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ABSTRACT

ZnO thin film transistor with high-k NbLaO/SiO2 bilayer gate dielectric was fabricated by sputtering, and the temperature dependence of
the electrical properties of the device was investigated in the temperature range of 293–353 K for clarifying thermally activated carrier gener-
ation and carrier transport mechanisms in the conducting channel. With the increase in the temperature, the transfer curve shifts toward
the negative gate voltage direction with a negative shift of the threshold voltage, an increase in the off-state current and the subthreshold
slope, and a significant increase in carrier mobility. The decrease in the threshold voltage is originated from the formation of oxygen
vacancy and the release of free electrons in the ZnO channel, and the formation energy can be estimated to be approximately 0.3 eV.
In both subthreshold and above-threshold regimes, the temperature dependence of the drain current shows Arrhenius-type dependence,
and the activation energy is around 0.94 eV for a gate voltage of 2 V, reducing with the increase in the gate voltage. The temperature depen-
dence of the ZnO film resistance also exhibits an Arrhenius-type behavior, indicating that the thermal activation conduction process is the
dominant conduction mechanism in the ZnO film. Two types of thermal activation conduction processes are observed in the 303–373 K
temperature range. This is explained in terms of the existence of two types of deep donors that are consecutively excited to the conduction
band as the temperature increases.

Published under license by AVS. https://doi.org/10.1116/6.0000522

I. INTRODUCTION

Zinc oxide (ZnO)-based thin film transistors (TFTs) have
attracted much attention due to their advantages such as high
field-effect mobilities, good uniformities, high transparencies in the
visible light range, compatibility with the conventional a-Si TFT
fabrication process, and the low-temperature deposition process for
flexible electronics.1–3 Over the past two decades, many efforts have
been made to improve the device performance of oxide TFTs
by optimizing the device structure,4 using multicomponent
ZnO-based oxides as an active layer,5 and optimizing gate dielectric
and its interface matching with the active channel layer6 for next-
generation active-matrix liquid-crystal displays (AMLCDs) and
active-matrix organic light-emitting diode (AMOLED) displays.
Recently, ZnO-based TFTs with ultralow-voltage operation have
attracted special interest to make them particularly suitable for

low-power applications such as portable and wearable electronics,
flexible electronics, and integrated biosensors.7,8 A widely accepted
approach to decrease the operation voltage of TFTs is using high
relative permittivity (high-k) gate dielectric (e.g., La2O3, ZrO2,
Nb2O5, and HfO2) as well as decreasing the thickness of the gate
dielectric film. Among them, Nb2O5 has a dielectric constant of
over 40, which has great potential in reducing the threshold voltage
of TFTs.9 However, Nb2O5 film has high defect concentration,
small bandgap, and high polarizability, which cause an increase in
the gate leakage current. Fortunately, it has been reported that the
incorporation of lanthanum in Nb2O5 can enlarge its bandgap,
inhibit the generation of oxygen vacancy, and reduce the defect
concentration at the interface.10,11 As a result, NbLaO may be a
promising alternative high-k material as the gate dielectric of
ZnO-based TFTs.
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On the other hand, it is of great importance to investigate the
temperature dependence of the electrical characteristics of
ZnO-based TFTs for understanding thermally activated free carrier
generation and electrical transport mechanisms in the conducting
channel and temperature reliability. So far, there are a few reports
about the temperature characteristics of oxide TFTs.12–14 Huang
et al.12 suggested that the dominant carrier transport mechanism is
hopping between localized band-tail states in the low-temperature
range but is multiple trapping and release in the high temperature
range, which is based on the dependence of field-effect mobility
and channel conductance on temperature and gate bias in the
temperature range from 70 to 300 K. Heo et al.13 proposed an
equivalent circuit model of thermionic field emission for reverse
bias and a thermionic emission mechanism for forward bias, which
successfully describe the Arrhenius behavior of the drain current
and the Mott variable-range hopping conduction mechanism in a
low-temperature regime below 230 K. It should be noted that most
of the studies on the temperature dependence of the electrical prop-
erties of oxide TFTs were mostly focused on the low-temperature
regions (<300 K); however, the operating temperature of the TFT
devices in real applications such as AMLCDs and AMOLED dis-
plays is normally higher than room temperature, even up to 350 K
due to Joule heat. To date, the effects of temperature on the
electrical characteristics of ZnO TFTs in the range from room tem-
perature to extremely high temperature have been rarely reported.
In this work, a NbLaO/SiO2 bilayer thin film was utilized as gate
dielectric to achieve low-voltage and high-performance ZnO-TFT.
Furthermore, the temperature dependence of the electrical charac-
teristics of the device was investigated at high ambient temperatures
from 293 to 353 K to clarify thermally activated carrier generation
and carrier transport mechanisms in the conducting channel and
temperature reliability of electrical performance of the device.

