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The authors report on the influence of Mg acceptor doping on the markedly reduced leakage current
characteristics ��5�10−8 A/cm2 at 2 MV/cm� of Ba0.6Sr0.4TiO3 thin films. The suitability of room
temperature deposited Mg-doped Ba0.6Sr0.4TiO3 films as gate insulators for low-voltage ZnO
thin-film transistors �TFTs� ��6 V� was investigated. All room temperature processed ZnO-TFTs on
plastic substrates exhibited a high field-effect mobility of 16.3 cm2/V s and a current on/off ratio of
6.4�104. The threshold voltage and subthreshold swing were 2.8 V and 400 mV/decade,
respectively. © 2007 American Institute of Physics. �DOI: 10.1063/1.2434150�

ZnO thin-film transistors �TFTs� have attracted much at-
tention due to their potential of replacing hydrogenated
amorphous or polycrystalline silicon �a-Si:H or poly-Si�
TFTs.1 ZnO is a transparent compound semiconductor with a
wide band gap �3.37 eV� which can be grown as a polycrys-
talline film at room temperature. Therefore, ZnO is consid-
ered to be an ideal material for serving as the channel layer
in transparent and flexible TFTs.1–3 So far, considerable ef-
forts have been done to obtain high-performance ZnO �or
doped ZnO�-TFTs with a high field-effect mobility
�1–80 cm2/V s� and high on/off ratios �105–107�.4,5 How-
ever, large threshold and high operating voltages are still a
major limitation for portable, battery-powered applications.
In order to drive high operating current at low bias voltages,
high-k gate dielectrics of more than 200 nm thickness
�pinhole-free and good step coverage� are normally needed
to increase the capacitive coupling between gate electrode
and active channel. However, a common limitation of near
room temperature deposited high-k dielectrics, e.g.,
Bi1.5Zn1.0Nb1.5O7,1–3 barium zirconium titanate,6 HfO2,7 and
TiO2,8 is their tendency to suffer from high leakage currents,
detrimental to ZnO-TFTs operation. As a potential candidate
for gate insulators, we recently developed Mn-doped
Ba0.6Sr0.4TiO3 �BST� thin films deposited at room
temperature.9 Mn-doped BST films could provide the requi-
site high dielectric constant ��24� coupled with enhanced
leakage current characteristics. However, Mn, which occu-
pies the Ti site �Ti4+, reff=0.605 Å� of the BST perovskite
structure, has multivalence states with ionic radii between
Mn2+ �reff=0.67 Å� and Mn4+ �reff=0.53 Å� in a sixfold co-
ordination. If an electron acceptor with lower single valence
state, i.e., Mg2+ �reff=0.72 Å�, is used, further reduction in
the leakage current density can be achieved due to the deep
trapping of electrons that would be normally generated in the
Ti derived three-dimensional-like conduction band.10 In this
letter, we report on the role of Mg acceptor doping on mark-
edly reduced leakage current characteristics of room tem-
perature grown BST thin films. The suitability of 3% Mg-

doped BST films as gate insulators for the fabrication of
high-performance ZnO-TFTs on a polyethylene terephthalate
�PET� substrate is discussed.

Disk-type undoped BST, 3% Mg-doped BST, and ZnO
targets were prepared by a conventional mixed oxide
method. 200 nm thick undoped and 3% Mg-doped BST thin
films were grown on Pt/Ti/SiO2/Si substrates by rf magne-
tron sputtering using a power �100 W�, working pressure
�50 mTorr�, and an Ar/O2 �ratio=10/10� atmosphere at
room temperature. For electrical measurement, Pt electrodes
�area=2�10−4 cm2� of 100 nm thickness were formed
through a shadow mask on undoped and 3% Mg-doped BST
films by dc magnetron sputtering. The valence states of Mg
in BST films were characterized with x-ray photoelectron
spectroscopy �XPS�. The dielectric properties were measured
at 100 kHz with an applied voltage up to 10 V using an
HP4192A impedance analyzer. Current-voltage �I-V� charac-
teristics were examined with an HP4145B semiconductor pa-
rameter analyzer.

