
Electric Properties and Interface Charge Trap Density of Ferroelectric Gate Thin Film

Transistor Using (Bi,La)4Ti3O12/Pb(Zr,Ti)O3 Stacked Gate Insulator

Pham Van Thanh1;4, Bui Nguyen Quoc Trinh2;5�, Takaaki Miyasako2,

Phan Trong Tue2;3, Eisuke Tokumitsu2;3, and Tatsuya Shimoda1;2;3

1School of Materials Science, Japan Advanced Institute of Science and Technology, Nomi, Ishikawa 923-1292, Japan
2ERATO, Shimoda Nano-Liquid Process Project, Japan Science and Technology Agency, Nomi, Ishikawa 923-1211, Japan
3Green Devices Research Center, Japan Advanced Institute of Science and Technology, Nomi, Ishikawa 923-1292, Japan
4Faculty of Physics, College of Science, Vietnam National University, Hanoi, Vietnam
5Faculty of Engineering Physics and Nanotechnology, College of Engineering and Technology, Vietnam National University, Hanoi, Vietnam

Received May 25, 2012; accepted June 20, 2012; published online September 20, 2012

We successfully fabricated ferroelectric gate thin film transistors (FGTs) using solution-processed (Bi,La)4Ti3O12 (BLT)/Pb(Zr,Ti)O3 (PZT)

stacked films and an indium–tin oxide (ITO) film as ferroelectric gate insulators and an oxide channel, respectively. The typical n-type channel

transistors were obtained with the counterclockwise hysteresis loop due to the ferroelectric property of the BLT/PZT stacked gate insulators.

These FGTs exhibited good device performance characteristics, such as a high ON/OFF ratio of 106, a large memory window of 1.7–3.1 V, and a

large ON current of 0.5–2.5mA. In order to investigate interface charge trapping for these devices, we applied the conductance method to MFS

capacitors, i.e., Pt/ITO/BLT/PZT/Pt capacitors. As a result, the interface charge trap density (Dit) between the ITO and BLT/PZT stacked films

was estimated to be in the range of 10�11–10�12 eV�1 cm�2. The small Dit value suggested that good interfaces were achieved.

# 2012 The Japan Society of Applied Physics

1. Introduction

Recently, ferroelectric-gate field-effect transistors using
ferroelectric materials as gate insulators have attracted much
attention as a nonvolatile memory element with low power
consumption, high speed, and high endurance owing to
their natural ferroelectric properties, and there are various
applications of these devices.1,2) Si-based ferroelectric gate
transistors have been studied most intensively.3,4) However,
Si-based ferroelectric gate transistors have the problem of
interdiffusion of constituent elements between the ferro-
electric layer and the Si substrate. To solve this problem,
multistacked structures including a buffer layer, such as
metal–ferroelectric–insulator–semiconductor (MFIS)5) or met-
al–ferroelectric–metal–insulator–semiconductor (MFMIS)6)

structures, have been used to fabricate Si-based ferroelectric
gate memory transistors. In the case of the MFIS structure,
the problem of these transistors is charge mismatch between
the ferroelectric layer and the insulator layer that leads to a
small memory window in transfer characteristics even if a
high operation voltage is applied.7) In the case of the MFMIS
structure, several reports have demonstrated good electrical
properties,3,4,6) such as a large memory window and a good
retention time with a large MIS/MFM area ratio. However, it
is complicated to fabricate; thus, it is not suitable for low-cost
fabrication and high integration.

In order to solve the problems of the Si-based ferroelectric
gate transistors, oxide-based ferroelectric gate thin film
transistors (FGTs) could be one of the most promising
candidates for a low-cost memory with high performance
because of a very simple oxide–semiconductor/ferroelectric
stacked structure. In addition, as the oxide–semiconductor
layer can be deposited directly on the ferroelectric layer,
these FGTs can utilize full ferroelectric polarization without
charge mismatch because the polarization of the ferro-
electric gate insulator can be directly applied to the oxide–
semiconductor channel. The good properties of these typical
FGTs have already been reported by Tokumitsu et al.,7)

Tanaka et al.,8) Miyasako et al.9) and Kato et al.10) In order
to reduce the processing costs, Miyasako et al. fabricated a
total solution deposition-processed FGT using an indium–tin
oxide (ITO)/Pb(Zr,Ti)O3 (PZT) stacked structure with a
large memory window and a high ON/OFF current ratio.11)

