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Thermal transistors that electrically control heat flow have attracted growing attention as
thermal management devices and phonon logic circuits. Although several thermal transistors
have been demonstrated, the use of liquid electrolytes may limit the application from the
viewpoint of reliability or liquid leakage. Here, we demonstrate a solid-state thermal transistor
that can electrochemically control the heat flow with an on-to-off ratio of the thermal
conductivity (x) of ~4 without using any liquid. The thermal transistor is a multilayer film
composed of an upper electrode, strontium cobaltite (SrCoQOy), solid electrolyte, and bottom
electrode. An electrochemical redox treatment at 280 °C in air repeatedly modulates the
crystal structure and x of the SrCoO, layer. The fully oxidized perovskite-structured SrCoO3
layer shows a high x ~3.8 W m ! K™!, whereas the fully reduced defect perovskite-structured
SrCo0O:> layer shows a low x ~0.95 W m ™' K™!. The present solid-state electrochemical
thermal transistor may become next-generation devices toward future thermal management

technology.

1. Introduction

Thermal transistors!!*), which can electrically control heat flow, have attracted growing
attention as thermal management devices*! and phonon logic circuits™ 1. A thermal transistor
is composed of an active material and a switching material. The active material shows
nonlinear heat transport properties upon a phase change, while the switching material controls
the phase of the active material repeatedly. Thus, switching electrically modulates the thermal

conductivity (x) of the active material.

History of thermal transistor development is short, only less than ten years. In 2014, Ben-
Abdallah and Biehs theoretically predicted a thermal transistor that uses the metal-to-insulator
transition (MIT) of VO, ! as the active layer. According to the Wiedemann-Frantz law,
metallic VO, exhibits « that is at least ~1 W m™! K™! higher than the insulator VO, due to the
electron contribution. That is, xele = Lo T, where L is the Lorentz number (2.44 x 1078 W Q
K™2), g is the electrical conductivity (~1500 S cm™! for metal phase VO2!®)), and T is the
absolute temperature. Since the MIT occurs at ~68 °C in the bulk state, they predicted that
of the VO, layer can be switched by Joule heating of the VO» layer above 68 °C. However, in
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2017, Lee et al.®! reported that the Wiedemann-Franz law was not applicable to VO, and the
x values of VO, before and after the MIT were almost the same!'?. Although Zhu et a/.'!!
demonstrated a thermal rectification in VO, beams, the value is not sufficient for thermal
transistor applications. Consequently, the thermal transistor described in Ref. "l is impossible

to realize.

Recently, electrochemical control of x for materials using liquid electrolytes has attracted
attention. Cho et al.'? realized the first thermal transistor in 2014. They measured x of a
LiCoO:2 thin film before and after electrochemical delithiation using the time-domain thermo-
reflectance (TDTR) method. x of the LiCoO; film can be reversibly modulated in the range of
~5.4-3.7 W m ! K. To date, several similar thermal transistors have been proposed. In 2018,
Sood et al.!'¥l demonstrated that the electrochemical Li intercalation/deintercalation using a
liquid electrolyte modulates x of MoS». In 2020, transition metal oxide (TMO)-based thermal
transistors using an ionic liquid as the electrolyte have been reported'* 131, Lu et al.!'*! used
SrCoOy as the active layer. The « ratio of oxidized SrCoOs (x = 4.33 +1.62 Wm ' K™!) vs.
protonated HSrCoOz 5 (x = 0.44 £0.06 W m ' K!) is 10+4. Very recently, Zhou et al.l'®!
reported a heat conductor—insulator transition in electrochemical hybrid superlattices
composed of MoS; and an organic molecule. These thermal transistors utilize the change in x
of the active material when ions are intercalated/deintercalated electrochemically. Although
these materials show suitable thermal transistor characteristics, the use of liquids (electrolyte,
ionic liquid) may limit the application because such devices must be placed in containers and

sealed. Thus, the development of solid-state thermal transistors is crucial.

To realize solid-state thermal transistors, we used a solid electrolyte, yttria-stabilized zirconia
(YSZ), though the operation temperature is a bit high (~300 °C) compared to the liquid
electrolyte. We choose YSZ from the following reasons. YSZ is an oxide (O?") ion conductor
and has been applied as the solid electrolyte for solid oxide fuel cells (SOFCs)!7),
Additionally, rather large-sized YSZ single crystals are commercially available. Most
importantly, many perovskite-related TMOs are heteroepitaxially grown on YSZ single

crystal substrates.[!8-20]

In this study, we focus on SrCoO; (2 < x < 3) as the active material for a solid-state
electrochemical thermal transistor. SrCoQOy is known as an oxygen sponge, and the O* ion

concentration of SrCoO, can be controlled at relatively low temperatures!?!->4, Our
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preliminary studies (Supporting Information S1, Figs. S1-S6, Table S1) reveal that a
SrCo0z s film with a brownmillerite (BM) structure grown on YSZ is electrochemically
oxidized into a perovskite (P-) SrCoOj film, which shows a high ¢ of ~1400 S cm™! %),
Moreover, we found that a SrCoOx 5 film on YSZ can be electrochemically reduced into a
defect perovskite (DP-) SrCoO; film that shows highly insulating. Generally, x of material is
expressed as the summation of x due to the quantized lattice vibration (phonon) and x due to
the electron!?, The former depends on the crystal structure and quality. The latter is given by
the Wiedemann-Franz law as described above. From these observations, we expect that x of

P-SrCoO:s is higher than that of DP-SrCoQOs, as schematically illustrated in Fig. 1.

Here, we demonstrate a solid-state electrochemical thermal transistor. The thermal transistor
consists of a multilayered structure composed of a Pt upper electrode, a SrCoO> 5 active layer,
a solid electrolyte Gd-doped CeO, layer on a YSZ substrate, and a Pt bottom electrode on the
backside of the YSZ. The multilayer sample is placed on a heater stage and heated to 280 °C
in air. Then electrochemical oxidation/reduction treatment at 280 °C in air repeatedly
modulates the crystal structure and x of the SrCoOx layer. The fully oxidized P-SrCoOs3 layer
shows a high x ~3.8 W m~! K™!. By contrast, the fully reduced DP-SrCoQ> layer shows a low
k~0.95 W m ! K'!. Consequently, a solid-state thermal transistor electrochemically controls

the heat flow with an on-to-off x ratio of ~4.

