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SrSn1 − xTixO3 thin films were grown on R-sapphire and (100) LaAlO3 single crystal substrates by two different
routes: chemical solution deposition (CSD) and pulsed laser deposition (PLD). Structural and microstructural
characteristics of the films were determined by X-ray diffraction (θ–2θ,ω- andφ-scans) and field emission scan-
ning electron microscopy. Pure perovskite phase was obtained for all of the compositions, whatever the method
of deposition and the substrate nature. On R-sapphire, a randomly oriented growth (polycrystalline) was ob-
served for all of the compositions deposited by CSD while (h00) preferential orientation was attained when de-
position was done by PLD, in particular for SrTiO3 composition. The phi-scan performed on this sample revealed
that the (100) oriented grains present an in-plane ordering (epitaxial growth) with respect to the substrate with
an alignment of the [011] direction of the film along the ½121� direction of the substrate, explained on the basis of
misfit considerations and interface arrangements. All of the films grown on (100) LaAlO3 exhibited an epitaxial
growthwith an in-plane relationship ⟨010⟩film // ⟨010⟩substrate. As for the thinfilmmicrostructure, porosity, homo-
geneity, shape and size of the grains were strongly influenced by Ti content in the SrSn1 − xTixO3 solid solution,
and also by the nature of the substrate and by the depositionmethod.Moreover, the influence of the composition
and thin film growth on the photoluminescence of SST films were also evaluated.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Strontium titanate SrTiO3 with cubic structure (space group Pm3m
[1]) is one of the most popular perovskite being used in different appli-
cations such as dynamic random access memories [2], tunable micro-
wave devices [3], oxygen-gas sensors [4] and photocatalysts [5]. On
the other hand, strontium stannate SrSnO3 is a perovskite which pre-
sents an orthorhombic structure (space group Pbnm [6]) with a great
potential for a variety of technological applications, such as capacitors
[7], insulating layer for high-temperature superconductor single-flux-
quantum circuits [8], lithium-ion batteries [9], photocatalysts [10] and
humidity sensors [11].
miques de Rennes, UMR 6226
Rennes Cedex, France.

es de Oliveira).
Alkaline-earth titanates stannates have also been studied in their
combined forms A(Ti,Sn)O3 (A = Ca, Sr and/or Ba). Barium titanate
stannate solid solution Ba(Ti1 − xSnx)O3 has been themost investigated
one since the discovery of the strong broadening of ferroelectric phase
transitions [12–15]. This solid solution has been widely studied in bulk
[16,17], thin films [18,19] and thick films forms [20], correlating the Ti
substitution with its properties. In contrast, the Sr(Sn,Ti)O3 solid solu-
tion has not been as much investigated. Wu et al. [21] have reported
the synthesis of strontium titanate stannate Sr(Sn,Ti)O3 ceramics by
solid state reaction and observed that SrSn0.50Ti0.50O3 is a promising hu-
midity sensor. Stanulis et al. [22] studied the structural and microstruc-
tural characteristics of the same compound obtained by gel to
crystalline conversion method. Recently, our research group [23] re-
ported the synthesis and the thermal behaviour of the SrSn1 − xTixO3

powders obtained by the polymeric precursor method. In relation
to Sr(Sn,Ti)O3 thin films, some related compositions have
already been studied, such as (Sr0.98Eu0.02)2(Sn0.90Ti0.10)O4 [24] and
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(Ba0.70Sr0.30)(Sn0.20Ti0.80 − xMnx)O3 [25] obtained by pulsed laser depo-
sition and Ba0.50Sr0.50(Ti0.80Sn0.20)O3, obtained by chemical solution de-
position [26]. Only a very recent paper has reported the SrSn1 − xTixO3

solid solution in thin film form [27]. The authors have studied, in partic-
ular, the optical properties of films deposited on MgO by pulsed laser
deposition.

