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Abstract: 

Through systematic control of cation stoichiometry using a hybrid molecular beam epitaxy 

method, we show a crossover from weak to strong localization of electronic carriers in La-doped 

SrSnO3 films on LaAlO3(001). We demonstrate that substrate-induced dislocations in these films 

can have a strong influence on the electron phase coherence length resulting in 2D to 3D weak 

localization crossover. We discuss the correlation between electronic transport, and defects 

associated with non-stoichiometry and dislocations. 
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Doped alkaline-earth stannates (BaSnO3 and SrSnO3) with high room temperature conductivity, 

and wide bandgap are of significant interest for transparent conductors, and high-power 

electronic device applications in addition to as channel materials in oxide-based 

heterostructures.1-6 Historically, perovskite oxides have shown poor room temperature mobility 

owing in part to their band structures, and in part to the presence of intrinsic and extrinsic 

defects. It was only recently that these materials have witnessed emerging interest for room 

temperature electronics due to the discovery of high room temperature mobility in bulk single 

crystals1, 2 as well as in thin films of doped BaSnO3 (BSO)7-11. Doped SrSnO3 (SSO), on the 

other hand, is relatively less explored.  

 Room temperature phase of SSO has an orthorhombic perovskite structure (space group 

Pbnm) with lattice parameters of a0 = 5.709 Å, b0 = 5.703 Å and c0 = 8.065 Å and a wide 

bandgap of 3.9 - 4.5 eV.12-14 Electronic band structure of SSO is derived from Sn 5s and O 2p 

bands, where predominantly Sn 5s states form the conduction band minima thus offering the 

benefit of low electron effective mass as compared to d-band perovskite.14-16 Moreover, the 

wider bandgap and smaller lattice parameter of SSO than that of BSO (and therefore, better 

lattice-matched to many commercially available substrates) makes it a promising material with 

direct relevance to applications such as high-power devices and transparent electronics. In this 

context, understanding the role of specific defects on electronic properties of SSO is of 

significant interest. There are a number of open questions however that are yet to be explored in 

SSO including the optimal choice of dopant ions, and the relative importance of phonon, ionized 

impurity scattering including those from point defects, and dislocations. Dislocation and point 

defect scattering are more significant in thin films due to lattice mismatch between films and 

substrates, and influence of the growth parameters on film’s stoichiometry, respectively. Prior 
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works have focused on the synthesis of SSO films using sol-gel method17, pulsed laser 

deposition (PLD)18-21, and sputtering22. More recently, low energy MBE approach has been 

demonstrated to yield structurally high quality SSO films but was unsuccessful in producing 

conducting films despite doping with large amount of La.12 Theoretically, La is predicted to be a 

shallow donor in SSO,16 raising questions on the intrinsic electronic properties of SSO.  

To investigate the intrinsic electronic properties of SSO and to identify the roles of cation 

stoichiometry and dislocations on the electronic transport in doped SSO films, this letter focuses 

on the hybrid MBE growth of La doped-SSO films and temperature-dependent magneto-

transport properties providing numerous insights into the role of intrinsic defects on localization 

physics in SSO films. 

We begin by first discussing the structural properties of SSO films on LAO(001), which 

are critical in establishing a credible case for the electronic properties. Figure 1a shows time-

dependent RHEED intensity oscillations during the growth of a representative stoichiometric 

SSO film (Sr/Sn BEP ratio = 8.6×10-3) indicating that films grew in an atomic layer-by-layer 

fashion. The inset shows a streaky RHEED pattern after growth with ½-order reflections along 

[100]LAO azimuth indicating smooth surface morphology. Figure 1b shows a wide-angle x-ray 

diffraction (WAXRD) scan for La-doped SSO(45 nm)/undoped SSO(9 nm)/LAO(001) grown 

with the same cation flux ratio revealing phase pure film with an expanded out-of-plane lattice 

parameter (aOP) of 4.075 Å ± 0.002 Å. This aOP value is higher than the pseudo-cubic lattice 

parameter (c = 4.035 Å) of bulk SSO indicating this film contains either non-

stoichiometric/structural defects/doping or has residual in-plane (biaxial) strain due to 

incomplete strain relaxation. To examine the role of strain, we performed an off-axis RSM scan 

around (103) reflection of the same film revealing an out-of-plane lattice parameter value of 
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4.075 Å ± 0.002 Å, consistent with the results of on-axis WAXRD scans, and an in-plane lattice 

parameter value of 4.008 ± 0.002 Å (Fig. 1c). We calculate the unstrained lattice parameter of 

