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Abstract: In this paper, zirconium-aluminum-oxide (ZAO) dielectric layers were prepared by a
solution method with intent to combine the high dielectric constant with a low leakage current density.
As a result, dielectric layers with improved electrical properties as expected can be obtained by
spin-coating the mixed precursor. The chemical and physical properties of the films were measured
by thermogravimetric differential scanning calorimetry (TG-DSC), X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS) and a UV spectrometer. It is observed that the oxygen defects and
the hydroxide in the films are reduced with the addition of high-bond-energy zirconia, while the films
can remain large optical bond gaps thanks to the presence of alumina. The metal-insulator-metal
(MIM) devices were fabricated, and it was seen that with a molar ratio of Zr:Al = 3:1 and an annealing
temperature of 500 °C, the dielectric layer afforded the highest dielectric constant of 21.1, as well as a
relatively low leakage current of 2.5 X 107® A/cm? @ 1 MV/cm. Furthermore, the indium-gallium-zinc
oxide thin-film transistors (IGZO-TFTs) with an optimal ZAO dielectric layer were prepared by the
solution method and a mobility of 14.89 cm?/Vs, and a threshold voltage swing of 0.11 V/dec and a
6.1 x 10° on/off ratio were achieved at an annealing temperature of 500 °C.

Keywords: solution method; zirconium-aluminum-oxide; mixed precursor; high dielectric constant;
metal oxide thin-film transistor

1. Introduction

As a basic unit, thin-film transistors (TFT) play an important role in displays [1-5], and the
dielectric layer is the key for the TFI’s electrical stability [6-9]. Due to their good transmittance, high
dielectric constant and low temperature preparation, amorphous metal oxide dielectric layers have
attracted widespread attention [10-13].

Vacuum methods such as magnetron sputtering—the usual process to prepare metal oxide
thin-film transistors (MOTFT)—have been facing difficulties in lowering the high equipment costs and
simplifying the complex production processes [14-17]. Therefore, the solution methods are widely
focused on by scholars due to their simpler processing and lower expense. However, solution-processed
dielectric layers have problems with unstable properties, owing to the large number of organic
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residues [18-21]. Thus, with the ambition to improve the properties of the dielectric layers fabricated
by spin-coating, a method of mixing has been employed as the mixed dielectric layer that, combined
with the advantages of the mixed material, can obtain better electrical properties. What’s more, the
mixed component can solve the problem with a polycrystalline structure and a rough surface [22-24].

Shu Jiang [25] et al adopted a solution-processed five-layer-stacked structure,
TiO,/Al,O3/TiOy/Al,O3/TiO; (denoted as TATAT), as the gate dielectric layer of the TFT, which
greatly improved its mobility, owing to the smoother surface of the dielectric-channel interface and
TiO, surface. In their research, thinner layers of TiO, were prepared to weaken the crystallization and
deteriorate the surface morphology, with the thicker Al,O3 interface layers introduced to the good
electrical performance. Weihua Wu [26] dissolved AlOy and YOy precursors to produce an AlO,:Y gate
dielectric layer by spin-coating to reduce the thickness decrease brought from multi-cycle spin-coating
routes. Equipped with a better surface flatness, the AlO,:Y films demonstrate competitive insulating
performance. As a result, the IGZO-TFT made of AlO,:Y has good electrical properties (leakage current
of 8.2 x 1078 A/cm? @ 2 MV/cm and a dielectric constant of 7.4).

As with the examples mentioned above, aluminum oxide is the main component of the hybrid
dielectric layers, as alumina has advantages of a high breakdown voltage and a low leakage current
density, but the low dielectric constant limits its application in TFTs [27,28]. Though the mixed dielectric
layers above have better electric properties, they still have problems with a large quantity of defects
and low dielectric constants. Among various high-k dielectric materials, zirconia is well-known for its
high bond energy, which is enable to reduce the oxygen defects in films [29,30]. Therefore, we intended
to mix alumina with zirconia to reduce the defects in the films and improve the dielectric constant, and
moreovet, to realize the optimal performance of the dielectric layer.

