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M A T E R I A L S  S C I E N C E

High-k perovskite gate oxide for modulation  
beyond 1014 cm−2

Dowon Song1, Myoungho Jeong2, Juhan Kim1, Bongju Kim1, Jae Ha Kim3,  
Jae Hoon Kim3, Kiyoung Lee2, Yongsung Kim2, Kookrin Char1*

Scaling down of semiconductor devices requires high-k dielectric materials to continue lowering the operating 
voltage of field-effect transistors (FETs) and storing sufficient charge on a smaller area. Here, we investigate the 
dielectric properties of epitaxial BaHf0.6Ti0.4O3 (BHTO), an alloy of perovskite oxide barium hafnate (BaHfO3) and 
barium titanate (BaTiO3). We found the dielectric constant, the breakdown field, and the leakage current to be 
150, 5.0 megavolts per centimeter (MV cm−1), and 10−4 amperes per square centimeter at 2 MV cm−1, respectively. 
The results suggest that two-dimensional (2D) carrier density of more than n2D = 1014 per square centimeter 
(cm−2) could be modulated by the BHTO gate oxide. We demonstrate an n-type accumulation mode FET and direct 
suppression of more than n2D = 1014 cm−2 via an n-type depletion-mode FET. We attribute the large dielectric 
constant, high breakdown field, and low leakage current of BHTO to the nanometer scale stoichiometric modula-
tion of hafnium and titanium.

INTRODUCTION
Over the past several decades, Si-based device technology has been 
relentlessly scaled down. To reduce thermal heating and power 
consumption, lowering operating voltage is required, which can be 
resolved through higher capacitance. This has been leading to thinner 
gate oxide as the devices shrink in size. However, reduced thickness 
of the gate oxide results in increased leakage current via direct 
tunneling, which limits the device performance. For overcoming 
these limitations, high-k materials have been investigated to attain 
equivalent capacitance with thicker gate oxide thickness (1–5). 
High-k dielectrics require the following two properties: high dielectric 
constant and high dielectric strength under high electric field.

Recently, in the field of iontronics, electric double layer transistors 
(EDLTs) are generating a substantial impact, since the electric field 
at the EDL interface is on the order of 10 MV cm−1, and the accu-
mulated carrier density can be on the order of 1014 cm−2 (6). Charge 
accumulation capability in a ZnO field-effect transistor (FET) gated 
by EDLs of ionic liquid reached an ultrahigh carrier density of 8 × 
1014 cm−2 at 220 K (7). In addition, EDLT on a high-mobility semi-
conducting perovskite BaSnO3 channel was reported, which modu-
lated the carrier density over 1014 cm−2 (8). EDLTs are fascinating 
subjects for scientific investigation; however, the “liquid” nature of 
EDLTs is a strong challenge for their use in practical devices. 
Furthermore, the capacitance of ionic liquid diminishes rapidly by 
a factor of 104 between the frequency of 10−2 and 104 Hz due to the 
fundamentally sluggish motion of mobile ions, which hinders its 
use for device applications in addition to electrochemical reac-
tion (6, 7).

Unfortunately, materials with high dielectric constant usually 
exhibit weak dielectric strength; the breakdown field is low and/or 
their leakage current is large in high electric field (5, 9–11). When 
an external electric field is applied to a high-k dielectric layer, a large 

Lorentz local field, given by    E  loc   =  (    k + 2 _ 3   )    E  ext    , is applied to high-k 
materials. This large Lorentz local field results in bond breaking, 
generating defects, and forming conductive percolation path, 
followed by dielectric breakdown (5). However, extrinsic defects 
often determine the material’s breakdown field before intrinsic 
breakdown occurs. Therefore, the actual breakdown field of material 
could be accompanied by extrinsic defects, resulting in varying 
breakdown field even in the same material. In effect, materials with 
high dielectric constants have weak dielectric strength due to their 
narrow bandgap and vulnerability to ionic displacement (5, 12). 
Therefore, finding the materials with both high dielectric constant 
and high dielectric strength is quite challenging but important.