In view of the literature data cited above, few compositions of the
SrTiO3–SrSnO3 solid solutions were evaluated, most of them with
substitutions also in the A site of the ASn1 − xTixO3 perovskite. How-
ever, technological applications of the SrTiO3 and SrSnO3 indicate
that a more careful study about the solid solution would be of great
worth. Indeed, the combination of SrTiO3 and SrSnO3 might allow
tuning properties. For this purpose, structural and microstructure
evaluations of this solid solution in thin film form is necessary in
order to understand its properties. Although the preparation of
SrSn1 − xTixO3 films by pulsed laser deposition (PLD) on MgO sub-
strates has been previously reported in the literature [27], the influ-
ence of other parameters such as deposition method and nature of
the substrates have not been explored yet and comparison among
other data published in literature is not possible due to differences
in composition, deposition methods and substrates. In fact, it is
well established that the nature of the substrate determines the
type of growth (polycrystalline or epitaxial) and consequently affect
the microstructure and properties of the film. This means that by
choosing appropriate substrates, epitaxial and polycrystalline thin
films with diversified microstructures and properties can be obtain-
ed. The method used for deposition can also strongly influences the
characteristics of the films [28,29]. It is therefore of great interest
to explore different deposition methods in order to evaluate their ef-
fect on the structural and morphological properties of SrSn1 − xTixO3

thin films. The PLD is an attractive physical deposition method,
which allows preparing highly epitaxial thin films (when appropri-
ate substrate is used) with an accurate composition and growth con-
trol, besides favoring good adhesion of the film on substrate. On the
other hand, chemical solution deposition (CSD) is attractive for the
synthesis of thin films, especially for economic reasons, as it is a
low cost process and allows the deposition on large area and com-
plex shape substrates. Besides of these advantages, the CSD method
allows the preparation of films with accurate stoichiometric control
at low temperatures and the equipment used for deposition is
much more simple, which does not require vacuum or atmosphere
control. In relation to crystallization process, CSD is a soft process as-
sociated with a low energetic balance, in contrast with pulsed laser
deposition that is energetic as well for the evaporation step of the
material as for the crystallization that occurs in-situ at high
temperature.

In this sense, the present work aims to perform a systematic investi-
gation on the structural (in particular orientation) and microstructural
evolution (in particular grain shape, growth and density), besides the
photoluminescent properties (PL) in SrSn1 − xTixO3 thin films under
the influence of the substrate, deposition method and composition.
Photoluminescence characterization is an important tool for evaluating
the presence of defects in wide band gap semiconductor materials,
such as SrTiO3 and SrSnO3. To the best of our knowledge, these param-
eters were not yet evaluated for SrSn1 − xTixO3 solid solution based thin
films.
2. Experimental details

Thin films of SrSn1 − xTixO3 (SST), with x = 0, 0.25, 0.50, 0.75 and
1 (named as SSO, SST25, SST50, SST75 and STO, respectively) were
deposited on two single crystal substrates, alpha-Al2O3 and LaAlO3,
both with ð0112Þorientation. Alpha-Al2O3 ð0112Þ is commonly called
R-plane sapphire, while ð0112Þ-oriented LaAlO3 (LAO) is usually
called (100) LAO due to its pseudocubic symmetry transformation,
for crystallographic simplification reason. In spite of presenting the
same orientation, mismatch values between each of these substrates
and the films are rather different and may lead to different behav-
iours in relation to the film orientation. For instance, (100) LAO is
one of the most used substrates for presenting a quite small lattice
mismatch with SrTiO3.

Two different deposition methods were used: chemical solution de-
position (CSD), a “soft” chemical process, and pulsed laser deposition
(PLD), a physical process. It isworthy to note that the annealing temper-
ature of the CSD method and the substrate temperature for PLD were
previously optimized for SSO by our research group [28,29].

