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In this study, multilayer transparent conductive films were formed by depositing titanium
dioxide (TiO,) and zinc oxide (ZnO) or indium tin oxide (ITO) on a glass substrate by radio-
frequency magnetron sputtering using different sputtering parameters, and by depositing
niobium (Nb) of 99.99% purity as an intermediate layer between the two oxide layers by DC
magnetron sputtering. It was found that the amount of crystals in all the multilayer film
structures increases with the annealing temperature, the TiO,/Nb/ITO (TNI) multilayer film
structure has the best electrical properties when annealed at 500 °C, with the resistivity being
9.22 x 107* Q-cm (with the highest average transmittance being 87.85% at the annealing
temperature of 300 °C), and the TNI multilayer film structure also has the highest figure of
merit (FOM), i.e., 3.88 x 1073 Q"!. However, the TiO,/Nb/ZnO (TNZ) film annealed at 500 °C
had the resistivity of 1.63 x 1072 Q-cm, the transmittance of 81.20%, and the FOM of 1.66 x 1078
Q7. The results showed that the TNI multilayer film had the best optical and electrical
properties. The results of this study indicate that such multilayer film structures are suitable for
use as photoelectric sensors.

1. Introduction

Transparent conductive oxide (TCO) films are photoelectric materials that integrate optical
transparency with electrical conductivity.!=# Such photoelectric materials defy the traditional
concept that transparent substances in nature are usually not electrically conductive (e.g., glass),
whereas electrically conductive substances in nature are usually opaque (e.g., metal and
graphite). TCO films feature a combination of electrical conductivity and transparency and are
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therefore widely used in a variety of photoelectric devices and sensors such as solar cells, liquid
crystal displays, gas detectors, thermally conductive glass for use in airplanes and vehicles, and
organic light-emitting devices.®® Common TCO film materials are zinc oxide (ZnO), indium
(IT) oxide (In,03), titanium dioxide (TiO,), tin (IV) oxide (SnO,), and cadmium oxide (CdO),
and in order to increase the electrical conductivity and transparency of single-layer TCO films,
research and development efforts have been made, leading to the discovery that both the optical
and electrical properties of doped single-layer films such as ZnO:Al, SnO,:Sb, and In,05:Sn
(also known as indium tin oxide or ITO) are effectively enhanced.®~13 However, with the
advancement of technology, particularly in the field of microelectronics, the requirements for
TCO films have increased. Therefore, researchers proposed to achieve better optical and
electrical properties by creating a multilayer film structure analogous to a composite material.
Such multilayer film structures mainly include double- and triple-layer structures formed by at
least one oxide film and at least one metal film. An oxide/metal/oxide or metal oxide/metal/
metal oxide triple-layer film is also referred to as a sandwich film.(4-19) Such films are
configured to suppress the reflection of visible light by the intermediate metal layer and thereby
achieve relatively high transmittance.(!”!8) More specifically, by controlling the refractive
indices and optical thicknesses of the upper and lower layers of the sandwich film structure
properly, reflection by the intermediate metal layer can be reduced to increase the transmittance
of the entire film. Generally, a TCO should have such basic properties as an energy gap larger
than 3 eV, a resistance of 107# to 107> Q,(19 the ability to cut off UV light, and relatively high
reflectivity in the infrared spectral region. Therefore, ITO, ZnO, and TiO, are all good oxide
film materials suitable for making photoelectric sensors.

The performance of a TCO film depends on not only the composition of its materials, but
also its manufacturing process. Recently, the technologies commonly used to prepare a TCO
film have been magnetron sputtering, vacuum evaporation, the sol-gel method, and ion-assisted
deposition.2%24 Magnetron sputtering allows large uniform films to be made and is therefore
the most extensively used method in the industry.

In this study, magnetron sputtering was used to deposit TiO,/Nb/ITO (or TNI for short) and
TiO,/Nb/ZnO (or TNZ for short) sandwich films. Then, we deposited the intermediate metal
layer, i.e., the Nb layer between the oxide thin films. To improve the optical and electrical
properties, we also utilized the annealing process under different annealing temperatures. Then,
a series of tests were conducted on the electrical and optical properties of the sandwich films to
identify the multilayer sandwich film structure with the highest quality.

