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SrTiO; (STO) is an incipient ferroelectric perovskite oxide for which the onset of ferro-
electric order is suppressed by quantum fluctuations. This property results in a very
large increase in static dielectric constant from ~300 at room temperature to ~20,000
at liquid He temperature in bulk single crystals. However, the low-temperature dielec-
tric constant of epitaxial STO films is typically a few hundred to a few thousand. Here,
we use all-epitaxial capacitors of the form #-STO/undoped STO/#-STO (001) pre-
pared by hybrid molecular beam epitaxy, to demonstrate intrinsic dielectric constants of
an unstrained STO (001) film exceeding 25,000. We show that the #-STO/undoped
STO interface plays a critically important role not previously considered in determining
the dielectric properties that must be properly accounted for to determine the intrinsic
dielectric constant.

SrTiOs film | dielectric constant | ferroelectricity | antiferrodistortive transition

SrTiO; (STO) is an incipient ferroelectric or a quantum paraelectric oxide for which the
ferroelectric transition is suppressed by quantum fluctuations (1). In bulk single crystals,
this property has resulted in a giant increase in the static dielectric constant reaching up
to ~20,000 at liquid He temperature as well as a near constant value at T < 4 K (1-3).
The high dielectric constant of STO at low temperature results in a large Bohr radius and
small ionization energy; as a result, metallic conduction can be induced at a doping level
as low as 8 X 10" cm ™ (4, 5). Additionally, the large low-temperature dielectric constant
has also been responsible for high electron mobility exceeding 22,000 cm®V~"-s~" owing
to polarization shielding of scattering centers (6).

Another intriguing property of STO is its superconducting ground state that
emerges at a low dopant concentration of ~10" cm ™ and persists up to 10%° cm ™
(5, 7). It has been argued that local stresses, leading to ferroelectric behavior, can
enhance the superconducting transition temperature (7) in plastically deformed bulk
STO single crystals (8). Epitaxial strain has also been shown to induce ferroelectricity
in STO (9-12) and has resulted in a factor of 2 increase in 7, relative to unstrained
doped STO (13). Furthermore, undoped STO undergoes a cubic-tetragonal antiferro-
distortive (AFD) phase transition near 105 K upon cooling (2, 14). Some studies have
suggested that the AFD phase transition suppresses the ferroelectric transition at high
temperatures (15). Owing to the interplay between ferroelectricity and superconductiv-
ity (13, 16-19), these diverse aspects have renewed interest in the dielectric and ferro-
electric properties of STO films.

Conductive oxides such as StRuOj; and metals like Ir, Pt, and Au are typically used as
one or both of the top and bottom electrodes for STO dielectric studies (11, 20-23).
The measured dielectric constants for STO films never exceed a few thousand at low
temperature (20, 23-26) whereas bulk STO exhibits a value of ~20,000 (1). However,
Takashima et al. (27, 28) reported a bulk-like low-temperature dielectric constant of
~25,000 in a pulsed-laser—deposited STO film using a structure consisting of
YBa,Cu305.5 as bottom and top electrodes and fabricated with the assistance of a
chemical-mechanical planarization (CMP) method. In the more recent study (26), how-
ever, the same group showed a much lower dielectric constant of only 510 at 2 K using
a homoepitaxial capacitor structure, suggesting the prior reports of high dielectric con-
stants may likely be influenced by the heteroepitaxial nature of the structure or the
defects introduced during the CMP process.

It remains therefore unclear whether the low dielectric constants are due to intrinsic or
extrinsic defects in the STO films or due to interface-induced effects. It is thus important
to understand why STO films appear to have lower dielectric constants and doing so may
result in additional insights into the electronic properties of STO. To this end, we have
grown all homo-epitaxial STO capacitor structures to systematically probe the intrinsic
dielectric properties of STO thin films free from the influence of in-plane strain.
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Significance

Semiconductor interfaces are
among the most important in use
in modern technology. The
properties they exhibit can either
enable or disable the
characteristics of the materials
they connect for functional
performance. While much is
known about important junctions
involving conventional
semiconductors such as Si and
GaAs, there are several unsolved
mysteries surrounding interfaces
between oxide semiconductors.
Here we resolve a long-standing
issue concerning the
measurement of anomalously low
dielectric constants in SrTiO5 films
with record high electron
mobilities. We show that the
junction between doped and
undoped SrTiOs required to make
dielectric constant measurements
masks the dielectric properties of
the undoped film. Through
modeling, we extract the latter
and show that it is much higher
than previously measured.
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Results and Discussion

