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ABSTRACT: Compared to SrTiOj-based 3d two-dimensional
electron gases (2DEGs), KTaO;-based 5d 2DEGs have much more
exceptional physical properties, such as a higher Curie temperature of
spin-polarized 2DEG, higher T, for the 2DEG at superconducting
state, and larger spin—orbit coupling. Herein, the CaZrO5 (CZO) films
were deposited on KTaO; (001) substrates at the deposition
temperature varied from 700 °C to room temperature, and the
conductive CZO/KTO interface was obtained at all deposition _
temperatures. The conductivity of the CZO/KTO heterointerface !
exhibits critical dependence on the film thickness, where the critical ' ST

3.92 399 406 413 420 427
thickness for conduction increases from 3.2 to 6 nm when decreasing 1 10 100 n, (x10% cm?)
the deposition temperature from 700 °C to room temperature. T (K)
Moreover, the electric properties of the heterointerface grown at room
temperature can be modulated strongly by the light illumination. The strength of the spin—orbit coupling exhibits large relative
variation with the carrier density. Under the light illumination, the strength of the spin—orbit coupling increases from ~3.9 X 10™"?
eV m to the maximum of ~9 X 107> €V m, with the maximal change of the carrier density of only 3 X 10'> cm™>. The present work
demonstrates an effective tuning of the special Sd-electron-based 2DEGs by light illumination, showing a feasible way for advanced
optoelectronic device application.
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1. INTRODUCTION transition metal oxide with heavy elements and stronger atomic
spin—orbit coupling. Compared to STO-based 2DEGs, the

The pri le of highl bile two-di ional elect
€ prIne xaiple of EY mobre twordimensiona’ electron well spin-polarized KTO-based 2DEGs with stronger ferro-

gases (2DEGs) at the surfaces or interfaces of complex oxides

is the LaAlO;/SrTiO; (LAO/STO) interface, which has been magnetic state and higher Czlgrie temperature was f.ound in the
extensively studied in the past decade." It possesses diverse and EuO/KTO heterostructure.™ The superconductivity property

) . . . 2 was also revealed in KTO-based 2DEGs recently,”’ ~*” which
exotic properties, such as two-dimensional superconductivity, ; 30 .
L3-S 6-9 . . can be tuned by the gate electric field.”™ The critical
magnetism,” ~ Rashba effect””” and efficient spin-to-charge . .
. 10,11 ) . . temperature T, is up to 2 K for a (111) interface, much
conversion, demonstrating the importance of the oxide

2DEGs for both fundamental and applied research. In addition higher than that of STO-based 2DEGs. For the KTO-based

to LAO/STO, the anticipation of 2DEGs at the interface of 2DEGs, the conductive electrons are confined in the quantum
other special’ oxides has aroused extensive investigations well at the interface or surface. The broken structural inversion

Various heterostructures were synthesized to produce the SZYI;I;EHCEEU'Y generates afI:ishll)a :P in—zcgk})ziécoup ling. KTO-based

conductive interface as long as STO substrate was involved, ouS as a type ot Sd-election S, possesses stronger

such as LaTiO,/STO,'> NdGaO4/STO, >'* y-ALO,/STO' !¢ spin—orbit coupling, which can be modulated by light and gate

and CaZrO (3CZO),/STO 17,18 3The O,rigin of tzhe3 interfacial voltage.”** The strength of spin spin—orbit coupling exhibits
3 .

2DEGs, i.e,, a conductive layer at the surface or interface of the 2 dome. featulre. asa functlon. O,f carrier denmt?’ 1€ b.and ﬁlh'ng.
. . Lo - The spin-splitting energy originated from spin—orbit coupling
substrate, originates mainly from the polarity-discontinuity-

) . . 19,20 . .
induced electronic reconstruction ~“° or interfacial redox
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Apart from STO-based 2DEGs where the electron comes Revised:  October 23, 2024

from the 3d t,, orbitals, KTaO; (KTO) as a kind of substrate Acce.pted: October 31, 2024

material can also be used to induce 2DEGs. Although KTO Published: November 11, 2024

shares many properties with STO such as high permittivity”*

and quantum paraelectricity,” it is different from STO as a 5d
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is at the maximum of 30 meV larger than that of STO-based 3d
2DEGs (A ~ 1-10 meV).>*!

