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Heat conduction in ceramics is attributed to phonon propagation, which can be strongly 

suppressed at boundaries. Usually, polycrystals show lower thermal conductivity (κ) 

than single crystals, as polycrystals contain many grain boundaries. For functional 

applications in thermal management technologies, ceramics with low thermal 

conductivity are required. While grain boundary engineering is effective for reducing κ, 

its utilization is limited by the fact that other functional properties are often damaged. 

Here we show that single-crystalline oxide of InGaO3(ZnO)m with a natural superlattice 

structure exhibits anomalously lower κ than polycrystals. We fabricated single-
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crystalline films of InGaO3(ZnO)m (m = integer), which has a superlattice structure of 

InO2−/GaO(ZnO)m+ stacking along the c-axis with a controllable layer thickness of m. 

We found the κ perpendicular to the superlattices decreased with decreasing m-value, 

and the minimum κ was 1.1 W m−1 K−1 (m = 4, 5), which is lower than randomly-

oriented polycrystalline InGaO3(ZnO)m. On the other hand, the κ parallel to the 

superlattices were similar values with those of polycrystalline. The present finding 

suggests that layer boundaries between different components inside single-crystal could 

also function as thermal resistance, which would be useful for the material design of 

thermal management technologies. 

 
 
Understanding the conduction of heat in ceramics is an essential requirement in functional 

applications in thermal management technologies such as thermoelectrics[1, 2] and thermal 

barrier coatings[3-6]. The ability for a given material to sustain a flow of heat is quantified with 

the thermal conductivity (κ), which is mainly attributed to phonon propagation in case of 

ceramic materials. Since phonon propagation is greatly hindered at crystalline defects 

including impurity, vacancies, and boundaries, the κ of polycrystalline ceramic materials 

monotonically decreases with decreasing grain size due to the presence of grain boundaries, 

where the thermal transport property is quantified with the ratio between the heat flux and 

temperature discontinuity, known as Kapitza resistance (RK)[7, 8]. For this reason, intrinsic 

single crystal κ is always considered as an upper bound for the heat transport properties of a 

given material system. Although controlling the grain size is an effective way to tailor the κ, 

grain boundaries substantially reduce other important functional properties like electrical 

conductivity. Therefore, it is important to search materials with low κ in the single-crystalline 

form. 
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In this regard, the κ of layered structures has attracted significant attention, as they exhibit 

boundaries even in single crystalline forms, which can act as thermal barriers. One example is 

the derivative of perovskite structures, such as Ruddlesden-Popper and Aurivillus phases. 

Anisotropy is expected from the κ of these structures, which was investigated by comparing 

polycrystalline materials with randomly oriented grains and those with high orientation index 

along perpendicular to the layers. The κ values observed from the textured specimen were ~1 

W m−1 K−1 perpendicular to the layers and ~2 W m−1 K−1 parallel to the layers, whereas the κ 

of randomly oriented specimens were in between the two values (along the two directions)[9, 

10]. These values are close to amorphous materials[11] as well as theoretical minimum κ 

values[12, 13], which confirm that inter-layer interface in layered structures effectively hinder 

the propagation of heat. In fact, the lowest κ value in a solid was observed from a layered 

structure, known as the turbostratic disorder. This material system consists of disordered 

layered basal plane crystals and exhibits κ values less than 0.1 W m−1 K−1, which is attributed 

to strongly localized lattice vibrations[14-18]. There were also computational efforts with ab-

initio calculations to quantify the heat conduction across the interfaces, and the results 

indicated that the boundary conductance enhances with increasing interface density[19]. 

 

Clarifying the anisotropy and the role of interfaces are the key in understanding the heat 

conduction in the layered structures. However, most of the studies so far were performed 

using polycrystalline. In single-crystalline layered materials, the boundaries between the 

layers are periodic along a certain direction, and there is only one RK associated with the flow 

of heat. However, in polycrystalline, the flow of heat is affected by two different RK values 

associated with the intra-layer boundaries (parallel to basal planes) and grain boundaries. 

Furthermore, if the grains are randomly oriented (Fig. 1a), the anisotropic heat conduction 

may also affect the resultant interpretation of RK. Therefore, although the conduction of heat 

in ceramics with layered structures behavior has been widely studied, there has been no study 
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that clarifies the anisotropic κ and the role of intra-layer Kapitza resistance in the heat 

conduction of layered structures. 

