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ABSTRACT: Recently, La-doped ASnO3 (A = Ba, Sr, and Ca) films have been attracted 

increasing attention as the active channel of deep-ultraviolet (DUV) transparent thin-film 

transistors (TFTs), owing to their wide bandgap and high electrical conductivity. However, 

the effect of A-site substitution on the optoelectronic properties of ASnO3 has not been 

clarified in a detailed systematic study. Here we show that the optoelectronic properties 

of ASnO3 can be tuned systematically by changing the average size of A-site ion. We 

heteroepitaxially fabricated ASnO3 films on (001) LaAlO3 substrates and measured their 

optical absorption spectra and electron transport properties. The lattice parameter almost 

linearly increased from 3.95 to 4.14 Å with increasing ionic radius of the A-site ion from 

1.34 (Ca2+) to 1.61 Å (Ba2+), whereas the optical bandgap gradually decreased from ~4.6 

to ~3.6 eV with a small positive bowing. With increasing the lattice parameter, the 

electrical conductivity gradually increased from ~100 to ~103 S cm−1 due to gradual 



increases in both the carrier concentration and mobility. The present results are of 

significant importance for designing ASnO3-based transparent electronic devices. 

 

INTRODUCTION 

Transparent oxide semiconductors (TOSs)1-2, which transmit visible light, have been 

actively developed as the active layer of thin-film transistors (TFTs) for commercial flat 

panel displays such as liquid crystal displays and organic light emitting diodes.3 Recently, 

expanding the transparency of TOSs to deep ultraviolet (DUV, 200−300 nm in 

wavelength) has become the key interest for developing the active material of next 

generation optoelectronics such as DUV sensors for biological applications.4 However, 

conventional TOSs such as Sn-doped In2O3 (ITO, bandgap Eg ~3.5 eV)5, amorphous 

InGaZnO4 (Eg ~3 eV)6 are opaque in DUV region due to their small bandgaps, whereas 

well-known DUV-TOSs such as β-Ga2O3 (Eg ~4.9 eV, ~1 S cm−1)7-8, electron-doped 

calcium aluminate (C12A7:e−, ~4 eV, ~800 S cm−1)9-11, and Mg-substituted ZnO (~4.4 

eV, ~1000 S cm−1)12 show relatively low electron mobility, and the TFTs based on these 

materials exhibit poor performances.13 The main challenge is balancing two conflicting 

physical properties: bandgap and electrical conductivity. 

 

Recently, La-doped ASnO3 (A = Ba, Sr, and Ca) films have attracted rising attention as 

the active TOS channel, owing to their wide bandgap and high electrical conductivity. La-

doped BaSnO3 (LBSO, Eg ~ 3.1 eV) thin films show high mobility values of 115−183 cm2 



V−1 s−1 at room temperature.14-15 When a smaller Sr atom is substituted in the A-site, 

SrSnO3 shows Eg of ~4.6 eV, allowing SrSnO3-based TFT to transmit DUV light with a 

wavelength of 260 nm by more than 50%, which exhibit great potential in DNA-sensing 

in biology.16 ASnO3 has perovskite structure composed of corner-sharing SnO6 octahedra. 

The crystal structure of ASnO3 is closely related to lattice parameter, which determined 

by A-site substitution. Smaller A-site cations with stronger binding force increase atomic 

packing density and increase the interaction between atomic orbitals, which increases the 

splitting between the conduction band orbitals and valence band orbitals. This also 

triggers the deformations in the SnO6 octahedral17-18 and further induce structural phase 

transition in ASnO3. Following this trend, if Ca, an even smaller alkaline element, 

occupies the A-site (CaSnO3), further widening of the Eg value can be expected. However, 

the reported theoretical and experimental values of bandgap for CaSnO3 are widely 

scattered from 1.95 to 5.38 eV.19-21 

 

As shown in Figure 1, BaSnO3 (a = 4.116 Å) is cubic crystal structure with the space 

group Pm3�m. SrSnO3 (apc = 4.037 Å) and CaSnO3 (apc = 3.954 Å) have a pseudo cubic 

crystal structure with the space group Pnma, distorted by a tilting in the SnO6 octahedra. 