Two classes of high-k perovskite oxides have been evaluated in 
the past by growing them epitaxially on Si (13–18). The class of 
titanates, (Ba or Sr)TiO3, has been most studied because of their 
high dielectric constant of a few hundreds, but the prior demonstra-
tions had limited impact because of the high leakage currents. On 
the other hand, using hafnates, particularly SrHfO3, an FET on 
silicon is successfully fabricated down to an equivalent oxide thickness 
(EOT) of 1.2 nm (17). However, because of its moderate dielectric 
constant (~30), scaling below an EOT of 1 nm was challenging.

Combination of distinct solid-state systems frequently introduces 
wholly new functionality or enhanced properties through modulating 
degree of freedoms such as epitaxial strain, charge, and spin. In 
addition, even with identical composition, different configurations of 
each atom could result in dissimilar material properties. Artificial super-
lattice is the one of the prominent exemplifications, and supercrystal 
phases were reported in composite ferroelectrics K1−LiTa1−NbO3 
(KLTN) (19) and PbTiO3/SrTiO3 superlattice (20) and PbTiO3/SrRuO3 
superlattice (21). Furthermore, the mechanism for the enhanced 
piezoelectricity in multielement-doped (K,Na)NbO3 ceramics was 
reported recently (22). Motivated by these prior works, we investi-
gated BaHfO3 (BHO)/BaTiO3 (BTO) composite system to examine 
how the system builds specific microstructure and its material proper-
ties, especially its dielectric properties.

Recently, BHO is reported to have relatively high dielectric constant 
and low leakage current and used successfully as a gate oxide (23). 
Ferroelectricity in BTO, a well-known ferroelectric perovskite, is 
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accounted for by the titanium atomic displacement in TiO6 octahedra, 
and these ferroelectric materials are highly polarizable in an external 
field, which correlates with its high leakage current (24). The room 
temperature dielectric constant of BTO ceramics can be greater 
than 2000. However, its dielectric constant in thin film forms is 
much lower, ranging between 200 and 400 (25). Although high 
breakdown field in amorphous BTO films has been reported earlier 
(26), its dielectric constant was only 16. Furthermore, the break-
down field of crystalline BTO thin film is about 1 MV cm−1, which 
limits the application of the material (27). By alloying these two 
materials, one may achieve both the high dielectric constant of BTO 
and the high dielectric strength of BHO. There have been a few 
reports that investigated BaHf1−xTixO3 system, but no detailed 
dielectric properties were reported (28–32). Here, we report a high-k 
material with superior dielectric properties: large dielectric con-
stant (~150) and high breakdown field (~5 MV cm−1) with low 
leakage current (~10−4 A cm−2 at 2 MV cm−1). Using such BHTO, 
large carrier density on the order of 1014 cm−2 can be completely 
modulated.

RESULTS AND DISCUSSION
Electrical properties
To measure the electrical properties of BaHf0.6Ti0.4O3 dielectric, 
degenerately doped 4% La-doped BaSnO3 (4% BLSO of ~150 nm in 
thickness and 150-microhm·cm resistivity) (33) was epitaxially 
grown as the top electrode on 200-nm-thick BaHf0.6Ti0.4O3 in a 
mesa-like capacitor structure with 4% BLSO bottom electrode. The 
thickness of BHTO has been confirmed by Kiessig fringes of x-ray 
diffraction in fig. S1 and table S1. The area of the top 4% La-doped 
BaSnO3 electrode is about 53,100 m2 (diameter of ~260 m). From 
the measured parallel capacitance (Cp), the dielectric constants (k) 
of BaHf0.6Ti0.4O3 were calculated. Capacitance-frequency and 
current-voltage characteristics are shown in Fig. 1 (A and B). The 
DC field dependence of the capacitance is in Fig. 1C. The DC field 
dependence looks similar to those based on BTO or SrTiO3 (28, 34). 
This DC field dependence of the dielectric constant in titanates is 
related with the hardening of the soft phonons (35, 36). Because of 

the large bias dependence of the dielectric constant, the “effective” 
dielectric constant in a device will be reduced, being the average 
dielectric constant in the range of zero to a finite bias. Multifrequency 
and double-sweep capacitance-voltage (C-V) measurements are in 
fig. S2. In addition, the band offset estimation by Fowler-Nordheim 
tunneling analysis of the leakage current at high bias and the corre-
sponding band diagrams are in fig. S3.