II. EXPERIMENTAL SECTION

The bottom-gate top-contact configuration ZnO TFT with
NbLaO/SiO2 gate dielectric was fabricated on the indium tin oxide
(ITO) coated glass substrate, where the ITO layer is used as a
common gate electrode, NbLaO/SiO2 as a bilayer gate dielectric,
ZnO thin film as a channel layer, and Al thin film as source and
drain electrodes, and the main processing steps are shown in Fig. 1.
The ITO-coated glass substrates were cleaned by ultrasonic treat-
ment in acetone, ethanol, and de-ionized water, successively.
Next, an 8-nm SiO2 layer acting as the buffer layer was deposited
on the ITO layer by radio frequency (RF) sputtering (Discovery
635, Denton Vacuum) with a SiO2 target in an Ar/O2 (24/2 SCCM)
gas mixture. During deposition, RF power and sputtering time were
adjusted to be 50W and 20min, respectively. Then, the NbLaO
film was deposited by the co-sputtering of the Nb metal target and
La2O3 ceramic target in an Ar/O2 (26/4 SCCM) mixed ambient.
During this process, the direct current/RF power for the Nb/La2O3

targets was set as 0.02 A/45W, and the sputtering time was set
as 20 min. NbLaO/SiO2 bilayer gate dielectric was utilized to
effectively lower the threshold voltage and improve interface
characteristics. After that, all the samples were annealed in N2

(with a flow rate of 800 ml/min) at 300 °C for 30 min to improve
the quality of the dielectric films.15 Subsequently, a 77-nm ZnO

channel layer was deposited on the gate dielectric at room tempera-
ture by RF sputtering with a power of 50W and sputtering time of
50 min in an Ar/O2 (24/1 SCCM) gas mixture. Next, Al is ther-
mally evaporated onto the active region through a shadow mask to
form source and drain contact electrodes. Finally, all the samples
were annealed in N2 (800 ml/min) at 200 °C for 30 min to reduce
the contact resistance of the source/drain electrodes. The TFT has a
channel length (L) of 100 μm and a channel width (W) of 350 μm.
In particular, except the annealing processes, all the other processes
were carried out at room temperature.

The physical thicknesses of all films were measured by the
spectroscopic reflectometer (NanoCalc-2000, Ocean Optics). X-ray
diffraction (XRD) measurement was performed at room temperature
in air using the Cu Kα line (D8 ADVANCE, Bruker). The surface
morphology of the ZnO film was analyzed by atomic force micros-
copy (AFM) (CPSM400S, Benyuan). The chemical composition of
the NbLaO film was characterized by x-ray photoelectron spectro-
scopy (XPS) (Axis Ulatra DLD, Kratos). The electrical characteristics
of the ZnO-TFTs and the ZnO film resistance at various tempera-
tures were performed on cascade probe station with a Temptronic
TP0315A temperature controller using a Keithley B1500A precision
semiconductor parameter analyzer. To ensure the device is in the
thermal equilibrium state at each fixed temperature to improve the
accuracy of measurement, the I-V measurements were done after a
hold time of 5min at each fixed temperature.

