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ABSTRACT 

Introducing defects is one of the promising approaches for enhancing thermoelectric property. In 

this study, we substantially reduce thermal conductivity while maintaining a high thermoelectric power 

factor (PF) by selectively manipulating O2- anion in domain-engineered SnO2 with conduction and 

valence bands mainly composed of Sn5s and O2p orbitals, respectively. Ion implantation can generate O 

defects more easily than Sn defects, resulting in a small impact on Sn5s conduction band and the formation 

of O defect resonant level. The lattice thermal conductivity of the Arsenic-implanted epitaxial SnO2 films 

with the manipulated O2- anions (2.6 Wm-1K-1) is approximately half that of Sb-doped films without them 

(4.7 Wm-1K-1), while the maximum PF of Arsenic-implanted epitaxial SnO2 films remains relatively high 

owing to the high Seebeck coefficient originating from an effective mass increase. This selective O2- anion 

manipulation is an outstanding methodology of selectively causing thermal conductivity reduction while 

maintaining high PF. 
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INTRODUCTION 

Thermoelectric (TE) conversion, which allows us the reuse of wasted heat as electrical energy, 

has drawn significant global attention in the world requiring energy-harvesting [1, 2] and energy-saving 

techniques [3]. TE conversion efficiency increases monotonically with dimensionless figure-of-merit zT 

(=S2T-1), where S is Seebeck coefficient,  is electrical conductivity,  is thermal conductivity, and T 

is absolute temperature. The interdependent relationship among the three TE parameters has prevented 

the acquisition of high zT [4-16]. Furthermore, in terms of social application compatibility, high-

performance TE materials composed of low-cost and non-toxic elements are required. 

 Introducing defects is one of the promising approaches for zT enhancement [17-21]. Numerous 

studies have reported that the increase of defect phonon scattering drastically reduced  [17-20]. However, 

S2 usually becomes low due to defect carrier scattering. In recent years, some studies have reported that 

the resonant level formed by defect introduction enhanced the effective mass m*, leading to high S [21, 

22]. Defect selectivity is important for enhancing S while suppressing the decrease of mobility . For 

example, the defect resonant level must be so close to the conduction band minimum that it can hybridize 

with the conduction band [23]. In addition, the atoms composing the carrier conduction band should be 

undamaged [24, 25] to avoid deterioration which is unrelated to the resonant level effect.  

In the case of oxide semiconductor crystals, which usually exhibit n-type behavior, the O2- anion 

and metal cation orbitals mainly form valence and conduction bands, respectively. O defect is considered 

to likely make a small impact on electron conduction than the cation defect. On the other hand, if the O 

defect level is close to the conduction band minimum, the O defect resonant level can be formed, 

increasing m*. Therefore, selectively manipulating the O2- anion can increase S while suppressing a  

decrease.  However, no studies on TE have achieved this for oxide TE crystals.  

 In 2021, with the aim toward the transparent TE power generation, we simultaneously realized 

high  and relatively-low  (5.1 Wm-1K-1) in transparent single-crystalline SnO2 films with a thickness of 
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~120 nm composed of low-cost and non-toxic elements through domain engineering [26], that is, the 

introduction of nanoscale interface with low defect areal density by controlling substrate symmetry [26, 

27]. In such single-crystalline materials with less defects, drastic  reduction is difficult unless hetero-

nanostructures are introduced. Actually, the introduction of ZnO layers into single-crystalline SnO2 films 

with a thickness of ~240 nm reduced  up to 3.2 Wm-1K-1 [28]. However, the S2 of the single-crystalline 

SnO2 films containing ZnO layers were half those of the films without hetero-nanostructures. Therefore, 

it is demanded to establish the methodology of drastically reducing  while maintaining a high 

S2comparable to single-crystalline SnO2 films.  

 In this study, we substantially reduce  while maintaining a  high S2by selectively manipulating 

the O2- anion in domain-engineered SnO2 with conduction and valence bands mainly composed of Sn5s 

and O2p orbitals, respectively (Figure 1). The ion implantation brought the selective O2- anion 

manipulation, which has not been focused on in ever reported papers although some previous studies have 

attempted to control TE properties through ion implantation [29-31]. We expect that ion implantation can 

generate O defects (O vacancy introduction or anion displacement) more easily than Sn defects because 

lighter elements are more easily manipulated. The lattice thermal conductivity lat of Arsenic (As)-

implanted epitaxial SnO2 films with manipulated O2- anions (2.6 Wm-1K-1) was approximately half that 

of Sb-doped films without them (4.7 Wm-1K-1), while the maximum S2 of As-implanted epitaxial SnO2 

films remained relatively high owing to the high S originating from the m* increase. This O2- anion 

manipulation is an outstanding methodology of selectively causing  reduction while maintaining high 