 

Layered structures/superlattices are mostly synthesized in forms of bulk polycrystalline 

materials[20-23]. However, correctly identifying the anisotropy and the effect of Rk in a layered 

material system requires comparing the given material in single crystalline forms in different 

orientations. Single crystalline layered structure/superlattices are mostly fabricated in forms of 

thin epitaxial films[24], but in this approach, the crystallographic orientation is extremely 

difficult to control, as the layers tend to grow perpendicular to the growth direction. In 

addition, the periodicity of the layered structure should be controllable to correctly analyze 

the RK. Therefore, the major challenge in addressing the fundamental heat conduction in 

layered structure has been finding the right layered material system.  

 

In this study, to investigate the intrinsic κ in single-crystalline layered materials, we focus on 

the homologous phases of InGaO3(ZnO)m (m = integer), which is composed of atomically thin 

InO2
− layers and GaO3(ZnO)m

+ blocks alternately stacked along the c-axis.[20-23] This crystal 

structure is a superlattice of InO2
−/GaO3(ZnO)m

+, and the superlattice period (dSL) changes 

from ~0.87 nm (monolayer GaO3(ZnO)m
+) to infinity as the m-value increases. Thus, the 

interface density can be controlled in this material system[25], and the RK can be clarified by 

modulating the m-value. They can naturally occur at high temperature and mimic the 

orientation of the substrate[25], enabling the orientation control. Furthermore, this material can 

also be synthesized in bulk polycrystalline form, and the κ of single-crystalline films and 

polycrystalline can be compared directly as schematically shown in Figs. 1a and 1b. Several 

studies attempted to examine the thermal transport properties of this material system. 

However, they were limited by the use of randomly-oriented polycrystalline or the presence 

of structural defects like porosities [26-29]. 
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Here we clarify the heat conduction in single-crystalline InGaO3(ZnO)m superlattice. We 

fabricated single-crystalline films of InGaO3(ZnO)m (m = 1−35) in two different orientations 

on YSZ single-crystalline substrates and measured the thermal conductivity by means of time-

domain thermoreflectance (TDTR) method (Fig. 2). The superlattice is grown parallel to the 

substrate surface when (111) YSZ is used, whereas the superlattice is inclined 31.5° from the 

substrate surface when (110) YSZ is used. Using the former film, we directly measured the 

thermal conductivity perpendicular to the superlattice (𝜅𝜅⊥). The observed κ values using the 

latter film can be decomposed into the κ perpendicular to the superlattice (κ⊥) and parallel 

(κ//) to the superlattice. Thus, we extracted the κ// using the following equation[30, 31]: 

𝜅𝜅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = �𝜅𝜅⊥2𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃 + 𝜅𝜅∥2𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 

where 𝜃𝜃 is 31.5°.  

 

As a result, κ⊥ decreased with decreasing m-value and the minimum κ was 1.1 W m−1 K−1 (m 

= 4, 5), which is ~1/3 of the polycrystalline InGaO3(ZnO)m. On the other hand, κ// 

monotonically decreased until m = 5, then plateaued at ~3 W m−1 K−1. The anomalously low κ 

values perpendicular to the superlattice are attributed to the contribution from κ parallel to the 

superlattice and well-oriented InO2
− layers. The thermal Kapitza resistance at the 

InO2
−/GaO(ZnO)m

+ interface was clarified to be 1.76 m2 K GW−1, similar to that of artificial 

superlattices. The present finding refreshes our understandings towards heat conduction in 

layered materials, which would be useful for the material design of thermal management 

technologies. 

 

The InGaO3(ZnO)m (m = 1−35) single-crystalline films were fabricated by the reactive solid-

phase epitaxy (R-SPE) method[25, 32, 33] on (111)- and (110)-oriented yttria-stabilized zirconia 
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(YSZ) single-crystalline substrates. The thicknesses of the resultant InGaO3(ZnO)m films were 

90−250 nm (Table S1 and Table S2). Figures 3a and 3b show the X-ray diffraction (XRD) 

patterns of the InGaO3(ZnO)5 films grown on (a) (111)-oriented YSZ and (b) (110)-oriented 

YSZ substrates. Intense diffraction peaks of 000l InGaO3(ZnO)5 are seen together with 111 

YSZ substrate (*) when the film was grown on (111)-oriented YSZ substrate. On the other 

hand, intense diffraction peaks of 000l InGaO3(ZnO)5 are seen in the off-axis XRD pattern 

when the film was grown on (110)-oriented YSZ, indicating that the superlattice was inclined. 

