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ABSTRACT: Thermoelectric energy conversion has attracted attention as an energy-

harvesting technology for converting waste heat into electricity via the Seebeck effect. 

Conducting oxide-based thermoelectric materials that exhibit a high figure of merit are 

promising because of their good chemical and thermal stability, as well as their harmless 

nature compared to chalcogenide-based state-of-the-art thermoelectric materials. Among 



many conducting oxides, Ba1/3CoO2 epitaxial films exhibit the highest figures of merit. For 

the practical use of Ba1/3CoO2, bulk ceramics or single-crystalline Ba1/3CoO2 are necessary. 

Here, we show that freestanding Ba1/3CoO2 single-crystalline films can be fabricated by 

peeling Ba1/3CoO2 epitaxial films from the substrate. We fabricated Ba1/3CoO2 epitaxial films 

and immersed them in 40 °C hot water for several tens of minutes. Subsequently, the 

Ba1/3CoO2 epitaxial film spontaneously peeled off and floated on the surface of the water like 

seaweed. We measured and analyzed the crystal structure, chemical composition, and 

thermoelectric properties before and after peeling and realized that there was no significant 

difference. The present results would provide a useful method for fabricating freestanding 

single-crystalline oxide films for thermoelectrics. 

 

INTRODUCTION 

Thermoelectric devices convert a temperature difference into an electric current and vice 

versa based on the Seebeck effect/Peltier effect.1, 2 They have potential as environmentally 

friendly energy harvesting technologies because they convert waste heat into useful 

electricity. Their performance is expressed by the dimensionless figure of merit (ZT), which is 

given as S2·σ·T·κ−1, where S is the thermopower, σ is the electrical conductivity, T is the 

absolute temperature, and κ is the thermal conductivity.1, 3 Although several metal 

chalcogenides including Bi2Te3,4-6 PbTe,7, 8 and SnSe9-11 exhibit rather high ZT (>2), they are 

not environmentally benign because of their chemical and thermal instabilities. In this regard, 

several conducting metal oxides12-16 have attracted significant attention as potential 

thermoelectric materials. 

 

Among the many conducting metal oxides, we focus on Ba1/3CoO2
17, 18. Ba1/3CoO2 is a 

layered material composed of alternating CoO2 and Ba layers stacked along the c-axis. 

Ba1/3CoO2 exhibited metallic p-type conductivity up to 600 °C in air. Recently, we found that 

Ba1/3CoO2 epitaxial films exhibit a large ZT of 0.11 at room temperature19 and 0.55 at 

600 °C.20 These values are the highest among reliable oxide thermoelectric materials and are 

comparable to those of commercially available p-type PbTe and SiGe.1 However, Ba1/3CoO2 

epitaxial films possess a serious drawback, i.e., because the substrate (α-Al2O3 or YSZ) is an 

electrical insulator, the overall ZT including the substrate is extremely low. Thus, the 



fabrication of bulk ceramics and single-crystalline Ba1/3CoO2 is crucial. Liu et al. fabricated 

Ba1/3CoO2 ceramics and measured their ZT at several temperatures.17, 18 However, the ZT of 

the ceramics was only 0.005 at room temperature, which is more than one order of magnitude 

lower than that of epitaxial films, probably because of the suppression of electron transport at 

the grain boundaries (grain boundary scattering). 

 

Recently, peeling off of the epitaxial films of perovskite oxides has been studied 

intensively.21-23 As the sacrificial layer, water-soluble Sr3Al2O6 films are epitaxially grown on 

the substrate before the perovskite oxide film growth; then, the perovskite oxide film is 

peeled off by dissolving the sacrificial layers in water.21 Ohta et al. reported that Na3/4CoO2 

epitaxial film grown on (0001) α-Al2O3 peels off when immersed in water because a water-

soluble amorphous Na-Al-O layer spontaneously forms at the interface between Na3/4CoO2 

epitaxial film and α-Al2O3 substrate.24 Thus, the amorphous Na-Al-O layer acts as the 

sacrificial layer. In the case of Ba1/3CoO2 epitaxial films, an amorphous Ba-Al-O layer is 

spontaneously formed at the interface between Ba1/3CoO2 epitaxial film and α-Al2O3 

substrate.19 Therefore, we expect that the amorphous Ba-Al-O layer acts as the sacrificial 

layer and freestanding Ba1/3CoO2 epitaxial film would be obtained. 