We use a hybrid molecular beam epitaxy (MBE) method to grow
capacitor structures consisting entirely of STO (29, 30). Hybrid
MBE has previously been shown to produce STO ﬁlms with
record high electron mobilities in excess of 30,000 cm®V~"s™!
at low temperature (31). We have grown different thicknesses
of undoped STO (¢ = 100, 600, 800, 1,000 nm) on 0.5 wt%
Nb-doped (001) STO substrates. We then grew 100 nm of doped
STO films in situ for the top electrodes. Dy, Nd, and La were
used as dopants and their concentration was fixed at ~1 at.% of
the A sites. Reflection high-energy electron diffraction (RHEED)
was used to monitor the film growth dynamics and structure in
situ. Typical intensity oscillations recorded at the start of the
growth indicating layer-by-layer growth can be seen in Fig. 1B. A
typical postgrowth RHEED pattern along the [100] direction is
shown in Fig. 1 B, Inset. The streaky character of the Bragg rods
reveals that the film surface is smooth. The high-resolution X-ray
diffraction (XRD) scan in Fig. 14 shows the same Bragg angle for
the thin films and the substrates, confirming the homoepitaxial
nature and compositional accuracy of our samples.

To investigate the dielectric properties of these samples, we
measured the complex impedance Z and calculated the permit-
tivity based on the sample geometry. Complex impedance Z
consists of two terms: a real resistance R and an imaginary reac-
tance X such that Z = R+ iX. The phase angle © is the phase
shift between the AC voltage and current. For an ideal resistor,
there is no reactance (X = 0) and ® = 0°. For an ideal capaci-
tor, R~ 0 and the reactance is capacitive with ® = —90°. The
capacitive reactance (X¢) is related to the capacitance C by

1
[ Xel =5 ok (1]
where f is the source frequency. However, there are no perfect
capacitors and there is always some power dissipation. The
resulting loss tangent is determined by
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Fig. 2. Impedance measurements of homo-epitaxial 100-nm Nd-doped
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Fig. 1.

Inset shows the postgrowth RHEED pattern along th
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Characterization of SrTiOs thin films during and after growth.
(A) High-resolution, out-of-plane 26 — @ XRD scans. Inset shows the sample
structure. (B) Time-dependent RHEED intensity during a typical growth.

e [100] direction.

ance |Z| and phase angle © as a function of frequency at 2 K. The dashed line
is the linear fit to the data with the phase angle close to —90°. The device
structure is shown in Inset. (B) Measured dielectric constant as a function of
temperature for the same structure in addition to showing data from bulk
STO single crystals (1,3) (dashed gray curve). Inset shows the loss tangent as a
function of temperature and frequency.

and is typically used to characterize the dissipation. We used an
impedance analyzer (Agilent E4990A) to perform frequency-
dependent, complex impedance measurements and a Quantum
Design PPMS Dynacool system for temperature control.

Fig. 24 shows the magnitude of the impedance |Z| and
phase angle ® as a function of frequency at 2 K for a 100-nm
Nd-doped STO/600-nm STO/Nb-doped STO (001) structure.
The phase angle is very close to —90° over most of the frequency
range, revealing a nearly ideal capacitor. Since | Xc| > R, |Z] =
|Xc|. Using Eq. 1 in the frequency range where the phase angle
is nearly —90°, we can determine the capacitance from the linear
fit shown in Fig. 24 by using the relationship

log (|Xc) = —log (2af) — log(C). 3]

Treating the structures as parallel-plate capacitors, we can
extract the temperature dependence of the static dielectric cons-
tant k from the measured capacitance by using

Ct

K= SO—A (4]
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Fig. 3. Band bending at the interfaces and the extracted intrinsic dielectric constant of SrTiOs films. (A) Schematic energy diagram for our capacitor struc-
ture (Left) and capacitance diagram (Right). (B) ’: as a function of thickness t for the undoped STO film at different temperatures. Inset shows A vs. tat 2 K.
All dashed lines are linear fits. (C) Extracted intrinsic dielectric constant along the [001] crystallographic direction as a function of temperature The dashed

curves are the bulk STO single-crystal data (1, 3).

as shown in Fig. 2B, which also includes data for typical STO
bulk single crystals (1,3). Here A is the area of the electrode,
¢ is the thickness of the undoped STO layer, and &) = 8.854 X
10~"* F/m. As a sanity check, we also plot the measured capac-
itance as a function of the electrode area for different devices
on the same sample (S Appendix, Fig. S1). A linear behavior
can be observed, as expected from Eq. 4, indicating device
geometry does not affect the dielectric constant. As shown in
Fig. 2B, the dielectric constant of the STO film behaves the
same as the bulk single crystal above 100 K. Below 100 K,
K starts to deviate from the bulk value and reaches a constant
value below ~30 K. At 2 K, the film dielectric constant is
~4,500, which is much smaller than the corresponding bulk
value. However, STO thin films grown by hybrid MBE have
also been shown to have very low defect densities as evidenced
by record high electron mobilities (31). These facts raise an
important unanswered question—How can high mobility and
low dielectric constant coexist in STO films?