S2 in oxide TE materials. 
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Figure 1. Schematic of TE property enhancement in an epitaxial SnO2 film via selective O2- anion 

manipulation. Selectively-manipulating O2- anion (O vacancy introduction or anion displacement) 

forming valence band (O2p) can cause phonon scattering. Then, O defect resonant level increases m*, 

leading to S enhancement.  

 

METHOD 

Epitaxial SnO2 films/r-Al2O3 substrates were grown using pulsed laser deposition. As implantation 

was performed because of its lighter atomic mass and smaller radius than Sn, which brings large  

reduction. The epitaxial SnO2 films were doped with As in the dose amount range of 2×1013-2×1015 cm-2 

using ion implantation. As a result, the epitaxial SnO2 films were composed of doped (58 nm) and 

undoped layers. The sample information is described in Supporting Information 1. The thickness of the 

As-implanted sample was measured using cross-sectional scanning electron microscopy (SEM) with a 10 

keV incident electron beam. The crystal structure was analyzed using X-ray diffraction (XRD) with a Cu 

K line (wavelength: 0.15406 nm). Then, the XRD peaks were assigned with the crystal information of 

SnO2 (tetragonal and P42/mnm).  The XRD pole figure measurement was conducted under the condition 

that the tilt angle  ranged from 0-75º and the rotation angle  ranged from 0-360º. The analysis for defect 

formation was performed using Raman spectroscopy (laser wavelength: 532 nm) and X-ray photoelectron 

spectroscopy (XPS). Nanoscale structural observation was performed using high-resolution transmission 

electron microscopy (HRTEM) with a 200 keV electron beam in the incident direction of <12
-

10>Al2O3. 
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SEM observation, XRD pole figure measurement, Raman spectra measurement, XPS measurement, and 

HRTEM observation were conducted on the As-implanted sample with the dose amount of 1×1014 cm-2 

as the representative sample. The , carrier concentration n, and S along the in-plane direction were 

obtained using the van der Pauw method, Hall effect measurement, and ZEM-3 (Advance Riko Inc.), 

respectively. The contribution of the undoped SnO2 layer to electrical conduction was evaluated on the 

basis of the parallel conduction model, confirming that the contributions of the undoped SnO2 layers were 

negligible. Therefore, we plotted the measured data, which we considered not to include the contributions 

of the undoped SnO2 layers. The out-of-plane of the undoped and doped samples were measured using 

the time domain thermoreflectance (TDTR) and 2 methods (Supporting information 2) [32, 33], 

respectively. For the As-implanted samples, the out-of-plane of the As-implanted layer was extracted 

via fitting analyses (Supporting information 2). In both  measurements, Mo transducer films with a 

thickness of ~200 nm were deposited on the samples to detect TR signal. In 2 method, the  

measurement was performed using the interfacial thermal resistances of Mo/SnO2 film and SnO2 film/r-

Al2O3 measured by TDTR. 

 

RESULTS AND DISCUSSION 

Structural analysis 

Figure 2a shows a photograph of the As-implanted sample. The characters of “Osaka Univ.” can 

be clearly observed. This indicates that the As-implanted sample has high optical transmittance, 

highlighting its high potential as a transparent TE material. The cross-sectional structures of SnO2 films 

were observed using SEM (Figure 2b).The dark and bright regions are considered to correspond to Al2O3 

substrates and SnO2 films, respectively. This reveals the growth of SnO2 films with the thickness of ~120-

150 nm. 
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 XRD measurement was performed to analyze the crystal structures of the samples. Figure 2c 

shows the XRD 2- scans of an undoped sample and three conventional As-implanted samples with 

different dose amount (1×1014, 8×1014, and 2×1015 cm-2). In all the samples, the XRD peaks coming from 