However, the existence of the 5-nm-thick interface layer
between ITO and PZT resulted in a large interface charge
trap density, leading to the inferior properties of this FGT.
To obtain a better interface between the ITO channel and the
gate insulator, we applied the BLT/PZT stacked structure,
which was also processed by a solution method, as a gate
insulator. To determine whether an interface between a
semiconductor and an insulator layer is good, measuring the
interface charge trap density (Dit) would be the best way.
To calculate the Dit of a semiconductor/insulator structure,
the conductance method using the admittance measurement
of the metal–insulator–semiconductor (MIS) structure is a
reliable technique.12) Conventionally, SiO2/Si is used to be
the only MIS structure applied. Recently, however, this
method has successfully been applied to investigate the Dit

values of the polyfluorene-based MIS,13) Ge-based MIS,14)

and metal–ferroelectric–semiconductor structures.15) There-
fore, it is suitable to use this method to investigate the Dit

of the ITO/BLT/PZT structure, i.e., the metal–ferroelectric–
semiconductor structure.

In this study, we first tried to fabricate an FGT that used a
BLT/PZT stacked gate insulator and demonstrated that it
had a high ON/OFF ratio and a large memory window.
Then, by applying the conductance method using the
admittance measurements of the Pt/ITO/BLT/PZT/Pt
(MFS) capacitors, the interface charge trap density (Dit)
between the ITO and BLT/PZT stacked ferroelectric gate
insulators was found to be as small as that in the
1011–1012 eV�1 cm�2 range. This fact confirmed that the
good interfaces were realized.

2. Experimental Procedure

BLT/PZT hybrid films were prepared on Pt(111)/Ti/SiO2/
Si substrates by the sol–gel technique. First, the raw solution
of Pb1:2(Zr0:4Ti0:6)O3 (PZT) was spin-coated at a speed�E-mail address: trinhbnq@vnu.edu.vn
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of 2500 rpm for 25 s and dried at 240 �C for 5min. This
process was repeated several times to obtain a 170-nm-thick
PZT film, and then the film was crystallized at 600 �C for
20min in air by rapid thermal annealing (RTA). Excess
lead was added to compensate for evaporation loss and to
assist the crystallization. Secondly, the raw solution of
Bi3:35La0:75Ti3O12 (BLT) was spin-coated at a speed of
2000 rpm for 30 s and dried at 250 �C, the thickness of the
BLT film was changed from 20 to 60 nm, and then the BLT
film was crystallized at 675 �C for 10min in O2 by RTA.
Then, the ITO layer with a thickness of 25 nm was deposited
by spin coating the carboxylate-based precursor solution
(5wt% SnO2-doped) on the BLT/PZT hybrid film and
consolidated at 350 �C in air for 10min. Subsequently, the
Pt source and drain electrodes were sputtered at room
temperature and patterned by a lift-off process. In the
next step of fabrication, the ITO channel was isolated by
photolithography and dry etching. Finally, the ITO channel
was annealed at 450 �C in air for 40min by RTA. The
channel length (LDS) and the channel width (W) were 15 and
60 �m, respectively. The schematic illustrations of Pt/BLT/
PZT/Pt (MFM) and Pt/ITO/BLT/PZT/Pt (MFS) capacitors
with top electrodes of 1:12� 10�4 cm2 area and an FGT are
shown in Figs. 1(a)–1(c).

The morphology of these samples was investigated by
atomic force microscopy (AFM) analyses using the SII-NT
SPA400 system. The polarization–electric field (P–E)
curves were measured using the Sawyer–Tower circuit.
The capacitance–voltage (C–V ) measurements were per-
formed using Wayne Kerr precision component analyzer
6440B with an AC signal of 50mV amplitude. The
impedance characteristics were determined using the
Solartron 1296 dielectric interface and 1260 impedance
analyzer in a frequency range of 5Hz–100 kHz at room
temperature with an AC signal of 50mV amplitude. These
measurements were carried out by applying voltage to the
bottom Pt electrode with the top Pt electrode grounded.
The transfer characteristics (ID–VG) and the output char-
acteristics (ID–VD) were measured using a semiconductor
parametric analyzer (Agilent 4155C).