2. Experimental Procedure and Material Preparation

A glass substrate was cut into an appropriate size of 2 x 2 cm?. The cut glass substrate was
washed in alcohol with an ultrasonic vibrator for 10 min and then rinsed with deionized water,
before being dried in an oven (100 °C) for 1 h. The sputtering equipment used was a magnetron
sputtering system, and the target materials used in the experiment were 99.99% pure TiO,, ITO,
Zn0O, and metal Nb. Before film deposition, air was drawn out of the reaction chamber until the
pressure in the chamber became lower than 1.0 x 1073 Pa. Then, a certain amount of At/N gas
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was introduced into the chamber through a gas flow meter, with the flow rate being 6 sccm. To
carry out the deposition process, the sputtering parameters selected for the TiO, target material
included a power of 100 W, a chamber pressure of 6 mTorr, an Ar flow rate of 15 sccm, and a
sputtering time of 90 min. The sputtering parameters selected for the ITO and ZnO target
materials included a power of 60 W and a sputtering time of 30 min, and the parameters for the
metal Nb target material included a power of 20 W, a chamber pressure of 6 mTorr, an Ar flow
rate of 15 sccm, and a sputtering time of 5 min. Once the deposition process was completed, the
prepared films were taken out of the reaction chamber and placed in a vacuum annealing
furnace to be annealed at 200, 300, 400, or 500 °C. After annealing, the films were kept for 1 h
and then allowed to cool to room temperature naturally. The thicknesses of the completed films
were measured with an a-step profilometer (KLA-Tencor). The surface topography of the films
was observed using an atomic force microscope (Bruker Dimension FastScan - XR), and the
crystalline structures of the films were analyzed using an X-ray diffractometer (XRD,
SIEMENS D-500). The resistivity, current carrier concentration, and electron mobility of each
film were measured using a Hall-effect measuring instrument (AHM-800B). As for the optical
properties of the films, optical transmittance was measured using a UV-VIS spectrophotometer
(Hitachi 2900).

3. Results and Discussion
3.1 Measurement of film thickness

Table 1 shows the thickness measurements taken with the o-step profilometer of the
multilayer film structures formed by sputtering. The annealing process did not change the film
thicknesses significantly. The changes were only about 2 nm. (The annealing process caused
even less change in the optical and electrical properties of the films, as shown by the
corresponding measurements below.)

3.2 Analysis of XRD properties of film

Figures 1 and 2 show the properties of the multilayer film structures with an intermediate
dopant (i.e., Nb) layer. The unannealed multilayer films were in an amorphous state, i.e., no
crystalline phase was found in those films. The crystalline phase began to present in the TNI
films when the annealing temperature was 300 °C. The (222), (400), (411), (431), (440), and (622)
peaks were found at 30.5, 35.5, 37.7, 45.9, 51.1, and 61.6° respectively, but all the peaks
correspond to In,0;, indicating that Nb ions might have been substituted, and thereby
incorporated, into the In,O; lattices, with (222) being the major growth direction. As the

Table 1

Comparison of thicknesses of different multilayer films.
Multilayer Thickness (nm)

TNI 147.30

TNZ 102.90
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Fig. 1. (Color online) XRD graph of TNI annealed
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Fig. 2.  (Color online) XRD graph of TNZ annealed

at different temperatures.

annealing temperature increased, the greatest peak value appeared when the annealing

temperature was 500 °C.

The main peak of the TNZ films occurred at 34.3°, with (002) being the major growth
direction. The (103) peak appeared at 63.1°. Both peaks correspond to ZnO. As with the TNI
films, the peaks were shifted slightly to the right as the annealing temperature increased.
Moreover, no peak that corresponds to TiO, or Nb,Os was observed, and this indicates that Nb

ions had been doped evenly into the TiO, and ZnO lattices.

3.3 Comparison of electrical conductivity of films

Tables 2 and 3 show the electrical properties of the multilayer films annealed at different
temperatures. As can be seen in the XRD graph of the TNI films, the TNI film annealed at 200

Table 2

Electrical properties of TNI annealed at different temperatures.

TNI: TiO; 100 W 90 min / Nb 20 W 5 min / ITO 60 W 30 min

Annealing temperature (°C) Resistivity (Q2-cm) Mobility (cm?/Vs) Carrier concentration (cm )
As-deposited 1.51 x 1073 2.26 % 10 5.06 x 10"

200 251 %1073 3.14 x 10 7.88 x 10"

300 117 x 1073 373 %10 1.05 x 10?°

400 1.06 x 1073 4.24 %10 2.31 x 10%°

500 922 x 107 5.48 x 10 4.55 x 10%°

Table 3

Electrical properties of TNZ annealed at different temperatures.