To obtain the statistics of the dielectric constant and the break-
down field of the BaHf0.6Ti0.4O3 dielectric, we fabricated 21 (3 × 7) 
capacitors on a single chip and collected their electrical properties 
in fig. S4. The statistically averaged dielectric constant of BaHf0.

6Ti0.4O3 is about 150, and most of the dielectric constants are in the 
range of 145 to 155, which is larger than twice the reported value of 
65 (30). Theoretical dielectric constants can be calculated by effec-
tive medium theories. A few exemplary calculations are listed in 
table S2, where BHTO, BHO, and BTO are dielectric constants of 
BaHf1−xTixO3, BHO, and BTO, respectively, and fBHO and fBTO are 
volume fractions of BHO and BTO, respectively, which correspond 
to 0.6 and 0.4. In classical effective medium theory, considering the 
reported dielectric constant of BHO and BTO, which is 37.8 and 
200 to 600, the effective medium theory generates 56.6 to 61.5 for 
dielectric constants of BaHf0.6Ti0.4O3, which is much lower than our 
experimental values. Even if we use the high dielectric constant 
(~4000) of single-crystal BTO, the calculated value of 63.9 is not 
much different. Even in Maxwell-Garnett approximation, which 
assumes embedded solid nanospheres in a host material, calculated 
dielectric constant of BHTO falls short of experimental values at 
any case of BTO dielectric constant, probably due to the limitation 
of the model that validates only when the volume fraction of nano-
spheres is relatively low (<0.1). However, in the framework of 
Bruggeman approximation, of which host and guest materials are 
indistinguishable and the system is completely random, calculated 
dielectric constant predicts the experimental dielectric constant of 
150 when assuming the dielectric constant of BTO as 600. Statisti-
cally averaged breakdown field is 3.2 MV cm−1, and its deviation is 
much larger than that of the dielectric constant. This result can be 
attributed to the fact that the dielectric breakdown depends more on 
the local defects in each capacitor. Thus, in the case of breakdown 
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field, the maximum value, rather than the average value, of the mea-
sured breakdown field will better represent the intrinsic dielectric 
strength. A few capacitors exhibited dielectric breakdown field 
larger than 5.0 MV cm−1. Some representative current density–
electric field characteristics are shown in the fig. S5. From these 
dielectric properties of BaHf0.6Ti0.4O3, calculated maximum field- 
induced charge density is beyond 1014 cm−2 at 2 MV cm−1, of which 
the leakage current density is 10−4 A cm−2, which corresponds to a 
leakage current of 10−12 A in a 1-m2 size device. Even considering 
the DC field dependence of the dielectric, field-induced charge 
density is larger than 1014 cm−2.

Figure 2 shows comparison among dielectric materials with their 
dielectric constants and breakdown fields. More data on various 
binary and ternary dielectrics are listed in table S3. The experimen-
tal data are from the paper by McPherson et al. (5). We plotted the 
maximum two-dimensional (2D) charge density curve that can be 
modulated by dielectrics, which is proportional to the product of 
dielectric constant and breakdown field. We also plotted the theo-
retical and experimental curve by McPherson model (10), which is 
given by EBD = 35.3 (k)−0.64 and EBD = 29.9 (k)−0.65 (theoretical and 
experimental, respectively). From the electrical measurement, the 
dielectric constant of BaHf0.6Ti0.4O3 dielectric is about 150, and the 
corresponding breakdown field is about 5 MV cm−1, which results 
in the maximum field-induced charge density of about 4 × 1014 cm−2, 
although the maximum electric field in devices is usually limited by 
the leakage current constraint depending on the device geometry. 
Nevertheless, the values of BaHf0.6Ti0.4O3 are far off from those of 
known dielectrics in the McPherson curve, and there are no other 
dielectrics comparable to BaHf0.6Ti0.4O3.

Field-effect transistors
Figure 3 shows an n-type accumulation mode FET using BaHf0.

