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ABSTRACT
High-dielectric constant (k) materials have attracted a lot of attention for use as gate insulators (GIs) that enable low-voltage oper-
ation of thin film transistors (TFTs). However, high-k GIs also induce severe degradation in TFT characteristics, such as effective
mobility (μeff). Therefore, in this study, a stacked GI structure of ZrO2 and SiO2 was investigated. The mechanism by which the
properties of the high-k GI influence TFT operating characteristics was revealed. Based on this mechanism, an optimized stacked
GI structure that exhibited a low subthreshold swing and high μeff was found and used to achieve low-voltage operation in a TFT
device.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5126151., s

I. INTRODUCTION

In recent years, the number of pixels in the backplane has been
increased to achieve high-resolution displays, known as ultrahigh
definition (UHD), 4k, and 8k. Driving such high-resolution dis-
plays results in problematically high power consumption; hence,
developing thin film transistors (TFTs) with low operating voltage
is highly desirable. To this end, TFTs that employ high-dielectric
constant (k) materials as gate insulators (GIs) have been investi-
gated. Adopting high-k dielectrics as GI can allow the collection of
more carriers in the channel layer and lowering of the subthresh-

old swing (SS), resulting in low-voltage operation. Thus, various
high-k dielectric materials, including ZrO2,1–4 HfO2,5 TiO2,6 TaOx,7

and Al2O3,8 have been investigated for use in low-voltage operation.
In particular, ZrO2 has a high dielectric constant (∼25) and ade-
quate band gap (∼5.8 eV) that are suitable for low-voltage operation
of a TFT.9–11

However, high-k materials generally have a relatively high sur-
face roughness due to high crystallinity,12 a property that lowers
mobility by inducing severe surface scattering at the interface of the
GI and the active layer.13 Moreover, high-k materials can increase
Coulomb scattering, which also decreases mobility.14 The use of
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a high-k dielectric can also increase gate leakage current, another
critical problem that can cause severe degradation of TFT perfor-
mance. As a consequence, the implementation of meso-crystalline
structures15 or silicates16 as GIs has been reported; these materi-
als limit the adverse effects of high-k GIs by enabling the adjust-
ment of the dielectric constant and crystallinity of the high-k
dielectric. However, these solutions still compromise TFT per-
formance and so are not ultimately solutions to performance
degradation.

In this study, we developed a stacked GI structure that consists
of ZrO2 and SiO2 to exploit the merits of high-k GIs while simul-
taneously suppressing their demerits. ZrO2 and SiO2 have opposing
characteristics with respect to the k value and surface morphology,
allowing for a comprehensive study of the mechanism of TFT per-
formance degradation with high-k GIs through the implementation
of a stacked structure.

II. EXPERIMENTAL
The process of plasma-enhanced atomic layer deposition

(PEALD) of SiO2 and ZrO2 is shown in Fig. 1(a). PEALD ZrO2
and SiO2 films were deposited using tetrakis-ethylmethylamino-
zirconium (TEMAZr) and diisopropylamino silane as the Zr and
Si precursors, respectively. Mixed Ar and O2 gas (Ar:O2 = 500:500
sccm) was the source of oxygen reactive radicals and ions. The pro-
cess temperature and pressure were kept at 250 ○C and 1.5 Torr,
respectively. The stack structure consisted of SiO2 and ZrO2 lay-
ers with a thickness of 50 nm. The structure in which SiO2 was first
deposited and underlies a ZrO2 surface is termed SZ, and the struc-
ture in which ZrO2 is first deposited and underlies a SiO2 surface
is termed ZS, as shown in Fig. 1(b). Metal-Insulator-Metal (MIM)
and Metal-Insulator-Semiconductor (MIS) structures and bottom-
gate TFT were fabricated for measuring electrical properties of the
fabricated TFT. The total thickness of the insulating layer used in
each structure was fixed at 100 nm. A heavily doped p++-Si substrate
was used as the metal of the MIM structure, and a low-doped p+-Si
substrate was used as the semiconductor of the MIS structure. TFTs
with bottom-gate top-contact structures were fabricated on the p++-
Si substrate. ZrO2 and SiO2 were deposited as the GI using PEALD,
and sputtered In-Sn-Zn-O (ITZO) and Mo were used as the active
layer and source/drain layer materials. The active and source/drain
layers were defined by photolithography. Finally, patterned TFTs
with a GI set were annealed at 350 ○C in the air for an hour. Vth
was extracted by the extrapolation from the transfer curve, and the
effective mobility (μeff) was extracted by the following equation in

the linear region of the output characteristics:

μeff =
GmL

wCoxVds
,

where L, w, Cox, Vds, and Gm are channel length, channel width,
capacitance of GI, drain voltage, and conductance, respectively.