TNZ: TiO; 100 W 90 min / Nb 20 W 5 min / ZnO 60 W 30 min

Annealing temperature (°C) Resistivity (Q2-cm) Mobility (cm?/Vs) Carrier concentration (cm )
As-deposited 471 %1072 1.24 x 10 1.82 x 108
200 8.12x 107! 1.60 x 10 8.79 x 10"
300 3.67x 1072 2.89 x 10 3.37 x 10'8
400 3.36 x 1072 2.95x 10 477 % 108
500 1.63 x 1072 3.62 x 10 6.75 x 108
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°C as well as the unannealed one were in an amorphous state, so it can be inferred that the
resistivity of the TNI film annealed at 200 °C increased mainly because the crystal grains in the
film were still in the growth stage. When the annealing temperature was 300 °C, the resistivity
began to decrease. The lowest resistivity, i.e., 9.22 x 10™* Q-cm, was obtained when the
annealing temperature was 500 °C.

The TNZ film annealed at 500 °C had the lowest resistivity, i.e., 1.63 x 1073 Q-cm, mainly
because it had the highest current carrier concentration, i.e., 6.75 x 10'8 cm™. As can be seen in
the XRD graph of the TNZ films, the highest (002) peak was observed when the annealing
temperature was 500 °C, and this indicates that when the annealing temperature was 500 °C, the
ZnO structure grew relatively well, with Nb ions diffused evenly into the ZnO and TiO, layers
such that the resistivity of the film decreased.

3.4 Comparison of optical properties of films

Table 4 and Figs. 3 and 4 show the changes in the energy gap of the multilayer films before
and after annealing. The energy gap was calculated using the following equation:(2-26)

(ahv)* = A(hv — Eg), ()
Table 4
Comparison of energy gaps of multilayer films annealed at different temperatures.
Energy gap (eV)
Annealing temperature (°C) TNI TNZ
As-deposited 3.46 3.26
200 3.37 3.27
300 3.60 3.30
400 3.55 3.33
500 3.56 3.27
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Fig. 3. (Color online) Energy gaps of TNI annealed Fig. 4. (Color online) Energy gaps of TNZ annealed

at different temperatures. at different temperatures.
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where A4 is a constant, and a and /v are the absorption coefficient and energy of the incident
radiation, respectively. It can be seen in Table 4 that the TNI multilayer film structure annealed
at 300 °C had the largest energy gap, i.e., 3.60 eV.

The average transmittance of the TNI films (see Fig. 5) was closely related to the current
carrier concentration. As the annealing temperature increased, the highest average transmittance,
i.e., 87.85%, was obtained when the annealing temperature was 300 °C, which is in line with the
trend of the electrical conductivity measurements. When the annealing temperature increased,
the metal atoms in the intermediate metal layer were able to be doped into and substitute for the
oxide atoms in the upper and lower oxide layers after receiving the energy; as a result, the
reflection of visible light by the metal layer was reduced. The energy gap of an ITO increases
with increasing current carrier concentration mainly because the Fermi level moves into the
conduction band such that an electron needs more energy in order to jump from the valence band
to the conduction band (this phenomenon being known as the Burstein—Moss effect). The TNI
film annealed at 300 °C had the largest energy gap, i.e., 3.60 eV, and this corresponds to the
trend of the electrical property.

The TNZ film annealed at 500 °C had the highest average transmittance, i.e., 81.20% (see
Fig. 6), and this was mainly because when the annealing temperature increased, metal atoms in
the metal layer were able to be doped into and substituted for the oxide atoms in the upper and
lower oxide layers after receiving the energy, thereby reducing the reflection of visible light by
the metal layer and consequently increasing the average transmittance.?”) According to the
energy gap values, the TNZ film annealed at 400 °C had the largest energy gap, i.e., 3.33 €V,
which satisfies the requirement for a wide-band-gap semiconductor.

3.5 Analysis of figures of merit (FOM)

As far as transparent conductive films are concerned, the quality of the film material can be
expressed by the FOM to facilitate comparison, wherein the FOM is calculated from resistivity
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Fig. 5. (Color online) Transmittance of TNI Fig. 6. (Color online) Transmittance of TNZ

annealed at different temperatures. annealed at different temperatures.
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and transmittance.?®>) As can be known from the equation below, the FOM is directly
proportional to transmittance to the power of 10. Transmittance, therefore, is a critical factor in
the FOMs of such films. A high FOM requires relatively low resistivity and high transmittance.