Hence, the zirconium-aluminum-oxide (ZAO) film was prepared by mixing alumina with zirconia
to obtain an insulating layer with a high performance. In this study, the precursors were prepared
by dissolving zirconium nitrate pentahydrate and aluminum nitrate nonahydrate. The ZAO films
were fabricated on substrates using the mixed precursors by spin-coating. The dielectric films were
analyzed by X-ray diffraction (XRD), X-ray reflectivity (XRR) and a UV spectrometer. Based on these
results, metal-insulator-metal (MIM) devices were fabricated to measure the dielectric constant and
leakage current density. Then, the chemical compositions of the ZAO films were investigated by X-ray
photoelectron spectroscopy (XPS) and the optimized parameters of the films were revealed. Finally,
we prepared the IGZO-TFT devices with optimal ZAO dielectric layers.

2. Experimental Detail

2.1. Precursor Solution Synthesis

A 0.4 M zirconium-aluminum-oxide (ZAO) precursor was prepared by dissolving zirconium
nitrate pentahydrate (Zr(NOj3)4-5H,0) and aluminum nitrate nonahydrate (AI(NOs3)3-9H,0) in of
2-methoxyethanol(2-MOE). The molar ratios of the ZAO precursor solution were Zr:Al = 4:0, 3:1, 1:1,
1:3 and 0:4. These solutions were stirred vigorously for 24 h, and were then aged under ambient
conditions for 24 h.

2.2. Film Fabrication and Characterization

The surface tension and viscosity were measured by an Attension Theta Lite (TL200, Biolin
Scientific, Gothenburg, Sweden). Thermogravimetric differential scanning calorimetry (TG-DSC) was
used to measure the thermal behaviors of the precursor solution at a heating rate of 10 °C/min from
room temperature to 600 °C.

The substrates were processed by UV/ozone at 25 °C for 10 min. The mixed precursor was
respectively spin-coated on the glass substrate at 5000 r/min for 30 s, and pre-annealed at 300, 400
and 500 °C for 10 min. The spin-coating process was repeated three times before annealing for 2 h
at various temperatures (300, 400 and 500 °C) corresponding to the pre-annealing temperature. The
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transmissivity of ZAO films was investigated with a UV-VIS spectrophotometer (UV-3600SHIMADZU,
Kyoto, Japan). The thicknesses and densities were measured by X-ray reflectivity (XRR) (EMPYREAN,
PANalytical, Almelo, the Netherlands), and the surface morphology of the ZAO film was investigated
by atomic force microscopy (AFM) (BY3000, Being Nano-Instruments, Guangzhou, China). X-ray
photoelectron spectroscopy (XPS) (Thermo Fisher Scientific, Waltham, MA, USA) analysis was carried
out to investigate the chemical composition of the ZAO thin films, with the carbon 1s peak (284.8 eV)
as a calibration reference.

2.3. Metal-Insulator-Metal Device Fabrication and Characterization

A 150 nm-thick indium tin oxide (ITO) deposited by direct current (DC) sputtering on glass
substrates was used as a bottom electrode. To measure the electrical characteristics of the ZAO films,
we fabricated an MIM device comprising Al electrode/ZAO films/ITO substrates. The ZAO films were
spin-coated on the ITO substrates, and the 100 nm-thick circular aluminum electrode was deposited
by RF sputtering through a shadow metal mask. The current-voltage (I-V) and capacitance-voltage
(C-V) characteristics of the MIM capacitor were measured by the Keithley4200 (Tektronix, Beaverton,
OR, USA) parameter analyzer under ambient conditions.

2.4. Thin-Film Transistor Applications and Characterization

After spin-coating the ZAO films on the ITO substrates, the IGZO with 10 nm thickness was
deposited by DC pulse sputtering with a pressure of 1 mTorr (O:Ar = 5%) and patterned by a shadow
mask. The IGZO target is composed of the atomic ratio of In:Ga:Zn:O = 1:1:1:4. Then, the IGZO film
was annealed at 300 °C for 1 h. At the end, the Al source/drain electrodes were deposited on it. The W/L
ratio of the TFTs was 1.38. A semiconductor parameter analyzer (Agilent4155C, Agilent, Santa Clara,
CA, USA) was used under an ambient atmosphere to evaluate the electrical characteristics of TFTs.