2. Results and Discussion

First, we fabricated solid-state electrochemical thermal transistors (Supporting Information
S2, Fig. S7, S8). Then, a fabricated solid-state electrochemical thermal transistor (5 mm x 5
mm) was set on a Pt-coated glass substrate (Supporting Information S3, Fig. S9). After
heating to 280 °C in air, an electrochemical redox treatment was performed by applying a
constant current of =50 pA for reduction and +50 pA for oxidation. We controlled the current
application time by monitoring the flown electron density Q = (I-¢)/(e* V), where [ is the flown
current, ¢ is the applied time, e is the electron charge, and V' is the volume of the SrCoO> s film
(5 mm x 5 mm x ~50 nm). After applying the current, the device was immediately cooled to

room temperature.

The electrochemical redox treatment began by applying a negative current to reduce BM-
SrCo0; 5 into DP-SrCoO»> (Fig. 2a). Initially, the dc voltage in the electrochemical reduction

was ~ —5.1 V, which was close to that expected from the dc resistance of the YSZ substrate
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(~100 k€, 5 mm X 5 mm % 0.5 mm) (Supporting Information S3, Fig. S10). Two
semicircles of ~100 kQ and ~25 kQ were observed when we measured the impedance
spectroscopy (Cole-Cole plot, data not shown). The former indicates resistance of YSZ
substrate and the latter indicates the YSZ/Pt interface resistance. As Q increased, the absolute
value of the voltage gradually increased and became saturated around —5.7 V. Then it jumped
to —6.1 V and became saturated again when Q was ~1.7 x 10°> cm>. This change in the
voltage corresponds to the electrochemical reduction of BM-SrCoOz 5 as StCoO25 + e —
SrCo0z + 0.50%", which was confirmed by the change in the XRD patterns (Figs. 3a—3c).
Afterward, the voltage gradually increased with Q but dramatically decreased once O
exceeded ~3.2 x 10*? ¢cm>. Electrochemical reduction of GDC!?” occurred after the over-
reduction treatment (data not shown). It should be noted that GDC is easily oxidized during

electrochemical oxidation.

Separately, we measured the x of the SrCoOy layer by the TDTR method using the top Pt
electrode as the transducer (Figures S15, S16). The TDTR measurement was performed at
room temperature in air. Figure 2b shows the TDTR decay curves upon electrochemical
reduction (See also Fig. S17). Compared to the as-grown state (0 cm ), the decay slowed as
Q increased, suggesting a decrease of x of the SrCoO, layer. Figure 2c¢ plots the estimated x
as a function of Q. x of as-grown BM-SrCoQ,.5 was ~1.9 W m ' K™! but gradually decreased
with Q0. When Q reached ~1.7 x 10?2 cm >, x became saturated at ~1 Wm ' K.

Next the device was oxidized electrochemically (Fig. 2d). The initial dc voltage was ~4.0 V.
As Q increased, the voltage increased gradually and became saturated at ~4.2 V. When QO
exceeded ~1.7 x 10?2 cm 3, the voltage dramatically increased and became saturated at ~4.8 V

when QO reached ~3.4 x 10*2 cm>.

The change in the crystalline phases is as follows:
(Up to ~1.7 x 10?2 cm3) SrCo0x + 0.50>" — SrCo0a25 + €
(Up to ~3.4 x 10?2 cm ) SrCo025 + 0.50>" — SrCoOs + ¢

The XRD patterns confirmed these changes (Figs. 3¢—3e). These results reveal that the x
value in SrCoOx can be controlled electrochemically between 2 and 3 without destroying the

crystal structure.
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The TDTR decay became faster as Q increased (Fig. 2e), suggesting x of the SrCoO, layer
increased. Figure 2f shows two stepwise increases of x of the SrCoO, at Q ~1.7 x 10?> cm >
and ~3.4 x 10*? cm>. These stepwise increases of x correspond to the oxidation from DP-
SrCo0; to BM-SrCo0; 5 and from BM-SrCo0O: 5 to P-SrCoOs. The « of fully oxidized P-
SrCoOs was ~3.5 W m ! K1, These results reveal that x of the SrCoO, layer can be controlled
electrochemically between ~1 W m ™! K™! and ~3.5 W m ! K™! using YSZ as the solid

electrolyte.

Finally, we examined the repeatability of the thermal transistor. Figure 4 shows the change in
the crystal lattice of SrCoOy layer on the redox treatment. In the out-of-plane XRD patterns,
the diffraction peak around 5.05 nm ™! was 008 for the as-grown BM-SrCoO s. The reduction
treatment shifted the diffraction peak to ~5.4 nm ™! (002 DP-SrCo0>), while the oxidation
treatment shifted it to ~5.25 nm ™' (002 P-SrCo0Os). Repeating the redox treatments ten times
did not change the peak position or shape except for the first reduction and oxidation
treatments. Similarly, the applied voltage was almost unchanged in each redox cycle except
for the first reduction and oxidation treatments (Fig. S11). Figure 4b shows the change in the
d-value of reduced DP-SrCoO> and oxidized P-SrCoQOs3 layers upon redox cycles. The
extracted lattice parameter ¢ was 0.3706 nm for reduced DP-SrCoO> and 0.3795 nm for
oxidized P-SrCoQs. These results reveal that the crystal structure is maintained after redox

cycling.

Figure 5 shows the change in the TDTR decay curves of the redox-cycled device. The TDTR
decay of oxidized P-SrCoO; was always faster than that of reduced DP-SrCoO>. Using these
TDTR decay curves, the change in x of reduced DP-SrCoO» and oxidized P-SrCoOs layers
were simulated in the redox cycles (See Fig. S18). The average x values were 0.95 W m™ ' K™!
for reduced DP-SrCoO; and 3.8 W m! K! for oxidized P-SrCoO3, indicating an on-to-off
thermal conductivity ratio for the SrCoOx layer of 4. If we assume that the electron
contribution of the xeie of P-SrCoOj3 in the cross-plane direction by the Wiedemann-Frantz law
using the in-plane electrical conductivity (~590 S cm !, 81.3), the value is ~0.43 Wm ! K™
(~11% of the observed x). These results indicate the on-to-off thermal conductivity ratio

mainly comes from the difference between DP and P structure of SrCoOsx.

