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Toward a high-efficiency energy harvesting device, such as a thermal transistor, thermal conductivity modulation based on strongly correlated
oxides is proposed and explored. High-quality epitaxial film growth of strongly correlated oxides on large-area Si substrates is essential to match
industrial needs. In this work, LaNiOj thin films are epitaxially grown on buffer-layer-coated Si(001) substrates. Reversible protonation of the
LaNiOg thin film via ionic liquid gating achieves thermal conductivity modulation in the range of 0.9 to 3.0 W m~" K~ and is comparable to that of a
prototype laboratory device on a single crystal substrate. © 2026 The Author(s). Published on behalf of The Japan Society of Applied Physics by

IOP Publishing Ltd

Supplementary material for this article is available online

trongly correlated materials are known to exhibit

emergent properties, such as high-temperature super-

conductivity and multiferroics, due to the strong
interaction between different degrees of freedom.'™
Among all the strongly correlated oxides, transition metal
perovskite RENiO; (RE = rare-Earth elements) has been
investigated for decades as typical Mott insulators with
intrinsic metal—insulator transition (MIT).*” Especially,
the near-room-temperature transition temperature (e.g.
NdNiO; ~200K; SmNiO; ~400K) would benefit the
solution of next-generation electronic devices towards the
“Beyond CMOS” strategy.(”7) Recently, by inserting a proton
into RENiOj;, another type of MIT has been observed in
SmNiO; and NdNiO;.” Unlike the intrinsic MIT described,
the MIT induced by proton injection fundamentally stems
from the B-site element reduction (Ni*" to Ni*"), which
increases the Coulomb repulsion between two €, electrons
and leads to the insulating nature.*~'"

Since an external electric field can be applied to control the
proton diffusion and induce the resistance change of
RENiOs,'"'? this guarantees that the protonated RENiO;
(H-RENiO;) materials could be good candidates in future
iontronic devices, such as resistive random-access memory
(ReRAME)."? Aside from tuning the electrical conductivity,
by controlling the ionic insertion/extraction in strongly corre-
lated oxides, thermal conductivity modulation has also emerged
as another possible aspect of potential application.'"®
Especially, by reversible protonation and deprotonation, our
previous research has proved that LaNiOz and NdNiO5 exhibit
wide-range thermal conductivity modulations in comparison
with other perovskite oxides.'” However, these previous reports
are mainly performed on high-cost single-crystal oxide ceramic
substrates [e.g. ((LaAlOs)g3-(SrAlTa05)g7) LSAT, Yttria-
Stabilized ZrO, (YSZ) etc.], which not only hinders the large
amount of production but also lowers the device compatibility
with mature silicon (Si) based semiconductor techniques.

In this work, we used buffer-layer-deposited (100) Si
single-crystal wafers for epitaxial growth of LaNiOj thin
films. The buffer layer is composed of Pt/ZrO, layers that are
epitaxially grown on (100) Si. Since the in-plane lattice
parameter of the Pt layer is 3.924 A, which results in a 2.04%
mismatch with LaNiO; (3.840 A). Hence, we expected that
cubic LaNiOj; can be epitaxially stabilized on the (001) Pt
surface. As a result, we successfully fabricated LaNiO;
epitaxial films on the buffer layer-deposited (100) Si
substrates and modulated the thermal conductivity by the
electrochemical protonation/deprotonation technique. Our
work reveals the possibility of fabricating strongly correlated
material-based iontronic devices on a general silicon sub-
strate, which may help to facilitate the realization of next-
generation devices towards the “Beyond CMOS” strategy.

For LaNiO; epitaxial film growth, we used commercially
available buffered Si substrates (KRYSTAL® Wafer, I-PEX
Inc.) composed of (001)-oriented Pt (~150 nm)/(001)-or-
iented ZrO, (thickness: ~60nm) buffer layers that were
heteroepitaxially grown on a Si (100) substrate. LaNiO; thin
films were deposited by pulsed laser deposition (PLD)*” at a
substrate temperature of 600 °C and oxygen pressure of
30Pa. The deposition was performed by excimer ArF
(wavelength: 193 nm) laser with a frequency of 7Hz and
an energy density of ~2Jcm 2. Lattice parameter and
crystallographic orientation of the LaNiO; films were
evaluated by X-ray diffraction (XRD, SmartLab, Rigaku
Co.). Cross-sectional structures of the LaNiOj films were
observed using scanning electron microscopy (SEM: JSM-
F10 and JSM-7610F, JEOL) at room temperature. The
protonation was performed by ionic liquid gating reported
elsewhere.”' "’ We used an ionic liquid of N,N-Diethyl-N-
methyl-N-(2-methoxyethyl) ammonium bis (trifluorometha-
nesulfonyl)imide (DEME-TFSI).