 

Here, we show that freestanding Ba1/3CoO2 single-crystalline films can be fabricated by 

peeling Ba1/3CoO2 epitaxial films from the substrate. We fabricated Ba1/3CoO2 epitaxial films 

and immersed them in 40 °C hot water for several tens of minutes. Subsequently, the 

Ba1/3CoO2 epitaxial film spontaneously peeled off and floated on the surface of the water like 

seaweed. We measured and analyzed the crystal structure, chemical composition, and 

thermoelectric properties before and after peeling and realized that there was no significant 

difference. The results of this study provide a useful method for fabricating freestanding 

single-crystalline oxide films for thermoelectrics. 

 

RESULTS AND DISCUSSION 

First, Ba1/3CoO2 epitaxial films (~600 nm) were fabricated on (0001) α-Al2O3 substrates by 

the reactive solid-phase epitaxy (R-SPE) method25 and a subsequent ion exchange treatment. 



The fabrication procedure of Ba1/3CoO2 epitaxial films has been reported elsewhere.19, 20 

During the R-SPE and the ion exchange treatment, a ~10-nm-thick amorphous Ba-Al-O layer 

formed spontaneously at the interface between the Ba1/3CoO2 film and the α-Al2O3 

substrate.18 We confirmed that the crystallographic feature and the thermoelectric properties 

are consistent with previous reports.19, 20 

 

The Ba1/3CoO2 epitaxial film was then peeled from the α-Al2O3 substrate, as shown 

schematically in Fig. 1a. First, we immersed the Ba1/3CoO2 epitaxial film in hot water 

(40 °C). Before immersion in water, it was difficult for the Ba1/3CoO2 epitaxial film to attach 

to the substrate (Fig. 1b). Several tens of minutes later, the amorphous Ba-Al-O layer 

dissolved and the Ba1/3CoO2 epitaxial film peeled off. Subsequently, the peeled-off Ba1/3CoO2 

epitaxial film floated on the surface of the water (Fig. 1c), similar to seaweed. To measure the 

properties of the peeled Ba1/3CoO2 epitaxial film, we pasted it onto a glass substrate and air-

dried it at room temperature (Fig. 1d). The film was flexible when thin plastic substrates 

were used instead of glass substrates (data not shown). 

 

High-resolution X-ray diffraction measurements of the peeled-off Ba1/3CoO2 epitaxial film 

were performed. Figure 2 shows the out-of-plane XRD patterns of the as-grown and peeled-

off Ba1/3CoO2 epitaxial films. The peeled-off Ba1/3CoO2 epitaxial film exhibited only intense 

Bragg diffraction peaks for 000l Ba1/3CoO2 (Fig. 2c). The position and intensity of the Bragg 

diffraction peaks did not change compared to those of the as-grown Ba1/3CoO2 epitaxial film 

(Fig. 2a), except that the substrate peak disappeared. c-axis lattice parameter of the peeled 

Ba1/3CoO2 epitaxial film was 1.221 nm. The full width at half maximum (FWHM) of the out-

of-plane X-ray rocking curve (OXRC) of 0002 Ba1/3CoO2 was ~2.0° (Fig. 2d), which is 

slightly wider than that of the as-grown film (~1.7°). Compared with a previous report19, the 

FHWM of the OXRC was significantly wider (this work: ~2.0°, previous report: ~0.8°), 

probably because the thickness is three times greater (this work:600 nm, previous report:200 

nm). We further measured the chemical composition of the peeled-off Ba1/3CoO2 epitaxial 

film using inductively coupled plasma mass spectrometry (ICP-MS) and obtained a Ba/Co 

ratio of 0.323. These results reveal that the peel-off treatment does not affect the chemical 

composition or crystal structure of the Ba1/3CoO2 epitaxial films. 



 

We then observed the microstructure of the peeled-off Ba1/3CoO2 epitaxial film using high-

angle annular dark-field (HAADF) scanning transmission electron microscopy (STEM). 

