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SnO,/metal/ZnO multilayer transparent conductive films incorporating Ag, Al, and Mo
interlayers were fabricated by RF and DC magnetron sputtering to investigate the effects of
interlayer metal selection on structural, electrical, and optical properties. Postdeposition vacuum
annealing was performed at temperatures ranging from 200 to 500 °C. Film thickness,
crystallinity, carrier transport behavior, optical transmittance, grain size, and figure of merit
(FOM) were systematically analyzed. X-ray diffraction results revealed enhanced crystallinity
with increasing annealing temperature, accompanied by grain growth and phase evolution. Hall
measurements indicated that optimal electrical performance was achieved by 200 °C annealing
for Ag and Mo interlayers, with resistivities of 3.60 x 1072 and 4.02 x 1072 Q-cm, respectively.
Optical measurements showed an average visible transmittance exceeding 80% after 400 °C
annealing for all samples. Among the investigated structures, the SnO,/Mo/ZnO film annealed
at 200 °C exhibited the highest FOM of 9.42 x 107 Q7! demonstrating balanced electrical
conductivity and optical transparency. The results confirm that appropriate interlayer
engineering effectively enhances the optoelectronic performance of oxide/metal/oxide multilayer
films for transparent electrode- and sensor-related applications.

1. Introduction

Transparent conducting oxides (TCOs) simultaneously exhibit high electrical conductivity
and optical transparency, making them essential materials for solar cells, flat-panel displays,
thin-film transistors, and optoelectronic sensors. Conventional metal films exhibit excellent
conductivity but limited transparency owing to strong reflection in the visible and infrared
regions. To achieve both transparency and conductivity, oxide/metal/oxide (OMO) multilayer
structures have been widely developed.(!-?)

SnO, is a wide-bandgap semiconductor (>3 eV) with high chemical stability and good optical
transparency. However, its conductivity is generally inferior to that of metallic films. Introducing
a thin metallic interlayer between oxide layers can significantly enhance carrier transport while
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maintaining optical performance. Nevertheless, the electrical and optical properties strongly
depend on the type of interlayer metal and postdeposition thermal treatment.(10-15)

In this study, SnO,/metal/ZnO multilayer films with Ag, Al, and Mo interlayers were
prepared. The effects of annealing temperature on crystallinity, carrier concentration, mobility,
transmittance, grain growth, and figure of merit (FOM) were systematically investigated.(16-29)

2. Experimental Procedure

SnO, films were deposited on glass substrates by RF magnetron sputtering (I-Shien
Corporation) using a 99.99% pure SnO, target. The sputtering power was 80 W with an Ar/O,
gas flow rate of 30/5 sccm at a working pressure of 6 mTorr for 30 min. Subsequently, metallic
interlayers (Ag, Al, and Mo; 99.99% purity) were deposited by DC magnetron sputtering at 20 W
with an Ar flow rate of 15 sccm and a working pressure of 10 mTorr for 1 min. Finally, ZnO top
layers were deposited by RF sputtering under 80 W power with an Ar flow rate of 30 sccm at 6
mTorr for 30 min, forming SnO,/metal/ZnO multilayer structures. Postdeposition vacuum
annealing was conducted at 200, 300, 400, and 500 °C. Finally, the properties of each layer were
measured individually. The crystal structure was analyzed by X-ray diffraction (XRD, D8
ADVANCE ECO, Bruker) and electrical properties were measured by Hall measurement
(Nanomagnetics Instruments). The optical transmittance was obtained by UV—Vis spectroscopy
(U-2900, Hitachi company).

3. Results and Discussion
3.1 Crystal structure properties

Figures 1(a) to 1(c) present the XRD analysis results, which showed that all multilayer films
began to exhibit pronounced diffraction peaks corresponding to the (101) plane near 20 = 34°
after annealing at 200 °C, indicating improved crystallinity. At higher annealing temperatures,
additional peaks near 27° associated with mixed SnO and SnO, phases were observed. For Mo
interlayers, a Mo oxide (220) peak appeared near 52° after 300 °C annealing. Ag and Al
interlayers exhibited oxide-related peaks at higher annealing temperatures, indicating oxidation
at elevated temperatures. Grain size was calculated using the Scherrer equation. Grain growth
became significant above 300 °C, and the Mo-interlayer sample showed the most pronounced
grain enlargement, reaching 84.12 nm at 500 °C. The thickness of SnO, was about 90 nm and
thst of each metal thin film was about 20 nm. The total thickness of each multilayer of thin films
was about 220 nm.