Here, we compare the characteristics of the present solid-state electrochemical thermal

transistor with the reported liquid-based electrochemical thermal transistors (Table 1). The
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present solid-state thermal transistor shows comparable characteristics except that the
operating temperature is high due to low oxide ion conductivity of YSZ crystal. In order to

overcome this problem, reduction of the resistance of the solid electrolyte is crucial.

If we except the problem of high operating temperature, the present solid-state
electrochemical thermal transistor has several advantages compared to liquid-based
electrochemical thermal transistors. First, it does not need to be placed in a container and
sealed. Second, it shows stable operations after repeated cycles. Third, it has a good
reproducibility. The multilayered structure composed of Pt, SrCoOy, GDC, and YSZ is
maintained after the redox cycles (Figs. S12, S13), and the crystal structure of SrCoO,
maintains the perovskite structure upon the redox reaction (Fig. S14). We fabricated many
thermal transistors (>20 pieces) and tested the cycle properties. And we confirmed that all the
devices show the on/off ratio of ~4 between the fully oxidized perovskite SrCoOs3 vs the
reduced defect perovskite SrCoO:. Fourth, the device operations obey Faraday’s law of
electrolysis without current leakage. Thus, controlling Q can realize on/off control of the
device. In the present device, the solid-electrolyte (0.5-mm-thick YSZ crystal) and the solid-
electrolyte/Pt interface dominate the current flow. In other word, use of a solid-electrolyte
with a higher O ion conductivity or reducing the thickness of a solid-electrolyte is effective

to reduce the operating temperature and switching time of the device.

3. Conclusions

In summary, we demonstrated a solid-state electrochemical thermal transistor without any
liquid that can control the heat flow using the change in the thermal conductivity of the
SrCoOy layer. The on-to-off ratio of the thermal conductivity (x) was ~4. The solid-state
electrochemical thermal transistor was composed of the upper electrode, SrCoOy, the solid
electrolyte, and the bottom electrode. The electrochemical redox treatment at 280 °C in air
turned the thermal transistor on and off and repeatedly modulates the crystal structure and x of
the SrCoO, layer. When the thermal transistor was on, x of the SrCoOs layer was ~3.8 W m™!
K™!. By contrast, x of the SrCoO2 layer was ~0.95 W m ! K™! when it was off. Additionally,

we confirmed the cycle properties of the thermal transistor (10 cycles).

Although the present solid-state thermal transistor shows comparable characteristics with
liquid-based thermal transistors ever reported, the operating temperature is high due to low

oxide ion conductivity of YSZ crystal. In order to develop practical thermal transistors,
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reduction of the resistance of the solid electrolyte is crucial. When this problem is solved, the
present solid-state electrochemical thermal transistor may become next-generation devices

toward future thermal management technology such as electric heat shutters.

4. Experimental Section

Fabrication of the thermal transistors: SrCoOx s films were heteroepitaxially grown on 10%-
Gd-doped CeO; (GDC) buffered (001)-oriented YSZ substrates by pulsed laser deposition
(PLD) technique. First, ~10-nm-thick GDC was heteroepitaxially grown on a YSZ (10 mm %
10 mm x 0.5 mm, double-sided polished, Crystal Base) substrate at 750 °C in an oxygen
atmosphere (10 Pa). Focused KrF excimer laser pulses (A = 248 nm, fluence ~2 J cm 2

pulse !

, repetition rate = 10 Hz) were irradiated onto the ceramic target of GDC.
Subsequently, a ~50-nm-thick SrCoO» s film was heteroepitaxially grown on the GDC film at
750 °C in an oxygen atmosphere (10 Pa). The laser fluence was ~2 J cm 2 pulse !, After film
growth, the sample was cooled to room temperature in the PLD chamber in an oxygen
atmosphere (10 Pa). Then ~60-nm-thick Pt film was sputtered on the top surface of the
SrCo0; 5 epitaxial film followed by ~40-nm-thick Pt film sputtering on the backside of the
YSZ substrate. Pt sputtering was performed at room temperature. Finally, the sample was cut

into four squares (5 mm X 5 mm).

Electrochemical redox treatments: The thermal transistor (5 mm % 5 mm) was put on a Pt-
coated glass substrate, which was heated at 280 °C in air. Then the electrochemical redox
treatment was performed by applying a constant current of +50 pA. After applying the

current, the sample was immediately cooled to room temperature.

Crystallographic analyses: The crystalline phase, orientation, and lattice parameters of the
resultant films were analyzed by high-resolution X-ray diffraction (Cu Ko, A = 1.54059 A,
ATX-G, Rigaku). The out-of-plane and in-plane Bragg diffraction patterns as well as the
rocking curves were measured at room temperature to clarify the changes in the crystalline
phase of SrCoQO.. The lattice parameters were calculated from the diffraction peaks. Atomic
force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. or MFP-3D Origin, Oxford
Instruments) was used to observe the surface morphology of the films at room temperature.
The atomic arrangement of the SrCoO, films were visualized using scanning transmission

electron microscopy (STEM, JEM-ARM200CF, JEOL) operating at 200 keV.
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X-ray absorption spectroscopy (Fig. S6): Soft X-ray absorption spectroscopy (XAS) of the Co
L- and O K-edges was performed at the 2A beamline in the Pohang Accelerator Laboratory.
The direction of the incident X-rays was normal to the sample plane, and a circular
polarization was used. The XAS spectra of these samples were measured in the total electron

yield (TEY) mode at room temperature. The base pressure of the system was 10~ Torr.

Measurements of the optical and electrical properties (Fig. S5, Table S1): After mechanically
removing the Ag paste film from the backside of the YSZ substrate, the optical transmission
spectra of the samples were acquired at room temperature using a UV-VIS—NIR spectrometer
(SolidSpec-3700, Shimadzu). The electrical resistivities of the resultant films were measured

by the dc four-probe method with van der Pauw electrode configuration.