Thus, the lattice parameter of ASnO3 can be modulated from 3.954 to 4.116 Å by 

substituting A-site. Although this system can potentially be an excellent solution for 

finding a good balance of optoelectronic properties, the effect of A-site substitution on 

the optoelectronic properties of ASnO3 has not been clarified in detail due to the lack of 



a systematic study.  

 

Here we show that the optoelectronic properties of ASnO3 in the solid solution systems. 

With increasing the average ionic radius of the A-site ion, the lattice parameter almost 

linearly increased from 3.95 to 4.14 Å while the optical bandgap decreased from ~4.6 to 

~3.6 eV. With increasing the lattice parameter, the electrical conductivity gradually 

increased from ~100 to ~103 S cm−1 due to a gradual increase in both the carrier 

concentration and mobility. The electron transport properties of Ca-rich side solid 

solution films are greatly suppressed due to the large octahedral deformation, and La-

CaSnO3 showed an insulating behavior. On the other hand, La-SrSnO3 exhibited a great 

balance of band gap and electrical performance, which makes it a suitable ASnO3 system 

for advanced optoelectronic applications. The present results are of great value for 

designing ASnO3 based transparent devices such as DUV-transparent TFTs. 

 

RESULTS AND DISCUSSION 

According to the XRD results, all resultant films were heteroepitaxially grown on (001) 

LaAlO3 substrates while the RSM [Fig. 2(a)] of the resultant films were used to extract 

the lattice parameters perpendicular (c-axis) and parallel (a-axis) to the substrate surface. 

In order to directly compare the films, we used the average lattice parameter (a·c)1/3, 

which is plotted against the A-site ion substitution in Figure 2(b). Almost linear increase 

of lattice parameter was observed as a function of x in Ca1−xSrxSnO3, Sr1−xBaxSnO3, and 



Ba1−xCaxSnO3, confirming that the ionic radius of the A-site ion can control the lattice 

parameter. We also calculated the lateral coherence length (D) of the ASnO3 films [Fig. 

2(c) and Table S1]. Although the average lattice parameters of the ASnO3 films are 

different from each other, the D values are in the range of 20−30 nm, and there is no clear 

tendency against the lattice parameter. 

 

Then, we measured the optical transmission [Fig. 3(a)] and reflection spectra of the 

resultant films and calculated the absorption coefficient α as α = −[ln (T + R)]·t−1, where 

T, R, and t are transmission, reflection, and thickness, respectively. The optical bandgap 

(Eg opt) was estimated from the (αhν)2–hν plots [Fig. 3(b)]. Figure 3(c) and Table S2 show 

the Eg opt of the resultant films as a function of average lattice parameter. The Eg opt 

gradually decreased from 4.64 eV (CaSnO3) to 3.59 eV (BaSnO3) with increasing the 

lattice parameter. By adjusting the composition of solid solution, we can easily modulate 

the Eg opt of ASnO3. This is attributed to the interaction between O 2p and Sn 5s orbitals, 

which consist the valence band maximum (VBM) and conduction band minimum (CBM) 

of ASnO3, respectively. The locations of the CBM and VBM are affected by the Sn–O 

bond length. When the distance between two adjacent Sn4+ and O2− becomes shorter, the 

energy splitting between the antibonding state (=CBM) and bonding state (VBM) 

becomes greater. Therefore, the optical bandgap decreased with increasing the lattice 

parameter. 

 



Figure 4 summarizes the room temperature electron transport properties [(a) electrical 

conductivity (σ), (b) carrier concentration (n), (c) Hall mobility (μHall), (d) thermopower 

(S)] of the La-doped Ca1−xSrxSnO3, Sr1−xBaxSnO3, and Ca1−xBaxSnO3 solid solution films 

as a function of the average lattice parameter. The σ increases more than three orders of 

magnitude from ~0.5 to 2240 S cm−1 with increasing average lattice parameter, which is 

due to gradual increases in both n and μHall. The observed n values are smaller than the 

nominal value, especially in the region of smaller lattice parameter. The absolute values 

of S gradually decrease with lattice parameter, which is consistent with the increase in n. 