3. Result and Discussion

The thermogravimetry-differential scanning calorimetry (TG-DSC) measurement was performed
to measure the thermal behaviors of the precursor solution, and the curves are shown in Figure 1. The
curves of the mixed precursor with different ratios are similar. An endothermic peak is observed at
around 135 °C [31], which is related to the evaporation of the solution, corresponding to the weight loss
from the TG curve. In Figure 1a, the exothermic peak located at about 150 °C can be explained by the
bonding of metal and oxygen, where a grid metal-oxide-structure was formed. The exothermic peak
located at 330-340 °C can be attributed to the crystallization of zirconia, but in Figure 1b there is no
crystallization peak in the DSC curve, since the crystallization temperature of alumina is above 600 °C.

The surface tension and viscosity of the precursors were measured, and the results are shown
in Figure 1c. It can be seen that as the aluminum content increases, the viscosity and surface tension
grow more and more rapidly when the ratio is above 3:1. It is known that suitable surface tension and
viscosity allow a more uniform spreading, resulting in a smoother surface and improved performances
of the dielectric layers. However, the excessive surface energy of the solution would cause a poor film
formation [32,33]. From Figure 1c, the surface tension and viscosity of the precursors are excessive
when the ratio is above 3:1. Therefore, the substrates were processed by UV to optimize the spin coating.

We set the annealing temperature to 300, 400 and 500 °C, in order to investigate not only the
changes in the properties of the film before and after crystallization, but also the effect of temperature
on the properties of the film. Moreover, to study the route the zirconia and alumina interact with each
other as the mixing ratio changes, we spin-coated the films with different molar ratios of Zr:Al = 4:0,
3:1, 1:1, 1:3 and 0:4.
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Figure 1. Thermal behavior of the ZAO precursor solution analyzed by thermogravimetry-differential
scanning calorimetry (TG-DSC): (a) pure zirconia film; (b) pure alumina film; and (c) the surface tension
and viscosity of the precursor with the various ratios.

X-ray reflectivity (XRR) measurements were carried out to measure the thicknesses and densities
of the films with different ratios. From Figure 2, the thicknesses of the films with various ratios are
similar at 300 °C. At 400 and 500 °C, the smaller thickness of the pure zirconium film may come down
to the crystallization of zirconia [34]. Thicknesses then climb, due to the longer Al-O bond replacement
Zr-O bond and the inhibition of dense crystalline structures. At the ratio of Z:Al = 1:3 and 0:4, the
thickness drops, possibly owing to the poorer film formation consistent with the growth of surface
tension and viscosity. The result of density reveals that more organic residues, dangling bonds and
hydroxyl were removed at higher annealing temperatures so the films were denser and thinner [35,36],
which may come down to better electrical properties. Moreover, from the results above, we assumed
that the addition of the alumina can break the dense crystal structure attributed to the inhibition effect
on crystallization, which will be discussed as part of the X-ray diffraction (XRD) results.
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Figure 2. (a) The relationship among the thin film thickness, mixing ratio and annealing temperature
and (b) the relationship among the thin film density, mixing ratio and annealing temperature.

In Figure 3b,c, films with a ratio of Zr:Al = 4:0 have obvious diffraction peaks located at 30.3°,
which means zirconia crystal at 400 and 500 °C. Normally, an amorphous phase has advantages over
a crystalline phase in obtaining a low leakage current, as the crystallization makes the conductive
channel easier to form [37,38]. As the XRD patterns show, the ZAO films exhibit amorphous phases at
400 and 500 °C, which indicated that the addition of alumina can inhibit the crystallization of films
above the crystallization temperature of zirconia, thereby reducing the films’ leakage current density.
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Figure 3. XRD patterns of the ZAO films of different ratios annealed at: (a) 300 °C; (b) 400 °C; and (c)

500 °C, respectively.