Measurements of the thermal conductivity: k of the SrCoOx films perpendicular to the
substrate surface was measured by time-domain thermoreflectance (TDTR, PicoTR,
PicoTherm). The top Pt film was used as the transducer. The decay curves of the TDTR
signals were simulated to obtain x. The specific heat capacities of the layers used for the
TDTR simulation were Pt, 132 J kg™ ! K!; SrCoO,, 485 J kg ! K'!; and YSZ, 460 J kg ' K.
Details of the TDTR method are described in the Supporting Information (S4) and

28-30] Regarding the treatment of the thermal conductivity values, since there are

elsewhere.|
several uncertainties such as position of the baseline, position of the time zero, and noise of

the signal, we used the error bars of +10% of the obtained values.
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Table 1. Thermal transistor characteristics of the reported electrochemical thermal transistors.
Compared with the liquid electrolyte or ionic liquid based thermal transistors, the present
solid-state thermal transistor shows comparable characteristics except that the operating

temperature is high.

Active material Electrolyte On/off ratio Operating Operating Switching Ref.
temperature  voltage (V) time
(°O)
LiCo002/Li0.cCo02 LiClO4-EC/DMC ~1.5 RT 42 ~1.5h [12]
(Liquid)
MoS2/LiMoS: LiPFs-EC/DEC ~10 RT 3 7 min [13]
(Liquid)
LasCaoCu24041 DEME-TFSI ~4 RT 2 ~0.5h [14]
(Ionic liquid)
SrCo0O3/HSrCo02:5 HMIM-TFSI ~10 RT 4 ~0.5h [15]
(Tonic liquid)
MoS2/MoS:z- Ci6H33N(CH3)3Br ~80 RT ~3 ~2.3 min [16]
Ci16H33N(CH3)3Br -NMP
(Liquid)
SrCo03/SrCo0: GDC/YSZ ~4 280 ~6.5 ~3 min This work

(Solid-state)
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Off state On state
Heat B Heat e

Defect
Scatteri

Oxidation

Reduction

Solid electrolyte Oz Solid electrolyte

Figure 1. Design of a solid-state electrochemical thermal transistor. (Left) Off state. Oxygen
defects are generated in the SrCoOy layer via the electrochemical reduction treatment.
Resultant SrCoO- layer (defect perovskite) contains 1/3 oxygen defects against SrCoQOs3, and
the defects scatter the heat flow, reducing the thermal conductivity. (Right) On state.
Electrochemical oxidation treatment causes the oxygen defects to disappear, increasing the

thermal conductivity.
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Figure 2. Operation of a solid-state thermal transistor. a, d) Changes in the observed dc

voltage of the thermal transistor during (a) reduction from SrCoOz 5 to SrCoO> and (d)

oxidation from SrCoO: to SrCoOs. Dotted lines indicate the theoretical electron density for

the redox reaction of SrCo02/SrC002.5/SrCo0:s. If O exceeds ~3 x 10?2 cm™>, the voltage

drops due to the reduction of GDC. b, ) Changes in the TDTR decay curves of the thermal

transistor after (b) reduction and (e) oxidation treatments. ¢, f) Changes in the thermal

conductivity of the SrCoOy layer after (¢) reduction and (f) oxidation. Thermal conductivity of

the SrCoQx s layer for as-fabricated thermal transistor (0 cm ™) is ~1.8 Wm ™! K™!. TDTR

decay is gradually suppressed as the electron density increases. Thermal conductivity of the

SrCoOy layer gradually decreases with Q and becomes constant (~1 W m™' K™!') when Q
exceeds 1.7 x 10?2 cm ™. ¢, d) Changes in (c) the TDTR decay curves and (d) the thermal

12
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conductivity of a thermal transistor with oxidation. Thermal conductivity changes from ~1 W

m'K'to~3.5Wm 'K

13
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Figure 3. Topotactic crystal structure change of the SrCoO, film upon electrochemical

reduction/oxidation treatment. a, ¢, €) Out-of-plane XRD patterns for (a) the as-grown

SrCo02s, (¢) reduced SrCoO3, and (e) oxidized SrCoOs. a) Intense diffraction peaks of 00/ (/

=2, 4,8, and 10) brownmillerite (BM) SrCoO. 5 are seen together with those of 002 GDC,

002 YSZ (*) and 111 Pt. ¢) Intense diffraction peaks of 00/ (/ =1 and 2) defect perovskite
(DP) SrCoO; are seen together with 002 GDC, 002 YSZ (*) and 111 Pt. e) Intense diffraction
peaks of 00/ (/ =1 and 2) perovskite (P) SrCoQs3 are seen together with 002 GDC, 002 YSZ

(*)and 111 Pt. b, d) Changes in the out-of-plane XRD patterns of (b) SrCoO-.5 upon

reduction and (d) SrCoO> upon oxidation. b) Diffraction peaks of BM disappear when Q

exceeds 0.8 x 10?2 cm > and the intermediate phase appears (arrows). Intermediate phase

14
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peaks disappear and 002 DP-SrCoO» with defect perovskite structure appears. d) Diffraction
peaks of DP disappear when Q exceeds 1.0 x 10*2 cm >, while the intermediate phase appears
(arrows). Then these intermediate phase peaks disappear and the BM phase appears. Finally,
P-SrCoQs appears when O exceeds 2.4 x 10?2 cm ™.
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Figure 4. Repeatable change in the crystal lattice of SrCoO, layer on the redox treatment. a)
Change in the out-of-plane XRD patterns in the ¢,/27n range of 4.8—5.6 nm™!. Diffraction peak
around 5.05 nm™! is 008 of SrCoQ» 5. Diffraction peak shifts to ~5.4 nm ™! (002 SrCoOy) after
the reduction treatment, while oxidation treatment shifts to ~5.25 nm™! (002 SrCoOs3). Upon
repeating the redox treatments 10 times, the peak position and shape are unchanged except for
the 1¥' reduction and oxidation treatments. b) Change in the d-value of the reduced SrCoO»
and oxidized SrCoOs layers upon redox cycles. Extracted lattice parameter ¢ is 0.3706 nm for

reduced SrCo0O; and 0.3795 nm for oxidized SrCoO:s.
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Figure 5. Repeatable change in the thermal conductivity of SrCoOy layer on the redox
treatment. a) Change in the TDTR decay curves. TDTR decay of oxidized SrCoQOj3 is always
faster than that of reduced SrCoO.. Good repeatability is seen. b) Change in the thermal
conductivity of reduced SrCoO» and oxidized SrCoOs3 layers upon redox cycles. Average
thermal conductivity is 0.95 W m™' K™ for reduced SrCoO; and 3.8 W m™ ' K™! for oxidized
SrCo0s3. On/off thermal conductivity ratio of SrCoOy layer is 4.
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Solid-state thermal transistor that controls heat flow with an on-to-off ratio of the thermal
conductivity is ~4 without using any liquid is demonstrated. Upon turn on and off the thermal
transistor by the electrochemical redox treatment in air, the crystal structure and the thermal
conductivity of the SrCoOx layer are repeatedly modulated. This boosts solid-state thermal

transistor development.