SSO film using the following equation:   

aunstrained = 
2νa +(1-ν)a  

1+ν
 

where ν is the Poisson’s ratio for bulk SSO (set to a theoretical value of 0.19223), and a  and 

a are the experimental values of the in-plane and the out-of-plane lattice parameters, 

respectively, determined from the RSM. The value of aunstrained  was calculated to be 4.053 

Å ± 0.002 Å, which is about 0.44% higher than the bulk pseudocubic value as one would expect 

for a nominally stoichiometric composition without any doping. We attribute this increase either 

to the presence of La-dopants in these films or to the error in the theoretical value of Poisson’s 

ratio. We also note that cation non-stoichiometry may also yield a similar increase in the lattice 

parameter. To this end, to directly examine the film’s cation stoichiometry, we employed the 

Rutherford Backscattering Spectrometry (RBS) measurements, which confirmed nominally 

stoichiometric composition for these films (see Fig. S1).24   

As a more sensitive measure of point defects and non-stoichiometry-related defects, we 

performed electronic transport measurements on La-doped SSO films with a fixed La dopant 

concentration but varying Sr/Sn ratio. La was used as an n-type dopant and its concentration in 

the films was kept nominally constant by fixing La-cell temperature and the growth rate. It is 

expected that non-stoichiometric defects such as Sr- or Sn-vacancies will compensate for 

electrons resulting in lower carrier density and mobility similar to what has been shown for La-

doped BSO films.25, 26 Figure S1 shows RBS measurements and simulations of La-doped 

SSO(45 nm)/undoped SSO(9 nm)/LAO(001) grown at Sr/Sn BEP ratio between 5.7×10-3 and 

12.0×10-3 demonstrating a systematic change in film’s Sr/Sn ratio with changing growth 
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conditions.24 Importantly, films grown with Sr/Sn BEP ratios of 7.8×10-3 and 8.6×10-3 showed 

nominally identical cation stoichiometry with Sr/Sn RBS ratio of 1.01± 0.02 and 0.98± 0.02, 

respectively. Figure 2a shows T-dependent resistivity (ρ) of these films indicated by their Sr/Sn 

ratio determined from the RBS measurements. Results from stoichiometric La-doped SSO(40 

nm)/undoped SSO(8 nm) films grown on GSO(110) are also included. The corresponding room-

temperature values of electron density (n), and mobility (µ) of these films are shown in Fig. 2b 

and 2c respectively, as a function of Sr/Sn ratio determined from the RBS. We first discuss the 

electronic transport of La-doped SSO films grown on LAO(001). Films grown with Sr/Sn BEP 

ratios of 7.8×10-3 (Sr/Sn RBS ratio = 1.01± 0.02) and 8.6×10-3 (Sr/Sn RBS ratio = 0.98± 0.02) 

yielded identical room temperature ρ values ~5.5 mΩ-cm, n ~5.5×1019 cm-3, and µ ~22 cm2V-1s-1 

(Fig. 2a-c) suggesting nominally identical composition, in agreement with the results of RBS 

measurement (Fig. S1).24 These results revealed that there exists an adsorption-controlled MBE 

growth window (marked by green shaded region in Fig. 2b and 2c), i.e. a range of Sr/Sn BEP 

ratios where only stoichiometric SSO films grow. We attribute this behavior to the high volatility 

of HMDT precursor, similar to what has been demonstrated for BSO films.25 With increasing 

non-stoichiometry, both n and μ decreased suggesting cation non-stoichiometry can cause carrier 

localization and enhance scattering regardless of whether they were Sr- or Sn-vacancies. These 

results, while attesting to the excellent composition control afforded by the hybrid MBE 

approach, suggest that the observed and unexplained non-conducting behavior of MBE-grown 

La doped-SSO films may be due to the presence of non-stoichiometric defects.12 The presence of 

non-stoichiometry-related defects also revealed significant influence on the low temperature 

resistivity behavior. Figure 2a shows an upturn in ρ at low temperatures and that this temperature 