Tl 0
e =22 @

sh

Table 5 shows the FOMs of the TNI and TNZ films annealed at different temperatures.
According to Table 5, the TNI film annealed at 500 °C had the highest FOM, i.e., 3.88 x 1073
Q. As the optical transmittance of the TNI films did not change much with increasing
annealing temperature (see Fig. 5), it can be inferred that resistivity was the key factor of the
FOM. Because the lowest resistivity was obtained when the annealing temperature was 500 °C,
the highest FOM was obtained when the annealing temperature was 500 °C.

In the case of the TNZ films, the film annealed at 500 °C also had the highest FOM, i.e., 1.66
x 1078 Q7. As the optical transmittance of the TNZ films did not change much with the
annealing temperature (see Fig. 6), it can be inferred that resistivity was also the key factor of the
FOM. The lowest resistivity was also obtained when the annealing temperature was 500 °C, so
the highest FOM was obtained when the annealing temperature was 500 °C

3.6 Analysis of surface feature

In this study, a surface topography analysis, or roughness analysis, was performed on the
films before and after annealing using an atomic force microscope (AFM). The analysis results
are summarized in Table 6, which shows the surface roughness (Ra) values. All the TNI
multilayer film structures had Ra values of less than 1 nm, indicating that those multilayer films

Table 5
FOMs of multilayer films annealed at different temperatures.

FOM ®7¢ (Q 7))

Annealing temperature (°C) TNI TNZ
As-deposited 2.13%x107° 8.41 x 10710
200 1.40 x 107 242%10”°
300 2.15x107° 173 x10”°
400 227x107° 1.35x 1077
500 3.88x107° 1.66 x 10°°
Table 6

Surface roughness values of different multilayer film structures.

Annealing temperature (°C) TNI Ra (pm) TNZ Ra (pm)
As-deposited 8.51 25.9
200 7.41 22.2
300 6.97 14.2
400 6.81 13.2

500 6.48 12.2
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had very flat surfaces. The Ra value was reduced when the annealing temperature increased,
indicating that the annealing process helped improve the surface roughness of the films. All the
ITO films had smooth, continuous surfaces. The same phenomenon (roughness reduced when
the annealing temperature increased) was also found in multilayer films whose third layer was
ZnO. Figures 7 and 8 are AFM images showing the surface conditions of different multilayer

(a) (b)

(c) (d)

(e

Fig. 7. (Color online) Surface features of (a) as-deposited TNI multilayer film structure and those annealed at (b)
200, (c) 300, (d) 400, and (e) 500 °C.
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Fig. 8.  (Color online) Surface features of (a) as-deposited TNZ multilayer film structure and those annealed at (b)
200, (c) 300, (d) 400, and (e) 500 °C.

film structures. As can be seen in the figures, the deposited surface layers of both types of
multilayer film structure were even and had a dense texture.
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4. Conclusions

According to the experimental results, the overall thicknesses of the TNI multilayer films
barely changed under different annealing temperatures. As to the XRD structural properties, the
unannealed TNI film and the TNI film annealed at 200 °C were both in an amorphous state, and
the crystalline phase began to show when the annealing temperature was 300 °C. With regard to
electrical properties, the resistivity of the TNI films was increased when “no annealing” was
changed to “annealing at 200 °C” and this was mainly because the crystal grains in those films
were still in the growth stage. Resistivity began to decrease when the annealing temperature was
300 °C, and the lowest resistivity, i.e., 9.22 x 1074 Q-cm, was obtained when the annealing
temperature was 500 °C. When it comes to optical transmittance, the highest average
transmittance of the TNI films, i.e., 87.85%, was obtained when the annealing temperature was
300 °C. The largest energy gap, i.e., 3.60 eV, was also obtained when the annealing temperature
was 300 °C. As for surface topography, the AFM images of the TNI films show that the Ra
values of the annealed films as well as the unannealed one were less than 1 nm and that the Ra
value was reduced when the annealing temperature increased, indicating that the annealing
process helped improve the surface roughness of the films and contributed to high flatness. Last
but not least, the TNZ film annealed at 500 °C had the highest FOM, i.e., 1.66 x 1078 Q! and
this was because the lowest resistivity was obtained when the annealing temperature was 500
°C. It can be considered that the two multilayer thin films are suitable for photosensor
applications.
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