Q. Yang, H. J. Cho, Z. Bian, M. Yoshimura, J. Lee, H. Jeen, J. Lin, J. Wei, B. Feng, Y.
Ikuhara, and H. Ohta*

Solid-State Electrochemical Thermal Transistors

Solid-State Electrochemical Thermal Transistors

Low thermal conductivity High thermal conductivity

Kk ~0.95 W m1 K1 Kk ~3.8 Wm K1
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S1.1. Fabrication and electrochemical redox treatment of SrCoQO2.5/GDC bilayers on
(001) YSZ single crystal substrates

Figure S1 illustrates the fabrication and electrochemical reduction/oxidation treatment of
SrCo0; 5 films, which involve four steps: film growth, electrode preparation, electrochemical
reduction/oxidation of SrCo0O: s, and electrode removal. Step 1: A SrCoO2 s film is
heteroepitaxially grown on 10%-Gd-doped CeO> (GDC)-buffered (001)-oriented YSZ
substrates by pulsed laser deposition (PLD) technique. First, ~10-nm-thick GDC is
heteroepitaxially grown on YSZ (10 mm x 10 mm X 0.5 mm, double-sided polished, Crystal
Base) substrate at 750 °C in an oxygen atmosphere (10 Pa). Focused KrF excimer laser pulses
(A =248 nm, fluence ~2 J cm ™2 pulse !, repetition rate = 10 Hz) are irradiated onto the
ceramic target of GDC. Then a ~60-nm-thick SrCoO. s film is heteroepitaxially grown on the
GDC film at 750 °C in an oxygen atmosphere (10 Pa) with a laser fluence of ~2 J cm >
pulse !. After film growth, the sample is cooled to room temperature in the PLD chamber in
an oxygen atmosphere (10 Pa), yielding a brown film. Step 2: The sample is cut into four
pieces (5 mm x 5 mm X 0.5 mm). Next, the electrodes are prepared. The film surface is
mechanically pressed on an Au foil (ground electrode), and a small amount of Ag paste is
applied on the back side of the YSZ substrate. The Ag paste is used as the gate electrode, and
the Au foil is used as the ground electrode. Step 3: After heating the sample at 280 °C in air, a
gate voltage of —8 V is applied to the Ag paste electrode for the electrochemical reduction of
SrCo025 and that of +8 V for electrochemical oxidation of SrCoQ3s. In both cases, the flown
electron density is ~2 x 10*? cm >, which is sufficient for the electrochemical reduction of
SrCo025 (SrCo025+ e — SrCo0z + 0.50%7, ~1.7 x 10?2 cm ™) and the electrochemical
oxidation of SrCo0O25 (SrCo025 + 0.50?" — SrCo0s + e, ~1.7 x 10*2 cm>). Step 4: The Ag
paste electrode is mechanically removed. Reduction treatment produces a colorless and
transparent film, whereas the oxidation treatment generates a black one.

S1.2. Crystal structure of the SrCoOy films

Figure S2 summarizes the out-of-plane XRD patterns of (a) as-grown, (b) oxidized, and (¢)
reduced samples. In the as-grown state (Fig. S2a), the intense diffraction peaks of 00/
brownmillerite (BM) SrCoO- 5 are seen together with 002 GDC and 002 YSZ (*), indicating
that the SrCoOz 5 films have a strong c-axis orientation. The full width at half maximum
(FHWM) of the rocking curve of 008gwm is ~0.6°, supporting this conclusion. The in-plane
XRD pattern (data not shown) shows that SrCoQ: 5 films are heteroepitaxially grown on (001)
GDC / (001) YSZ substrates with the following relationship: (001)[110] SrCoO2s ||
(001)[100] GDC/YSZ. After the electrochemical oxidation treatment (Fig. S2b), the 002pwm,
006BMm, and 0010sm peaks disappear, and the 001 and 002 diffraction peaks of perovskite (P)
SrCoOs3 appear. The in-plane XRD pattern (data not shown) shows that the epitaxial relation
is maintained. After the electrochemical reduction treatment (Fig. S2c¢), the out-of-plane and
in-plane XRD patterns are similar to those of the oxidized one. Therefore, the reduced phase
is assumed to be defect perovskite (DP).

Figure S3 shows the X-ray reflectivity (XRR) of the resultant films. According to the
simulation, the as-grown SrCoO: s film (Fig. S3a) is ~60 nm thick with a density of 5.18 g
cm >, which corresponds well with the bulk value (5.18 g cm™>). The estimated root mean
square roughness is 0.52 nm, reflecting the topographic AFM image (Fig. S4a). The sharp
streak of the RHEED pattern (Fig. S4b) also supports this conclusion. Neither oxidation (Fig.
S3b) nor reduction (Fig. S3c¢) treatment results in a significant change, suggesting that
topotactic oxidation and reduction occur.