6Ti0.4O3 as the gate oxide. Cross-sectional schematic diagram of the 
device is shown in Fig. 3A. First, to reduce the threading dislocation 
density, 150-nm-thick BaSnO3 buffer layer was grown on a SrTiO3 
substrate. On top of it, 26-nm-thick 0.1% La-doped BaSnO3 chan-
nel layer was grown using a micromachined silicon stencil mask 

pattered as a line. A 4% La-doped BaSnO3 was grown on it through 
a stainless steel mask as the source and the drain contacts, which 
defines the channel length. Last, using other Si masks, 100-nm-thick 
BaHf0.6Ti0.4O3 gate oxide layer and 4% La-doped BaSnO3 gate 
electrode were grown. Figure 3B shows the microscope image of the 
device. The channel width (W) of 0.1% La-doped BaSnO3 is 140 m, 
and the channel length (L) is 60 m. More detailed geometry of the 
device is shown in fig. S6. The output characteristics of the device 
are shown in Fig. 3C. The source-drain voltage (VDS) was applied 
up to 3 V, while the gate voltage (VGS) was varied from 7 to 0 V with 
the interval of 1 V. At low VDS, the drain current (ID) is proportional 
to the VDS, and as VDS increases, ID becomes saturated. The transfer 
characteristics of the device are shown in Fig. 3D. The gate leakage 
current (IG) and ID were measured at VDS = 0.1 V, while VGS was 
swept from 0 to 7 V. Ion/Ioff ratio is about 107. The subthreshold 
swing value was evaluated from the relation S = [∂ log (ID)/∂VGS]−1 
as 0.14 V decade−1. Field-effect mobility (FE) of the device was 
calculated using the relation for the linear region

      FE,lin   =   L ─ W  C  ox    V  DS     (     ∂  I  D   ─ ∂  V  GS     )   =   Lt ─ W    0    V  DS     (     ∂  I  D   ─ ∂  V  GS     )     (1)

where L, W, Cox, t, and 0 are the channel length, the channel width, 
the capacitance per unit area of the BaHf0.6Ti0.4O3 layer, the thick-
ness of the BaHf0.6Ti0.4O3 layer, and the permittivity of the vacuum, 
respectively. Threshold voltage of the device (VT) is determined in 
the saturation region (VDS = 5 V) by the linear   √ 

_
  I  D      versus VGS plot 

in fig. S7, which is 3.6 and 4.0 V for the increasing and the decreas-
ing VGS, respectively. The maximum of FE is about 30 cm2 V−1 s−1 
when calculated by using average Cox at low bias (k ~ 120 near 
0.5 MV cm−1). Compared to the FET with BHO gate oxide (33), 
although the La doping concentration is different, the VGS required 
to modulate the current amplification of 107 (+3 to +7 V) is smaller 
(−7 to +18 V in case of BHO), which is attributed to the higher 
dielectric constant of BaHf0.6Ti0.4O3 than BHO. The subthreshold 
swing value is also smaller than that of the BHO device (0.8 V 
decade−1).

There were attempts to modulate the carrier density over 1014 cm−2 
using solid-state oxides with very high dielectric constant, such as 
BTO and SrTiO3 (37–39). Depletion-mode FETs using BTO as the 
gate dielectric were recently reported (37). However, the capability 
of the device to modulate the charge density was only 5.7 × 1013 cm−2, 
and the off-state gate leakage current was 11.0 mA mm−1 at Vg = −6 V 
corresponding to 1.72×103 A cm−2 at −3 MV cm−1, which is too 
high to be used in practical applications. There were SrTiO3-based 
devices that modulated the carrier density over 1×1014 cm−2 (38, 39). 
SrTiO3/GdTiO3 heterostructure FETs modulated the interfacial 2D 
electron gas of 1.1 × 1014 cm−2 (38). However, the device was not able to 
pinch off the channel completely. The other device is SrTiO3- based 
Metal Semiconductor Field Effect Transistor, which modulated the 
charge density of 1.62×1014 cm−2 (39). Again, the off-state leakage cur-
rent of the device was about 0.1 mA mm−1 at 1.875 MV cm−1, which is 
also too high and probably responsible for the low on/off ratio of only 
103, although the exact dimensions of the device are not presented.