3. Results and Discussion

The AFM analysis was carried out to investigate the
morphology of the fabricated BLT/PZT stacked films. The
obtained AFM images are shown in Figs. 2(a)–2(c). It is
seen that all BLT films show good uniformity without cracks
or fissures. The root-mean-square (RMS) surface roughness

values were 2.41, 3.31, and 4.88 nm, which correspond to
the 20, 40, and 60 nm BLT layer thicknesses, respectively;
these RMS surface roughness values are smaller than those
of the pure BLT films.16–18)

Figures 3(a)–3(c) show the P–E loops of the Pt/BLT/
PZT/Pt capacitors. These P–E loops have good square
shapes. In addition, the values of remanent polarization (Pr)
vs applied voltages of these capacitors are shown in
Fig. 3(d). The values of Pr measured at 10V were 23.9,
17.8, and 6.5 �C/cm2 for the 20, 40, and 60 nm BLT layer
thicknesses, respectively. It was observed that Pr decreased
as the thickness of the BLT layer increased. The dielectric
constant of the BLT film was about 138–350,19,20) which is
much smaller than that of the PZT film,21) which lies
between 700 and 1300. Therefore, the applied voltage can
be reduced markedly in the BLT layer of the BLT/PZT
structure, in which the BLT layer is serially connected with
the PZT layer. This means that a large polarization of the
BLT/PZT capacitor is only achieved when the BLT layer is
thin enough.22) Simultaneously, the C–V characteristics of
these samples were also investigated and are shown in
Fig. 4. The butterfly shape of these C–V characteristics was
obtained owing to the natural ferroelectric property of the
BLT/PZT structures. The capacitances also decreased as the
thickness of the BLT layer increased because of the serial
connection of the BLT layer with the PZT layer.

(a) (b) (c)

Fig. 1. (Color online) Schematic illustrations of (a) MFM, (b) MFS

capacitors, and (c) FGT using BLT/PZT stacked structure as gate insulator.

(c)(b)(a)

RMS=2.41nm RMS=3.31nm RMS=4.88nm 

Fig. 2. (Color online) AFM images of (a) 20-, (b) 40-, and (c) 60-nm-

thick BLT films on PZT/Pt/Ti/SiO2/Si.

(a) (b)

(c)

(d)

Fig. 3. (Color online) P–E loops of MFM capacitors with (a) 20, (b) 40,

and (c) 60 nm BLT layer thicknesses. The measurement frequency was

100Hz. (d) Values of Pr vs applied voltage of MFM capacitors.
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Figures 5(a)–5(c) show the ID–VG characteristics of these
fabricated FGTs when the gate voltage sweep changed from
the narrow range (from �3 to 3V) to the wide one (from
�13 to 13V) with a constant drain voltage (VD) of 1.5V.
The counterclockwise hysteresis loops were obtained for
all samples owing to the natural ferroelectric properties of
the BLT/PZT gate insulators. This result confirmed the
nonvolatile memory function of these FGTs. The high
ON/OFF ratios of �106 and the large memory windows
of 1.7–3.1V were obtained [Fig. 5(d)]. Notably, the OFF
currents of these FGTs were as small as 10�10 A despite the
large charge concentration of the ITO channels of around
1019 cm�3.11) These OFF currents are significantly smaller
by 3 orders of magnitude than that of the FGT using the
ITO/BLT structure.7) This means that the ITO channels
were completely depleted by the huge polarization charges
of the BLT/PZT stacked gate insulators. The S-swings of
these FGT were also obtained and are shown in Table I.

Simultaneously, the ID–VD characteristics of these FGTs
were determined with the sweep of VD from 0 to 10V by
changing VG from 0 to 8V [Figs. 6(a)–6(c)]. It was observed
that a typical n-channel transistor operation was obtained
with a large ON current for all fabricated FGTs. At
VD ¼ 10V and VG ¼ 8V, the ON currents were estimated
to be in the range of 0.5–2.5mA, which is close to those

of the other TFTs using the oxide semiconductor as the
channel.9,23) In addition, the field-effect mobility �FE of the
ITO channel was estimated in the saturation region of the
drain current, which is given by7)

IDS ¼ �EF

W

2L

PðVGÞ
VG

ðVG � VTÞ2; ð1Þ

where IDS is the drain current in the saturation region of
the output characteristics, VT is the threshold voltage
obtained by a linear fit of the square root of the drain
current vs gate voltage of the ID–VG characteristics24)