(101)SnO2, (1
-

012)Al2O3 and (2
-

024)Al2O3 appeared at the 2 of ~33.9º, ~25.6º and ~52.5º, respectively. No 

shift of the XRD peaks coming from (101)SnO2 was observed in any samples, indicating no lattice constant 

change. Thus, it was found that the crystal structures of the samples were maintained even after As 

implantation. To confirm the epitaxial growth of the As-implanted samples, we obtained an XRD pole 

figure at the fixed 2 of ~26.6º, corresponding to {110}SnO2, as shown in Figure 2d. The XRD pole figure 

revealed that there were two peaks at the  of ~70º although there should be four peaks in the case of 

epitaxial SnO2 films/r-Al2O3 substrates, which correspond to two epitaxial relationships: the relationship 

of (101)SnO2//(1
-

012)Al2O3 with [010]SnO2//[12
-

10]Al2O3 and that rotated by 180º with respect to the [1
-

012]Al2O3 axis. This is explained by the tilted growth, as reported in the previous studies [34, 35]. Anyway, 

it was found that SnO2 films were epitaxially grown on r-Al2O3 substrates. The Sb-doped samples formed 

using the Sb-doped SnO2 target in our previous study [26] also had no lattice change and the same epitaxial 

relationship as the As-implanted samples. 

Raman spectroscopy measurements were performed to analyze defect formation in the samples. 

Figure 2e shows the Raman spectra of the undoped, As-implanted, and Sb-doped samples. The Raman 

spectra of all the samples displayed peaks around 574 cm-1 (A1 mode [36]) although the intensity of the 

peak in the As-implanted samples was low owing to the surface damage coming from ion implantation. 

Through Gaussian fitting analyses, it was found that the peak of the As-implanted sample (~584 cm-1) 

was slightly blue-shifted compared with those of the undoped (~582 cm-1) and Sb-doped samples (~582 

cm-1). The previous study reported that the blue-shift of the A1 mode could be attributed to the reduction 

of SnO2 [36]. Therefore, the composition of the As-implanted samples likely differed from those of the 

other samples. For As-implanted sample, a significant additional peak appeared around 650 cm-1. In a 
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previous theoretical study, the peak around 650 cm-1 appeared in SnO2 crystals with O vacancy [37]. 

Therefore, the observed peak around 650 cm-1 in the As-implanted sample is likely attributed to O vacancy. 

On the other hand, the As-implanted sample did not exhibit a peak coming from the Sn vacancy around 

670 cm-1 unlike the previous theoretical study on SnO2 crystals with Sn vacancy [37]. The results indicate 

that the As-implanted samples had a larger number of O vacancies than the other samples, which is 

consistent with the XPS results (Supporting Information 3), and the As-implanted samples did not have 

Sn vacancies. That is, the As-implanted samples had selectively-manipulated O2- anions. The fact that 

these O2- anions did not alter the Sn state was revealed by XPS measurement (Supporting Information 3). 
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Figure 2 (a) Photograph of the As-implanted sample. (b) Cross-sectional SEM image of the As-implanted 

sample. (c) XRD 2- scans of the undoped and As-implanted samples with the dose amount of 1×1014, 

8×1014, and 2×1015 cm-2. The peaks at the 2 of ~33.9º, ~25.6º and ~52.5º come from (101)SnO2, (1
-

012)Al2O3 and (2
-

024)Al2O3, respectively. The peaks originating from Cu K are denoted by the cross marks. 

(d) XRD pole figure of the As-implanted sample with the dose amount of 1×1014 cm-2. (e) Raman spectra 

of the undoped, Sb-doped, and As-implanted (dose amount of 1×1014 cm-2) samples. The broken lines and 

the solid arrow denote the positions of the peaks originating from the A1 mode and O vacancy, respectively. 

 

The nanoscale structures of the As-implanted samples were observed using cross-sectional 

HRTEM. Figure 3a shows a low-magnification TEM image. The SnO2 films had a number of stacking 
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faults with the average spacing of ~22 nm. In other words, the SnO2 film was composed of a crystal 

domain structure with an average size of ~22 nm. The crystal structures were identified by fast Fourier 

transform (FFT) analyses. Figures 3c and d are the FFT patterns of regions A and B in the high-

magnification HRTEM image (Figure 3b), respectively. The FFT patterns of the regions A and B 

corresponded to the theoretical ones of Al2O3 and SnO2, respectively. This reveals that the SnO2 film was 

grown on r-Al2O3 substrate with the epitaxial relationship of (101)SnO2//(1
-

012)Al2O3 with [010]SnO2//[12
-

10]Al2O3 out of the aforementioned two epitaxial relationships. The XRD and atomic force microscopy 

results of the Sb-doped SnO2 film (crystal domain size: ~20 nm)/r-Al2O3 substrate [26] indicate that apart 

from O2- anion manipulation, the As-implanted sample had the same structural features as the Sb-doped 

samples in terms of lattice constant, growth orientation, and crystal domain size. Therefore, the difference 

in TE properties of both samples can be attributed to the O2- anion manipulation. 