To answer this question, we consider the interfaces between
the doped STO electrodes and the undoped STO layer. Carrier
spillover from doped STO to undoped STO accompanied by
band bending at these interfaces is expected to occur as the
Fermi levels equilibrate, as shown schematically in Fig. 3A4.
This can result in layers with different dielectric properties (or
dielectric dead layers) forming at the interfaces even without
any structural differences at the interface. These two interfacial
regions can in principle exhibit different capacitances from that
of the undoped STO film and the total measured capacitance
will be determined by all three (23, 32), as shown schematically
in Fig. 34. The total or effective capacitance measured across
the structure consists of the capacitances of the two interfaces

PNAS 2022 Vol. 119 No.23 2202189119

and the intrinsic capacitance of the undoped STO film in
series:
1 1 1 1

—= + + : (5]
Czﬂ Qntrinsi[ C‘imerﬁzcel C’z’merﬁzteZ

If the interfacial capacitance is small, it will dominate the effec-
tive capacitance. Inserting Eq. 4, Eq. 5 becomes

A 4 A

Cor
Here, # is the effective thickness of the undoped STO film over
which the intrinsic capacitance is operative; note that # & ¢ since
the interfacial region width is smaller than the thickness of the
undoped layer. We also combine the capacitances from the two
interfaces into a single term. Using this model, we argue that by
using different thicknesses of the undoped STO layer, we can sep-
arate the dielectric constant of the pure, undoped STO film from
the interfacial contributions and thus obtain the intrinsic value.

In Fig. 3B, we plot Gy asa function of film thickness ¢ for
the undoped STO films at different temperatures, and linear
behavior is clearly observed. Using Eq. 6, we extract the intrin-
sic dielectric constants between 2 and 200 K, and these are
plotted in Fig. 3C. At 2 K, we find that the intrinsic dielectric
constant exceeds 25,000, which to the best of our knowledge
exceeds the highest bulk single-crystal value measured along the
same [001] crystallographic direction previously. The excellent fits
of the data to Eq. 6 strongly suggest that the capacitances at the
buried interfaces indeed dominate the measured effective capaci-
tance, thereby masking the intrinsic value. A self-consistent
check of the model and the assumption that # = ¢ is shown in

+ : (6]
Qn terface

Kintrinsic€0
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Fig. 4. Curie-Weiss behavior and AFD transition. (A) Inverse of the extracted intrinsic dielectric constant as a function of temperature. The blue line is
the Curie-Weiss law fit. The dashed line is the bulk single-crystal data (34) for comparison. /nset shows the digitalized bulk data with a piecewise function fit.
(B) Extracted AFD transition temperature as a function of the fourth power of the relative ionic valence mismatch (e*) for the bulk and thin film samples.

The dashed line shows the calculated values (35).

SI Appendix, Figs. S2-S4. To understand the origin of low capaci-
tances at the buried interfaces, we calculate the carrier and poten-
tal profiles at the #-STO/undoped STO interface based on the
model proposed in ref. 33. As shown in SI Appendix, Fig. S2, an
electric field is present at the interface owing to the rearrangement
of electrons. As discussed in detail in S7 Appendix, Figs. S3 and
S4, this model further facilitates the determination of the effective
dielectric constant at the interface and yields a low temperature
value of ~75. This value is about three orders of magnitude lower
than the low-temperature intrinsic value and it dominates the
measured capacitance. We further show that the near-surface
region in the top electrode does not play a role in generating the
low measured capacitance by ruling out the presence of an elec-
tronic dead layer via strong upward band bending and surface
depletion (see S/ Appendix, Fig. S5 and related discussion).