3.2 Analysis of electrical properties
The electrical performance strongly depends on both the interlayer type and the annealing

temperature. Tables 1 to 3 present the results of the electrical analysis of SnO,/Ag/Zn0O, SnO,/
Al/ZnO, and SnO,/Mo/ZnO multilayer films prepared with different annealing temperatures.
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different annealing temperatures.

Table 1

(Color online) XRD analysis results of (a) SnO,/Ag/Zn0O, (b) SnO,/Al/Zn0O, and (c) SnO,/Mo/ZnO at

Electrical properties of SnO,/Ag/ZnO prepared at different annealing temperatures.

Sn0,/Ag/Zn0O electrical property

Annealing temperature (°C)  Resistivity (Q2-cm) Mobility (cmz/Vs) Carrier concentration (cm_3)
as-deposited 1.74E-01 2.75E+00 1.30E+19

200 3.60E-02 1.32E+00 1.31E+20

300 4.25E-02 2.83E-01 5.20E+20

400 1.91E+01 1.28E-02 2.54E+19

500 8.81E+00 2.03E+00 3.49E+17

Table 2

Electrical properties of SnO,/A1/ZnO prepared at different annealing temperatures.

Sn0,/A1/ZnO electrical property

Annealing temperature (°C) Resistivity (Q2-cm) Mobility (cmz/Vs) Carrier concentration (cm73)
as-deposited 9.38E-02 1.77E+00 3.75E+19
200 1.65E-01 1.18E+00 3.21E+19
300 2.16E-01 2.47E-01 1.17E+20
400 9.37E+01 2.26E-02 2.95E+18
500 1.48E+01 1.32E-02 3.19E+19
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Table 3
Electrical properties of SnO2/Mo/ZnO prepared at different annealing temperatures.

Sn0,/Mo/ZnO electrical property

Annealing temperature (°C)  Resistivity (Q-cm) Mobility (¢cm?/Vs)  Carrier concentration (cm °)
as-deposited 5.03E-02 2.33E+00 5.31E+19
200 4.02E-02 3.50E+00 4.43E+19
300 4.12E-01 8.51E-01 1.78E+19
400 1.89E+00 1.12E-01 2.96E+19
500 1.24E+02 1.58E—-03 3.18E+19

From Table 1, it can be seen that the SnO,/Ag/ZnO multilayer films annealed at 200 °C exhibited
the lowest resistivity (3.60 x 1072 Q-cm). This improvement is attributed to the high intrinsic
conductivity of Ag. The Ag thin film has an increased carrier concentration (~102° cm™) and a
reduced interface resistance after low-temperature annealing. However, at temperatures >400
°C, the resistivity increased markedly. This behavior is likely due to Ag agglomeration, leading
to discontinuous conductive pathways and enhanced carrier scattering.

The as-deposited SnO,/Al/ZnO sample exhibited a relatively low resistivity of 9.38 x 1072
Q-cm. However, annealing above 300 °C significantly increased the resistivity up to 10! Q-cm.
This deterioration is attributed to the rapid oxidation of Al, resulting in the formation of
insulating Al,Os phases. The formation of this oxide barrier layer impedes electron transport
across interfaces, increasing the resistivity despite the improved crystallinity.

The SnO,/Mo/ZnO structure annealed at 200 °C achieved balanced electrical performance
with a resistivity of 4.02 x 1072 Q-cm and a mobility of 3.50 cm?/V-s. The superior performance
of Mo can be attributed to the moderate electrical conductivity and higher oxidation resistance of
Mo than Al, and a reduced agglomeration tendency of Mo compared with Ag. Thus, Mo provides
a more thermally stable interlayer under moderate annealing conditions.