Figure 4a—c reveals that all the films presented transmittance ratios of over 90% in the wavelength
range of the visible light. Therefore, ZAO films are suitable for fabricating transparency devices.
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Figure 4. Transmittance of the ZAO films of different ratios annealed at: (a) 300 °C; (b) 400 °C; and
(c) 500 °C, respectively; and (d) optical bandgaps of the ZAO films changing with the mixing ratio of
zirconia and alumina annealed at various temperatures.
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The optical band gap of each film was calculated by the Tauc relationship [39] (1) on the base of
the measurement of the transmittance. Take (xhv)? as the vertical axis and hv as the horizontal axis to
make the curve, extend the linear part, and the intersection with the horizontal axis is Eg

(ohv)? = C(hv — Ey) 1)

where C is constant for a direct transition, « is the absorption coefficient and v is the frequency of the
incident photon;
& = —d~}(InT) )

d is the film thickness and T is the transmittance;
hv = he/A 3)

A is the wavelength for transmittance and & is Planck’s constant (& = 4.13567 x 107 eV's,
c =3 x 10" nm/s).

The calculation results of the optical bandgap are exhibited in Figure 4d. The films with a ratio of
Zr:Al = 3:1 achieved optical bandgaps (>4.8 eV) comparable to the pure alumina films, which is larger
than the pure zirconia films (4.1 to 4.4). It can be confirmed that the alumina in the mixed film has the
effect of improving the films’ optical bandgap to obtain a lower leakage current density. This result is
probably owing to the Burstein-Moss effect due to the mixing with Al. The Fermi level of zirconia will
be inside the conduction band when it is mixed with Al. Therefore, the states in the conduction band
are partly filled, and the absorption edge would shift to the higher energy [40,41].

X-ray photoelectron spectra (XPS) was used to clarify the chemical structures and compositions of
the ZAO films with different mixing ratios at 400 °C. The peak at 529.5 + 0.5 eV is attributed to the
bonded oxygen (M-O-M). The peak at ~532 eV is assigned to the bonded oxygen in the lattice defects
and hydroxide(-OH) [42]. The contents of the various oxygen with different ratios are summarized
in Table 1, while the tendency is concluded in Figure 5f. According to the spectral peak information
shown in Figure 6, the mixing ratios of zirconium with aluminum in various samples were basically in
line with expectations, and the results are shown in Table 2.

Table 1. The mixing ratios of Zr:Al according to the spectral peak information.

Designed Ratios of Zr:Al 31 1:1 1:3
The Ratios of Zr:Al From XPS 2.33:1 1:1.14 1:2.87

Table 2. The relative quantity of oxygen vacancies varied with the ratios.

Molar Ratio Zr:Al Metal-Bonded Oxygen (~529.5 eV)  Oxygen Form the Lattice Defect (~532 eV)

4:0 88.37% 11.63%
3:1 76.11% 23.89%
1:1 69.00% 31.00%
1:3 67.16% 32.84%

0:4 71.93% 28.07%
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Figure 5. XPS spectra: (a—e) O 1s for different films (with molar ratios of Zr:Al = 4:0, 3:1, 1:1, 1:3 and
0:4) annealed at 400 °C; and (f) the tendency of oxygens as a function of the ratios.
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Figure 6. XPS spectra of overview scans for the ZAO (Zr:Al = 1:1) film.
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Due to the stronger combination of zirconia, pure zirconia has fewer oxygen defects than pure
alumina. As the weakly bonded oxygen with aluminum is replaced by the stably bonded oxygen with
zirconium, hydroxide and oxygen defects are more difficult to form. For this reason, the metal-bonded
oxygen contents of the ZAO films drops with the increase of zirconia. However, since zirconia would
crystallize below 400 °C, the incorporation of zirconia promotes the formation of a low-temperature
oxide lattice of alumina [43]. As a result, the addition of zirconia would give rise to a larger number of
bonded oxygens in films with the ratios of Zr:Al = 1:1 and 1:3.

On this base, metal-insulator-metal (MIM) devices were fabricated, and we then characterized the
electrical properties as a gate dielectric.