The increasing tendency of n with lattice parameter is likely due to that the reduction of 

the bandgap. Suppression of μHall fundamentally has two origins: increase in the carrier 

effective mass and reduction of relaxation time, where the latter strongly depends on the 

structural quality. For example, with the presence of boundaries, carrier transportation is 

suppressed at the boundary when the carrier concentration is low. According to the 

relationship between S and log n [Fig. S1],22-23 the carrier effective mass of the films were 

in the range from 0.2 to 0.3 m0, which cannot adequately explain the changes in μHall. 

Therefore, we concluded that the A-site substitution does not significantly affect the 

carrier effective mass of the films. Thus, the small μHall value at smaller lattice parameter 

side is mainly attributed to the reduction of relaxation time. 

 

In order to further investigate the tendency of electron transport properties, we measured 

the temperature dependent electrical resistivity of the films [Fig. 5(a)]. In La-doped 



Ca1−xSrxSnO3 and Sr1−xBaxSnO3 films, when lattice parameter is shorter than 3.97 Å, the 

ASnO3 films showed insulating behavior. On the other hand, when the lattice parameter 

is greater than 4.01 Å, the films showed metallic behavior. The respective activation 

energy of the electrical conductivity (Ea) [Fig. 5(b), Table S3] gradually decreased from 

+22 to −14 meV with increasing the average lattice parameter. These results clearly 

indicate that the optoelectronic properties of ASnO3 can be tuned by modulating the 

average A-site ionic radius. 

 

These results indicate that larger A-site ion substitutions decrease the bandgap and the 

mobility edge. On the other hand, the carrier generation efficiency increases when the 

bandgap decreases. The carrier relaxation time increases when the mobility edge 

decreases. Thus, the electrical conductivity increases when a larger ion is substituted in 

the A-site. This systematic assessment will be of great value in designing ASnO3 based 

transparent devices such as DUV-transparent TFTs. 

 

CONCLUSION 

In summary, we systematically investigated the optoelectronic properties of ASnO3 

epitaxial films on (001) LaAlO3 substrates and demonstrated that ionic radius of A-site 

ion can be used to modulate the optoelectronic properties of ASnO3. The lattice parameter 

can be controlled almost linearly from 3.95 to 4.14 Å with increasing the average ionic 

radius of the A-site ion from 1.34 (Ca2+) to 1.61 Å (Ba2+) while the optical bandgap 



gradually decreased from ~4.6 to ~3.6 eV with a small positive bowing. The electrical 

conductivity gradually increased from ~100 to ~103 S cm−1 due to a gradual increase in 

both the carrier concentration and mobility according to the increase in the lattice 

parameter. The present results are of significantly importance for applying ASnO3 in 

future transparent devices. 

 

EXPERIMENTAL PROCEDURES 

Epitaxial growth of the solid solution films: 3% La-doped solid solution epitaxial films 

were fabricated on (001) LaAlO3 (a = 3.821 Å) single crystal substrates by pulsed laser 

deposition (PLD, KrF excimer laser, λ = 248 nm, fluence ~2 J cm−2 pulse−1, repetition 

rate = 10 Hz). We used 3% La-doped ASnO3 single phase ceramics as the PLD targets. 

During the film growth, the substrate temperature and oxygen pressure inside the chamber 

were kept at 750 °C and 20 Pa, respectively. In order to relax the lattice strain caused by 

the mismatch between film and substate, the thickness of all films was chosen to be ~200 

nm.24 Out-of-plane X-ray Bragg diffraction patterns of the solid solution thin films were 

measured by high-resolution X-ray diffraction (XRD, Cu Kα1, ATX-G, Rigaku Co.) 

equipment. And the X-ray reflectivity spectra were also measured to evaluate the density 

and the thickness of films. The X-ray reciprocal space mappings (RSMs) were recorded 

to clarify the change of the lateral (in-plane) coherence lendgth (D) evaluated from the 

diffraction spots using Scherrer equation. Detailed structural characterizations are 

described elsewhere.24-26 



 