3.3 Analysis of transmittance and optical properties

Figures 2—4 show the transmittance results. It can be observed that all samples exhibited
increasing averages. This trend can be explained by the reduced light scattering owing to the
improved crystallinity and the decrease in metallic reflectance as interlayers partially oxidize.
The optical bandgap Eg can also represent film transparency. The optical bandgap values were
consistently above 3 eV, confirming wide-bandgap semiconductor behavior. The slight bandgap
widening after annealing may be associated with the reduced defect density and possible

Burstein—Moss effect due to the increased carrier concentration:(21:22)

(ahu)2 = A(hU—Eg), M

where 4 is a constant, a is the absorption coefficient, and /v is the incident photon energy.
Figures 5-7 show the bandgap values at different annealing temperatures for the different
multilayer thin films. Importantly, no marked bandgap shifts were observed, indicating that
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interlayer engineering primarily affects electrical transport rather than the fundamental
electronic structure.
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3.4 Analysis of crystal size

Grain size, calculated using the Scherrer equation, increased with annealing temperature for
all multilayer structures. This grain coarsening is associated with reduced grain boundary
density and lower grain boundary scattering.(>3)

Do 0.9 2
pcosb

Here, D is the grain size, 4 is the X-ray incident angle (0.15418 nm), @ is the incident angle, and S
is the full width at half maximum (FWHM). Tables 4—6 present the crystal grain sizes for all
multilayer thin films prepared at different annealing temperatures.

The Mo-interlayer sample demonstrated the most significant grain growth, reaching 84.12
nm after annealing at 500 °C, indicating enhanced atomic diffusion and lattice rearrangement.
This suggests that phase evolution (SnO formation) and interlayer oxidation play dominant roles
at higher temperatures. Therefore, optimal electrical performance is achieved with a moderate
annealing temperature (200 °C), where crystallinity improves without excessive phase
transformation.

Table 4

Effect of annealing temperature on the grain size of SnO,/Ag/ZnO.
Sn0O,/Ag/ZnO

Annealing temperature (°C) FWHM Grain size (nm)

300 0.203 41.00

400 0.186 44.74

500 0.169 49.25

Table 5

Effect of annealing temperature on the grain size of SnO,/Al/ZnO.
Sn0,/A1/ZnO

Annealing temperature (°C) FWHM Grain size (nm)

300 0.293 28.41

400 0.234 35.58

500 0.227 36.67

Table 6

Effect of annealing temperature on the grain size of SnO,/Mo/ZnO.

Sn0O,»/Mo/ZnO

Annealing temperature (°C) FWHM Grain size (nm)

300 0.194 42.91

400 0.128 65.01

500 0.099 84.12
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3.5 FOM analysis

The performance of TCO films is often evaluated using FOM, defined by the ratio of

transmittance to resistance:(24-26)

T 10
®TC= . 5 (3)
Rsh

where T, is the average optical transmittance and Ry, is the sheet resistance expressed in Q7!
Figures 8—10 present FOM values of all SnO,/Ag/ZnO multilayer thin films. SnO,/Mo/ZnO
annealed at 200 °C achieved the highest FOM (9.42 x 1075 Q). SnO,/Ag/ZnO showed strong
electrical performance but lower FOM owing to lower transmittance. However, SnO,/Ag/ZnO
had the intermediate FOM. The superior FOM of the Mo-interlayer structure originates from
sufficient carrier mobility, stable interface formation, and maintained optical transparency. This
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demonstrates that electrical conductivity alone does not determine overall performance. Instead,
optimal transparent conductive behavior requires a careful control of interlayer oxidation
kinetics, crystallinity, and carrier scattering mechanisms.

4. Conclusions

SnO,/metal/ZnO multilayer transparent conductive films with Ag, Al, and Mo interlayers
were successfully fabricated and systematically investigated.
(1) Annealing at 200 °C significantly improved crystallinity and electrical conductivity.
(2) Optical transmittance exceeding 80% was achieved after 400 °C annealing.
(3) Grain size increased with annealing temperature owing to recrystallization.
(4) The SnO,/Mo/ZnO film annealed at 200 °C exhibited the highest FOM of 9.42 x 1075 Q.
These results demonstrate that Mo interlayers prepared under optimized annealing conditions
provide superior optoelectronic performance, making the multilayer structure promising for
transparent electrode and sensor applications.
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