The incline angle θ was 31.5°. The peak interval (0.521 nm−1) of both samples corresponds to 

the distance between two adjacent InO2
− layers (1.92 nm), indicating that the resultant films 

are single-crystalline InGaO3(ZnO)5. The XRD results for other m-values are summarized in 

Figures S2 and S3. 

 

Atomically flat terraced and stepped surfaces were observed in the topographic atomic force 

microscopy (AFM) image of the InGaO3(ZnO)5 film grown on (111) YSZ substrates (Fig. 3c, 

Supplementary Fig. S4 a−d). On the other hand, stripe patterns were observed in the AFM 

image of the InGaO3(ZnO)5 film grown on (110) YSZ substrates (Fig. 3d, Supplementary 

Fig. S4 e−h). These stripe patterns are due to the terraced and stepped surfaces. These 

observations are consistent with the previous report.  

 

In order to further clarify the superlattice structure, we visualized the atomic arrangement of 

the InGaO3(ZnO)m films by using the high-angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM). Figure 4 summarizes the cross-sectional 

HAADF-STEM image of the InGaO(ZnO)15 single-crystalline film grown on (111) YSZ 

substrate. A superlattice structure composed of InO2
− layers and GaO(ZnO)m

+ blocks are 

periodically seen. The heterointerfaces between the Mo transducer film and the top surface of 

InGaO(ZnO)15 film and the (111) YSZ substrate are atomically sharp, suggesting that the 
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surface/interface roughness does not affect the TDTR measurement. From these results, we 

confirmed that the excellent crystal quality of InGaO3(ZnO)m films for clarifying the 

anisotropic κ and the RK of InO2
−/GaO(ZnO)m

+ interfaces. 

 

Figure 5a shows the thermal conductivity (𝜅𝜅⊥, 𝜅𝜅∥) of the InGaO3(ZnO)m superlattices films as 

a function of the interface density (dSL
−1). Note that all InGaO3(ZnO)m films are electrically 

insulating, and the heat conduction is solely attributed to the phonon transport. The κ-values 

for the random-oriented polycrystalline ceramics of InGaO3(ZnO)m are plotted together for 

comparison. The 𝜅𝜅⊥ values observed from single-crystalline InGaO3(ZnO)m are always lower 

than all of those observed from bulk polycrystalline superlattices, likely because of the higher 

𝜅𝜅∥ values. Despite the presence of grain boundaries, it is surprising to note that the 

polycrystalline values are close to the 𝜅𝜅∥ values. This seemingly suggests that the heat 

conduction InGaO3(ZnO)m in any orientations is dominated by the in-plane component, but 

given that the polycrystalline values are highly scattered and from other studies, it is difficult 

to directly comment on this anomalous behavior. Initially, the κ of the single-crystalline 

InGaO3(ZnO)m films monotonically decreases with increasing dSL
−1 until dSL

−1 reaches 0.505 

nm−1 (dSL = 2.0 nm). The κ then increases when the dSL
−1 is greater than 0.505 nm−1, and the 

hindrance of heat conduction at the interface is decreasing. Similar trend is also seen in the 

case of random-oriented polycrystalline ceramics, but the changes in κ is not as drastic as 

those observed from single-crystalline films. The minimum κ was 1.1 W m−1 K−1 (m = 4, 5), 

approximately one third of polycrystalline InMO3(ZnO)m
[34-37]. This surprising result indicates 

that well-oriented InO2
− layers in single-crystalline InGaO3(ZnO)m superlattice are more 

effective in reducing the κ compared to the case of polycrystalline InGaO3(ZnO)m. One 

previous study reported a higher κ value for amorphous InGaZnO4 (1.4 W m−1 K−1)[38], but 

our own assessment for amorphous InGaZnO4 turned out to be 0.7 W m−1 K−1[39]. On the 
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other hand, the 𝜅𝜅∥ values monotonically decrease until m = 5, then reach a plateau at ~3 W 

m−1 K−1. This indicated that the dominant phonon scatterings mechanism along the parallel 

direction switches from diffuse to specular scattering[40]. Usually, specular scattering is 

difficult to experimentally observe along the in-plane direction in superlattices due to the 

existence in various defects at interfaces[41-43]. This confirms that the interfaces in our 

InGaO3(ZnO)m single crystalline films are highly pristine.  