To directly demonstrate the charge modulation larger than 1014 cm−2, 
we fabricated n-type depletion-mode FETs using 33-nm-thick of 
0.4% La-doped BaSnO3 as the channel layer. The thickness of the 
BLSO channel layer was confirmed by an atomic force microscopy 
(AFM) thickness profile in fig. S8. Since 20-nm-thick 0.4% La-doped 
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BaSnO3 films was found to have a 2D carrier density of 7.03 × 
1013 cm−2 by a separate Hall measurement in fig. S9, the channel of 
33 nm in thickness is estimated to have n2D = 1.16 × 1014 cm−2. The 
cross-sectional schematic of the device is shown in Fig. 4A. To 
define the channel width, a 140-m-width silicon stencil mask was 
used. After deposition of the buffer and the channel layers, 4% La- 
doped BaSnO3 channel contact layer was deposited using a stainless 

steel mask, which defines the average of 130 m in channel length. 
On top of it, 200-nm-thick BaHf0.6Ti0.4O3 gate oxide was deposited 
using a silicon stencil mask. To define the gate length of 80 m, 
we deposited 4% La-doped BaSnO3 gate electrode layer using a 
silicon stencil mask. The detailed geometry of the device is shown 
in fig. S10. Figure 4B shows the microscope image of the device. 
The output characteristic of the device is shown in Fig. 4C. The VDS 
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was applied up to 25 V, while the VGS was varied from 0 to −40 V with 
the interval of 5 V. At low VDS, the ID is proportional to the VDS, and 
as VDS increases, ID becomes saturated, which is a characteristic of a 
typical n-type FET. The transfer characteristics of the device are 
shown in Fig. 4D. IG and ID were measured at VDS = 1 V, while VGS 
was swept from 0 to −45 V. Ion/Ioff ratio is about 104, limited by rela-
tively high off-state ID due to the high IG. The field-effect mobility 
(FE) of the device was calculated using Eq. 1. The Cox in the device 
was measured, as shown in fig. S11, and used for the calculation. 
The maximum of FE is about 15 to 25 cm2 V−1 s−1. The channel of 
0.4% La-doped BaSnO3 was depleted until ID is limited by IG. Using 
the leakage current density of 10−4 A cm−2 at 2 MV cm−1 in Fig. 1, 
when the device is scaled down to 0.1 m in channel length and 
10 m in channel width, the leakage current will decrease to 10−12 A 

at 2 MV cm−1, which would satisfy the requirements of field-effect 
devices of on-current of larger than 1 mA m−1 and off-current of 
10−12 A. Direct modulation of carrier density over 1014 cm−2 was 
realized using solid-state gate oxide, which has not been realized to 
date. The C-V measurement of the device in fig. S11 confirms the 
modulation of 1.07 × 1014 cm−2.

Structural properties and compositional modulation
Figure S12A is the high-angle annular dark field-scanning trans-
mission electron microscope (HAADF-STEM) image with various 
scales, and fig. S12B is the low-angle annular dark-field scanning trans-
mission electron microscope (LAADF-STEM) image of BaHf0.6Ti0.4O3 
on the identical region of film. In LAADF-STEM image, which is 
more sensitive to the local strain (40), there is evident contrast of 
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atoms when compared to HAADF-STEM image of BaHf0.6Ti0.4O3. 
The bright side of the image is presumed to be Ti-rich region. To 
confirm the stoichiometric modulation, we measured the elec-
tron energy-loss spectroscopy (EELS) of the film to distinguish 
the atomic configuration of the BaHf0.6Ti0.4O3 film, as shown in 
Fig. 5A. In Ti mapping, the configuration of Ti atoms is similar 
to the LAADF-STEM image, which suggests Ti-rich clustering in 
2-nm scale. The Hf distribution complements that of the Ti distri-
bution, since the overlapped mapping image of Ti and Hf together 
generates images very similar to that of Ba, which is homogeneous 
throughout. Figure 5 (B and C) is the EELS line scan profiles, 
which confirms the chemical heterogeneity of Hf and Ti atoms. The 
intensities for the two atoms in line scan profiles are complemen-
tary, as expected in a chemically modulated system. To further con-
firm the chemical heterogeneity of Hf and Ti atoms, we measured 
the structural property of BaHf0.6Ti0.4O3 by x-ray diffraction mea-
surement. A degenerately doped 4% La-doped BaSnO3 layer was 
grown first as the bottom electrode on SrTiO3 substrates. BaHf0.6Ti0.4O3 
layer (~200 nm in thickness) was epitaxially grown on top of it. Re-
ciprocal space mapping (RSM) measurements were performed 
on the BaHf0.6Ti0.4O3 (103) and (002) peaks, as shown in Fig. 5 
(D and E). In BaHf0.6Ti0.4O3 (103) peak in Fig. 5D, corresponding 
in-plane and out-of-plane lattice parameters, a and c, are 4.096 and 
4.158 Å, respectively. Considering the cubic BHO bulk lattice param-
eter of a = 4.171 Å and the tetragonal BTO bulk lattice parameters 