The gating voltage and duration were set in the range of
2.8-3.3V and 120 minutes at room temperature [Fig. 2(b)].
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Other gating conditions out of this range may increase the
possibility of insufficient phase change or sample damage
(Supplementary Fig. S1). The thermal conductivity (x) of the
LaNiO; and H-LaNiOj films perpendicular to the substrate
surface was measured by time-domain thermoreflectance
(TDTR, NETZSCH Japan). Approximately 100 nm-thick
Pt films were sputtered onto the film surface and used as the
transducer for the TDTR measurements. The fitting was
based on a tri-layer model as declared in Supplementary
Table S1. Since the protonation-induced change of the bulk
density and specific heat is relatively small,'” the TDTR
data was fitted assuming that the protons were distributed
homogeneously. More detail of our x-measurement is
described in a previous paper.”®

A cross-sectional SEM image [Fig. 1(b)] of the resultant
film visualizes that ~138 nm-thick LaNiO5 was successfully
deposited on the buffer layer composed of ~141 nm-thick
Pt/~57 nm-thick ZrO, grown on a Si substrate. Then, we
measured an out-of-plane XRD pattern [Fig. 1(c)] of the
film. Only intense 00 [/ diffraction peaks (I = 1, 2, and 3) of
LaNiOj are clearly seen together with 00/ Pt/00 [ ZrO,/00 [
Si, without any secondary phase. The out-of-plane lattice
constant obtained from the XRD pattern of LaNiOj is
3.815A, which well agrees with the reported value
(3.814 A).""* In-plane ¢-scanning of {204} LaNiO; and
{204} Pt [Fig. 1(d)] displays four-fold rotational symmetry
with the same p-angles that reveals heteroepitaxial growth
occurred with a cube-on-cube relationship of (001)[100]
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Fig. 1.

LaNiO3/(001)[100] Pt. These results denote that the epitaxial
LaNiOj; film is successfully fabricated on the buffered Si
substrate.

Then we performed protonation of the LaNiO; films by
room-temperature ionic liquid gating [Fig. 2(a)], where the
proton is created from the surface electrical double layer that
decomposes the water molecule.”” The protonation process
is monitored by in-situ XRD on the 001 LaNiO; peak, as
shown in Fig. 2(b). When the gating voltage is applied, the
001 peak shifts towards the lower diffraction angle, indi-
cating that the protonation-induced lattice expansion occurs
until ¢ = 3.868 A. It is worth noting that after ~90 min., the
001 splits into two peaks and eventually results in two phases
with ¢; = 3.912A and ¢, = 3.800 A. This implies the
possible phase separation during the protonation and our
future work will focus on the details of these two protonated
phases. However, such peak splitting is not observed in
thinner samples, e.g. 60 nm sample, as shown in Fig. 2(c),
implying that the peak splitting may be related to the strain
effect. Since the in-plane lattice expansion due to the
protonation is also possible with nickelate perovskite
0xide,3°) it is assumed that in our sample, the in-plane and
out-of-plane lattice expansions may simultaneously occur
due to the strain relaxation, as suggested in Fig. 2(d). As
shown in Fig. 2(e), the ex situ XRD patterns prove that
protonation-induced structural modulation is nonvolatile.
After heating the sample at 400 °C for 5min in air for
deprotonation, the diffraction peaks all recover, indicating
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LaNiOj; film growth on a buffered Si substrate. (a) Schematic illustration of the buffered Si substrate. (b) Cross-sectional SEM image of a

LaNiO; thin film on a buffered Si substrate. The film thickness of the LaNiO; layer is approximately 140 nm. (c) Out-of-plane XRD pattern of a
LaNiO; film on a buffered Si substrate. Only intense 00 1 diffraction peaks of LaNiOj; are clearly observed with the diffraction peaks of the substrate.
(d) In-plane XRD ¢-scan of {204} LaNiO; and {204} Pt, indicating heteroepitaxial growth of LaNiO;.
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Fig. 2. Protonation/deprotonation of LaNiO; films grown on the buffered Si substrate. (a) Schematic illustration of protonation by the ionic liquid
gating. (b) In-situ XRD pattern during protonation around the 001 diffraction peak of LaNiOs. The peak initially shifts from 23.32° to 22.98° and
subsequently splits into two peaks at 22.74° and 23.33°. (c) Out-of-plane XRD patterns around 001 LaNiOj films (left: thickness ~60 nm, right:

~130 nm) before and after protonation. The 60 nm film exhibits an overall leftward shift of the 001 LaNiOs, whereas the 130 nm film shows a clear
spitting into two distinct peaks. (d) Schematic representation of out-of-plane lattice expansion along the c-axis for the 60 nm and 130 nm LaNiO; films.
This schematic highlights the difference in lattice response between the two thicknesses and illustrates a possible origin of the peak splitting observed in
the thicker film. (e) Out-of-plane XRD patterns as-grown, after protonation, and after annealing. After annealing at 400 °C for 5 min (deprotonated), the
peak position of LaNiO; returned to the as-grown position, confirming the recoverability of the protonated film.

the reversibility of the structural modulation in our samples.
Due to the enormous leak current from the Pt layer beneath
the LaNiOj thin film, the investigation of the resistivity
before and after the protonation is performed on LaNiO;
grown on SrTiO; (100), where the close lattice constant
between SrTiO; (@ = 3.905A) and Pt (¢ = 3.910A)
guarantees the negligible strain effect. At room temperature
the resistivity after protonation (Supplementary Fig. S1) is
~0.23 Q-cm, which is ~10° larger than that of LaNiO;
(4.0%x 107* Q-cm), and this indicates that the proton
concentration is about 0.4~1.0/u.c.'”