2.1. SST thin films synthesis by chemical solution deposition

SST coating solutions were prepared by the polymeric precursor
method, which is a slightly modified Pechini process [30]. This method
consists in chelatingmetallic cationswith citric acid in an aqueous solu-
tion. Then these metal citrates polymerize with ethylene glycol by in-
creasing the temperature. The precursors used in this present study
were strontium nitrate (Sr(NO3)2 Alfa Aesar), tin chloride (SnCl2·2H2O
J.T. Backer), titanium isopropoxide (Ti[OCH(CH3)2]4 Hulls-AG),
monohydrated citric acid (C6H8O7·H2O Acros) and ethylene glycol
(C2H6O2 Acros). The precursor solutions of each metal were prepared
by adding the metal salts into a citric acid aqueous solution with 3:1
(citric acid:metal) molar ratio and ethylene glycol with 40:60 mass
ratio (ethylene glycol:citric acid) under heating (353 K) and constant
stirring, according to the procedure described in our previouswork [23].

The temperaturewas raised up to about 363K to obtain the different
polymeric resins in agreement with the desired compositions. The vis-
cosities of the resulting resins were then adjusted in the range of 25–
30 mPa·s controlling the water content using a Brookfield DVII + Pro
viscometer. From these solutions the films were spin coated at
105 rad·s−1 for 3 s and 314 rad·s−1 for 20 s (Spin Coater model KW-
4A Chemat Technology). Only one layer was deposited for each film.
The wet films were then submitted to two successive thermal treat-
ments. In the first step, the samples were heat treated at 673 K for 2 h
to eliminate the organic material, and then crystallized at 923 K for
2 h in air. These synthesis conditions led to the formation of thin films
with a thickness (measured by FE-SEM) ranging from 250 to 280 nm
(260, 250, 250nmrespectively for SSO, SST50 and STOfilms on sapphire
and 250, 270, 280 nmrespectively for SSO, SST50 and STOfilms on LAO).

2.2. SST thin films synthesis by pulsed laser deposition

For PLD synthesis, homemade sintered targets were prepared by
solid-state reaction using stoichiometric amounts of strontium car-
bonate (SrCO3 Merck), tin oxide (SnO2 Aldrich) and titanium oxide
(TiO2 Alfa Aesar) as starting materials to obtain the desired composi-
tions. Characterizations by X-ray diffraction and Energy Dispersive
Spectroscopy analyses performed on the different targets have con-
firmed that the expected single-phase perovskite is obtained with
the desired composition (Fig. S1 to S2 and Table S1 of the Supple-
mentary information).

SST thinfilmswere grown at 973K for 30min under anoxygen pres-
sure of 30 Pa, using a KrF excimer laser (λ=248 nm, f = 2 Hz, 210 mJ/
pulse)with a substrate-target distancefixed at 55mm. These deposition
conditions allowed obtaining thin films with a thickness (measured by
FE-SEM) varying from 210 to 280 nm (280, 240, 210 nm respectively
for SSO, SST50 and STO films on sapphire and 275, 260, 270 nm respec-
tively for SSO, SST50 and STO films on LAO).

2.3. Thin film characterizations

The structural characteristics were analyzed using X-Ray diffraction
(XRD). Standard θ–2θ scans were performed with a two-circle Bruker
D8 Advance diffractometer using the monochromatized Cu Kα1



Fig. 1. θ–2θ XRD patterns (in log scale) of the SSO (a), SST25 (b), SST50 (c), SST75 (d), and STO (e) thin films deposited on R-sapphire by: (A) CSD and (B) PLD. Peaks markedwith (*) are
assigned to the substrate.

Table 1
Structural informations for SSO, STO, sapphire and LAO.

Compounds Space group Lattice parameter (Å) Pseudo-cubic lattice parameters (Å) Transformation matrix

SrSnO3 Pbnm [6] a = 5.707(2)
b = 5.707(2)
c = 8.064(2)

apc = bpc = 4.035
cpc = 4.032
γpc = 90.00°
〈apc〉 = 4.034

1 1 0
−1 1 0
0 0 2

0
@

1
A

p→o

SrTiO3 Pm3m [1] a = 3.9050
(±0.0004)

a = 3.905

Alpha-Al2O3

(sapphire)
R3c [33] a = 4.760

c = 12.993
apc = 3.500
αpc = 85.75°

−1 1 0
0 −1 1
2 2 2

0
@

1
A

p→h

LAO R3c [34] a = 5.3655(2)
c = 13.112(1)