Figure 3a shows a cross-sectional HAADF-STEM image of a peeled Ba1/3CoO2 epitaxial 

film. The overall thickness of the Ba1/3CoO2 film was approximately 600 nm, which is 

consistent with the designed thickness. Figure 3b shows a magnified HAADF-STEM image. 

The incident direction of the e-beam corresponded to the [112�0] of the peeled-off Ba1/3CoO2 

epitaxial film. The crystal structure was composed of alternating CoO2 (blue circles) and Ba 

(yellow circles) layers.  

 

Next, we measured the thermoelectric properties of the freestanding Ba1/3CoO2 single-

crystalline films in the in-plane direction. The room-temperature electrical conductivity (σ) of 

the as-grown Ba1/3CoO2 film was ~1100 S cm−1, while that of freestanding Ba1/3CoO2 single 

crystalline film was ~1000 S cm−1. Both films exhibited metallic conductivity, in which the σ 

increased as the temperature decreased (Fig. 4a). Note that σ of the freestanding Ba1/3CoO2 

single crystalline film is significantly lower than that of the previous report (σ: 2300 S 

cm−1)19. This may be because the crystalline tilting of the freestanding Ba1/3CoO2 single-

crystal film was larger than that in the previous report; therefore, grain boundary scattering 

contributes significantly26. The room-temperature S of the as-grown Ba1/3CoO2 film was +76 

μV K−1, while that of the freestanding Ba1/3CoO2 single crystalline film was +73 μV K−1. The 

S values of both films gradually decreased as the temperature decreased (Fig. 4b), 

demonstrating that the peeling treatment did not affect the thermoelectric properties. 

 

Finally, we measured the thermal conductivity (κ) of the freestanding Ba1/3CoO2 single 

crystalline films. κ is expressed by κ = Cp·ρ·D, where Cp is the specific heat capacity, ρ is the 

bulk density, and D is the thermal diffusivity. Because Cp (0.44 J g−1 K−1) and ρ (5.36 g cm−3) 

at room temperature are known, we measured D of the freestanding Ba1/3CoO2 single 

crystalline films at room temperature using the AC calorimetric method.27, 28 First, we fixed 

the sample between a Peltier device and a Cu plate using Ag paste (Fig. 5). We then applied 

an AC heat flux to the sample using the Peltier device and measured the temperature at 

position x using an IR camera. Supporting Information provides details of our AC 



calorimetric method.  

 

The AC calorimetric measurements indicated that the freestanding Ba1/3CoO2 single-

crystalline films had D of 1.45 mm2/s at room temperature (Fig. 6). Consequently, the 

obtained κ for the freestanding Ba1/3CoO2 single crystalline films of ~3.4 W m−1 K−1 agreed 

well with that of the as-grown film (~3.2 W m−1 K−1)19. For comparison, we measured κ of a 

freestanding Sr1/3CoO2 single crystalline film, which was prepared in a similar manner as 

Ba1/3CoO2. Consistent with the as-grown film (~4.4 W m−1 K−1),19 the obtained κ was ~4.1 W 

m−1 K−1.  

 

Here, we summarize the thermoelectric properties of freestanding Ba1/3CoO2 single 

crystalline films (Table 1). From these results, we conclude that we successfully fabricated 

freestanding Ba1/3CoO2 single-crystalline films that exhibited a thermoelectric ZT of 0.047 at 

room temperature. Compared to a previous report (Ba1/3CoO2 single crystalline films on 

(0001) α-Al2O3 substrate),19 ZT of the present freestanding Ba1/3CoO2 single crystalline films 

is significantly lower due to a lower σ. Except for σ, the thermoelectric properties of the 

freestanding Ba1/3CoO2 single crystalline films are similar to that in the previous report.19 

Because grain boundary scattering dominantly occurs at lower temperatures26, the larger 

grain boundary angle of the freestanding Ba1/3CoO2 single crystalline film suppresses σ. 