Atomic force microscopy (AFM; XE-100) was used to ana-
lyze the morphology of the film surfaces. Chemical binding states
of GI films were analyzed by X-ray photoelectron spectroscopy
(XPS; Verasprobe II). X-ray diffraction (XRD; D/MAX-RB) was
used to investigate the crystallinity of the films. All the samples con-
ducting analyses were annealed under the same condition as the
TFTs.

III. RESULTS AND DISCUSSION
To investigate the TFT performance as a function of the k value

of the GI and nature of the interface between GI and active layer,
TFTs with various stacked GI structures were fabricated (Fig. 1).
For stacked ZrO2 and SiO2 GIs, two structures, ZrO2 deposited
on SiO2 (SZ) and SiO2 deposited on ZrO2 (ZS), were prepared
to investigate the respective interface structures. First, the intrin-
sic properties of each GI structure were evaluated. All GI struc-
tures that contained a ZrO2 layer, i.e., ZrO2, ZS, and SZ; exhib-
ited almost identical XRD spectra [Fig. 2(a)], implying that ZrO2
in the GI structures is fully crystallized in the tetragonal phase
after the annealing process. XPS analyses [Fig. 2(b)] reveal that
chemistry changes depending on the substrate of ZrO2 or SiO2
ALD in SZ and ZS, i.e., the ZrO2 ALD process was performed on
p++-Si and SiO2 for ZrO2 and SZ GI, respectively, do not induce
changes in the chemical status of deposited ZrO2 and SiO2 thin
films.

The electrical properties of the GI structures were evaluated
using MIS and MIM capacitor structures to determine the dielec-
tric constant and leakage current density, respectively [Figs. 3(a)
and 3(b)]. The calculated k values from the accumulation state in
the capacitance-voltage (C-V) curve of the MIS capacitor were 22.7
for ZrO2 and 4.0 for SiO2, in good agreement with reported values.
The stacked GIs have almost identical k values of ∼7.0 regardless
of the structure, ZS or SZ. Consequently, the intrinsic properties
of stacked GI structures are not affected by the order of ZrO2 and
SiO2 layers in the stacked structure. However, the leakage current
behavior does depend on the order of stacked layers; current den-
sity values of the MIM capacitor with SZ and ZS at 1 MV/cm were
1.3 × 10−9 and 6.0 × 10−10 A/cm2, respectively. In contrast to the

FIG. 1. (a) ALD sequence diagrams of
ZrO2 and SiO2. (b) Schematic structure
of each film set.
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FIG. 2. (a) GIXRD pattern, (b) XPS O1s spectra, and (c) AFM surface morphology
of ZrO2, SiO2, SZ, and ZS films.

C-V characteristics, the current density-electric field (J-E) curve is
strongly influenced by the interface characteristics of the dielectric
and electrode as well as the intrinsic properties of the dielectric
film.

AFM measurements [Fig. 2(c)] indicate that the surface mor-
phologies of the GIs differ depending on which material was
deposited last. Whereas SiO2 exhibited a small root-mean-square
(rms) roughness of 0.12 nm, the ZrO2 film deposited by PEALD
exhibited a relatively higher rms roughness of 2.67 nm. The rms
roughness of the top layer governs the rms roughness of the stacked
GI structure; SZ, which has a ZrO2 top layer, exhibited higher
rms roughness of 1.47 nm than the 1.05 nm value for ZS, which
has a SiO2 top layer. ZS has a smoother surface morphology than
SZ, as shown in AFM images, which originates from the inher-
ent morphology difference between ZrO2 and SiO2. Meanwhile,
sharp AFM peaks on the analysis of the surface of the dielectric
indicate a severe increase in leakage current due to the electric
field concentration in the peak region. In this regard, the rela-
tively higher leakage current observed in the MIM capacitor with
SZ than with ZS is attributed to the rougher surface morphology
of the SZ stacked GI structure owing to the surface morphology
of the PEALD ZrO2 film, not from the inherent characteristics
of SZ.

The operating characteristics of a TFT with an ITZO active
layer with different GI structures were evaluated (Fig. 4) and TFT
parameters were listed in Table I. First, the low-voltage operat-
ing characteristics of TFTs employing high-k GIs were investigated.
The transfer curve of each TFT illustrate that increasing the k
value of the GI induces a decrease in the subthreshold swing (SS).
This result implies that adopting high-k GIs can be an effective
way to achieve low-voltage operation by a TFT. Moreover, TFTs
with either SZ or ZS GI exhibited significantly improved SS val-
ues of 0.20 V/dec or 0.19 V/dec, respectively. These values are
closer to the SS value of 0.18 V/dec for ZrO2 than they are to the
SiO2 value of 0.23 V/dec, even though the k value of stacked GI
structure is approximately 7, not much higher than that of SiO2.
Therefore, it can be postulated that stacked GI structures consist-
ing of ZrO2 and SiO2 are appropriate for low-voltage operation
of TFT.