 

We then analyzed the 𝜅𝜅⊥ results by plotting the thermal resistivity (R = 𝜅𝜅⊥−1) as a function of 

the dSL
−1 (Fig. 5b). Two straight lines A (solid) and B (dotted) could be identified from the 

InGaO3(ZnO)m single-crystalline films, which intersected at dSL = 2.0 nm. When dSL was 

longer than 2.0 nm (m ≥ 5), R increased proportionally with the dSL
−1. In this regime, the 

following equation describes the relationship between R and dSL:  

1
0 K SLR R R d −= + ⋅   

where R0 is the κ−1 of the GaO(ZnO)m
+ block (m = ∞). The RK at InO2

− layers and the κ of 

GaO(ZnO)m
+ block (m = ∞) were calculated to be 1.76 ±0.06 m2 K GW−1 and 20.9 W m−1 

K−1, respectively. Despite being atomically thin, the RK of InO2
− layer is much higher than the 

RK of artificially created interfaces between dissimilar materials.[44] This is likely due to the 

difference between the atomic mass (Zn, Ga, In) and the effective spring constants of the 

atomic bonds, which result in discrepancy in the vibrational density of states between 

GaZnO2
+ and InO2

−. This creates discontinuity in the vibrational DOS at the interface, which 

causes diffuse scattering. Once the dSL
−1 exceeds 2.0 nm, R monotonically decreased with 

increasing dSL
−1 (m < 4, Line B of Fig. 5b). The RK calculated from the random-oriented 

polycrystalline InGaO3(ZnO)m (m ≥ 5) was only 0.46 m2 K GW−1, which is similar to that 

obtained from previous studies [20-23]. In the polycrystalline phases, it is clear that the heat flux 

parallel to the layers is greater than that across the InO2
−/GaO(ZnO)m

+ interfaces. This reduces 
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the R values measured from the polycrystalline superlattices compared to the single 

crystalline values. Therefore, the RK calculated from polycrystalline superlattices is 

significantly underestimated than that calculated from single-crystalline superlattices. 

 

These results also show that the InO2
− interfaces do not always increase the thermal 

resistance. The crossover between lines A and B in Fig. 5b as well as the sudden change in RK 

represent a change in the nature of scattering mechanism dominating the heat conduction from 

incoherent to coherent phonon scattering, which was also reported in artificial superlattices[24]. 

Most of the phonons in GaO(ZnO)m
+ blocks are diffusely scattered at the InO2

−/GaO(ZnO)m
+ 

interface due to the discontinuity in the phonon density of states (DOS) from the mismatch 

between the force constants associated with the atomic bonds, which significantly suppresses 

the heat conduction. Once dSL reaches a certain threshold, diffuse scattering processes no 

longer affect the overall heat conduction as they are all blocked at the InO2
- interfaces. In this 

case, the heat conduction is dominated by long-wavelength phonons that maintain their 

momentum as well as phase through propagation[45]. These phonons are not diffusely 

scattered at interfaces and mainly affected by the wave-like nature of phonons. With 

increasing number of atomic planes between adjacent InO2
−/GaO(ZnO)m

+ interfaces, the 

phonon band folding decreases the phonon group velocity due to the opening of phonon band 

gaps at the edges of mini-Brillouin zones[24, 46]. Therefore, as the interface density increases, 

the Brillouin zone will expand, and the abovementioned gaps at the zone edge will close, 

which increases the group velocity and the thermal conductivity. The interface scattering (line 

A) represents the particle-like (diffusive) nature of phonons while the group velocity reflects 

the wave-like nature (specular) of phonons (line B).  

 

According to Fig. 5, the crossover between the particle-like (diffuse) and wave-like (specular) 

phonon behaviors occurs at dSL = 2.0 nm, which likely corresponds to the phonon coherence 
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length of InGaO3(ZnO)m. Regardless of the directions  (𝜅𝜅⊥, 𝜅𝜅∥), when the dSL is shorter than 

the phonon coherence length, the phonon propagation is dominated by the wave-like nature 

and the heat conduction becomes coherent. In other words, the phonon transport properties 

become coherent below m = 5[24, 46]. On the other hand, if dSL is longer than the coherence 

length, the wave-like characteristics of phonons are suppressed, and the phonon scattering 

becomes diffusive, which is incoherent. This phenomenon was predicted and observed from 

alternatively stacked layers consist of multi-atomic planes[24], but our results demonstrate that 

the same heat conduction mechanism is valid for superstructures with atomically thin layers 

as well. This provides an interesting insight on utilizing the properties of these structures. For 

designing a better thermal conductor, it is trivial that the interfaces need to be avoided. 

However, interface density densities need to be adequately controlled for achieving the 

minimum thermal conductivity. 