apc = 3.791
αpc = 90.10

−1 1 0
0 −1 1
2 2 2

0
@

1
A

p→h

Legend: 〈〉 average value, “o” orthorhombic, “h” hexagonal and “p” pseudocubic.
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radiation. Theω-scans (used to evaluate the crystalline quality along the
growth direction) and φ-scans (used to study the in-plane ordering)
were recorded with a four-circle Bruker D8 Discover diffractometer op-
erating with Cu Kα radiation. Thin film microstructures were observed
with a field emission scanning electron microscope (FE-SEM, Jeol
6301-F) which was operated at low voltage, typically 7–9 kV to limit
charge effects and to achieve high resolution without requiring surface
metallization. Measurement of the thickness was done by evaluation of
the film cross section by FE-SEM. Surface roughness of the filmswas ac-
quired using an atomic force miscroscope (AFM, Cypher Atomic Force
Microscope, AsylumResearch Oxford Instruments) in ACmodewith sil-
icon point probe (AC160TS-R3, Olympus). Photoluminescence (PL)
measurements were carried out at room temperature using a spectro-
photometer (Thermal Jarrel-Ash Monospec 27, USA) with the mono-
chromator coupled to a photomultiplier (Hamamatsu R446, Japan). A
350.7 nm krypton ion laser (Coherent Innova 90 K, USA) was used as
the excitation source using a maximum output power of 250 mW.
Table 2
Lattice parameters apc (Å) observed for the SST thin films grown on R-sapphire and on LAO by

Thin films on R-sapphire

CSD FT (nm) PLD FT (nm

SSO 4.041 ± 0.001 260 4.029 ± 0.003 280
SST25 4.002 ± 0.001 – 3.992 ± 0.005 –
SST50 3.967 ± 0.001 250 3.962 ± 0.004 240
SST75 3.936 ± 0.002 – 3.936 ± 0.001 –
STO 3.906 ± 0.001 250 3.911 ± 0.002 210

Legend: “FT” film thickness.
3. Results and discussion

It is known that the crystalline structures of SrSnO3 (SSO, ICDD 22-
1798) and SrTiO3 (STO, ICDD 35-0734) are orthorhombic and cubic, re-
spectively. In order to compare the cell parameters in the SST solid solu-
tion, a pseudo-cubic cell was considered for SrSnO3. The pseudocubic
cell can be obtained by a transformationmatrix on the basis of the recip-
rocal lattice vectors of the original perovskite unit cell as shown in Table
1. For SrSnO3, which adopts an orthorhombic structure at room temper-
ature, a reduced cell can be considered by converting the original ortho-
rhombic lattice parameters (ao, bo and co) to the length of the equivalent
primitive unit cell, i.e. pseudocubic (apc). The reduced lattice parame-
ters (apc) are then obtained using the correlation apc ≈ aoffiffi

2
p ≈ boffiffi

2
p ≈ co

2
[31,32].

Table 1 shows the structural parameters for both oxides, SSO
and STO, as well as for both substrates (LAO and sapphire). In this
present work, we used the Miller-Bravais indices of the hexagonal
CSD and PLD.

LAO

) CSD FT (nm) PLD FT (nm)

4.029 ± 0.001 250 4.024 ± 0.004 275
3.988 ± 0.001 – 3.992 ± 0.003 –
3.964 ± 0.002 270 3.961 ± 0.001 260
3.932 ± 0.001 – 3.935 ± 0.003 –
3.904 ± 0.001 280 3.917 ± 0.004 270



Table 3
Mismatch values calculated for SSO and STO thin films on R-sapphire substrate. (R-plane

sapphire parameters: 4.76 Å // [100] and 15.389 Å // ½121�; The mismatch values in the ½1
21� direction were calculated with 15.389 / 3 = 5,13 Å).