S1.3. Optical and electrical properties of the SrCoO, films
22
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Figure S5 shows the optical absorption spectra of the StCoO, films at room temperature. The
as-grown SrCoQz s film, the oxidized SrCoO3 film, and the reduced SrCoO> film are brown,
black, and colorless and transparent, respectively (right, inset). The absorption of the as-
grown SrCoQz s film starts to increase when the photon energy exceeds ~0.4 eV due to the
bandgap (d—d transition). The oxidized SrCoOs film absorbs photons in all ranges due to its
metallic nature. By contrast, the reduced SrCoO> film does not absorb visible light (400-780
nm in wavelength). Consequently, it looks colorless and transparent. The direct bandgap (E¢)
is ~3.1 eV, which is slightly larger than those of CoO (~2.8 eV, Co?") and HSrCoO> s (~2.84
eV, Co*H,

Then we measured the electrical properties of the SrCoOx films at room temperature. The
electrical resistivity (p) and thermopower (S) of the as-grown SrCoQ: s film are ~0.97 Q cm
and +47 uV K, respectively. After the oxidation treatment, p dramatically decreases to ~1.7
mQ cm and S changes to —8 uV K!, showing the metallic electrical properties of the SrCoO3
film. On the other hand, p and S of the reduced SrCoO: film are not obtained due to its
insulating nature.

S1.4. Valence states of Co in the SrCoOy films

To further clarify the valence state of the Co ions, we conducted the soft X-ray absorption
(XAS) measurements. The Co Ls-edges for the as-grown, oxidized, and reduced samples
exhibit almost identical features with characteristic peaks at ~780.10 eV, 780.50 ¢V, and
779.10 eV, respectively (Fig. S6a). Compared to the reported XAS spectra of BM-SrCo0O> 52!,
PV-SrCo0;], and CoO!!, the valence states of Co are +3, mostly +4, and +2 for the as-
grown, oxidized, and reduced samples, respectively. Furthermore, the O K-edges of the as-
grown sample show distinct differences from the other two samples in the range of 525-530
eV (Fig. S6b), indicating that hybridization between the O 2p orbital and the Co 3d orbital is
suppressed when reduced. This is similar to the p—d hybridization feature of HSrCoOa.5 (Co*")
reported by Lu et al.!'l From these results, we conclude that the valence state of Co ion in the
SrCoO; phase is +2.

S1.5. Summary

Table S1 summarizes the lattice parameters and electron transport properties of the SrCoOx
films.
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Figure S1. Fabrication and electrochemical reduction/oxidation treatment of SrCoOx s films.
Step 1: Film growth. Step 2: Electrode preparation. Step 3: Electrochemical
reduction/oxidation of SrCoQOz 5. Step 4: Electrode removal. See the supplementary text for
details of each step.
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Intensity (a.u.)

Scattering vector, g»/2n (nm™1)

Figure S2. Out-of-plane X-ray diffraction patterns of the SrCoO,/GDC bilayer films grown
on (001) YSZ substrate. a) As-grown sample shows intense diffraction peaks of 00/
brownmillerite (BM) SrCoQx s together with 002 GDC and 002 YSZ (*). b) Oxidized
SrCo0:s. Electrochemical oxidation treatment produces the 001 and 002 diffraction peaks of
perovskite (P) SrCoO3 and 002 GDC and 002 YSZ (*). ¢, Reduced SrCoO,. Electrochemical
reduction gives the 001 and 002 diffraction peaks of defect perovskite (DP) together with 002
GDC and 002 YSZ (*).
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Figure S3. X-ray reflectivity of the SrCoO,/GDC bilayer films grown on a (001) YSZ
substrate. a) As-grown SrCoQz s. b) Oxidized SrCoOs. ¢, Reduced SrCoO». Using the least
square fitting, the thicknesses of SrCoO> .5 and GDC layers are calculated as 61 nm and 13
nm, respectively. Neither the oxidation nor reduction treatments induce a significant change,
suggesting that topotactic oxidation and reduction occur. Calculated density, thickness, and

roughness are listed below.

a) As-grown SrCoQ s

Layer Density (g cm ) Thickness (nm) Roughness (nm)
SrCo0a.s 5.18 61 0.63
GDC 7.21 13 0.35
YSZ 6.05
b) Oxidized SrCoO3
Layer Density (g cm ) Thickness (nm) Roughness (nm)
SrCo0s 5.64 59 0.54
GDC 7.21 13 0.35
YSZ 6.05
¢) Reduced SrCoO»
Layer Density (g cm ) Thickness (nm) Roughness (nm)
SrCo0» 4.85 62 0.81
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Height (nm)

Figure S4. Surface morphology of the as-grown SrCoOx s film. a) Topographic AFM image
of the film shows a rather smooth surface composed of square-shaped patterns. b) RHEED
pattern at the [110] azimuth. Intense streak pattern indicates that heteroepitaxial growth of
SrCo0: 5 occurs while maintaining a smooth surface.
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Figure S5. Optical absorption spectra. Absorption of the brown as-grown SrCoQO. 5 film starts
to increase when the photon energy exceeds ~0.4 eV due to the bandgap (d—d transition).
Black oxidized SrCoOs film absorbs photons in all ranges due to its metallic nature. By
contrast, the colorless and transparent reduced SrCoO- film does not absorb visible light
(400—780 nm in wavelength). Direct bandgap (£;) of the reduced SrCoO: film is ~3.1 eV.
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Figure S6. Valence states of Co in the SrCoOx films. Soft X-ray absorption spectra of (a) the
Co L»3-edge and (b) the O K-edge. Co L>-edge XAS spectra of the as-grown and oxidized
samples are similar to those of SrCoO> s and SrCoO; reported by Jeen et al.!*) O K-edge
spectra of the as-grown and oxidized samples are also similar to those of StCoO 5 and
SrCoO; reported by Lu et al.l! By contrast, the Co Lz-edge XAS spectrum of the reduced
sample is similar to that of CoO reported by Indra et al.l*); indicating that the valence state of
Co ion is +2. O K-edge spectrum of the reduced sample should reflect the existence of Co*".

30



WILEY-VCH

Table S1. Lattice parameters and electron transport properties of the SrCoOy films. Lattice
parameters are calculated from the 00/ diffraction peaks in the out-of-plane XRD patterns and
the 220 diffraction peaks in the in-plane XRD patterns (assuming a square lattice). Electron
transport properties of the as-grown SrCoOz.s and oxidized SrCoQj are similar to those of our
previous report!*), whereas those of the reduced SrCoO; are not measured due to its highly
insulating nature.