 

In summary, we observed an ultralow thermal conductivity κ (~1 W m−1 K−1) in single 

crystalline InGaO3(ZnO)m superlattices, which is lower than random-oriented polycrystalline 

materials. This unexpected behavior is attributed to the presence of large Kapitza resistance 

RK at interfaces arranged in an atomic scale. Furthermore, the thermal resistance is strongly 

dependent on the layer thickness due to the phonon coherent length of InGaO3(ZnO)m. A 

minimum κ of 1.1 W m−1 K−1 (m = 4, 5) is obtained, which is approximately 1/3 of the 

polycrystalline ceramic InGaO3(ZnO)m. Along the parallel direction, 𝜅𝜅∥ exhibited a decreasing 

tendency with decreasing m values, then plateaued when dSL matched the phonon coherence 

length, indicating a change in the main scattering mechanism from diffuse to specular 

scattering. In both directions, the change in the scattering mechanism occurred when dSL 

became comparable to the phonon coherent length. The present results showed that the 

intrinsic Kapitza resistance in superlattices can be more effective in reducing κ then grain 

boundaries in certain material systems. The fundamental heat transport characteristics of 
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InGaO3(ZnO)m could be essential for implementing this class in materials for advanced 

thermal management technologies. 

 
Experimental Section 

Single-crystalline film growth of InGaO3(ZnO)m: The InGaO3(ZnO)m (m = 1−35) single 

crystalline films were fabricated by the reactive solid-phase epitaxy (R-SPE) method[25, 32, 33] 

on (111)- or (110) oriented yttria-stabilized zirconia (YSZ) single crystalline substrate. Firstly, 

ZnO film was heteroepitaxially grown on (111)- or (110)- surface of YSZ at 600 °C. Then, 

the film was cooled to room temperature, and amorphous InGaO3(ZnO)m were deposited on 

the ZnO film. The bilayer film was heated up to 1400 °C in air for 30 min while the film was 

fully covered by another YSZ plate to suppress the vaporization of ZnO. The m-value was 

adjusted by controlling the ZnO thickness and the m-value of amorphous InGaO3(ZnO)m 

thickness ratio. Detailed descriptions about our R-SPE method were published elsewhere[25, 32, 

33]. 

 

Structural analyses of the films: High resolution X-ray diffraction (HRXRD, Cu Kα1 

radiation, ATX-G, Rigaku Co.) was used to measure the thickness, the superlattice period 

(dSL), m-value, and the average tilt angle of the resultant InGaO3(ZnO)m films. An atomic 

force microscopy (AFM, Nanocute, Hitachi-Hightechnol. Co.) was used to observe the 

surface morphology of the films. High-angle annular dark field (HAADF) scanning 

transmission electron microscopy (STEM) was used to observe the atomic arrangement of the 

films. 

 

Thermal conductivity measurement of the films: The thermal conductivity κ was calculated 

from κ = α·Cp·ρ, where α is the thermal diffusivity, Cp is the specific heat capacity, and ρ is 

the density of the sample, respectively. The out-of-plane α of the R-SPE grown single 
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crystalline InGaO3(ZnO)m films were measured by the time-domain thermoreflectance 

(TDTR, Front heating/Front detection mode−Mirror image method, PicoTR, PicoTherm 

Co.[47]) method at room temperature (Fig. 2, Supplementary Fig. S1). Sputtered Mo films 

(thickness: ~100 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). The obtained thermoreflectance signals were analyzed with a software 

package provided by the manufacturer (PicoThem Co.[47]). For more details of our TDTR 

measurement, see Supplementary Fig. S1 and the explanation. 

 

Supporting Information 
Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Difference in the heat conduction for the thermodynamically formed (a) 
polycrystalline and (b) single-crystalline superlattices. In the case of randomly oriented 
polycrystalline superlattices (a), thermal transport predominantly occurs parallel to the layers 
where continuous phonon propagation is allowed in the long wavelength limit.  This does not 
strongly suppress the conduction of heat. On the other hand, in the case of single crystalline 
superlattices (b), heat conduction requires multiple phonon conversions (particle-like) or 
partial transmissions and partial reflections (wave-like) at many interfaces, leading to 
discontinuous phonon propagation. Therefore, all phonons experience significant scatterings 
from the interfaces, i.e., diffusive scattering from the former and specular scattering from the 
latter, and the conduction of heat is strongly suppressed (Kapitza resistance). 
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Figure 2. Approach to measure the anisotropy of thermal conductivity for superlattices. (a) 
Schematic optical arrangement of the time-domain thermoreflectance measurement. The 
decay of reflectance signal of probe laser was measured using a Mo film as the transducer 
deposited on the surface of InGaO3(ZnO)m films. (b)(c) Schematic crystal structure of 
InGaO3(ZnO)4 grown on (b) (111) YSZ substrate and (c) (110) YSZ substrate. We extracted 
thermal conductivity along the layer (κ//) using the thermal conductivity values of κ┴ from (b) 
and κobsd from (c). The θ value is 31.5°. 
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Figure 3. X-ray diffraction analyses of the superlattices. (a) Out-of-plane XRD pattern of the 
resultant InGaO3(ZnO)5 film on (111) YSZ substrate. Intense diffraction peaks of 000l 
InGaO3(ZnO)m are seen together with 111 YSZ substrate (*). (b) Off-axis XRD pattern of the 
resultant InGaO3(ZnO)5 film on (110) YSZ substrate. Intense diffraction peaks of 000l 
InGaO3(ZnO)m are seen when θ = 31.5°. The peak interval (0.521 nm−1) corresponds to the 
distance between two adjacent InO2