 

Figure 3 (a, b) Low-magnification TEM (a) and high-magnification HRTEM images (b). Inset of (a) 

shows the schematic of the As-implanted sample (As-implanted SnO2 layer/undoped SnO2 layer/r-Al2O3 

substrate). In (a) and (b), the solid arrows denote the stacking faults. (c, d) FFT patterns of the solid square 

regions A (c) and B (d) in (b). 
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Thermoelectric properties 

Figures 4a-d show the , , S, and S2 of the As-implanted samples at room temperature, 

respectively. For comparison, we simultaneously plotted the data of the Sb-doped samples in Figures 4a-

d and the semi-empirical curve of SnO2 bulk in Figures 4a and b [26, 38]. The  of the As-implanted 

samples decreased as n increased (Figure 4a). This tendency can be explained by ionized impurity 

scattering. The As-implanted samples exhibited lower than the Sb-doped samples and SnO2 bulk at the 

same n. Owing to the lower , the  of the As-implanted samples were lower than those of the other 

samples at the same n (Figure 4b). On the other hand, the As-implanted samples exhibited higher S than 

the Sb-doped samples at the same n (Figure 4c). The higher S and lower  of the As-implanted samples 

can be brought by an m* increase originating from the formation of the O vacancy level, which is 

reportedly close to the conduction band minimum [39]. The S2of the sample with the dose amount of 

1×1014 cm-2 reached ~3.0 Wcm-1K-2 at the n of ~3×1019 cm-3 (Figure 4d). Because S of As-implanted 

samples increased despite the decrease in , S2remained relatively high: 3/4 of the maximum S2 of the 

Sb-doped samples (~4.0 Wcm-1K-2). This relatively high S2 in the As-implanted samples was also 

achieved at high T (Supporting Information 4). If the  of the As-implanted samples was less than 3/4 of 

the  of the Sb-doped samples, the TE property of the As-implanted samples could exceed that of the Sb-

doped samples. 
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Figure 4 (a-d) (a), (b), S (c), and S2(d) of the As-implanted samples as a function of n at room 

temperature, where experimental data of the Sb-doped samples are simultaneously plotted [26]. In (a-d), 

the solid circles and the open triangles are the experimental data of the As-implanted and Sb-doped 

samples, respectively. The solid curves in (a) and (b) are semi-empirical curves of the SnO2 bulk. The 

broken curves in (a), (c) and (d) are eye-guides for As-implanted samples. The dotted curves in (c) and 

(d) are eye-guides for Sb-doped samples. 

 

 Figure 5a summarizes the out-of-plane  of the As-implanted sample with the dose amount of 

1×1014 cm-2 and the Sb-doped sample [26] at room temperature. For comparison, the  of the undoped 

SnO2 bulk is also shown in Figure 5a [40]. The of the As-implanted sample (~2.7 Wm-1K-1) was the 

smallest among them. This value was ~1/20 (~1/2) of those of the undoped SnO2 bulk (the Sb-doped 

sample). Considering this substantial  reduction and the aforementioned suppression of S2decrease, it 

was found that the As-implanted samples have higher TE property than the Sb-doped samples. To evaluate 

the contribution of lat, we removed the electron contribution to  using the Lorenz number which was 

calculated by using the Boltzmann transport equation (Supporting Information 5). Figure 5b summarizes 
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the out-of-plane lat of the As-implanted and the Sb-doped samples, and the lat of undoped SnO2 bulk. 

The As-implanted samples exhibited a smaller lat (2.6 Wm-1K-1) than the Sb-doped samples (4.7 Wm-1K-

1 [26]) and undoped SnO2 bulk (55 Wm-1K-1 [40]). A remarkable fact is that As implantation substantially 

reduced lat. 