(indicated by black arrows) increases with increasing amount of non-stoichiometry in La-doped 
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SSO grown on LAO(001). Even the nominally stoichiometric films on LAO(001) showed a 

small resistivity upturn at T ≈ 100 K raising a question on the source of disorder in a nominally 

stoichiometric film. Before we discuss these data, let’s turn to the transport results of nominally 

stoichiometric La-doped SSO(40 nm)/undoped SSO(8 nm)/GSO(110) revealing overall smaller ρ 

(shown by red open circles) with a significantly higher µ ~55 cm2V-1s-1 at n = ~5.7×1019 cm-3. A 

similar resistivity upturn was observed in this sample but at a much lower temperature T ≈ 45 K. 

These results indicate lesser disorder and scattering in stoichiometric film on GSO(110) in 

addition to raising the same question on the origin of this upturn in nominally stoichiometric 

films. To this end, we performed RSM analysis of stoichiometric La-doped SSO(40 

nm)/undoped SSO(8 nm)/GSO(110) revealing that these films are mostly strained with some 

relaxation (see Fig. S2)24 whereas those grown on LAO(001) substrates were mostly relaxed (see 

Fig. 1c). These results suggest an important role of dislocations on low temperature electronic 

transport. It is also noteworthy that both dislocations and non-stoichiometry-related defects 

appear to raise the temperature at which resistivity upturn occurs suggesting dislocation cores 

may also be vacancy-like. Future studies should be directed towards examining the composition 

of dislocation cores. 

We next discuss the origin of low temperature resistivity upturn. Figure 3a and 3d show ρ 

vs ln T plots for the stoichiometric La-doped SSO(45 nm)/undoped SSO(9 nm)/LAO(001) and 

La-doped SSO(40 nm)/undoped SSO(8 nm)/GSO(110), respectively. Green solid lines represent 

fits corresponding to the Fermi liquid (FL) behavior, ρ = ρ0+AT2 indicating electron-electron 

scattering as the dominant scattering mechanism at high temperatures 140 K < T < 300 K on both 

substrates. At low temperatures, ρ vs ln T revealed a linear dependence (black solid lines), which 

can be attributed to the quantum corrections. These quantum corrections can be due to weak 
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localization (WL) or electron-electron interaction effects, both of which show a similar behavior 

and can co-exist.27 Magnetic field (B) can be used to differentiate between these two effects, as 

WL results into a negative magnetoresistance (MR) and is a low B-field effect27, whereas 

electron-electron interaction yields positive MR and are usually dominant at higher B-fields.28 

The zero-field resistivity correction due to WL in the 2D case is given by27  

      (T) = 
1

 =   ln       1  

where  is the temperature where quantum corrections begin to dominate.  is a residual 

conductivity and  is the Planck constant. The value of  depends on the dominant scattering 

mechanism. Black solid lines in Figure 3a and 3d represent a linear fit to the experimental data at 

low temperatures using equation 1 suggesting that 2D WL governs the transport behavior. These 

fittings also yielded a value of  to be 1.69 and 2.1 for stoichiometric film on LAO(001), and 

GSO(110) respectively. We will discuss the implications of these values later.  

To examine whether low temperatures ρ is dominated by the WL or electron-electron 

interaction effect, we performed MR measurements as a function of temperature as shown in Fig. 

S3.24 The MR of both samples shows negative values and its magnitude increases with 

decreasing temperature, indicating WL as the dominant effect. However, at higher B-field values, 

relative change in MR with B-field became smaller suggesting increased contribution from 

electron-electron interaction effect. For this reason, we used low B-field MR values (as 

illustrated in Fig. 3b, and 3e) to obtain further insights into the WL mechanism such as their 

dimensionality and phase coherence length of electrons (L ).  
For 2D WL, normalized MR (∆R

R2) in the absence of spin-orbit coupling can be written as29:  

∆R
R2 =

R(B)-R(0)
R(B)2 =

e2

2 ћ
ψ

1
2

+
1
x

-ln
1
x

       (2) 
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where, ψ is the digamma function; and x=4eBL 2/ћ where B is magnetic field, L  is the electron 

phase coherence length and ћ is the reduced Planck constant. It is noteworthy that there is only 

one fitting parameter, L  in this equation. Likewise, for the 3D WL, above expression is given 

by30: 