Owing to the similar origin, σ of the Ba1/3CoO2 films grown on YSZ substrates showed a 

lower σ (1100 S cm−1 20) than that of Ba1/3CoO2 films on (0001) α-Al2O3 substrate (2300 S 

cm−1 19) at room temperature. Although ZT of the Ba1/3CoO2 films grown on YSZ substrates 

was lower (0.05820) than that of Ba1/3CoO2 films on (0001) α-Al2O3 substrate (0.1119) at room 

temperature, it increased with temperature and reached 0.55 at 600 °C because the grain 

boundary scattering became less dominant. Therefore, we expect the freestanding Ba1/3CoO2 

single-crystalline film to exhibit high ZT values at higher temperatures. 

 

Finally, we discuss κ. In the previous report, we measured κ of the Ba1/3CoO2 epitaxial films 

using the time-domain thermoreflectance (TDTR) method29. Because Ba1/3CoO2 epitaxial 

films exhibit good electron transport properties in the in-plane direction, κ must be measured 

in the in-plane direction to extract ZT. Previously, we used the TDTR method to measure the 



out-of-plane κ of the Ba1/3CoO2 epitaxial films with two different crystallographic 

orientations: a c-axis orientation and a 55°-inclined c-axis.19, 20 Using these two out-of-plane 

κ data, we extracted the in-plane κ theoretically.30 It is very important that the κ value of the 

freestanding Ba1/3CoO2 single crystalline film measured using the AC calorimetric method 

agree well with the κ value of the Ba1/3CoO2 epitaxial film measured using the TDTR 

method. 

 

In summary, we successfully fabricated freestanding Ba1/3CoO2 single-crystalline films by 

peeling off Ba1/3CoO2 epitaxial films from the substrate. We immersed Ba1/3CoO2 epitaxial 

films in 40 °C hot water for several tens of minutes to peel off the films. The crystal 

structures and thermoelectric properties of the peeled films were maintained. The present 

results provide a useful method for fabricating freestanding single-crystalline oxide films for 

thermoelectrics. 

 

EXPERIMENTAL 

Fabrication of Ba1/3CoO2 epitaxial films. Epitaxial Ba1/3CoO2 films were grown on (0001) 

α-Al2O3 single crystal plates as following. First, CoO epitaxial films (thickness:300 nm, the 

target thickness of Ba1/3CoO2:600 nm) were grown on (0001) α-Al2O3 substrates at 700 °C by 

a pulsed laser deposition technique (KrF excimer laser, ~2 J cm−2 pulse−1, 10 Hz). The 

oxygen pressure was kept at 10−3 Pa during the deposition. The CoO film was then heated in 

NaHCO3 powder at 750 °C in air. After that, we obtained a Na3/4CoO2 epitaxial film. The Na+ 

ions in the resulting films were then exchanged with Ba2+ ions by heating the Na3/4CoO2 

epitaxial films with molten Ba(NO3)2 and KNO3 at 500 °C for 1 h. Details of the fabrication 

procedure have been published elsewhere.19, 25 

 

Crystal structure characterization of the films: The thickness, crystallographic orientation, 

and lattice parameters of the resultant films were analyzed using X-ray diffraction (XRD, Cu 

Kα1 radiation, ATX-G, Rigaku Co.). Out-of-plane diffraction patterns, rocking curves, and X-

ray reflection patterns were obtained. The lattice structure of the resulting films was 

visualized using a high-angle annular dark-field scanning transmission electron microscope 

(HAADF-STEM; ARM-200F, JEOL). 



 

Measurements of the thermoelectric properties: The σ of the resultant films was measured 

using the DC four-probe method. The S values of the resultant films were measured using the 

conventional steady-state method. The uncertainties in thermopower and electrical 

conductivity were less than 5%, whereas those in thermal conductivity were ~15%. 

Therefore, the uncertainty in ZT was approximately 20%. 
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Table 1. Thermoelectric properties of the freestanding Ba1/3CoO2 single crystalline films 

at room temperature. The data of the previous reports19, 20 are also show for comparison. 