 Let us discuss the physical mechanism of the lat difference between the As-implanted and Sb-

doped samples. First, there is no lat difference brought by the anisotropy of the phonon group velocity or 

the density of the domain interface because the As-implanted samples had the same lattice constant, 

epitaxial relationship, and domain size as the Sb-doped samples. Therefore, three possible hypotheses can 

be considered for the lat difference: 1. Difference in dopant amount; 2. Film thickness effect; 3. As 

implantation effect. For the Sb-doped sample with a lat of ~4.7 Wm-1K-1, the dopant amount was 0.2 at% 

(5.6×1019 cm-3). On the other hand, the dose amount of As-implanted sample (1×1014 cm-2) simply 

corresponded to the dopant amount per unit volume of ~2.4×1019 cm-3 (Supporting information 1). These 

indicate that the As-implanted sample has a smaller number of dopants than the Sb-doped sample. This 

rules out hypothesis 1. 
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Figure 5 (a, b) Out-of-plane  (a) and lat (b) of the undoped SnO2 bulk [40], Sb-doped sample, and As-

implanted sample at room temperature. (c) Film thickness dependence of  for undoped epitaxial SnO2 

films/r-Al2O3. (d) R values of the As-implanted and Sb-doped samples. (e) Normalized lat of As-

implanted sample as a function of dose amount. The solid circles are the experimental data of As-

implanted samples. The solid curve is the calculation using Debye-Callaway model with impurity and 

Umklapp scatterings. 

 

It is required to consider the hypothesis 2 because the thickness of the As-implanted sample (58 

nm) differs from that of the Sb-doped sample (120 nm). To verify the film thickness effect on lat, we 

measured the  (~lat) of various undoped epitaxial SnO2 films with different thicknesses (50, 170, and 

240 nm), as shown in Figure 5c. The  of the undoped epitaxial SnO2 films increased with increasing film 

thickness, indicating that SnO2 films have the film thickness dependence of  within the thickness range 
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of 50-240 nm. We calculated the rate R of the latof the doped samples to those of undoped SnO2 films 

with almost the same thicknesses to approximately remove the film thickness effect on lat. Therein, we 

used the lat of the As-implanted sample (Sb-doped sample) with a thickness of 58 nm (120 nm) and latof 

the undoped sample with a thickness of 50 nm (170 nm). The R value of the As-implanted sample with 

the dose amount of 1×1014 cm-2 (~0.23) was smaller than that of the Sb-doped sample (~0.3) (Figure 5d). 

In the case of Sb-doped sample, R should be larger than 0.3 because the latof the undoped sample with 

a thickness exceeding 120 nm was used. These indicate that the lat reduction of As-implanted sample is 

brought not only by the hypothesis 2 but also by the hypothesis 3. 

The effect of As implantation on lat includes two contributions: larger atomic mass and greater 

size differences between As and Sn than that between Sb and Sn; O2- anion manipulation. From a 

theoretical viewpoint of the impurity phonon scattering process, larger atomic mass and greater size 

differences clearly contribute to lat reduction. Therefore, we discuss whether O2- anion manipulation 

contributes to lat reduction or not. To clarify this contribution, we measured the experimental normalized 

lat as a function of dose amount (Figure 5e), where normalized lat is defined as the lat of the As-

implanted samples divided by the lat of the undoped sample with a thickness of 50 nm. The experimental 

normalized lat was compared with the theoretical lat calculated using Debye-Callaway model with 

impurity and Umklapp scatterings [41-45] (Supporting Information 6), which does not include O2- anion 

manipulation and lattice change contributions. The experimental normalized lat values were lower than 

the theoretical values at the same dose amount. Because the theoretical normalized lat includes no 

contribution of O2- anion manipulation (Figure 5e), it is considered that lower experimental normalized 

lat than the theoretical one was brought by O2- anion manipulation. This indicates that not only As 

introduction but also O2- anion manipulation contributes to lat reduction. 
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CONCLUSIONS 

 This study demonstrated that O2- anion manipulation through ion implantation to epitaxial SnO2 

films is a promising approach for reducing  while maintaining a high S2. Implanting As into undoped 

epitaxial SnO2 films/r-Al2O3 substrates selectively generated O vacancies. The lat of the As-implanted 

samples (2.6 Wm-1K-1) was approximately half that of the Sb-doped samples (4.7 Wm-1K-1), whereas the 

maximum S2 of the As-implanted epitaxial SnO2 films with manipulated O2- anions remained relatively 

high owing to the high S originating from an m* increase. Interestingly, the experimental lat of the As-

implanted samples were lower than the theoretical ones which were calculated by solely introducing the 

contributions of As impurity and Umklapp scattering processes under the condition that no lattice constant 

is changed and no O2- anion is manipulated, indicating that not only As introduction but also O2- anion 

manipulation contributed to lat reduction. This O2- anion manipulation will contribute to the development 

of oxide TE material as an outstanding methodology of selectively causing  reduction while maintaining 

high S2.   
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