III. RESULT AND DISCUSSION

The chemical composition of the NbLaO film is determined
by XPS, and the Nb 3d5/2, La 3d5/2, and O 1s portions of the XPS
signal are shown in Fig. 2, in which Gaussian fitting was made.
According to the XPS results, the atomic ratio of Nb/(Nb + La) is
calculated to be 18.5%. In Fig. 2(a), the peak position of the Nb
3d5/2 spectrum is located at 207.18 eV, which is lower than the
value of the Nb 3d5/2 spectrum in the Nb2O5 film without La
doping.11 The lower binding energy is due to the suppression of

FIG. 1. Main processing steps of the ZnO-TFT with NbLaO/SiO2 stacking gate
dielectric.
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oxygen vacancy by the La incorporation. The oxygen vacancy is
positively charged with an electric field generated, thus resulting in
an increase in binding energy.16 In Fig. 2(b), the La 3d5/2 peak is
located at 835.2 eV, which is higher than the ideal La2O3 reference
peak (at 834 eV).16 The increase in binding energy is originated
from the formation of La–OH bond due to the moisture absorption
of La2O3 and the presence of La–O–Nb bond in NbLaO films.11

The two O 1s peaks at 531.33 and 532.88 eV as shown in Fig. 2(c)
should be originated from the La–OH bond and the Nb–OH
bond,17 respectively, while the two O1s peaks corresponding to
La–O and Nb–O were not observed. A possible cause is the surface
moisture absorption due to the absence of x-ray surface treatment
of the sample.

Figure 3 shows the XRD pattern of the ZnO film. It can
be seen from Fig. 3 that the ZnO film has a hexagonal wurtzite
structure and a strong c axis orientation along the (002) plane.
Besides the (002) peak, there are also other very small diffraction
peaks corresponding to (100), (102), and (103) of ZnO. The crys-
tallite size (D) of the ZnO film can be calculated to be 10.44 nm
using Scherer’s formula [D = kλ/(βcosθ)] from the full width at half
maxima (FWHM) of the (002) peak, where λ is the wavelength of
Cu ka radiation (1.5406 Å), k is the correlation factor (0.89), β is
the FWHM of the (002) peak, and θ is Bragg’s diffraction angle.
The inset of Fig. 3 shows AFM surface morphology images
(1 × 1 μm2) of the ZnO film. It is observed that the grains are
clearly visible, the surface shows numerous micropores, and the
mean grain size can be estimated to be about 65 nm with a root
mean square roughness of 2.1 nm.

Figure 4(a) shows the typical transfer characteristics of the
ZnO TFT with the NbLaO/SiO2 bilayer gate dielectric, which were
measured at a drain voltage (VDS) of 5 V for various temperatures,
ranging from 293 to 353 K. With the increase in the temperature,
the transfer curve shifts toward the negative gate voltage direction,
and the on-state current and the off-state leakage current increase
clearly. In order to further reveal the temperature dependence of
electrical properties of the device, the main electrical parameters,

FIG. 2. XPS spectra of (a) Nb 3d5/2, (b) La 3d5/2, and (c) O 1s for the NbLaO
film.

FIG. 3. XRD pattern of the ZnO film. Inset: AFM surface morphology image of
the ZnO film.
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such as field-effect mobility (μFE), threshold voltage (Vth), off-state
current (Ioff ), and sub-threshold swing (SS), extracted from the
transfer curves at various temperatures are shown in Fig. 5. μFE and
Vth were obtained by the equation ID= μFEW Cox (VGS−VTH)

2/2L,
where W and L are the channel width and length, respectively, and
Cox is the gate insulator capacitance per unit area of 141 nF/cm2

measured by a metal–insulator–semiconductor (MIS) structure
for a testing frequency of 100 KHz. The device at room tempera-
ture exhibits high performance with a field-effect mobility of
32.46 cm2 V−1 s−1, a threshold voltage of 3.16 V, a sub-threshold
swing of 110 mV/Dec, a current on/off ratio of 1.8 × 107, and a
low operation gate voltage of less than 5 V.

Figure 4(b) shows the transfer characteristics of the ZnO
TFT at room temperature (293 K) before and after the temperature-
dependent measurement. Previous reports indicated that the
temperature effect in the transfer characteristics of oxide TFT is
reversible.18,19 However, it should be noted that the transfer charac-
teristics at room temperature (293 K) cannot be fully reproduced

FIG. 4. Temperature-dependent transfer curves of the ZnO TFT. (a) for the tem-
perature increased from room temperature (293 K) to 353 K, and (b) at room
temperature (293 K) before and after the temperature-dependent measurement.