In short, 5d oxide-based 2DEGs are an ideal platform to
research electronic correlation and effects of spin—orbit
coupling. Zhang et al.”*** fabricated the amorphous LaAlO,/
KTaOj; heterostructures at different growth temperatures. The
carrier density and mobility strongly depend on the film
growth temperature. Because of the large lattice mismatch of
2.67% in the LAO/KTO system, the LAO overlayer grown on
the KTO substrate is amorphous. K. Zou et al.*> and Y. Zou et
al.*® deposited LaTiO; and EuTiO; films on the KTaO,
substrates, and the epitaxy growth of the films was achieved.
The 2DEGs at the heterointerface exhibit anomalous Hall
resistance and Rashba spin—orbit coupling. Besides, the
conductive interface can also be achieved at STO/KTO,37
LaVO0;/KTa0;,°** LaCrO;/KTa0," and y-Al,0,/KTa0;"
heterostructures. All of these results indicate that the
formations of 2DEGs at the 5d KTO-based heterointerfaces
are feasible. The CZO/KTO conductive heterointerface,*”
which was researched at 2024, shows nonreciprocal magneto-
resistance transport due to the Rashba spin—orbit coupling
tuned by light illumination. It is of great significance for the
fabrication of spintronic devices. Herein, we systematically
prepared a series of epitaxial KTO heterostructures by growing
CZO (a = 4.012 A) films on the KTO substrates at different
deposition temperatures,” where there is a good lattice match
with KTO (a = 3.989 A) with a lattice mismatch of only
0.58%, far less than the mismatch of 2.67% in the LAO/KTO
system, leading to the better epitaxial growth of the CZO film.
The metallic interface was obtained in the CZO/KTO
heterostructure, which shows the strong signature of Rashba
spin—orbit coupling tunable by the light illumination. An
effective tuning of carrier density and thus the conductance can
be achieved by light irradiation. Moreover, the strength of the
spin—orbit coupling exhibits a large relative variation with the
carrier density under the light. This epitaxial CZO/KTO
interface can open up the achievement of a conductive
heterointerface system and electronic devices.

2. EXPERIMENTAL SECTION

The conductive interfaces were fabricated by growing CZO films with
different thicknesses on (001)-oriented KTaO; single-crystal sub-
strates using the technique of pulsed laser deposition (PLD) with a
ceramic CZO target. The fluence of the laser pulse was 1.5 J/cm?, and
the repetition rate was 1 Hz (KrF excimer laser, wavelength = 248
nm). During the deposition, the growth temperature (T,) was varied
at T, = 700 °C, 600 °C, 500 °C, 400 °C, 300 °C, 200 °C, 100 °C and
room temperature 20 °C. The pressure of the chamber of the PLD
devices was fixed on 5 X 1077 mbar. After the deposition of the films,
the samples were furnace-cooled to room temperature without
changing the pressure of the chamber. The diffraction patterns of the
samples before and after the CZO overlayer were obtained by
reflected high-energy electron diffraction (RHEED) in situ. The
epitaxial growth of the CZO film was also confirmed by X-ray
diffraction (XRD) measurements.

Resistance measurements were performed by a Quantum design
physical property measurement system (PPMS) in the temperature
interval from 2 to 300 K. The van der Pauw geometry was adopted for
electric measurements. Ultrasonic wire bonding (Al wire of 20 um
diameter) was used for electrode contact. The applied current for
resistance measurements was 10 uA. To investigate the effect of photo
excitation, a laser beam (4 = 405 nm) was introduced into PPMS by
an optical fiber.
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3. RESULTS AND DISCUSSION

Figure la illustrates the heterostructure of the CZO epitaxially
grown on the perovskite KTO substrate with the TaO,

(a)

——CZOISTO
—— CZOIKTO
STO (002)

u.)

Intensity (a.