Lattice Resistivity (Q cm) | Thermopower (uV K ™)
parameters
As-grown a=0.3872 nm 0.97 +47
SrCo02 s ¢ =10.3860 nm cf. 4.0 (Ref. [*)) cf. +70 (Ref. )
Oxidized SrCoO3; | a=0.3862 nm 1.7 %1073 -8
c=0.3802nm | cf. 0.7 x 107 (Ref. cf.—0.5 (Ref. )
[4])
Reduced SrCoO» a=0.3826 nm | (Highly insulating) (Highly insulating)
c=0.3732 nm
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S2. Fabrication of the thermal transistors

SrCo0> 5 films were heteroepitaxially grown on 10%-Gd-doped CeO> (GDC) buffered (001)-
oriented YSZ substrates by pulsed laser deposition (PLD) technique. First, ~10-nm-thick
GDC was heteroepitaxially grown on a YSZ (10 mm % 10 mm x 0.5 mm, double-sided
polished, Crystal Base) substrate at 750 °C in an oxygen atmosphere (10 Pa). Focused KrF
excimer laser pulses (A = 248 nm, fluence ~2 J cm 2 pulse !, repetition rate = 10 Hz) were
irradiated onto the ceramic target of GDC. Subsequently, a ~50-nm-thick SrCoO> s film was
heteroepitaxially grown on the GDC film at 750 °C in an oxygen atmosphere (10 Pa). The
laser fluence was ~2 J cm ™2 pulse!. After film growth, the sample was cooled to room
temperature in the PLD chamber in an oxygen atmosphere (10 Pa). Then ~60-nm-thick Pt
film was sputtered on the top surface of the SrCoO: s epitaxial film followed by ~40-nm-thick
Pt film sputtering on the backside of the YSZ substrate. Pt sputtering was performed at room
temperature. Finally, the sample was cut into four squares (5 mm x 5 mm).

The multilayer structure and atomic arrangement of switching devices were visualized using
scanning transmission electron microscopy (STEM, JEM-ARM200CF, JEOL) operating at
200 keV. Figure S7 shows the STEM image and energy dispersive spectroscopy (EDS)
mapping of each element for a device. A multilayer structure composed of Pt, SrCoOz s,
GDC, and YSZ was clearly visualized. Figure S8 shows the cross-sectional STEM images of
the as-fabricated SrCoQz 5 layer. The brownmillerite structure SrCoOx s crystal is clearly
visualized.
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Pt

SrCo0, 5

GDC ]

YSzZ

Pt Sr
(0] - -
Figure S7. STEM analyses of the switching device in the as-fabricated state. Multilayered
structure composed of Pt, SrCo0O:> 5, GDC, and YSZ is clearly observed.
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Figure S8. Cross-sectional STEM images of the as-fabricated SrCoO. 5. (a) HAADF-STEM
image shows that the heavier atomic column has a brighter contrast. Brighter dots are Sr
(atomic number, Z = 38) and darker dots are Co (Z=27). (b) ABF-STEM image to visualize
lighter atoms. In addition to the Sr and Co columns, the O column is clearly visualized. This
structure belongs to the brownmillerite structure.
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S3. Detailed thermal transistor operations

As shown in Fig. S9, a thermal transistor (5 mm % 5 mm) was put on a Pt-coated glass
substrate, which was heated at 280 °C in air. Then the electrochemical redox treatment was
performed by applying a constant current of £50 pA. The current application time controlled
the reduction/oxidation degrees. After applying the current, the sample was immediately
cooled to room temperature.

The oxide ion conductivity of the YSZ single crystal substrate is 2 pS cm ™! at 280 °C (Fig.
S10), and the Arrhenius plot shows a linear relationship. The resistance of the substrate (5 mm
x 5 mm % 0.5 mm) is ~100 kQ at 280 °C. This resistance dominates the overall voltage for the
redox reaction.

Voltage

/K-T.C.
T=280°C

60 nm Pt

60 nm SrCoO, 5

10 nm GDC

0.5 mm YSZ sub.

40 nm Pt

GND

Figure S9. Operation of a solid-state electrochemical thermal transistor. Thermal transistor is
composed of ~60-nm-thick Pt film, ~60-nm-thick SrCoO2 s film, ~10-nm-thick Gd-doped
CeO2 (GDC) film, 0.5-mm-thick (001) YSZ single crystal substrate, and 40-nm-thick Pt film.
Device is placed on a Pt-coated glass substrate and heated at 280 °C in air. K-type
thermocouple (T.C.) is used to monitor the surface temperature of the transistor. Device size
is 5 mm % 5 mm, and a negative current (—50 pA) is applied for the reduction and a positive
current (+50 pA) for oxidation.
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Figure S10. DC electrical conductivity of the YSZ single crystal substrate. At 280 °C, the dc
electrical resistance (R) of the YSZ substrate (5 mm % 5 mm x 0.5 mm) is ~100 k€.
Temperature dependence of the dc electrical conductivity is similar to that reported
previously. ¢!
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Figure S11. Changes in the required dc voltage of the switching device during (a) reduction
from SrCoO; to SrCo0O; and (b) oxidation from SrCoO> to SrCoO3 upon cycling. Dotted lines
indicate the theoretical electron density for the redox reaction of SrCoO3/SrCoO; or
SrCo0,/SrCo0s (Q ~1.7 x 10?2 cm ™). Applied voltage is almost unchanged in each redox
cycles, except for the first reduction and oxidation treatments.
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Figure S12. STEM analyses of the switching device in the reduced state. Multilayered
structure composed of Pt, SrCoO>, GDC, and YSZ is clearly observed.

SrCo0O3
GDC |

YSz

Figure S13. STEM analyses of the switching device in the oxidized state. Multilayered
structure composed of Pt, SrCoO3, GDC, and YSZ is clearly observed.