FIG. 5. Temperature dependence of electrical parameters of the ZnO-TFT. (a)
Vth∼ T, the inset shows the experimental plot and the fitted curve for ΔVth vs
1000/T in the temperature range between 293 and 353 K, (b) μFE-T curve, and
(c) Ioff-T curve at VGS =−2 V and SS-T curve. Symbols represent experimental
data, and solid lines represent linear (Ioff ) and polynomial (SS) approximate
curves.

ARTICLE avs.scitation.org/journal/jvb

J. Vac. Sci. Technol. B 39(1) Jan/Feb 2021; doi: 10.1116/6.0000522 39, 012202-4

Published under license by AVS.

https://avs.scitation.org/journal/jvb


after the high temperature measurements, implying that the change
in the transfer characteristics due to increasing temperature is not
fully reversible. This can be explained that a few oxygen atoms
leaving the lattice sites due to thermal excitation do not return to
their original sites and still reside in the interstitial sites and thus
causing oxygen vacancies to be higher than that before the temper-
ature characteristic measurement. Therefore, a slight shift toward
negative gate voltage is observed in the transfer characteristic curve
compared to room temperature before the temperature-dependence
measurement.

It can be clearly seen from Fig. 5(a) that Vth decreases from
3.16 to 1.92 V with the increase in temperature from 293 to 353 K,
which is related to an increase in carrier concentration in the
channel. In general, free electrons in oxide semiconductor materials
are mainly induced by oxygen vacancies.20 When the temperature
increases, thermally excited oxygen atoms can leave their original
sites and move into the interstitial sites, thus inducing vacancies
(point defects) and releasing free electrons. Therefore, the lower
threshold voltage observed at higher temperatures can be attributed
to these free electrons generated along with the oxygen vacancies in
the ZnO active layer.19,21 Based on the assumption that an oxygen
vacancy induces two free electrons and the density of point defects
n is much lower than the densities of lattice and interstitial sites, n
can be expressed as19

n ¼ S1 � exp � EP
3kBT

� �
, (1)

where S1 denotes the constant related to the entropy for the forma-
tion of one vacancy and two free electrons, EP is the defect forma-
tion energy of oxygen vacancy, and kB is the Boltzmann constant.

Therefore, the Vth decrease (ΔVth) in Fig. 5(a) can be
described in terms of temperature and defect formation energy by

ΔVth � Cox ¼ ΔQ

¼ 2qtZnOS1 � exp � EP
3kBT

� �
� exp � EP

3kBT0

� �� �
, (2)

where T0 stands for the room temperature (293 K), q the electric
charge, and tZnO the thickness of the ZnO active layer. The inset of
Fig. 5(a) shows the experimental plot of ΔVth � 1000/T, which is in
good agreement with numerical simulation by using Eq. (2), indi-
cating the validity of the model. The corresponding fitting parame-
ters Ep and S1 are 0.3 eV and 4.42 × 1018 cm−3, respectively. Based
on the obtained parameter values, the oxygen vacancy concentra-
tion in the ZnO active layer is calculated to be 8.45 × 1016 and
1.66 × 1017 cm−3 at the temperatures of 293 and 353 K, respectively.
The estimated defect formation energy in the ZnO active layer is
less than those of the typical oxide semiconductor reported in pre-
vious literature,19,20,22 which should be related to low crystallinity
and low density of the ZnO channel layer resulted from sputtering
deposition at room temperature and annealing treatment at low
temperature (300 °C) for 30 min.

In order to further understand the carrier transport mecha-
nism in ZnO-TFT, the electron mobility as a function of tempera-
ture was extracted and plotted in Fig. 5(b). The carrier mobility

always increases with increasing temperature, with an electron
mobility of 32.46 cm2 V−1 s−1 at room temperature (293 K) and
147.85 cm2 V−1 s−1 at the temperature of 353 K, indicating that the
carrier transport process within the ZnO-TFT is not governed by
band conduction or percolation in the conduction band22 but by
thermal-activation-type conduction. At higher temperatures, more
electrons can escape from localized states and contribute to the free
carrier, which causes an increase in μFE and a decrease in Vth.