20 (degree)

Figure 1. (a) The crystal structure of the CZO/KTO heterostructure
with the TaO, termination. (b) X-ray diffraction patterns of the
CZO/KTO and CZO/STO heterostructures prepared at 700 °C.
(c)—(e) The RHEED patterns before (left) and after (right) the
deposition of the CZO/KTO heterostructures with the deposition
temperature of 700, 500 and 400 °C, respectively.

termination plane as an example. The mean roughness of the
KTO substrate surface is less than 0.4 nm (Supporting
Information, Figure S1). The CZO films also exhibit a low-
roughness surface as shown in Figure S2.

The thickness of the CZO layer can be obtained by the X-
ray reflection (XRR) measurement (Figure S3). Figure 1b
shows the comparison of the XRD patterns for the CZO/KTO
and CZO/STO heterostructures prepared at 700 °C. The
XRD patterns of CZO/KTO and CZO/STO heterostructures
prepared at different temperatures are also presented in the
Supporting Information, Figure S4. Because the lattice
constant of the CZO film is close to that of the KTO
substrate, their (002) diffraction peaks coincide approximately,
and we mainly focus on the CZO/STO samples. The XRD
patterns of CZO/STO heterostructures prepared at 700 °C,
500 °C and 400 °C are presented in the Supporting
Information, Figure S4b. As the deposition temperature goes
down to 400 °C, the diffraction peaks of the CZO film do not
exist, indicating the CZO film is not at the crystalline state at
the low growth temperature.

To demonstrate epitaxial growth of the CZO film on the
KTO substrate, reflected high-energy electron diffraction
(RHEED) characterization of the sample prepared at varied
temperatures was made. As shown in Figure 1c—e, clear streaky
RHEED patterns of the epitaxial CZO films are observed for
the deposition temperatures 500—700 °C, which indicates the
epitaxial growth of the CZO film. The RHEED patterns
become indistinct when the deposition temperature is lower
than 500 °C. Below 400 °C, no diffraction patterns are visible,
demonstrating the disordered or amorphous state of the CZO
film at low temperatures, which is consistent with the XRD of
the CZO/STO heterostructure.

A metallic interface is formed at the CZO/KTO heterointer-
face for all the growth temperatures (deposition temperatures)
T, and its conductivity is found to depend critically on both T
and CZO film thickness, t. We obtained the conductive
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Figure 2. (a) R—T curves of the samples prepared at room temperature with different CZO thicknesses. (b) Hall resistance of 6 nm CZO/KTO
heterostructure grown at room temperature. (c) The carrier density at 2 and 300 K as a function of CZO thickness. (d) The mobility at 2 and 300
K as a function of CZO thickness. (e) The carrier density at 300 K as a function of thickness of the CZO overlayer for the conducting CZO/KTO
interfaces grown at different temperatures. (f) The relationship between the critical thickness of the CZO layer and deposition temperature.

heterointerface at the deposition temperature of room
temperature. Figure 2a is the R—T curves of the samples
prepared at room temperature with different CZO thicknesses.
For t = S nm, the resistance of the sample is on the order of
magnitude of 10® Q/[] and shows the upward trend with the
temperature decreasing. The interface of the heterostructure is
insulating. As the thickness of CZO layer is more than 6 nm
(the critical value), the samples exhibit metallicity. All the Hall
resistance curves display a linear dependence of magnetic field
(Figure 2b), indicating that only one species of carrier has
identical mobility. The n, is dominated by electrons and is
extracted by Hall effect measurement by n, = 1/leIRy, with the
elementary charge ¢ and the Hall coefficient Ry = dR,,/dB.
The carrier density at 300 and 2 K as a function of CZO
thickness is presented in Figure 2c. When the thickness of the
CZO layer is at the critical value for the conduction, the carrier
density is ~3.9 X 10" cm™, obviously lower than other
samples. As the CZO layer thickness is larger than the critical
value, the carrier density grows higher and values are close to
each other. The carrier mobility expressed as y = 1/Rnlel is on
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the order of magnitude of 10> cm?/(V s), practically
independent of the overlayer thickness (Figure 2d). The
electric transport of the samples prepared at 700 °C with a
similar dependence on the CZO layer thickness is presented in
the Supporting Information, Figure SS.