In Fig. 44, we plot the inverse of the intrinsic dielectric cons-
tant as a function of temperature along with the analogous bulk
data (34). Above 60 K, the film plot shows Curie-Weiss behavior
similar to that seen in bulk STO, yielding a Curie temperature
(T of 37 K, which is comparable to the bulk value (1, 34). In
Fig. 4 A, Inset we also use a piecewise function fit with Eq. 7 on
bulk single-crystal data and show a slope change at 7, = 110 K:
T—-Tc¢

= B (T<TA)

T — T
= TCJrD(T— ) (T > Ty). [7]
Here, T, is the transition temperature, and B and D are con-
stants. Such a slope change has been associated with the AFD
transition wherein STO undergoes a cubic-to-tetragonal phase
transition at 110 K (34). Using the same fitting method along
with first derivatives, we observe similar slope changes in our
measurements of the effective dielectric constant for samples
employing different dopants in the top layer (SI Appendix, Figs.
S6 and S7). Fig. 4B shows the extracted temperatures at which
these slope changes occur in our samples. Interestingly, the
transition temperature depends on the identity of the dopant in
the top electrode. It has been observed that ionic substitutions

Rxl= Rl

4 of 5 https://doi.org/10.1073/pnas.2202189119

can shift the AFD transition temperature (74zp) in STO (35).
A unified model (35) has been proposed to describe this shift
and the defining formula is

T
desz e, (8]

Here, defD is the rate of change of 7 4zp with respect to the dop-
ing density in atomic % (x) and € is the relative ionic valence mis-
match of the substituted cation calculated from bond valence
sums with y=0.138 K/at.% and n= —30.2 K/at% (35).
Based on our measurements, we observe that the temperatures at
which the slopes change in plots of 1 vs. 7" roughly match the
expected 7 4zp values for 1 at.% Nd-, Dy-, and La-doped STO,
as illustrated in Fig. 4B. This implies that the interface between
the top doped layer and the undoped layer affects the measured
capacitance. We also note that for all samples, there is another
slope change that occurs near 120 K (S7 Appendix, Figs. S6 and
S7). This temperature roughly agrees with the expected 74zp for
0.5 wt% or 1 at.% Nb-doped STO, indicating that there is also a
contribution from the interface between the 7-type substrate and
the undoped film. Such agreement suggests that the measured
effective capacitance is affected by the interfaces between both
electrodes and the undoped STO layer. This result also shows that
by observing the slope change in the inverse of the effective dielec-
tric constant as a function of temperature in such capacitor struc-
tures, one can quantify the AFD transition temperature for doped
STO films as a function of dopant concentration and dopant
types. This result further confirms that the #-STO/STO interface
plays a major role in modifying the effective capacitance across the
sample, masking the true value of the intrinsic dielectric constants

of STO films.

Conclusion

We have demonstrated that when contributions from the inter-
faces are taken into account, the intrinsic dielectric constant of
homoepitaxially grown STO (001) films reaches over 25,000 at
low temperature, exceeding the bulk value in the same crystal-
lographic orientation. Further analysis reveals that signatures of
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AFD transitions in both electrodes appear in the measurements,
implying that the interfaces between doped STO and the
undoped STO affect the effective capacitance. Even when the
structure is homoepitaxial, a low capacitance at the buried
n-STO/undoped STO interface was found and attributed to
the presence of an electric field. This work clearly demonstrates
that interfacial engineering is a promising approach to tailor
the electric field and therefore the dielectric and electronic
properties of oxide heterojunctions.

Methods

Growth and Characterization. We use a hybrid MBE (Scienta Omicron Inc.)
method (29, 30) to grow 100, 600, 800, and 1,000 nm undoped STO on
0.5 wt% Nb-doped (001) STO substrates and then grow 100 nm of doped STO
films in situ for the top electrodes. Dy, Nd, and La were used as dopants and
their concentration was fixed at ~1 at% of the A sites. All films were grown at
900 °C. RHEED was used to monitor the film growth in situ. High-resolution
XRD was carried out after growth to characterize the structure.

Fabrication. After growth, photolithography was used to define patterns on
samples. Details about device fabrication are described in S/ Appendix.

Dielectric Measurement. An impedance analyzer Agilent E4990A is used to
measure impedance across the sample as a function of frequency. A Quantum
Design PPMS Dynacool system is used for precise temperature control. Calibra-
tion of the measurement is detailed in S/ Appendix.

X-Ray Photoelectron Spectroscopy and UV Photoelectron Spectroscopy
Measurement. X-ray photoelectron spectroscopy and UV photoelectron spec-

troscopy (XPS/UPS) were carried out at ambient temperature with an Omicron
Scienta R3000 analyzer having a 30° acceptance cone. Monochromatic Al Kot
X-rays (ho = 1,487 eV), a 100-eV pass energy, and a 0.8-mm slit width were
used for XPS. The resulting energy resolution was ~400 meV as judged by
fitting the Fermi edge for a clean, polycrystalline Ag foil to the Fermi-Dirac func-
tion. Monochromatic He | VUV light (ho = 21.2 eV), a pass energy of 10 eV,
and a 0.8-mm slit were used for UPS, resulting in an energy resolution of
~60 meV, determined as described above. All spectra were measured at normal
emission. There was no evidence of surface charging in either XPS or UPS. The
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