Temperature dependence of off-state current (Ioff ) and SS of
the device is shown in Fig. 5(c). The relatively high off-state current
could be due to the large area of the source/drain electrodes that
overlap with the gate electrode (not patterned). The increase in Ioff
with increasing temperature should be attributed to the increases in
the gate-leakage current and defects in the ZnO active layer. As
already mentioned above, defects induced by thermal activation
increase with increasing the temperature, thereby causing an
increase of generation-recombination current in the depletion
region, in which the transistor is in off-state operation
(VGS =−2 V). On the other hand, the gate-leakage current seems
to be thermally activated and increases with increasing temperature.
This behavior might be related to the properties of the gate dielec-
tric layer. The increase in SS with increasing temperature should be
attributed to the increases in defects induced by thermal activation
in the bulk of the ZnO active layer and gate dielectric and at the
interface between gate dielectric and the channel layer.

Based on the above mentioned, the carrier transport process
in the ZnO-TFT is governed by thermal-activation-type conduc-
tion. To further study the conduction mechanism present in the
ZnO-TFT, the corresponding temperature dependence of the drain
current (IDS) versus 1000/T in the above-threshold region was
obtained for different gate voltages varying from 2 to 6 V and a
fixed VDS of 5 V as shown in Fig. 6. Clearly, the log (IDS) −1000/T
plots exhibit a good linear dependency, indicating that the
thermally activated carrier transport process is followed by
Arrhenius-type temperature dependence. Based on the Arrhenius
model, the drain current can be expressed with the following

FIG. 6. Temperature dependence of IDS vs 1000/T for different VGS in both sub-
threshold and above-threshold regimes.
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equation:23,24

IDS ¼ IDS0 � exp � Ea
kBT

� �
, (3)

where IDS0 is a prefactor, Ea is the activation energy, and kB is the
Boltzmann constant. If the predominant conduction mechanism is
hopping, Ea describes the energy required to release an electron
from the localized states and is equal to the difference in energy
between the minimum of the conduction band EC and the Fermi
level EF. As shown in Fig. 4(a), the sub-threshold current and
above-threshold current have strong temperature dependence
implying high activation energy. The dependence of Ea extracted
from Fig. 6 on the gate voltage is plotted in Fig. 7. Ea decreases
monotonically with the increase in the gate voltage, which is
0.94 and 0.3 eV for VGS= 2 V and VGS= 6 V, respectively. It is well
known for the MIS structure that the gate voltage determines the
energy band structure of the semiconductor surface. Figures 7(b)
and 7(c) show the schematic energy band diagram illustrating the
suggested carrier transport mechanisms for VGS= VGS1 and
VGS= VGS2 (VGS1 < VGS2). For oxide semiconductor TFTs, most of
the induced charges in the channel are captured by localized states
with a small fraction going into the conduction band, which have
contributed to the drain current. With increasing gate voltage
(e.g., VGS = VGS2), the Fermi level EF moves closer to the edge of
the conduction-band until it reaches the tail states, and thus, the
extracted Ea decreases. The density of the tail states is so high
that the Fermi level is pinned in the tail states,25 thereby causing
the reduced slope of the Ea versus gate voltage curve in Fig. 7(a).
In addition, it is worth mentioning that the Ea values for various
VGS are close to those of the amorphous silicon TFTs, but signifi-
cantly higher than those obtained in oxide semiconductor
TFTs.19 The result may originate from the high density of states
in the bulk of ZnO and at ZnO/NbLaO interface due to low crys-
tallinity and low density of the ZnO channel layer deposited at
room temperature and low-temperature (300 °C) annealing.

