is noteworthy that the
absorption edges for all the annealed films shifted to the
shorter wavelength side compared with the as-deposited
one, and the wavelengths of the absorption edges for the
layer-by-layer-annealed films decreased with an increase in
annealing temperature, similar to the results for AZO films
reported by Ali et al. [34]. According to previous resear-
ches, the blueshift of absorption edge should be due to the
improved crystallinity and the increased carrier concen-
tration (called as Burstein—Moss effect) [37, 38]. Figure 7
presents the dependence of the carrier concentration of all
the AZO/Ag/FTO trilayer films on annealing temperature.
It is seen that the carrier concentrations of both the one-
step-annealed and layer-by-layer-annealed films are higher
than that of the as-deposited one, and increase obviously
with increasing annealing temperature. These provide
evidence for the above explanation.

The average optical transmittance in the wavelength
range of 400-1,000 nm of the films is illustrated in Fig. 6b.

100
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The average transmittance of the as-deposited AZO/Pt/
FTO trilayer film was about 71.3%. After layer-by-layer
annealing, the average transmittance greatly increased
from 80.2% to 85.3% with increasing annealing tempera-
ture from 300 to 400 °C, and then dropped to 82.6% with
increasing annealing temperature to 500 °C. For the one-
step-annealed AZO/Pt/FTO trilayer films, the average
transmittance increased to a maximum of 77.3% at an
annealing temperature of 400 °C and then gently decreased
to 75.3% with increasing annealing temperature to 500 °C.
No matter what annealing methods and annealing temper-
atures are adopted, the increase in particle/grain size and
the improvement in crystallinity lead to less grain bound-
aries and reduce the light scattering at the grain boundaries,
resulting in the enhancement of the transmittance [39]. The
decrease in average transmittance of the films that annealed
at a temperature higher than 400 °C may be related to the
nonuniformly distributed agglomerated particles that were
observed on the film surfaces (Fig. 2c, f), since the non-
uniformity of particles/grains can bring about the increases
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Fig. 7 Sheet resistances and carrier concentrations of the as-depos-
ited and the annealed AZO/Pt/FTO trilayer films
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Fig. 6 a Transmittance spectra and b average transmittances (400-1,000 nm) of the as-deposited and the annealed AZO/Pt/FTO trilayer films
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in scattering and absorption of light in the film, and
therefore, reduce the transparency of the film [40, 41].

The dependence of sheet resistance on the annealing tem-
perature for the annealed AZO/Pt/FTO trilayer films is also
shown in Fig. 7. Compared with that of the as-deposited AZO/
Pt/FTO film (7.5 /), the sheet resistances of all the
annealed AZO/Pt/FTO trilayer films were relatively low.
Annealing does not only eliminate parts of the crystal defects
in the films (as indicated in XRD analysis), it also enhances
carrier mobility and reduces carrier scattering at the grain
boundaries by increasing grain size [42, 43]. All these should
be responsible for the improvement in conductivity of the
films. The sheet resistance of the one-step-annealed films
decreased from 7.1 to 5.8 /(] with increasing annealing
temperature from 300 to 500 °C. The sheet resistance of the
layer-by-layer-annealed films decreased from 6.2 to 5.4 Q/(]
with the same change in annealing temperature. However, at
the same annealing temperature, the sheet resistance of the
film prepared by layer-by-layer annealing was obviously
lower than that of by one-step annealing (e.g., 5.6 vs. 6.0 /[,
at 400 °C), which may be attributed to the greater grain size
and fewer defects in the former film. In addition, the blueshift
of absorption edge in the transmittance spectra (Fig. 6a) that
corresponds to the increase in carrier concentration may be
conducive to improving conductivity of the films [44], which
can further explain this result.

The quality of the trilayer films can be determined by a
figure of merit (Frc) defined as Frc = T'%/Rg [45], where
T is the average transmittance in the wavelength range of
400-1,000 nm and Ryg is the sheet resistance. The figures of
merit of the as-deposited and annealed AZO/Pt/FTO trilayer
films in our work are shown in Fig. 8. The figure of merit of
the as-deposited film was only 0.45 x 1072 Q™" and was
enhanced by both layer-by-layer and one-step annealing.
The film prepared by layer-by-layer annealing at 400 °C had
the highest figure of merit of 3.64 x 1072 Q' almost three
times higher than that of the corresponding one-step-
annealed film (1.27 x 1072 Q~"). By adopting the same
definition for 7, Dimopoulos et al. [15] calculated Fyc for
AZO/Au/AZO trilayer films and obtained the best value of
6.9 x 107> Q! significantly lower than that is presented
here. Sutthana et al. [14] and Lin et al. [16] took the average
transmittance in the visible range as 7, yielding the highest
Frc of 6.9 x 1074 Q! for AZO/Ag/AZO films and
1.94 x 1072 Q7" for AZO/AI/AZO films, respectively.
These are uncomparable to the corresponding value of
2.42 x 107 Q' for the AZO/PUFTO film in this study. In
addition, Sahu and Huang [18] used the maximum 7 value for
the calculation of Fr¢ for ZnO/Cu/ZnO multilayer film. In
comparison, the highest Frc calculated by using the maxi-
mum 7 in our work is 15.31 x 1072 Q™" and outperforms
their result (1.97 x 1072 Q™). Our work indicates that
layer-by-layer annealing, rather than one-step annealing, is

- - -as-deposited
[ [_llayer-by-layer annealing
4 b EZZ one-step annealing

-

Figure of merit, 7 (x10°Q")

| 21|

| L | 77 7
%
300 350 400 450 500
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Fig. 8 Figures of merit of the as-deposited and the annealed AZO/Pt/
FTO trilayer films

more effective for improving the quality of multilayer films.
More importantly, the AZO/Pt/FTO trilayer films with
higher quality obtained by layer-by-layer annealing are quite
valuable for window electrodes in various photovoltaic
applications particularly in dye-sensitized solar cells.

4 Conclusions

In summary, AZO/Pt/FTO trilayer films were prepared
through coating commercial FTO glass with 5-nm-thick Pt
layers and 150-nm-thick AZO layers by DC magnetron
sputtering. The as-formed AZO/Pt/FTO trilayer films,
which possessed an average transmittance of 71.3%, a
sheet resistance of 7.5 Q/[J and a figure of merit of
0.45 x 1072 Q™' were treated by one-step annealing and
layer-by-layer annealing. In the present work, all the
annealed films exhibited an increase in the grain size and
an improvement in the crystallinity, thereby achieving the
enhancement in photoelectric properties. However, one-
step annealing led to the formation of sparsely distributed
AZO particles, resulting in relatively smaller increment in
transmittance and conductivity. The layer-by-layer-
annealed films were covered with quasi-continuous or
continuous AZO layers and exhibited excellent optical and
electrical properties. In particular, the film treated by layer-
by-layer annealing at 400 °C had the highest figure of merit
of 3.64 x 1072 Q™" with an average transmittance of
85.3% and a sheet resistance of 5.6 Q/L1. The results
indicate that layer-by-layer annealing can more effectively
improve the photoelectric properties of multilayer films.
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