(Table I), and PðVGÞ is the ferroelectric polarization as a
function of the gate voltage (VG), which can be obtained
from the P–E loop of the BLT/PZT capacitor. With VG ¼
8V, PðVGÞ was approximately determined to be 36, 27, and
15 �C/cm2; therefore, �FE was estimated to be 6.5, 6.3, and
3.9 cm2 V�1 s�1, which correspond to the 20, 40, and 60 nm
BLT layer thicknesses, respectively. The reason for the
degradation of the �FE of these FGTs with increasing BLT
layer thickness could be the rough surface of the BLT/PZT
stacked insulator films. It was observed that the RMS surface
roughness significantly increased from 2.41 to 4.88 nm with
increasing thickness of the BLT layer from 20 to 60 nm
(Fig. 2), which leads to the enhancement of electron
scattering at the semiconductor/insulator interface of the
FGTs. The effect of dielectric roughness on the mobility of
thin film FETs has been discussed elsewhere.25–27) These
�FE values are comparable to those of the other TFTs using
oxide semiconductors, such as sputter ITO,7,9) ZnO,23,28) and
IGZO.29,30) Although the field-effect mobility of the ITO
channel is small, the large ON currents of mA order were
obtained [Figs. 6(a)–6(c)] because the huge polarization of
the ferroelectric gate insulator can be applied directly to the
channel. Some important parameters of these FGTs are
summarized and listed in Table I with a gate voltage sweep
of �9V.

To further confirm the depletion and accumulation
characteristics of the ITO layers, the C–V characteristics
of the MFS capacitors, which are illustrated in Fig. 1(b),
were investigated. The measured curves plotted as square-
line curves are shown in Figs. 7(a)–7(c) with those of the
MFM capacitors as references (circle-line curves) when the
thickness of the BLT layer changed. These C–V character-
istics exhibited a large difference between the negative and
positive applied voltages for all samples. When the positive
voltage was applied, the capacitance of the MFS capacitors
(Con) was approximate to that of the MFM capacitors,
indicating that the electrons accumulated in the ITO layer;
whereas when the negative voltage was applied, the
capacitance of the MFS capacitors (Coff) was much smaller

Fig. 4. (Color online) C–V characteristics of Pt/BLT/PZT/Pt capacitors.

Table I. Device characteristics of fabricated FGTs using ITO/BLT/PZT

structures when the thickness of BLT layer was varied to 20 nm (FGT1),

40 nm (FGT2), and 60 nm (FGT3).

Sample

Field-effect

mobility

(cm2 V�1 s�1)

Threshold

voltage

(V)

S-swing

(mV/dec)

ON/OFF ratio

(VD ¼ 1:5V,

VG ¼ 9V)

Memory

window

(V)

FGT1 6.5 1.5 600 2:2� 106 2

FGT2 6.3 1.7 630 2� 106 1.7

FGT3 3.9 1.7 1320 2:8� 105 2.5

(a) 

(d) (c) 

(b) 

Fig. 5. (Color online) ID–VG characteristics of FGTs with (a) 20, (b) 40,

and (c) 60 nm BLT layer thicknesses. (d) Memory window vs gate sweep

voltage.
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than that of the MFM capacitors as a result of the depletion
of the ITO layer.10,31) Furthermore, the values of Coff are
always smaller than those of Con for all MFS capacitors.
This difference between Con and Coff indicated that the
conductivity of ITO layers was completely controlled by the
BLT/PZT stacked gate insulators. Such a difference is the
origin of the ON/OFF operation of these FGTs.32)

Next, the impedance characteristics of these MFS
capacitors were measured, and their admittance character-
istics were also obtained. As the MFS capacitors can be
considered MIS capacitors when they are depleted, it is
expected that the interface charge trap density (Dit) values
of semiconductor (ITO)/ferroelectric insulator (BLT/PZT)
contacts could be estimated in these MFS capacitors by the
conductance method using the admittance characteristics.
The parallel equivalent circuit of the MFS capacitors is
shown in Fig. 8(a),12) where Cox is the capacitance of the
ferroelectric-insulator layer, i.e., the BLT/PZT stacked
layer, Cp and Gp are the equivalent parallel capacitance
and equivalent parallel conductance, respectively, and Rs is
the serial resistance. The equivalent parallel conductance Gp

of the semiconductor portion of the MFS capacitors in the
depleted region is given by12)

Gpð!Þ
!