To escape the effect of the gate voltage on carrier transport in
the ZnO film, the gate electrode is open, where the ZnO film is
regarded as a resistance and the external voltage was applied between
the source and drain electrodes. The measurement on the tempera-
ture dependence of the resistance can provide very useful informa-
tion about the carrier transport mechanism and the associated
impurity levels and their energy distribution in the semiconductor
material. The current-voltage (I-V) characteristics were measured at
various fixed temperatures between 303 and 373 K, as shown in
Fig. 8(a). It can be noted that the current increases significantly with
the increase in temperature under same applied voltage, and the I-V
characteristics are nonlinear for a fixed temperature. This can be
explained as follows: It can be manifested based on the XRD pattern
in Fig. 3 that the ZnO film is polycrystalline with a hexagonal wurt-
zite structure. As the temperature increases, the carrier at the donor
level in the grain is thermally excited to the conduction band and its
mobility is improved, thus enhancing the grain conductivity. On the
other hand, the oxygen diffuses into the grain boundary to form the
acceptor surface state during radio frequency sputtering of the ZnO
film, thus forming the Schottky barrier with a certain barrier height

which is the cause of appearance of the nonlinear I-V characteristics.
As the temperature increases, the ability of thermally activated carri-
ers to cross the Schottky barrier increases and the grain boundary
resistivity decreases, so resulting in an increase in the current. Taking

FIG. 7. (a) Dependence of the activation energy (Ea) on the VGS for ID in the
above-threshold region for the ZnO-TFT; (b) and (c) they show the schematic
energy band diagram illustrating the suggested carrier transport mechanisms for
VGS = VGS1 and VGS = VGS2 (VGS1 < VGS2).
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the nonlinear I-V curves into account, the resistance at a given tem-
perature was determined from the linear regime around the bias
voltage of 7 V in Fig. 8(a). Figure 8(b) shows the variation in the log-
arithm of the ZnO film resistance with reciprocal temperature
between 303 and 373 K. Two distinct slopes can be clearly seen in
the two different temperature regimes of ∼303–343 K (straight
dashed line) and ∼353–373 K (straight dotted line), respectively,
indicating that the charge transport is obeyed by Arrhenius-type
behavior. The experimental data (square symbols) can be quantita-
tively described by the following equation:26

1
R
¼ 1

R1
e�

E1
kBT þ 1

R2
e�

E2
kBT , (4)

where R1 and R2 are temperature insensitive resistance prefactors,
and E1 and E2 are the relevant activation energies associated with the
two kinds of thermal activation conduction processes. The fitted

results by using Eq. (4) is plotted as the solid curve in Fig. 8(b), indi-
cating that Eq. (4) can well describe the experimental result, where
the fitted parameters of E1 and E2 are 0.79 and 0.15 eV, respectively.
This observation illustrates that there exist two types of deep donors
with an activation energy of E1≈ 0.79 eV and of E2≈ 0.15 eV in the
ZnO film. For the temperature region below ∼345 K, the deep
donors at 0.15 eV can be easily excited to the conduction band, and
thus, the temperature dependence of the resistance is largely deter-
mined by the number of the deep donors being excited to the con-
duction band. For the temperature region above ∼345 K, two types
of deep donors can be excited to the conduction band and are
responsible for the electrical transport behavior. However, the tem-
perature dependence of the resistance is mainly governed by the
number of deep donors at 0.79 eV that are being excited to the con-
duction band.

IV. CONCLUSIONS

The temperature-dependent electrical properties of ZnO TFT
with NbLaO/SiO2 as gate dielectric are investigated in the tempera-
ture range of 293–353 K to clarify thermally activated carrier gener-
ation and carrier transport mechanisms in the conducting channel.
With the increase in the temperature, the drain current dramati-
cally increases in all operation regions with a significant increase in
the carrier mobility from 32.46 to 147.85 cm2 V−1 s−1 and a
decrease in the threshold voltage from 3.16 to 1.92 V. The decrease
in the threshold voltage is originated from the formation of oxygen
vacancy and the release of free electrons in the ZnO channel. In
both subthreshold and above-threshold regimes, the temperature
dependence of the drain current shows Arrhenius-type depen-
dence. The temperature dependence of the ZnO film resistance is
also well described by the thermally activated electrons. The ther-
mally activated Arrhenius model proposes that the activated elec-
trons are released from two types of deep donors with different
activation energies into the conduction band and may result in the
increase in the current.
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