Optoelectronic property measurements: A spectrophotometer (solidspec-3700, 

Shimazu Co.) was used to collect ultraviolet-visible (UV-vis) diffuse reflectance data in 

200−1700 nm wavelength range. The optical bandgap (Eg opt) was calculated using the 

Tauc plot, (αhν)2 = C (hν – Eg). The electrical conductivity (σ), carrier concentration (n), 

and Hall mobility (μHall) of the films were measured in the in-plane direction using the 

conventional dc four-probe method with van der Pauw electrode configuration. The 

thermopower (S) was acquired from the thermos-electromotive force (∆V) generated by 

a temperature difference (∆T) of ~4 K across the film using two Peltier devices. The 

temperatures at each end of the films were simultaneously measured with two 

thermocouples, and the S-values were calculated from the slope of the ∆T−∆V plots 

(correlation coefficient: > 0.9999). 
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Table 1. Electrical and optical properties of the La-doped ASnO3 (A = Ca, Sr, Ba) films. 
 
  A-site ion n (1019 cm−3) μHall (cm2 V−1 s−1) σ (S cm−1) Eg (eV) 

Ca2+ − − − 4.64 
Sr2+ 23 51 1900 4.43 
Ba2+ 22 64 2235 3.59 



 

 
 
Figure 1. Schematic crystal structure of (a) BaSnO3 (b) SrSnO3 and (c) CaSnO3. Crystal 
structures were obtained from the Rietveld refinement of the powder XRD patterns. 
ASnO3 (A = Ca, Sr, Ba) consisting of layers of SnO6 octahedra separated by A atoms. 
BaSnO3 (a = 4.116 Å) is cubic crystal structure with the space group Pm-3m, SrSnO3 (apc 
= 4.037 Å) and CaSnO3 (apc = 3.954 Å) are orthorhombic crystal structure with the space 
group Pnma. The Shannon’s ionic radius of Ca2+ is 1.34 Å, Sr2+ is 1.44 Å, and Ba2+ is 
1.61 Å, respectively, when the coordination number is 12.27 
  



 
 
Figure 2. Crystallographic analyses of the ASnO3 films grown on (001) LaAlO3 
substrates. (a−c) Reciprocal space mappings of (a) CaSnO3, (b) SrSnO3, and (c) BaSnO3. 
Red x indicates the peak position of the diffraction spot of 103 ASnO3. (d) Relationship 
between average lattice parameter and average ionic radius of A-site ion in ASnO3. Solid 
line indicates the fitted curve. (e) Lateral coherence length of the ASnO3 films plotted as 
a function of average ionic radius of A-site ion. The lateral coherence length is ranging 
20−30 nm and independent on the average ionic radius.  

 

  



 
 
Figure 3. Optical properties of the ASnO3 films. (a) Optical transmission spectra of the 
ASnO3 films. The film thickness was ~100 nm. The inset shows the magnified spectra 
around DUV region. (b) (αhυ)2−hυ plots. (c) Optical bandgap (Eg opt) plotted as a function 
of average lattice parameter. Eg opt gradually decreases with increasing lattice parameter. 
The Eg opt of the CaSnO3, SrSnO3, and BaSnO3 films are 4.64, 4.43, and 3.59 eV, 
respectively. 

 

  



 
 
Figure 4. Room temperature electron transport properties of the La-doped Ca1−xSrxSnO3, 
Sr1−xBaxSnO3 and Ca1−xBaxSnO3 solid solution films as a function of average lattice 
parameter. (a) electrical conductivity (σ), (b) carrier concentration (n), (c) Hall mobility 
(μHall), (d) thermopower (S). The solid lines are guide for the eyes. The dotted line in (a) 
indicates n when doped La is fully activated. Both n and μHall gradually increase with 
increasing the lattice parameter and, therefore, σ increases with lattice parameter. The 
increasing tendency of n is confirmed by the decreasing tendency of −S.  



 

 

 

Figure 5. Activation energy of the electrical conductivity. (a) Temperature dependence 
of the electrical resistivity of the ASnO3 films with various lattice parameters. (b) 
Activation energy of the electrical conductivity (Ea), which was calculated using the 
Arrhenius plot. 
  



 