¼ Cit

2!�it
ln½1þ ð!�itÞ2�; ð2Þ

where Cit, �it, and ! are the interface trap capacitance, the
interface trap response time, and the angular frequency,
respectively. The peak of Gp=! is equal to 0:4Cit ¼ 0:4qDit

when !�it ¼ 1:98. However, Gp is not equal to the measured
parallel conductance Gm of the measured admittance, Ym ¼
Gm þ j!Cm, with Cm being the measured capacitance. Gp

must be corrected from Ym by using the parallel equivalent
circuit of the MFS capacitors. Therefore, Gp=! is calculated
by

Gp

!
¼ !C2

oxGc

G2
c þ !2ðCox � CcÞ2

; ð3Þ

where Cc ¼ ðG2
m þ !2C2

mÞCm=ða2 þ !2C2
mÞ, Gc ¼ ðG2

m þ
!2C2

mÞa=ða2 þ !2C2
mÞ, and a ¼ Gm � ðG2

m þ !2C2
mÞRs, with

Rs being calculated from the measured admittance upon the
accumulation of the MFS capacitors. Notably, the capaci-
tance Cox values of the BLT/PZT stacked films that show a
butterfly-shaped curve depend on the applied voltages shown
as the circle-line curves in Figs. 7(a)–7(c). In the depleted
region of the MFS capacitors, however, the ITO layer is
depleted; thus, it is difficult to determine the exact values of
Cox. To solve this problem, Dit should be calculated at the
applied voltage of 0V in the depleted region when the

(a) 

(b) 

(c) 

Fig. 6. ID–VD characteristics of the FGTs with (a) 20, (b) 40, and

(c) 60 nm BLT layer thicknesses.

(a) 

(b) 

(c) 

Fig. 7. (Color online) C–V characteristics of MFSs (square-line) and

MFMs (circle-line) with (a) 20, (b) 40, and (c) 60 nm BLT layer thicknesses

of the BLT/PZT stacked films.
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applied voltage is swept from �10 to 10V. Consequently,
the values of Gp=! vs ! were calculated and are shown
in Figs. 8(b)–8(d), where the peaks of Gp=! are clearly
seen. In these calculations, the values of Cox were obtained
from the impedance measurements of the MFM capacitors
at the applied voltage of 0V. From the peaks of Gp=!, Dit

was extracted to be 7:1� 1011, 4:8� 1012, and 2:7�
1012 eV�1 cm�2, which correspond to the 20, 40, and
60 nm BLT film thicknesses, respectively. These Dit values
are comparable to those of MFIS33) and MFMIS.4) Notably,
the Dit value of the MFS capacitor corresponding to that of
the 60-nm-BLT/PZT stacked insulator is the largest, which
seems to be one of the reasons for the smallest memory
window of the FGT using this stacked film as the gate
insulator. Because of the small Dit values, it is believed that
the good interfaces between the ITO channel and the BLT/
PZT stacked gate insulators were obtained. These results are
in good agreement with the well-formed interface between
the ITO channel and the BLT/PZT stacked gate insulator
reported by Trinh et al.34)

4. Conclusions

In this study, FGTs using solution-processed BLT/PZT
stacked gate insulators and a sol–gel ITO channel were
successfully fabricated and characterized. The high ON/
OFF ratios of �106 and the large memory windows of 1.7–
3.1V were obtained. The field-effect mobility of the channel
was determined to be 6.5, 6.3, and 3.9 cm2 V�1 s�1 as the
thickness of the BLT layer was varied to 20, 40, and 60 nm,
respectively. Furthermore, the C–V characteristics of the
MFS capacitors reconfirmed the accumulation and depletion
phenomena of the ITO layer of MFSs. In particular, by the
conductance method, the charge trap density between the
ITO layers and the BLT/PZT stacked gate insulators was
determined to be as small as 1011–1012 eV�1 cm�2. This
small charge trap density was found to result in the good
properties of the FGT. Consequently, the FGT constructed
by the combination of the ITO channel and the BLT/PZT
stacked gate insulator would be a good candidate for the
nonvolatile ferroelectric memory applications in the future.
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