From Figure 7, the ZAO films show the higher leakage currents than the pure zirconia film
at the 300 °C annealing temperature. This is the opposite at 400 °C and 500°C, as the addition of
alumina can reduce the leakage current density of the ZAO-mixed film, consistent with the inhibition
of crystallization and the accretion of optical bandgaps. As the annealing temperature increases, the
dielectric layers achieved lower leakage current densities—except pure zirconia films—because of the
crystallization. Therefore, as for the ZAO films, a better performance can be attained by increasing
the annealing temperature. The pure alumina films show the lowest leakage current, but with lower
relative dielectric constants, which is discussed in the result of the relative dielectric constants. What's
more, it has been found that at 400 °C and 500 °C, films with a molar ratio of Zr:Al = 3:1 have the
lowest leakage current (1.35 X 107% and 2.5 x 107® A/cm? @ 1 MV/cm at 400 and 500 °C) among the
ZAO films, owing to their large thickness and optical bandgap.

The capacitance values are shown as a function of voltage in Figure 8a—c. The dielectric properties
of ZAO films with a ratio of Zr:Al = 1:1 and 1:3 show instability versus voltage, which should be
attributed to the high content of the bonded oxygen, as more water was absorbed [44]. The relative
dielectric constants were calculated on the base of the C-V curves. According to the relative dielectric
constants shown in Table 3, the dielectric layers with the ratios of Zr:Al = 1:1 and 1:3 achieve the
maximum relative constants (41.1 to 292). The higher dielectric constants are mainly due to the presence
of a large amount of defects (>30%), according to the XPS results, and the defects create more carriers,
such as oxygen vacancies, in the microstructure of metal oxides, which accumulate more electric
charges at two sides of boundary layers [45]. Nevertheless, as a consequence, a relatively high leakage
current density (almost 107 A/em? @ 1 MV/cm) is obtained, as shown in Figure 7a—c, which make the
films incompatible with high performance TFTs. Therefore, we only compared the dielectric constants
of the pure metal oxide films with the ZAO films with a ratio of Zr:Al = 3:1. It is shown in Figure 8d
that ZAO films have higher relative dielectric constants than pure alumina films. When the weak Al-O
bond (511 J/mol) [22] is replaced by a strong Zr-O bond (776.1 J/mol), the oxygen defects have more
difficulty in forming. The relatively higher dielectric constants are mainly due to the smaller quantity
of oxygen defects. With a molar ratio of Zr:Al = 3:1, zirconia can reduce bonded oxygen in the film,
leading to a higher dielectric constant than that of pure alumina films. What’s more, an increasing
temperature results in a higher dielectric constant as more defects are removed.
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Figure 7. The leakage current densities of the ZAO films with altering ratios annealed at: (a) 300 °C; (b)
400 °C; and (c) 500 °C.
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Figure 8. The capacitance of the ZAO films with altering ratios annealed at: (a) 300 °C; (b) 400 °C; and
(c) 500 °C; as well as (d) the relative dielectric constants of the ZAO films changing with the mixing
ratio of zirconia and alumina annealed at 400 and 500 °C.

Table 3.

annealing temperature.

The relationship among the thin film relative dielectric constants, mixing ratio and

Relative Dielectric

Relative Dielectric

Relative Dielectric

Molar Ratio Zr:Al Constant at 300 °C Constant at 400 °C Constant at 500 °C
4:0 13.8 18.7 32.7
3:1 10.3 11.5 21.1
1:1 292 90.5 70.5
1:3 277 59.3 41.1
0:4 5.26 8.59 9.46

As a result, only with a molar ratio of Zr:Al = 3:1 can films obtain the high dielectric constants and
the relatively low leakage current simultaneously. Moreover, we performed AFM measurements on
the films and compared the roughness of the films under various preparation conditions, as shown in
Table 4. It was shown that except for the high roughness of pure zirconium films due to crystallization
at 400 and 500 °C, other films have a roughness of 0.1 to 0.3 nm, and the films annealed at 400 and
500 °C with a ratio of Zr:Al = 3:1 attained the smoothest surface (Rs = 0.14 and 0.15 nm). The AFM
images of the films are shown in Figure 9. With low roughness, the films are even and smooth, so the
ZAO films can be well-combined with other parts of the TFT device. Thus, we prepared the dielectric
layers with the ratio of Zr:Al = 3:1 at annealing temperatures of 400 and 500 °C, which were applied to

the IGZO-TFT.
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Table 4. The roughness of the films calculated from the AFM results.