of a = 4.000 Å and c = 4.022 Å, the in-plane lattice value is close to 
an expectation, although it does not seem to be pinned with that of 
the underlying La-doped BaSnO3. The in-plane and out-of-plane 
lattice parameters indicate that the BaHf0.6Ti0.4O3 film is grown 
as tetragonal structure, which can contribute to the large dielectric 
constant. In RSM of (002) peaks shown in Fig. 5E, a tiny but isolated 
BTO peak with corresponding out-of-plane lattice parameter of 
c = 4.013 Å is measured, which is a direct evidence of clustering of 
Ti-rich region. However, no BHO peaks were observed. Detailed 
rocking curves of the film are shown in fig. S13. Full widths at half 
maximum (FWHMs) are 0.028 and 0.036 for the 4% BLSO layer and 
the BaHf0.6Ti0.4O3 layer, respectively, which is close to that of the 
SrTiO3 single-crystal substrate, 0.023, while FWHM of the BTO peak 
is 0.286. Thus, only the BTO peak has much broader FWHM, not 
coherent with other peaks, which indicates nanoscale clustering of 
the material. This can explain the absence of pinning of the in-plane 
lattice constant despite less than 0.5% mismatch in the average lattice 
constants of La-doped BaSnO3 and BaHf0.6Ti0.4O3.

Figure S14 shows optical absorption measurement to measure 
the optical bandgap. The optical bandgap of BaHf0.6Ti0.4O3 was 
measured to be 4.4 eV. Such a bandgap can support the measured 
dielectric breakdown field of 5.0 MV cm−1 when one assumes that 
the breakdown field is indeed limited by the bandgap (41). However, 
in most practical cases, defect states exist inside the bandgap, which 
work as leakage current paths and lower the breakdown field.

Top electrode

Bottom electrode

Hf-rich region

Ti-rich region

More conductive region

Ti-rich region

Top electrode

Bottom electrode

Suppression of forming 
conductive percolation path 
due to Hf-rich background

Top electrode

Bottom electrode

Moderate field (~2 MV cm-1) High field (>5 MV cm-1)

Formation of percolation path
leading to dielectric breakdown

Fig. 6. Percolation path formation model in heterogeneous BaHf0.6Ti0.4O3 system. In Ti-rich regions, defects are more easily generated compared to Hf-rich regions 
when electric field is applied, forming the conductive regions. Continuous overlap of conductive region results in formation of a percolating path, lastly leading to a large 
leakage current and the dielectric breakdown, which involves irreversible damage to the dielectric layer.
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The reason why BaHf0.6Ti0.4O3 dielectric has both high dielectric 
constant and high breakdown field with a moderately high bandgap 
is attributed to the following. High dielectric strength background 
material (Hf-rich) with inclusion of high dielectric constant material 
(Ti-rich) has a large average polarization in applied external electric 
field, resulting in high dielectric constant. At the same time, the 
high dielectric strength background prevents a conductive percolation 
path from forming, which leads to low leakage current and large 
breakdown field. Therefore, proper combination of materials with 
high dielectric strength and high dielectric constant materials can 
optimize both electric properties, as visualized in Fig. 6.

We investigated the dielectric properties of BaHf0.6Ti0.4O3, which 
is an alloy of large dielectric strength material and the high di-
electric constant material. We found that carrier density of larger than 
1014 cm−2 can be modulated through BaHf0.6Ti0.4O3 dielectric. The key 
to excellent dielectric properties is the nanometer scale stoichiometric 
modulation of high large dielectric strength material background 
and high dielectric constant material inclusion. We demonstrate 
the n-type accumulation mode and n-type depletion- mode FETs 
using BaHf0.6Ti0.4O3 gate oxide with excellent FET characteristics, 
which has been unattainable via other conventional dielectrics.