Finally, we measured thermal conductivity (x) of the
LaNiO; and H-LaNiOj films perpendicular to the substrate
surface by the TDTR method at room temperature.
Figure 3(a) shows the typical TDTR decay curve of the
films. Simply, faster decay indicates higher x. After fitting
simulations of the decay curves, we obtained that the « of the
LaNiO; film (on-state) is 1.8 Wm~' K~' and protonated
LaNiO; film (H-LaNiOs;, off-state) is 1.0Wm ' K.
Since LaNiOj3 exhibits Fermi liquid metallic behavior
(Supplementary Fig. S2), we need to consider the electron
contribution to the observed x because observable « is a
summation of phonon contribution (x,) and electron con-
tribution (k). The reduction of x after protonation is due to
proton-insertion-governed MIT (Supplementary Fig. S2),
where the k.. is greatly suppressed due to the increment of
resistivity up to 3 orders of magnitude. This results in the on/
off ratio of 1.8 and the switching width of 0.8 Wm ™' K™,
the thermal transistor performance is still greatly reduced
compared to the previous results on LSAT single-crystal
substrates [on-state: 12.0 W m ™! K, off-state (protonated):
2.6 Wm ™' K 'land YSZ single-crystal substrates [on-state:
6.0Wm ' K, off-state (reduced): 1.7Wm ! K']. By

031006-3

comparing the FWHM of the X-ray rocking curve of 001
LaNiO; with LaNiO; on YSZ,*® we found that the out-of-
plane tilting of the LaNiOj crystal is large, most likely due to
that of the Pt buffer layer (FWHM = 0.48°).

To further improve the x-switching performance, rapid
thermal annealing (RTA) of the substrate is performed in
10°Pa oxygen at 800°C for 5min before the thin film
deposition. After depositing thin film on the RTA-treated
substrate, the FWHM of the 002 Pt rocking curve decreases
from 0.48° to 0.30°, consequently, the FWHM of the 002
LaNiOj; rocking curve greatly decreases from 1.35° to 0.82°
[Fig. 3(b)]. This helps to increase the on-state x and
eventually, the best performance on the current stage reaches
3.0Wm~' K™ for the on-state and 0.9 Wm ™' K~ for the
off-state [Fig. 3(a)], namely on/off ratio of 3.5, comparable
to that grown on YSZ. The results can be briefly quantified
by the Wiedemann—Franz law «.. = L-0-T, where L is the
Lorentz number (2.44 x 108w Q Kfz), o is the electrical
conductivity, and 7T is the absolute temperature (300 K).
Then, the electronic and lattice components of the LaNiO;
before protonation can be calculated as K = 1.8 W m 'K
and K, = 1.2Wm ' K', respectively, which seemingly
agrees well with the measured value. However, due to the
difficulty of measuring the actual resistivity of the sample on
Pt-coated silicon and the much higher thermal conductivity of
LaNiO; on LSAT or YSZ, further investigation on sample
resistivity and crystallinity should be necessary to pin down
the fact.

In conclusion, we successfully fabricated epitaxial LaNiO3
thin films on buffered Si substrates. Using RTA surface
treatment before thin film deposition and operando hydro-
genation, we demonstrated that the thermal conductivity can

be modulated in the ranges of 0.9—-3.0 W m~! K_l, which is
© 2026 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. Thermal conductivity versus out-of-plane crystal orientation. (a)
TDTR decay curves of (H-)LaNiO; epitaxial films. In the case of the
untreated Si substrate, the thermal conductivities are 1.9 W m~' K™! for
the ON state (LaNiO3) and 1.0 Wm ™' K~! for the OFF state
(H-LaNiO3). After depositing thin film on the RTA-treated substrate, the
ON and OFF states exhibit thermal conductivities of 3.0 W m~' K~' and
0.9 W m~' K™, respectively. These results indicate that the RTA process
can effectively improve the control range of thermal conductivity. (b) X-
ray rocking curves of 002 diffraction of LaNiO; films deposited on with
and without RTA treatment substrate. The FWHM of the rocking curve
on the RTA-treated substrate is 0.82°, narrower than that on the pristine
substrate (1.3°), indicating an improvement in out-of-plane orientation.
For the thermal conductivity on the RTA-treated substrate, LaNiO5; and
H-LaNiOj; states were measured on independent samples. The FWHM of
the rocking curve of the as-grown film used for protonation was 0.91°,
comparable to that of the film on the RTA-treated substrate, confirming
similar crystalline quality.

comparable with that of LaNiO; grown on YSZ. This work
demonstrates an example to connect laboratory achievements
and industrial needs, which may help to facilitate the
advance of oxide electronics. In the future, further improve-
ment of the mosaicity of the Pt buffer layer will give better
performance on thermal conductivity modulation, and a wide
exploration of the material grown on Si wafer.
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