. Roughness at Roughness at Roughness at
Molar Ratio Zr:Al 300g °C/nm 400g °C/nm 50(;5 °C/nm
4:0 0.19 0.48 0.60
3:1 0.30 0.14 0.15
1:1 0.26 0.22 0.22
1:3 0.33 0.31 0.43
0:4 0.31 0.37 0.30

1.37nm

(a) l

Figure 9. The AFM images of the ZAO films with a ratio of Zr:Al = 3:1 annealed at (a) 400 °C and (b)
500 °C.

The prepared TFTs were tested at room temperature by a semiconductor parameter analyzer to
obtain output curves and transfer characteristic curves. The saturation mobility and subthreshold
swing of the thin-film transistor device were calculated from Equations (2) and (3) [46]:

1w 2
Igs = Ef.uci(vgs - Vi) (4)
- D 5)
dlogl s

The result is shown in Figure 10. It can be calculated from Figure 10 that there is a mobility of
4.23 em?/Vs under 400 °C annealing conditions, a subthreshold swing of 0.11 V/dec and an on/off ratio
of 2.2 x 10°. Under 500 °C annealing conditions, there is a mobility of 14.89 cm?/Vs, a subthreshold
swing of 0.11 V/dec and an on/off ratio of 6.1 X 10°. What's more, the TFT devices with pure zirconia
or alumina films were fabricated, and the electric properties were summarized in Table 5 with a
comparison between the pure films and the ZAO films. As a result, devices perform better with a
higher annealing temperature. Therefore, the TFT with the ZAO films (ratio of Zr:Al = 3:1) annealed at
500 °C had the best electric properties. With ZAO-mixed film as dielectric layer, a device with good
electrical properties can be obtained.
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Figure 10. (a) Output curves of IGZO/ZAO (Zr:Al = 3:1) TFT at 400 °C; (b) transfer curves of IGZO/ZAO
(Zr:Al = 3:1) TFT at 400 °C; (c) output curves of IGZO/ZAO (Zr:Al = 3:1) TFT at 500 °C; and (d) transfer
curves of IGZO/ZAO (Zr:Al = 3:1) TFT at 500 °C.

Table 5. Electric characteristics of the devices.

Molar Ratio Annealed at 400 °C Annealed at 500 °C
Zr:Al Hsat/cm?/Vs Tonjoft SS(V/dec) Hsat/cm?/Vs Tonjott SS(V/dec)
4:0 1.21 1.76 x 107 0.131 3.57 3.5 % 10° 0.22
3:1 423 2.2 % 10° 0.11 14.89 6.1 x 100 0.11
1:1 13.04 44 %103 0.98 5.67 2.73 x 10° 0.27
1:3 10.18 3.5 x 104 0.207 7.64 6.4 x 10* 0.42
0:4 6.58 5.1 x 10° 0.172 8.97 1.61 x 107 0.35

4. Conclusions

In this study, we investigated the interaction between zirconia and alumina by conducting various
tests on different mixing ratios of ZAO films and pure oxide films annealed at 300, 400 and 500 °C. It
turns out that above the crystallization temperature of zirconia, mixing with the alumina can prevent
the crystallization of the films and increase the optical bandgap, leading to a reduction in the leakage
current density. Furthermore, as for pure alumina films, mixing with the zirconia inhibits the formation
of oxygen defects, resulting in a higher dielectric constant. As a result, films with a ratio of Zr:Al = 3:1
maximally combine the advantages of the zirconia and alumina, achieving a high relative dielectric of
21.1 constant and a relatively low leakage current density of 2.5 x 107% A/cm2@1MV/cm. Therefore, we
fabricated the IGZO-TFT with optimal ZAO films annealed at 500 °C, which afforded a mobility of
14.89 cm?/Vs, a subthreshold swing of 0.11 V and an on/off ratio of 6.1 X 10°.
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