− layers (1.92 nm). (c)(d) Topographic AFM images of 
InGaO3(ZnO)5 film on (c) (111) YSZ substrate and (d) (110) YSZ substrate. The scale bar is 
500 nm. 
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Figure 4. Atomic arrangement of the superlattices. (a−c) Cross-sectional HAADF-STEM 
images of the resultant InGaO3(ZnO)m film (m = 15) grown on (111) YSZ single crystal 
substrate. Brighter lines of one-atomic-layer thickness periodically present, corresponding to 
InO2

− layers. (a) atomic structure of the layered structure (scale bar = 1 nm). (b) the bottom 
part (scale bar = 5 nm) and (c) the top part of the film (scale bar = 5 nm). (d) Selected area 
electron diffraction pattern of the InGaO3(ZnO)m film.  
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Figure 5. Anomalously low thermal conductivity perpendicular (⊥) to the superlattices. (a) 
Thermal conductivity (κ) of the resultant InGaO3(ZnO)m films (κ┴: perpendicular to the 
superlattice, κ//: parallel to the superlattice) as a function of the interface density, dSL

−1. The κ-
values for randomly-oriented polycrystalline ceramics of InGaO3(ZnO)m (gray squares: m = 
1−9[48]) are also plotted for comparison. The thermal conductivity values of random ceramics 
are similar to those of κ//, indicating that the phonon propagation parallel to the superlattice 
dominates the heat conduction of random ceramics. The errors, which came from the noise of 
the TDTR signal, ranged from 5 – 15 % but omitted since they were often smaller than the 
size of the symbol. (b) Thermal resistivity plots as a function of the interface density, dSL

−1. 
Two straight lines A and B could be drawn to indicate the crossover of incoherent to coherent 
phonon propagation (see text for the detail). The dSL at the crossover point between the line is 
2.0 nm. The Kapitza resistance and the thermal conductivity of GaO(ZnO)m

+ block (m = ∞) 
were extracted to be 1.76 m2 K GW−1 and 20.9 W m−1 K−1, respectively. 
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Anomalously low heat conduction in perpendicular to the single-crystal natural superlattice 
InGaO3(ZnO)m was found. The thermal conductivity (κ) was only 1.1 W m−1 K−1, ~1/3 of 
randomly-oriented polycrystals of InGaO3(ZnO)m. The large difference in κ was due to the 
large κ parallel to the natural superlattice. The present results would be useful for the material 
design of thermal management technologies. 
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Table S1. Summary of the thermal conductivity measurement of the InGaO3(ZnO)m films 
grown on (111)-oriented YSZ substrates. m-values, film thickness (t), the superlattice periods 
(dSL)(obsd.: observed, calcd.: calculated), the density (ρ), the specific heat capacity (Cp), 
thermal diffusivity (α), thermal conductivity (κ), Kapitza resistance at the Mo/InGaO3(ZnO)m 
interface (RK-Mo/Film), and InGaO3(ZnO)m/YSZ interface (RK-Film/Substrate) are listed.  

m-value 1 2 4 5 7 
t (nm) 91 278 143 177 217 
dSL obsd. (nm) 0.8749 1.137 1.659 1.921 2.438 
dSL calcd. (nm) 0.8658 1.126 1.6452 1.9050 2.4246 
ρ (g·cm−3) 6.404 6.239 6.036 5.987 5.922 
Cp 
(J·kg−1·K−1) 441 459 479 486 494 