38



WILEY-VCH

®Sr eCo ° O ®Sr eCo " O
- . &
» L] e ® 2 [ - -
» & " ® - - L L]
- * = & - & - -
= & & & & & - -
L - & = - - - -
- - - & - - & L]
- - * = L & . L3
» - = . B - - & -
L - » . - 4 - L] -
L - L] L - * - -
- i - -
LEE RN TN EE DN N N TN BE B [N - ww W W ™ -
b Pesécoedsecodnsnitite d W e e -
Y G BB BB B-B-B-d E N E N E 5 E A ks
A N T T T T T ¥y B ¥ Bie e w
(2L N 28 SR SE BF BN B RE e F® @8 e w e e
cldeBslolsoBaladed-lsib * - ek e b el b R
[ EE K SN BN SR SF EY BE B T °Y F e @ OE S =@ w S s -1
sl s Bod oo Bobadododaide -ty LY - -
L EE X BN SN IT BF BF B B TR e oEew o meow w BR B
slsB oo oBsBodadodeBa @ MIS Wowmo PR WL WS
[ EE TF SF % BF BT BT Ny e P R WS B Bl
L T Y R TN YO ITTY - W LA NA L PR gL L S
[ N S N BY T T N hMrTe P oa.A @s de.m B .
P ET BT Y T N M e e R e e R LT
LEE S SR SE X% S BT B BT MY MY P e eS8 BB B8,
sl B BB oW B ds L EE R P It DR L] b
[ N S N T T T L e ] t..#rolw;n,i&u,
el Ba oo Badsdnidi - .. u,la&;-h'au‘i‘:‘
T e T D e R e I Th TR PR P
cle@sdygdadedcdBibadedaidi o ww ;.-1.4."-“%"
S isi e ititits Loy S iydy e poge 3 o =
5 - T L s ¥ . s & ® - . BE BS » Ll L B
ﬂ;..:;;gn?-f‘!‘!‘!iqifi Pa & mo® %.0 % »l!.‘m‘
1nm 1nm

Figure S14. Cross-sectional STEM images of (a, b) the oxidized SrCoQOs3 and (c, d) the
reduced SrCoOQ:. (a, c) HAADF-STEM images show that the heavier atomic column has a
brighter contrast. Square lattice composed of Sr and Co is clearly visualized. Brighter dots are
Sr (atomic number, Z = 38) and darker dots are Co (Z =27). (b, d) ABF-STEM images to
visualize lighter atoms. In addition to the Sr and Co columns, the O column is clearly
visualized. This structure belongs to the perovskite structure but contains randomly
distributed oxygen defects. Thus, both the oxidized SrCoOs3 and the reduced SrCoO- have a
perovskite structure.
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S4. Thermal conductivity measurement of the thermal transistors

The thermal conductivity of the thermal transistors in the cross-plane direction was measured
by the time domain thermoreflectance (TDTR) method at room temperature. We used
commercially available TDTR equipment (PicoTR, PicoTherm Co.["). Figure S15 shows the
schematic optical circuit of the TDTR equipment. The setup is so-called front heating/front
detection mode-mirror image method. Sputtered Pt films (thickness: =60 nm) were used as a
transducer. The samples were irradiated with femtosecond laser pulses (wavelength: 1550 nm;
pulse duration: 0.5 ps), and the change in the reflectivity in the time domain was recorded
with a probe laser (wavelength: 775 nm; pulse duration: 0.5 ps) (Fig. S16). Other specs of the
lasers are listed in Table S2.

The obtained thermoreflectance phase signals (Figs. S17 and S18) were analyzed with a
software package provided by the manufacturer (PicoTherm Co.[”!) using the physical
properties listed in Table S3. We assumed that the specific heat capacity (Cp) of SrCoOx is
always 485 J kg ! K™! and it is independent on x. Since x of GDC is similar to YSZ, we
regarded GDC/YSZ as one layer. Further, the interfacial thermal resistance between the 2
layer and the 3™ layer was fixed at 4 x 107> m?> K W! (= negligible). We calculated the
thermal conductivity of the 2" layer. The interfacial thermal resistance between the 1% and the
2™ Jayer was ~3 x 10 m?> K W ! and it did not show the oxidized or reduced state
dependence. This value is comparable to that measured Pt/oxide single crystal such as
LiNbO3 (2 x 10 m?> K W) and LSAT (2 x 107° m? K W!) that the thermal conductivity is
known (data not shown).

Square modulation
200 kHz

4{ Modulator Ff‘ Pump laser ‘

Probe laser
775 nm, 0.5 ps
I H G= T Signal generator
Sine, 20 MHz

PBS| 4 9o g
Specimen W.P. g_f g)_)
g 3
Shutter 2 g

Pump laser

1550 nm, 0.5 ps
A
N Lock-in amp.

Differential
photo detector

Figure S15. Schematic optical circuit of the TDTR system (PicoTR, PicoTherm). With
picosecond thermoreflectance analyzer PicoTR, laser pulses (pump laser) of 0.5 ps pulse
width are applied to the sample with the time period of 50 ns. The temperature response is
detected with the probe laser. (https://analyzing-testing.netzsch.com/en/products/time-
domain-thermoreflectance-analyzer-tdta/nanotr-picotr)
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Figure S16. Schematic experimental setup of the TDTR measurement of the thermal

transistors.
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Figure S17. TDTR fitting results for Figures 2¢ and 2f. Gray: observed, pink: simulated.
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Figure S18. TDTR fitting results for Figure Sb. Gray: observed, pink: simulated.
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Table S2. Spec list of the lasers that are used in the TDTR equipment.

WILEY-VCH

Pump laser
Wavelength (nm) 1550
Repetition rate (MHz) 20
Spot size (um) 45
Modulation frequency (kHz) 200
Probe laser
Wavelength (nm) 775
Repetition rate (MHz) 20
Spot size (um) 25

Modulation frequency (kHz)

None (only pump laser)
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Table S3. List of the physical properties that used for the TDTR simulation. We assumed that
the specific heat capacity (Cp) of SrCoO, is independent on x. Since x of GDC is similar to
YSZ, we regarded GDC/YSZ as one layer. Further, the interfacial thermal resistance between
the 2™ layer and the 3™ layer was fixed at 4 x 10713 m? K W! (= negligible). We calculated
the thermal conductivity of the 2" layer. The interfacial thermal resistance between the 1 and
the 2™ layer was ~3 x 10~ m*> K W ™! and it did not show the oxidized or reduced state
dependence.

First layer Second layer Third layer
Materials Pt SrCoOx GDC/YSZ
Co(Jkg'K™h 132 485 460
Density (kg m ) 21228 5180 6050
k(Wm 'K 45 Calculated 1.6
Thickness (m) 5.99 x10°® 592x10°% | e
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