The effective mobility (μeff) is also strongly affected by the k
value of the GI; generally, increased k values result in the decrease in
μeff by increasing scattering during carrier conduction.14,15 As a con-
sequence, extracted μeff values from the output curve of each TFT
are inversely proportional to the k value of the GI. Indeed, μeff of
the TFT with ZrO2 is 17.1 cm2/V s, which is much lower than the
41.9 cm2/V s μeff of the TFT with SiO2, corresponding to a k value
decrease from 22.7 to 4.0. However, even though the k values of SZ
and ZS are almost equal, the μeff values from the TFTs with SZ and
ZS are substantially different, at 21.9 cm2 and 31.5 cm2/V s, respec-
tively. The identical k values of SZ and ZS imply that the difference
in μeff does not originate from difference in Coulombic scattering.
Instead, it is influenced by the difference in surface morphology,
which incurs differences in leakage current. The fabricated TFT in
this study has a bottom-gate structure, which implies that the active

layer is directly deposited on the top surface of GI. In turn, the mor-
phology of the channel region in the active layer is commensurate
with the morphology of the top surface of the GI. In this regard,
the stacking order in the GI structure strongly affects the μeff of
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FIG. 3. (a) Leakage current density as a function of electric
field and (b) capacitance density as a function of applied
voltage of ZrO2, SiO2, SZ, and ZS films.

FIG. 4. (a) Schematic structure of TFTs. Transfer curves of
TFTs with (b) ZrO2, (c) SiO2, (d) SZ, and (e) ZS films as
GIs.
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TABLE I. Dielectric constants of insulating layers and device parameters of TFT with
ZrO2, SZ, ZS, and SiO2 gate insulators.

Dielectric μeff S.S. Hysteresis
constant Vth (V) (cm2/V s) (V/dec) (V)

ZrO2 22.7 −0.4 ± 0.1 17.1 ± 0.8 0.18 ± 0.01 0.62 ± 0.17
SZ 7.3 −0.6 ± 0.2 21.9 ± 1.3 0.20 ± 0.01 0.53 ± 0.02
ZS 7.1 −0.3 ± 0.1 31.5 ± 0.6 0.19 ± 0.01 0.30 ± 0.05
SiO2 4.0 −0.1 ± 0.1 41.9 ± 0.9 0.23 ± 0.01 0.42 ± 0.04

the TFT. Therefore, the TFT with ZS, in which the SiO2 layer is
in contact with the active layer, can achieve significantly improved
operation characteristics with low operating voltage due to enhanced
inherent properties as well as high μeff from the ameliorated surface
morphology. Moreover, the output curve from TFT devices with
various gate insulators was obtained as shown in Fig. 5. The value
of saturated drain current (Id,sat) is increased with increase in the k
value of the gate insulator. Actually, TFT devices with ZS and SZ
gate insulators exhibit almost identical output curve characteristics
due to similar k values. In other words, the ZS stacked structure

achieves higher μeff and lower SS, thanks to the improved interface
even in same bulk properties in comparison with the SZ stacked
structure.

IV. CONCLUSIONS
A TFT capable of low-voltage operation using a stacked GI

structure of ZrO2 and SiO2 has been investigated. Intrinsic prop-
erties of the stacked GI structures with respect to stacking order, i.e.,
ZrO2 followed by SiO2 or SiO2 followed by ZrO2, were evaluated. All
examined intrinsic properties, i.e., crystallinity and chemical status,
were nearly unaffected by change in the stacking order, resulting in
the same dielectric constant for these stacked structures. However,
the leakage current did depend on the stacking order because the
surface morphology of the stacked GI structure was governed by the
surface morphology of the topmost layer. These characteristics of
ZS and SZ, identical inherent properties and different surface mor-
phologies, induced distinct operation differences in the actual TFT
device. Low-voltage operation was achieved in TFTs with both ZS
and SZ, as evidenced by enhanced SS values, resulting from the sim-
ilar k values of ZS and SZ. In contrast, only the TFT with ZS, which
had smooth surface morphology from the topmost SiO2 layer, exhib-
ited comparable μeff to SiO2, which is significantly higher than that

FIG. 5. Output curves of TFTs with (a) ZrO2, (b) SiO2, (c)
SZ, and (d) ZS films as GIs.
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of SZ and ZrO2. Therefore, ZS is the optimal stacked GI structure
for low-voltage operation of a TFT.
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