Figure 2e summarizes the thickness dependent sheet carrier
density (n,) at 300 K of CZO/KTO grown at different T,
values. All samples undergo a sharp insulator—metal transition
when the thickness of the CZO overlayer exceeds the critical
thickness, t. With the decreasing T, from 700 °C to room
temperature, the critical thickness increases from 3.2 to 6 nm
(shown in Figure 2f), which is consistent with the redox
reaction scenario at interfaces where lowering the substrate
temperature will significantly reduce the oxygen diffusion
coefficient based on the thermally activated process of oxygen
diffusion as observed in the y-Al,O,/STO heterostructures.'®
Specifically, during the deposition of the CZO film, the KTO
substrate oxidizes the CZO overlayer, leading to the generation
of oxygen vacancies in proximity to the KTO surface. For the
growth condition of low oxygen pressure, oxygen diffusion is

https://doi.org/10.1021/acsaelm.4c01618
ACS Appl. Electron. Mater. 2024, 6, 8404—8412
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Figure 3. (a) R—T curves of the 6 nm CZO/KTO heterostructures grown from room temperature to 700 °C. (b) The result of the R—T curve
fitting with light illumination. (c) The Hall resistance at 2 K as a function of magnetic field B for different T, values. (d) The carrier density and

mobility at 2 K as a function of the deposition temperature T,.
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Figure 4. (a) The sketch of the experiment setup for the sample illuminated by the light. (b) The R,—T curves at the light power of 0 and 15 mW.
(c) Hall resistance curves with different light powers. (d) The carrier density and the mobility as a function of the light power.

the major factor in the formation of oxygen vacancies, leading
to the creation of the conductive carriers. When the CZO
overlayer is thin, the content of the doped electron is low and
the interfacial layer remains insulating, although the local

conducting regions might appear. When the thickness of the
CZO layer is larger than a critical level, a percolation of the
separately conducting regions takes place, resulting in metallic
behavior.
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Figure S. (a) The magnetoresistance curves with different light powers. (b) A demonstration of the magnetoresistance curves fitting with the eq 2.
(c) By, B;and By, as a function of the carrier density. (d) The strength of spin—orbit coupling & and spin-splitting energy A as a function of carrier

density.

To further investigate the interfacial electric transport
properties, we measured the sheet resistance as a function of
temperature for the CZO/KTO heterostructures (¢ = 6 nm)
grown at different T values, as presented in Figure 3a. The R—
T curves suggest that all of the heterointerfaces grown from
700 °C to room temperature are metallic, and the sheet
resistance of 2 K ranges from ~200 to ~1800 /[
Significantly, the resistance exhibits upturn with saturation at
the low temperature of T < 100 K, indicating the appearance of
the Kondo effect. The Kondo effect is prominent at the low-
temperature region. The Kondo effect originated from the
localized magnetic moment could come from the electronic
reconstruction near Ta*" accompanied by the formation of
oxygen vacancies. The localized magnetic moment scatters and
couples antiferromagnetically with the itinerant electrons.” As
the temperature is lowered, the spin of the impurity ions is
screened by the spin of the conduction electrons. And below a
characteristic temperature (Kondo temperature, Ty), the
resistance gradually saturates. As shown by the red solid line
in Figure 3b, the R—T dependence below 100 K can be well
reproduced by the standard formula,™*

In(T/T;)
Jn(T/T)) + 2°S(S + 1)
(1)

where T is the effective Kondo temperature and S is the
effective spin of the magnetic scattering centers. The R; is the
residual resistance due to sample disorder. The second term of
this equation, aT?, describes the transport behavior determined
by electron—electron and electron—phonon interactions. The
fitting parameters are T, = 20.20 K and S = 0.13, which are
comparable to those of conductive interface at amorphous
LaAlO;/KTaOj heterostructure.™

The Hall resistance for CZO/KTO heterostructures (t = 6
nm) deposited at different temperatures and the corresponding

R,=Ry+aT?+ C|1 -
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carrier density and mobility at 2 K are compared in Figure 3¢
and Figure 3d. With the deposition temperature becoming
lower, the carrier density at low temperature decreases from
8.6 X 10" cm™ for T, = 700 °C to 3.9 X 10"} cm™ for T, = 20
°C. This result could be attributed to the fact that the
reduction of the T; restricts the diffusion of oxygen atom from
the KTO substrate to CZO overlayer and ambient atmosphere,
leading to the decreasing of oxygen vacancies. The carrier
mobility is on the same order around 200—400 cm?*/(V s) at 2
K for all the investigated T,