∆R
R2 =

e2

2 ћ
eB
ћ

2 2+
1
x

1
2

- 1
x

1
2

-
1
2

+
1
x

-1 2
-

3
2

+
1
x

-1 2
+

1
48

2.03+
1
x

-3 2
       (3) 

We show in Fig. 3b and Fig. 3e the low B-field experimental data and WL fits for the 

stoichiometric La-doped SSO on LAO(001), and GSO(110) respectively. We first discuss the 

data from La-doped SSO(45 nm)/undoped SSO(9 nm)/LAO(001) in Fig. 3b, which shows 

experimental data (symbols) and fits using both 2D WL (solid black line, equation 2) and 3D 

WL models (black dashed line, equation 3). The 2D WL can describe the experimental MR 

behavior reasonably well for 1.8 K ≤ T ≤ 25 K, but fails at higher temperatures, 25 K ≤ T ≤ 100 

K. High-temperature data, on the other hand, can be explained using 3D WL model. Notably, the 

temperature where there is a crossover from 2D to 3D WL is also consistent with the deviation of 

linearity in ρ vs ln T as illustrated in Fig. 3a. The extracted values of L  from these fittings are 

shown in Fig. 3c as a function of temperature. The horizontal dotted line corresponds to the 

doped layer thickness of 45 nm again corroborating with our findings of dimensional crossover 

at T ≃ 25 K. It is expected that T-dependence of L  scales as T -p/2 where the value of  can allow 

for determining the types of scattering mechanisms, i.e. p = 1.0 and 1.5 for inelastic electron-

electron scattering in 2D and 3D regime, respectively.31 As illustrated in Fig. 3c, analysis of the 

data yielded a value of  equal to 0.96 in the 2D regime, consistent with electron-electron 

scattering. Since we only have limited data points in the 3D WL regime to correctly determine 

the value of , we can only comment that an increase in the slope is suggestive of electron-
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electron scattering being the dominant scattering mechanism in the 3D regime as well. We now 

turn to the discussion of stoichiometric La doped SSO(40 nm)/undoped SS0(8 nm)/GSO(110) as 

illustrated in Fig. 3e and 3f. Figure 3e shows ∆R
R2  vs B plots for 1.8 K ≤ T ≤ 50 K revealing 

excellent agreement between experimental data and 2D WL fits using equation 2. This result is 

further consistent with the observation of linear behavior in ρ vs ln T plot as illustrated in Fig. 3a. 

The extracted values of L  from these MR fittings are shown in Fig. 3f as a function of 

temperature. Doped layer thickness, 40 nm, is labeled by the dashed line in agreement with the 

observed behavior of 2D WL at T < 50 K. The L  shows T  -0.58 dependence yielding a value of  

= 1.16, indicating inelastic electron-electron scattering as the dominant scattering mechanism. 

Clearly, the value of  determined from MR analysis and those from the analysis of low 

temperature ρ vs ln T differ significantly. We attribute this difference to the presence of electron-

electron interaction effect at low temperatures, which is not accounted for in equation 1. This 

effect can also be noticed in Fig. 3f showing a saturation in the value of L  at T < 5K.32  

Notably, the comparison of L  between these two samples using different substrates 

suggests that the presence of large density of dislocation in La-doped SSO on LAO lead to a 

decrease in the value of L  and therefore results in a dimensional crossover from 2D to 3D WL. 

To further investigate this point, we show in Fig. S4 transport results from La-doped SSO on 

LAO(001) grown intentionally with non-stoichiometric composition (Sr:Sn ratio = 1.08), i.e. 

with increased disorder and are thus expected to have wider 3D WL regime as a function of 

temperature.24 Figure S4 shows consistent results revealing that 2D to 3D WL crossover (Fig. 

S4)24 occurs at a lower temperature accompanied by an expanded region for 3D WL when 

disorder is increased. These results are consistent with the findings of decreased electron phase 

coherence length due to the presence of disorder associated with both dislocations and point 
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defects. A similar behavior has been previously reported in ZnO/TiOx heterostructure33
, n-GaAs34 

owing to the presence of disorder. 