α (m2·s−1) 5.88 × 10−7 5.20 × 10−7 3.80 × 10−7 3.81 × 10−7 4.17 × 10−7 
κ 
(W·m−1·K−1) 1.65 1.50 1.10 1.10 1.20 

RK-Mo/Film  
(m2·K·GW−1) 2.20 × 10−9 1.0 × 10−9 1.0 × 10−9 4.0 × 10−9 1.0 × 10−9 

RK-Film/Substrate  
(m2·K·GW−1) 1.0 × 10−9 1.0 × 10−9 1.0 × 10−9 1.0 × 10−9 1.0 × 10−9 

 
m-value 10 15 35 
t (nm) 223 261 200 
dSL obsd. (nm) 3.219 4.358 10.01 
dSL calcd. (nm) 3.204 4.503 9.699 
ρ (g·cm−3) 5.867 5.817 5.753 
Cp  
(J kg−1·K−1) 502 510 520 

α (m2·s−1) 5.64 × 10−7 6.74 × 10−7 1.6 × 10−6 
κ 
(W·m−1·K−1) 1.65 2.00 4.80 

RK-Mo/Film  
(m2·K·GW−1) 1.0 × 10−9 1.0 × 10−9 3.0 × 10−9 

RK-Film/Substrate  
(m2·K·GW−1) 1.0 × 10−9 1.0 × 10−9 1.0 × 10−9 
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Table S2. Summary of the thermal conductivity measurement of the InGaO3(ZnO)m films 
grown on (110)-oriented YSZ. m-values, film thickness (t), the superlattice periods 
(dSL)(obsd.: observed, calcd.: calculated), the density (ρ), the specific heat capacity (Cp), 
thermal diffusivity (α), thermal conductivity (κ), Kapitza resistance at the Mo/InGaO3(ZnO)m 
interface (RK-Mo/Film), and InGaO3(ZnO)m/YSZ interface (RK-Film/Substrate) are listed.  

m-value 2 3 4 5 14 
t (nm) 169 94 112 102 66 
dSL obsd. (nm) 1.1284 1.3981 1.6689 1.8966 4.4303 
dSL calcd. (nm) 1.1256 1.3854 1.6452 1.905 4.2432 
ρ (g·cm−3) 6.239 6.105 6.036 5.987 5.825 
Cp 
(J·kg−1·K−1) 459 471 479 486 508 

α (m2·s−1) 6.98 × 10−7 6.26 × 10−7 6.27 × 10−7 6.53 × 10−7 1.52 × 10−6 
κ 
(W·m−1·K−1) 2.0 1.8 1.8 1.9 4.5 

κ// 
(W·m−1·K−1) 3.01 2.97 2.97 3.27 7.19 

RK-Mo/Film  
(m2·K·GW−1) 5.0 × 10−9 4.0 × 10−9 7.0 × 10−9 8.0 × 10−9 1.5 × 10−8 

RK-Film/Substrate  
(m2·K·GW−1) 1.0 × 10−9 1.0 × 10−9 1.0 × 10−9 2.0 × 10−9 1.0 × 10−9 

 
m-value 15 
t (nm) 70 
dSL obsd. (nm) 4.7621 
dSL calcd. (nm) 4.503 
ρ (g·cm−3) 5.817 
Cp  
(J kg−1·K−1) 510 

α (m2·s−1) 1.28 × 10−6 
κ 
(W·m−1·K−1) 3.8 

κ// 
(W·m−1·K−1) 5.67 
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Figure S1. Thermal conductivity measurement from the TDTR method. (a) The thermal 
diffusivity (α) of the single crystalline InGaO3(ZnO)m films in the cross-plane direction 
(perpendicular to the superlattice) was measured by the time-domain thermoreflectance 
(TDTR, PicoTR, PicoTherm Co.[46]) method at room temperature. Sputtered Mo films 
(thickness: ~100 nm) were used as the 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). (b) Specific heat of InGaO3(ZnO)m. Red circle: observed using the ceramic 
samples, white circle: calculated by using the following equation, the solid line: fitted by 
using the calculated values.  

2 3 2 3 2 3 2 3
1

N

P Pi i P In O In O P Ga O Ga O P ZnO ZnO
i

C C f C f C f C f
=

= ⋅ = ⋅ + ⋅ + ⋅∑   

, where fi is the mass fraction of i-component. In order to simulate the observed data, we used 
the following Cp values [In2O3: 357 J·kg−1·K−1,[48] Ga2O3: 490 J·kg−1·K−1,[49] ZnO: 528 
J·kg−1·K−1 [50]] Since the calculated Cp values well reproduce the observed values, we used the 
calculated Cp values for the thermal conductivity calculation.  
 