        

 This work Takashima et al.19 Zhang et al.20 

σ (S cm−1) 1,000 2,300 1,100 
S (μV K−1) 73 72 75 

κ (W m−1 K−1) 3.4 3.3 3.2 
ZT 0.047 0.11 0.058 

 

 

 

  



 

Figure 1. Fabrication of freestanding Ba1/3CoO2 single crystalline films. (a) Peeling-off 
procedure of Ba1/3CoO2 epitaxial films. We immersed the film in 40 °C hot water. Several 
tens of minutes later, the amorphous Ba-Al-O layer dissolved in water, and the Ba1/3CoO2 
epitaxial film spontaneously peeled off. (b) Photograph of the as-grown Ba1/3CoO2 epitaxial 
film (~600-nm thick) on the (0001) α-Al2O3 substrate. (c) Photograph of the separation of the 
Ba1/3CoO2 epitaxial film in hot water (40 °C) gives a freestanding Ba1/3CoO2 film. The 
Ba1/3CoO2 epitaxial film floated on the surface of the water similar to seaweed. (d) 
Photograph of the peeled-off Ba1/3CoO2 epitaxial film pasted on a glass substrate. 

  



 

Figure 2. Comparison of the XRD patterns of the Ba1/3CoO2 films before and after peeled-
off. Out-of-plane XRD patterns of (a) the as-grown Ba1/3CoO2 epitaxial film and (c) the 
peeled-off film on the glass substrate. Intense diffraction peaks of 000l Ba1/3CoO2 are seen 
before and after being peeled. Note that there is a substrate peak (*) in (a) but not in (c). Out-
of-plane X-ray rocking curves of the 0002 diffraction peak of (b) the as-grown Ba1/3CoO2 
epitaxial film and (d) the peeled-off film on a glass substrate. FWHM of the rocking curve 
slightly increased after being peeled. 

  



 

Figure 3. Microstructure of the peeled-off Ba1/3CoO2 epitaxial film. (a) Cross-sectional 
HAADF-STEM image. Overall thickness is ~600 nm. (b) Magnified HAADF-STEM image. 
A layered crystal structure composed of alternating CoO2 (blue-filled circle) and Ba (yellow-
filled circle) layers along the c-axis is clearly seen. 

  



 

Figure 4. Thermoelectric properties. Temperature dependence of (a) electrical conductivity 
and (b) thermopower for the Ba1/3CoO2 films before and after peeled-off. The room-
temperature σ of the as-grown Ba1/3CoO2 film was ~1100 S cm−1, while that of after peeled-
off was ~1000 S cm−1. Both films exhibited metallic conductivity. The room-temperature S of 
the as-grown film was +76 μV K−1, while that of the one after being peeled was +73 μV K−1. 
The S values of both films gradually decreased as the temperature decreased, demonstrating 
that the peeling-off treatment does not affect the thermoelectric properties. 

  



 

Figure 5. Measurement setup for the In-plane thermal diffusivity of the freestanding 
Ba1/3CoO2 single crystalline films. (a) Schematic illustration. (b) Photograph of the 
equipment.  

  



 
 

Figure 6. In-plane thermal diffusivity (D) of the freestanding Ba1/3CoO2 single crystalline 
films. The D values were obtained as (Da·Dp)1/2. D of the freestanding Ba1/3CoO2 single 
crystalline films was 1.45 mm2 s−1 at room temperature. Consequently, κ (= Cp·ρ·D) of the 
freestanding Ba1/3CoO2 single crystalline films was ~3.4 W m−1 K−1, which is consistent with 
that of the as-grown film (~3.2 W m−1 K−1). 
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S1. In-plane thermal diffusivity measurement 

We employed a sine wave heating and cooling method using a Peltier device to measure 
the in-plane thermal diffusivity of a sample. A Peltier device is placed to one side of the 
sample. The Peltier device generates a thermal wave that propagates through the 
material. Consequently, a corresponding local temperature wave, T(x, t), is observed at 
position x from the edge of the device at time t. The T(x, t) is determined based on the 
conventional heat conduction theory. 