The sample with lower carrier density is more sensitive to
external stimuli, such as light illumination or electric field.
During this experiment, a 6 nm CZO/KTO sample prepared at
room temperature, which shows the lowest carrier density, was
tuned by light illumination. The samples were illuminated by a
beam of violet laser (4 = 405 nm), which is presented in Figure
4a. Though the photon energy of the light (~3 eV) in this
experiment is lower than the KTO band gap (~3.5 eV), the
oxygen vacancies in KTO can generate normally electronic
states at the conduction-band edge, decreasing the band gap.*
So only the electrons confined in the KTO in-gap states can be
excited to the conduction band. The photogenerated electrons
could be trapped in the interfacial potential well, leading to the
increase of the carrier density and thus conductance. Figure 4b
shows the R—T curves upon cooling for the CZO/KTO
heterostructure with and without light exposure. The light
illumination enhances the conductivity of the heterointerface.
The sheet resistivity at 5 K is modulated from ~780 to ~410
Q/[]. Upon the light illumination, the Kondo effect is strongly
suppressed and the R—T curve exhibits a perfect metallic
behavior. Perhaps the electron—electron interaction and the
coherence between the localized spin centers are minimized by
the light illumination, so the Kondo effect is suppressed.*’

As shown in Figure 4c, the Hall resistance changes linearly
with the magnetic field over the whole range of the light power
(0—15 mW). The slope of the Hall resistance decreases as the
light power becomes larger, which corresponds to the variation
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of the carrier density. The calculated carrier density and
mobility as a function of the light power are presented in
Figure 4d. As the light power increases, the carrier density
increases accordingly, from the initial value of 3.9 X 10" cm™
to the saturated value 4.2 X 10" cm™ at P = 15 mW. The
carrier mobility also gets the maximum of 300 cm®/(V s) at the
light power of 15 mW.

The magnetoresistance (MR = [R(B) — R(0)]/R(0)) at low
temperatures can also be modulated by light illumination with
different light powers. Figure Sa shows the magnetic field
dependence of MR at T = S K under different light powers.
The magnetic field is from —7 to +7 T, which is perpendicular
to the surface of the heterostructure. The maximal value of MR
at 7 T (=7 T) is ~1.8%. Different from parabolic ordinary MR
curves, the typical weak antilocalization (WAL) feature, a cusp
MR around B = 0 (also shown in Figure S6), is clearly
observed at the MR curves with the light power from 0 to 15
mW. The WAL effect originates from the quantum
decoherence of the coherent electronic waves in the presence
of spin relaxation related to Rashba spin—orbit coupling
(SOC). To get a quantitative description of WAL, we
performed a further analysis of the Aoy, — B relation on
the basis of the Maekawa—Fukuyama (MF) formula with a
negligible Zeeman effect,””™

Ac(B) _ Aoy, (B) + Acpyr(B)
GO GO
IO VI RN
2 B) 2\2 B

1 (1 B,.] [B,.+Bw]

- —y|=—+ —=| - In|]——
2"\2 B B,

_ lln(B,+Bso]_ k@ B
2 B, Gy 1+CB’ )

where w(x) is the digamma function defined as
w(x) = In(x) + l//(% + i) and B,, B; and B,, are the effective