The temperature of the Mo transducer film at time (t) (TFF (t)) is given the following 
equations: 
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, where bf is thermal effusivity (= Cp·ρ·α0.5), γ is the multiplication coefficient for the 
amplitude of the virtual heat sources, τf is the heat diffusion time across the film, d is the film 
thickness, respectively. The results are listed in Supplementary Table S1. 
 
The α of the randomly-oriented polycrystalline InGaO3(ZnO)m (m = 1, 2, 5, and 20) ceramics 
were measured by the laser flash method at room temperature. The relative density of the 
ceramics were 94.6% for m = 1, 90.6% for m = 2, 92.9% for m = 5, and 98.1% for m = 20, 
respectively.  
 
The Cp of the InGaO3(ZnO)m (m = 1, 2, 5, and 20) was measured by the differential scanning 
calorimetry (DSC) at room temperature. The results are listed in the following table. 
m-value 1 2 5 20 
Cp (J·kg−1·K−1) 438 454 499 529 

 
We also calculated the CP using the following equation: 

2 3 2 3 2 3 2 3
1

N

P Pi i P In O In O P Ga O Ga O P ZnO ZnO
i

C C f C f C f C f
=

= ⋅ = ⋅ + ⋅ + ⋅∑   

, where fi is the mass fraction of i-component. In order to simulate the observed data, we used 
following Cp values [In2O3: 357 J·kg−1·K−1,[48] Ga2O3: 490 J·kg−1·K−1,[49] ZnO: 528 J·kg−1·K−1 

[50]].  
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The ρ of the InGaO3(ZnO)m (m = 1, 3, 4, 5, 7, 10, 15, and 35) were calculated from the 
following equation: 

2

2
3A SL

MW
N d a

ρ =
⋅ ⋅

  

, where MW is the molecular weight of InGaO3(ZnO)m, NA is Avogadro constant, dSL is the 
superlattice period, and a is the a-axis lattice parameter, respectively. The dSL of 
InGaO3(ZnO)m is given by the following equation:[51] 

 ( 1)SLd p q m r= + + −    
where p is the thickness of the InO2

− layer, q is the thickness of the (Zn/Ga)O layer, and r is 
the thickness of the ZnO layer. For InGaO3(ZnO)m, p+q was 0.8658 nm, and r was 0.2598 
nm. The a-axis lattice parameter of InGaO3(ZnO)m was obtained by the exponential fitting of 
the reported values[52] as a function of m−1. 

 
1( / 0.18383)0.32957 0.00481 ma e
− −= −  

The obtained a-axis lattice parameters were 0.3295 nm for m = 1, 0.3288 nm for m = 3, 
0.3283 nm for m = 4, 0.3279 nm for m = 5, 0.3274 nm for m = 7, 0.3268 nm for m = 10, 
0.3262 nm for m = 15, and 0.3255 nm for m = 35, respectively. Using the a-axis lattice 
parameters and the dSL, we theoretically calculated the density of InGaO3(ZnO)m films. The 
results are listed in Supplementary Table S1. 
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Figure S2. Out-of-plane XRD patterns of the resultant InGaO3(ZnO)m films grown on (111)-
oriented YSZ substrates. m-values are (a) 1, (b) 3, (c) 4, (d) 5, (e) 7, (f) 10, (g) 15, and (h) 35. 
Intense diffraction peaks of 000l InGaO3(ZnO)m ( | ) are seen together with 111 YSZ substrate 
(*) though tiny amount of the impurity phase was detected (■) in (a). 
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Figure S3. Off-axis XRD patterns of the resultant InGaO3(ZnO)m films grown on (110)-
oriented YSZ substrates. m-values are (a) 2, (b) 3, (c) 5, and (d) 14. Intense diffraction peaks 
of 000l InGaO3(ZnO)m are seen when θ is 31.5°. 
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Figure S4. Topographic AFM images of the InGaO3(ZnO)m superlattice films. (a−d) 
InGaO3(ZnO)m films grown on (111)-oriented YSZ substrate. m-values are (a) 3, (b) 5, (c) 7, 
and (d) 15 (1 μm × 2 μm). Atomically flat terraces and steps are seen in all cases. e−h, 
InGaO3(ZnO)m films grown on (110)-oriented YSZ substrate. m-values are (e) 2, (f) 3, (g) 5, 
and (h) 14 (1 μm × 2 μm). Stripe patterns are seen in all cases. 
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