 𝑐𝑐
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+
2𝛿𝛿
𝑑𝑑

(𝑇𝑇 − 𝑇𝑇0) − 𝜅𝜅
𝜕𝜕2𝑇𝑇
𝜕𝜕𝑥𝑥2

=
𝑄𝑄0𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖

𝑑𝑑
 (S1) 

Where c is the specific heat per sample volume. The second term from the left 
represents the thermal conduction to the heat bath. where δ is the thermal conductance 
per unit area between the Peltier device and the bottom of the sample, d is the sample 
thickness, and T0 is the temperature of the Peltier element surface. The right side 
represents the external heat flux, where 𝑄𝑄0𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖 is the AC heat flux per unit area from 
the Peltier device to the sample. 

A wave-form solution for Eq. S1 is given by, 

 𝑇𝑇(𝑥𝑥, 𝑡𝑡) =  ∆𝑇𝑇(𝑥𝑥) sin�2𝜋𝜋𝜋𝜋𝜋𝜋 − 𝜙𝜙(𝑥𝑥)� + 𝑇𝑇0 (S2) 

The amplitude (∆T) and phase (ϕ) are given by, 

 ∆𝑇𝑇 =
𝑄𝑄0

2𝜔𝜔𝜔𝜔𝜔𝜔�1 + (𝜔𝜔𝜔𝜔)2
𝑒𝑒−𝑘𝑘𝑎𝑎𝑥𝑥 (S3) 

 𝜙𝜙 = 𝑘𝑘𝑝𝑝𝑥𝑥 + 𝜙𝜙0 (S4) 

𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑝𝑝 can be calculated from the amplitude and phase of the observed 

temperature oscillation as 

 𝑘𝑘𝑎𝑎 = −
𝑑𝑑(𝑙𝑙𝑙𝑙∆𝑇𝑇(𝑥𝑥))

𝑑𝑑𝑑𝑑
= −

𝑙𝑙𝑙𝑙∆𝑇𝑇(𝑥𝑥2) − 𝑙𝑙𝑙𝑙∆𝑇𝑇(𝑥𝑥1)
𝑥𝑥2 − 𝑥𝑥1

 (S5) 

 
𝑘𝑘𝑝𝑝 =

𝑑𝑑(𝜙𝜙(𝑥𝑥))
𝑑𝑑𝑑𝑑

=
𝜙𝜙(𝑥𝑥2) − 𝜙𝜙(𝑥𝑥1)

𝑥𝑥2 − 𝑥𝑥1
 

(S6) 

Using the experimental data, ka and kp are obtained, and the frequency dependent 
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thermal diffusivities Da and Dp are given by, 

 𝐷𝐷𝑖𝑖 =
𝜔𝜔

2𝑘𝑘𝑖𝑖2
 (𝑖𝑖 = 𝑎𝑎 and 𝑏𝑏) (S7) 

Finally, the thermal diffusivity (D) is obtained as 

  𝐷𝐷 = �𝐷𝐷𝑎𝑎𝐷𝐷𝑝𝑝 (S8) 

 

Figures S1a and S1b illustrate T (x, t) for a range of x values from 0.1 mm to 0.5 mm, 
corresponding to frequencies of 0.10 Hz and 0.30 Hz.  

 

Figure S1. Time-dependent temperature at four points for ac thermal frequencies of (a) 
0.10 Hz and (b) 0.30 Hz. 

 

To determine the amplitude (∆T) and phase difference (∆ϕ) at various positions and 
frequencies, we employ Eq. S2 and perform fitting procedures. The resulting values of 
∆T and ∆ϕ are then presented as functions of x in Figs S2a and S2b, respectively.  
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Figure S2. The amplitude of the temperature oscillation is represented in (a), and the 
phase is shown in (b) as a function of position x.  

 

The values of Da and Dp obtained from ka and kp are represented as functions of 
frequency in Fig. 6, and the thermal diffusivity D is determined to be 1.45 mm2 s−1. The 
thermal conductivity (κ) was determined using a straightforward equation (𝜅𝜅 = 𝐷𝐷 ∙ 𝜌𝜌 ∙
𝐶𝐶𝑝𝑝), where ρ denotes the density, κ stands for thermal conductivity, and Cp represents 

the specific heat capacity. By using a bulk density (ρ) value of 5.36 g cm−3 and a 
specific heat capacity (Cp) value of 0.44 J g−1 K−1, we calculated the in-plane thermal 
conductivity (κ) to be 3.45 W m−1 K−1.  
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