fields related to elastic scattering, inelastic scattering, and
spin—orbit scattering, respectively. The Ao, defined as Ao =
6(B) — 0(0), describes the total magneto-conductance
including WAL induced quantum correction (first four
terms) and ordinary magneto-conductance considering the
orbital effect of magnetic field described by Kohler rule (the
last term) here, and G, = €*/mh is a universal value of
conductance. As shown by the solid curves in Figure Sb, the
experimental MR curves can be well fitted by the MF model.
For the MR curve of P = 0 mW, the negative slope at high field
is characteristic of weak localization. All the curves were fitted
only in the range 0—3 T. The values of parameters for each
curve, B, B; and B,,, can be obtained. The carrier density is a
function of light power. Thus, the evolution of B, B; and By, as
a function of carrier density is shown in Figure Sc. The carrier
mobility depends on the elastic scattering of the conductive
electrons at the interface of the heterostructure, so the
dependence of the elastic scattering effective field (B,) on
the carrier density is related to that of the carrier mobility. The
elastic scattering effective field is larger than the spin—orbit
scattering effective field, and the inelastic scattering field is
much less than the spin—orbit scattering effective field (Figure
Sc), implying the dominant role of weak antilocalization. With
the enhancement of the conductive carrier density, the spin—
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orbit scattering effective field B, also increases monotonously
by 1 order of magnitude, from 0.2 to 1.2 T. The maximum of
the B, (1.2 T) is with the carrier density ~4 X 10" cm™2 The
increase in B, implies the enhancement of the strength of the
spin—orbit coupling. The strength of the spin—orbit coupling
is related to the carrier density (Fermi level), shown in the
Supporting Information, Figure S6. Substantial enhancement
of the spin—orbit coupling is demonstrated at the crossing
region of the d,, and d,./,. subbands, i.e., the Lifshitz transition
point.*"** When the Fermi level is lower than the Lifshitz
transition point, the spin—orbit coupling becomes stronger
with the decrease in carrier density. According to Figures 4c
and S, the linear Hall resistance curves and the disappearance
of the peak value of B, indicate that the saturation point of the
carrier density under the light illumination is below the Lifshitz
transition point.

The strength of spin—orbit coupling a is a function of B,,

\JeB 1®
expressed as @ = %.51 The spin-splitting energy A is given
by A = 2kpo, in which ki is the Fermi wave vector. kg is
calculated by k; = ,/27n, in which n, is the carrier density.

Figure Sd shows the deduced @ and A as a function of the
carrier density. @ and A also grow monotonously from the
initial values ~3.9 X 107'* eV m and ~12 meV, respectively.
The maximum «a is ~9 X 10712 €V m, while the maximum A is
~29 meV. The strength of spin—orbit coupling @ (Rashba
coefficient) is close to that of the AlO,/KTO heterostruc-
ture.”” The spin-splitting energy is slightly higher than that of
amorphous-LAO/KTO heterostructure.”” Both the @ and A
are larger than those of STO-based 2DEG.® More importantly,
the a and A are also higher than those of the (001) interface of
YSZ/KTO heterostructure (@ = 5.5 X 1072 eV m, A 21
meV), another type of 5d 2DEG.>

As the maximum change of carrier density under the light is
only ~3 X 10'2 cm™?, the strength of the spin—orbit coupling
(Rashba coefficient) is modulated by ~5 X 107'* €V m. The
relative variation of a is obviously larger than that of the
amorphous-LAO/KTO heterostructure and STO-based
2DEG, where the change of n, is on the order of magnitude
of 10 cm™? with similar increments of a.**' This result
indicates the unique characteristic of spin—orbit coupling for
the CZO/KTO heterointerface. High-efficiency modulation of
the strength of spin—orbit coupling can be achieved by light
illumination. This phenomenon perhaps implies the unique
band structure of the interface of the amorphous-CZO/KTO
heterostructure.

4. CONCLUSION

In conclusion, the CaZrO; films were grown epitaxially on the
KTO substrates. The crystallization quality of the CZO film
decreased with the reduced deposition temperature. We
obtained conductive interfaces at all deposition temperatures
from 700 °C to room temperature. With the decreasing
deposition temperature, the critical thickness for the
occurrence of the metallic interface increases from 3.2 to 6
nm at room temperature. The carrier density decreases with
the reduced deposition temperature as the thickness of the
CZO overlayer is fixed. Meanwhile, the conductive interface
grown at room temperature shows the Kondo effect and the
WAL effects derived from the spin—orbit coupling. The
strength of spin—orbit coupling can be modulated by the light
illumination with the carrier density changed. The maximum a
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is ~9 X 1072 eV m with n, ~4.2 X 10" cm™>. The strength of
spin—orbit coupling goes up by ~5 X 107> eV m, and it
exhibits large relative variation as the carrier density only
increases by 3 X 10> cm™. Our experiment provides an
approach to designing on-demand properties of heterostruc-
tures with a conductive interface.
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