Finally, to address the question of what governs the transport in a highly non-

stoichiometric sample, we show in Fig. 4a the semi-log plot of the zero-field ρ versus T -1/4 of a 

representative La-doped SSO/LAO(001) with Sr/Sn RBS ratio of 0.93±0.02. The inset shows 

Zabrodskii and Zinov’eva analysis35, an unbiased quantitative technique that compares reduced 

activation energy W = -d( ln ρ)
d( ln T)  vs T on a double logarithmic plot. The calculated 

slope (m) of this curve using least square fit reveals a value of -0.24 ± 0.01 indicating the Mott 

3D variable range hopping (VRH) is at play at low temperature T < 10 K. This result is 

consistent with the strong positive contribution to the measured MR values at high magnetic 

field36, 37 (Fig. 4b). With increasing T, MR transitioned to negative values at all magnetic fields, -

9 T ≤ B ≤ +9 T. In the context of hopping transport, the positive MR at high magnetic field can 

be understood due to the shrinkage of the localized orbital wave function reducing the 

probability of the overlap between the localized states. In relatively weak magnetic fields, a 

negative contribution to the MR is due to the suppression of destructive interference between the 

forward scattering hopping paths38. The temperature dependence suggests that sample undergoes 

a weakly-localized to a strongly-localized transport with decreasing temperature.  

Conclusions: 

In summary, we have demonstrated the hybrid MBE approach for the growth of phase-pure, 

stoichiometric, epitaxial SSO films in layer-by-layer growth mode. The use of highly volatile 

HMDT precursor facilitated adsorption-controlled growth of SSO with self-regulating cation 

stoichiometry and yielded record-high room temperature mobility of 55 cm2V-1s-1 in La-doped 
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films on GSO(110). Non-stoichiometry-related defects resulted in lower mobility and a crossover 

from weak to strong localization of carriers, irrespective of whether they were Sr- or Sn-

vacancies. Substrate-induced dislocations in doped-SSO films on LAO(001) yielded dimensional 

crossover from 2D to 3D WL behaviors. Future investigations on mobility optimization in these 

materials should account for the disorder caused by the presence of non-stoichiometry as well as 

dislocations.   
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Figure Captions: 
 
Figure 1: (a) Time-dependent RHEED intensity oscillations for SSO film grown on LAO(001) 
substrate grown at a Sr:Sn BEP ratio of 8.6×10-3. The insets show the RHEED pattern along the 
[100]LAO azimuth after growth, and a schematic of film structure. (b) High-resolution x-ray 
diffraction for a La-doped SSO(45 nm)/undoped SSO(9 nm)/LAO (001) with an inset showing a 
close up around the (002)pc film/substrate peaks. (c) Off-axis RSM taken around (103) reflection 
of SSO film on LAO(001). Cross symbol marks the expected positions of a fully strained and a 
fully relaxed SSO film on LAO(001). 
 
Figure 2: (a) ρ vs T for La-doped SSO (40 nm)/undoped SSO (8 nm)/GSO(110) and La-doped 
SSO(45 nm)/undoped SSO(9 nm)/LAO(001) as a function of Sr/Sn ratio determined from the 
RBS measurements. Inset shows a schematic of the sample structure. (b) n and (c) μ measured at 
300 K as a function of Sr/Sn RBS ratio. 
 
Figure 3: (a, d) ρ vs ln T for stoichiometric films grown on LAO(001) and GSO(110), 
respectively. Black solid lines are the linear fits using equation 1, whereas the green solid lines 
are fits using the Fermi liquid model. (b, e) Normalized MR (symbols) as a function of magnetic 
field at different temperatures for the same films showing the WL fits with solid lines 
representing fits using 2D WL model whereas dashed lines are fits using 3D WL model. (c, f) 
Temperature dependence of the electron phase coherence length along with the linear fits for 
films grown on LAO(001) and GSO(110) respectively. The horizontal dashed lines in (c and f) 
indicate the active layer thickness of SSO films. 
 
Figure 4: (a) Logarithmic resistivity versus T-1/4 plot for the most non-stoichiometric film (Sr/Ba 
RBS ratio = 0.93 ± 0.02) grown on LAO(001). The solid black line is the linear fit using the Mott 
3D VRH model. Inset shows the temperature dependence of the reduced activation energy using 
Zabrodskii and Zinov’eva analysis, yielding a slope, m = -0.24 ± 0.01 indicating the Mott 3D 
VRH behavior. (b) MR data of the same sample as a function of temperature. 
 