XPS measurements were carried out with a PHI 5800
ESCA system using a monochromator Al K� with an energy
of 1486.6 eV and a spot size of 400�400 �m2. The energy
scale of the XPS spectra was calibrated with C 1s at
284.6 eV. In order to demonstrate the advantages of 3% Mg-
doped BST films as gate insulators, ZnO-TFTs were fabri-
cated on PET substrates. Figure 1 shows a schematic cross-
sectional view of our device. First, a 100 nm thick Cr gate

a�Electronic mail: idkim@kist.re.kr
FIG. 1. �Color online� Schematic cross-sectional view of ZnO-TFT structure
with 200 nm thick 3% Mg-doped BST gate insulator.
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electrode was deposited by rf sputtering with the aid of a
shadow mask. A 200 nm thick 3% Mg-doped BST gate ins-
lator was then deposited onto the Cr covered PET substrates
by rf sputtering. A ZnO n-type channel layer was subse-
quently deposited at room temperature by sputtering using a
rf power �115 W�, working pressure �50 mTorr�, and an Ar
�20 SCCM �SCCM denotes cubic centimeter per minute at
STP�� atmosphere to a thickness of 40 nm. Transistors were
completed by the evaporation of Al top contacts through
shadow masks so as to obtain a channel length of 150 �m
and a width of 2000 �m.

Figure 2 shows the capacitance-density–electric-field
characteristics of the BST and 3% Mg-doped BST films mea-
sured in a metal-insulator-metal �MIM� configuration. The
measured capacitance per unit area, for a pure BST film of
200 nm thickness, was 124 nF/cm2 at 100 kHz. The capaci-
tance corresponds to a relative dielectric constant of 28.
Compared to the undoped BST films, 3% Mg-doped BST
films exhibited a slightly lower dielectric constant of 22. The
effective dielectric constant ��r�22� of the 3% Mg-doped
BST films remained still high enough to achieve a low-
voltage operation of less than 6 V in the ZnO-TFTs. In par-
ticular, no measurable tunability was observed up to voltages
of 0.25 MV. These paraelectric behaviors, i.e., negligible
voltage independent capacitance tunability, of 3% Mg-doped
BST films can provide more predictable operation in terms
of higher stability and lower hysteresis characteristics for the
ZnO-TFTs.

In order to investigate the existence of Mg acceptor in
the BST matrix, we carried out XPS analysis. We observed
the Mg 1s spectra in XPS �inset of Fig. 2�. This result indi-
cates that Mg was well doped within the BST matrix. For Mg
1s spectra in XPS, the peak position was recorded in a range
of 1303.5–1304.1 eV. The corresponding Mg–O peak posi-
tion for Mg 1s is 1303.8 eV. The peak position is well
matched with the measured Mg 1s peak position. This result
demonstrates that Mg could serve as an electron acceptor
with chemical bonding of Mg–O in the BST matrix. Based
on the XPS result, i.e., valence state of Mg2+, we could use
Kröger-Vink notation to describe electrical charge and lattice
position for defect species �Mg2+� in BST films.

Figure 3 shows the I-V characteristics of pure BST and
3% Mg-doped BST thin films as a function of applied bias
voltage. The undoped BST thin films showed poor leakage
current properties, i.e., low breakdown strength at
0.4 MV/cm.3 On the other hand, the measured leakage cur-
rent density of the 3% Mg-doped BST films remained on the
order of �2–3�10−8 A/cm2 even up to an applied electric
field of 2 MV/cm �40 V�, thereby demonstrating significant
improvement in leakage current characteristics. The lower
leakage current in the 3% Mg-doped BST films can be at-
tributed to the acceptor behavior of Mg, which partially sub-
stitutes for Ti on the B site of the A2+B4+O3

2− perovskite
structure. The inset shows a schematic structure for Mg sub-
stitution into Ti site in BST lattice. On the basis of the simi-
lar ionic radii between Ti4+ �reff=0.605 Å� and Mg2+ �reff

=0.72 Å� in the sixfold coordination, we assume that Ti4+

can be replaced by Mg2+. Negatively charged defects �MgTi� �
and a corresponding number of doubly ionized oxygen va-
cancy �VO

••� are simultaneously formed to satisfy the site bal-
ance and charge neutrality, i.e.,

MgO ——→
TiO2

Mgn� + OO + VO
••. �1�

In this case, Mg behaves as an acceptor-type dopant and
prevents reduction of Ti4+ to Ti3+ by neutralizing the donor
action of the oxygen vacancies. During the BST film growth,
a reduction process may result in a n-type conductivity in the
prepared films according to the following equation:

OO → VO
•• + 2e� + 1/2O2�g� , �2�

where OO, VO
••, and e� represent the oxygen ion on its normal

site, the oxygen vacancy, and electron, respectively. The in-
crease in the oxygen vacancy concentration created by MgO
addition eventually causes a decrease in the concentration of
electrons. In accordance with these arguments, the leakage
current density of Mg-doped BST film was markedly re-
duced, as shown in Fig. 3. Although 3% Mg-doped BST
films showed a noncrystalline structure �not shown�, it is
expected to have a local short-range ordering in 3% Mg-
doped BST films.2 Therefore, the defect notation which was
described by simple substitution of Mg2+ for Ti4+ in Eqs. �1�
and �2� might be used to explain the remarkable reduction of

FIG. 2. �Color online� Capacitance per unit area–electric-field characteris-
tics of pure BST and 3% Mg-doped BST films with the configuration of
metal-insulator-metal �MIM� structure.

FIG. 3. �Color online� Current-density–electric-field characteristics of pure
BST and 3% Mg-doped BST films. The inset shows a schematic structure
for Mg substitution into Ti site in BST lattice.
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leakage current density. Further study is needed to confirm it.
Figure 4�a� shows the drain-to-source current �IDS� as a

function of drain-to-source voltage �VDS� at various gate
voltages of ZnO-TFTs with 3% Mg-doped BST gate insula-
tors on a PET substrate. All ZnO-TFTs were prepared at
room temperature due to the low glass transition temperature
�Tg� of 80�90 °C. The relatively high capacitance of the
3% Mg-doped BST gate insulators resulted in a low-voltage
operation of less than 6 V. Good current saturation and high
on current of 160 �A at the bias condition �e.g., VGS and
VDS=6 V� were observed. Figure 4�b� shows the transfer
characteristics of the ZnO-TFTs. The threshold voltage �Vth�
was calculated from the x-axis intercept of the square root of
the IDS vs VGS plot. Field-effect mobility ��FE� modeled by
the equation IDS= �WCi /2L��FE�VGS−Vth�2 can be calculated
from the slope of the plot of �IDS�1/2 vs VGS in the saturation
region �VGS=5 V�, where L is the channel length, W is the
channel width, Ci is the capacitance per unit area of the
insulating layer, Vth is the threshold voltage, and �FE is the
field-effect mobility. The measured Vth and �FE were +2.8 V
and 16.3 cm2/V s for the ZnO-TFTs with 3% Mg-doped
BST gate insulators, respectively. The measured subthresh-
old swing was 400 mV/decade. On-current and off-current
were 1.86�10−4 and 2.90�10−9 A, respectively, giving an
on/off current ratio of 6.4�104. In particular, it is interesting
to note that there is no detectable hysteresis behavior in the
dc gate characteristics when sweeping VGS in the forward
and reverse directions, as shown in Fig. 4�b�. It suggests
negligible charge traps for ZnO/3% Mg-doped BST stack. In
general, high-k gate insulators exhibit counterclockwise hys-
teresis loops in IDS−VDS characteristics due to the ferroelec-
tric or nonlinear dielectric nature of gate insulators. This re-
sult indicates that high quality 3% Mg-doped BST gate

insulators could be obtained even at room temperature
deposition.

In summary, 3% Mg-doped BST films with a high di-
electric constant ��r�22� and low leakage current property
���5�10−8 at 2 MV/cm� were prepared at room tempera-
ture by rf sputtering. A remarkable reduction in leakage cur-
rent density could be achieved through deep trapping of elec-
trons in 3% Mg-doped BST films. All room temperature
processed ZnO-TFTs on PET substrates using the 3% Mg-
doped BST gate insulators �200 nm� exhibited a low-voltage
operation of less than 6 V and a high field-effect mobility of
16.3 cm2/V s. These results demonstrate the potential use of
3% Mg-doped BST gate insulators for producing high-
performance ZnO-TFTs on plastic substrates.

This work was supported by a KIST independent project
of one of the authors �I.-D.K.�.
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FIG. 4. �Color online� �a� Drain-to-
source current �IDS� vs drain-to-source
voltage �VDS� curves at various gate-
to-source voltages �VGS� for ZnO-
TFTs with 3% Mg-doped BST gate in-
sulators on PET substrates. �A channel
length �L� of 150 �m and a channel
width �W� of 2000 �m.� �b� Transfer
characteristics. VGS was swept from
0 to 7 V at VDS of 5 V.
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