MATERIALS AND METHODS
Raw materials
All material targets of BaSnO3, La-doped BaSnO3, and BaHf0.6Ti0.4O3 
(BHTO) were provided by Toshima Manufacturing Co. in Japan, 
which have a purity over 99.9%.

Thin film growth
All BHTO samples were grown on SrTiO3 or MgO single-crystal 
substrates at 750°C in oxygen partial pressure of 10 mtorr by pulsed 
laser deposition system. KrF excimer laser with 248-nm wavelength was 
used with energy fluence of about 1.2 to 1.5 J cm−2 and a repetition rate 
at 10 Hz. For BHTO, the distance between the target and the sub-
strate is 63 mm. La-doped BaSnO3 layers were deposited in oxygen par-
tial pressure of 100 mtorr at 750°C with the distance between the target 
and the substrate of 54 or 58.5 mm and used as the electrode and the 
channel layer respectively. To make lateral patterns, Si or stainless steel 
stencil masks were used. The thicknesses of films are confirmed by 
stylus profiler (DektakXT-E, Bruker) or AFM (LensAFM, Nanosurf).

Structural characterizations
The high quality of the films was confirmed by D8 DISCOVER 
high-resolution diffractometer (Bruker), operated at 40 kV and 60 mA 
with Cu K ( = 1.5406 Å) radiation. (Fig. 5 and figs. S1 and S13).

Transport measurement
Electrical properties were measured using the Keithley 4200 semi-
conductor characterization system. We obtained the parallel capacitance 
(Cp) and dissipation factor (tan ) from the admittance measure-
ment with an AC voltage of 30 mV and the root mean square ampli-
tude applied. For the breakdown field (EBD) measurement, the 
leakage current through the capacitors was measured with voltage 
sweep measurement.

Bandgap measurement
We measured the optical absorption of samples by using a grating 
spectrometer (Cary 5000, Bruker) over 200 to 2000 nm (0.6 to 6.2 eV). 

The spectrometer has a quartz iodine lamp light source for 2000 to 
350 nm, and a deuterium untraviolet lamp light source for below 
350 nm. Samples are mounted on a holder with a 3-mm-diameter 
hole. Absorbance is calculated as the minus logarithm of the trans-
mittance, and absorption coefficient  is calculated by accounting 
for the sample thickness. About 200-nm-thick BaHf0.6Ti0.4O3 layer 
was grown on MgO substrate (Eg ~ 8 eV) to prevent absorption by 
the substrate. We removed the substrate absorption by measur-
ing the MgO substrate’s optical absorption separately and subtract-
ing the absorbance of the two samples. From the optical absorption 
measurement, we plotted the Tauc’s plot of (ℏ)2 versus (ℏ), 
where  denotes absorption coefficient, assuming a direct bandgap 
(fig. S14).

STEM and EELS analysis
The sample of the BHTO films, oriented in the [100] direction, for 
cross-sectional imaging was prepared by the Ga ion beam milling 
using focused ion beam (Thermo Fisher Scientific, Helios 5 HX) at 
an acceleration voltage of 15 kV. A further 1-kV Ga ion beam milling 
was conducted to eliminate the surface damages of the sample. 
STEM and EELS analyses were performed on an aberration-corrected 
STEM (Thermo Fisher Scientific, Titan Cubed 60-300) equipped 
with EELS (Gatan, Quantum ERS 966), operating at 300 kV with a 
semiconvergence angle of 26.5 mrad. The HAADF/LAADF STEM 
images were acquired with detector angles ranging from 40 to 200 and 
25 to 47 mrad, respectively. EELS spectrum imaging was recorded 
with the energy range of 200 to 2248 eV to detect the Ti-L2,3, O-K, 
Ba-M4,5, and Hf-M4,5 with an energy resolution of ~0.9 eV. The 
dwell time per pixel and the dispersion were 0.02 s and 1 eV/ch, 
respectively.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3962
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