Compound Lattice parameter ap (Å) Mismatch with sapphire (%)

½121�/[100] directions
SSO 4.035 −21.3/−15.2
STO 3.905 −23.9/−17.9

Compound Lattice parameter ap
ffiffiffi
2

p
(Å) Mismatch with sapphire (%)

½121�/[100] directions
SSO 5.706 11.2/19.9
STO 5.522 7.6/16.0
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setting for R-sapphire and Miller indices of the pseudo-cubic cell
for LAO.
3.1. SST thin films grown on R-sapphire substrates

The θ–2θ XRD patterns of the SST films grown by CSD and PLD on R-
sapphire are shown in the Fig. 1A and B. In both cases, all of the compo-
sitions have a perovskite single-phase structure. For comparison, all of
the diffraction peaks were indexed considering a pseudo-cubic unit-
cell, with lattice parameters presented in Table 2. As expected, a shift
of the Bragg angles to the higher 2θ values is observed as Ti content in-
creases, indicating that a decrease of the apc lattice parameter occurs.
This decrease can be attributed to a decrease of the cation average
size (rTi = 0.605 Å; rSn = 0.690 Å) [35] which promotes a contraction
of the lattice as predicted by the Vegard Law [36,37]. Moreover, a
higher covalent character is expected for Ti4+-O2– bond comparing to
Sn4+-O2−. The decrease of the lattice parameter according to the Ti
content was observed by Zhai et al. [18] for Ba(SnxTi1 − x)O3 thin
films grown by the sol-gel route. It was also reported on bulk for other
Ti-based oxide systems [14,38] and for the same Sr(Sn,Ti)O3 ceramic
system [21,22]. Liu et al. [27] also observed the same behaviour for
SrSn1 − xTixO3 thin films deposited by PLD on MgO.

The θ–2θ XRD patterns (Fig. 1A and B) also revealed a randomly ori-
ented growth for CSD films (polycrystalline growth) whereas the PLD
ones tend to present a (h00) oriented growth (peaks of this family are
Fig. 2. XRD patterns of the STO thin film deposited on R-sapphire by PLD: ω-scan of
more intense), especially for the STO composition. As no major differ-
ence is observed in thickness for the majority of SST films obtained by
PLD and CSD (for example 20 nmof difference for SSO and 10 nmof dif-
ference for STT50), the preferential orientation for PLD films may be
assigned to the highest deposition temperature used for this process
(973 K) compared to the annealing temperature used for the CSDmeth-
od (923 K) but also to the nucleation grain growth process which is dif-
ferent from the CSD one, as explained later.

The φ-scans performed of the 110 reflections of the SSO, SST25,
SST50 and SST75 grown by PLD (no φ-scans were performed on these
compositions prepared byCSDbecause of the randomly growth orienta-
tion observed in the θ–2θXRDpatterns) indicate that no in-plane order-
ing occurs (flat phi-scans, not shown here). The same result was also
observed by Alves et al. [28] for SrSnO3 thin film deposited on R-sap-
phire. This behaviour can be explained by several reasons – the large
mismatch between films and substrate (Table 3), the distortion of the
oxygen network of R-sapphire [39,40] and the highest difficulty to
growhigh quality thin films from solid-solution than fromdefined com-
pounds, due to cationic disorder.

As previouslymentioned, among the films deposited by PLD, the STO
one presents the higher (h00) preferential orientation. Theω-scan per-
formed for this film (Fig. 2A) shows an out-of-plane ordering with a
value of full width at half maximum Δω = 3.11°. This relatively high
value reflecting mosaicity is not surprising considering the mismatch
values between STO and the R-plane sapphire (Table 3) and also the
presence of other orientations than (100). The phi-scan performed of
the 110 reflections of this STO film grown by PLD shows 4 peaks equally
separated from each other by 90° in agreement to the STO cubic struc-
ture evidencing the in-plane ordering of this film (Fig. 2B). It can be ob-
served in Fig. 2B that the STO reflections are shifted by 45° with respect
to the 006 reflection of the R-sapphire substrate, meaning that the [011]
direction of the STO film is parallel to the ½ 121� direction of the sub-
strate. This in-plane ordering observed for the STO film grown by PLD,
whose modelling is shown in Fig. 3, is explained by the smaller value
of the mismatch obtained with this alignment (comparison of the mis-
matches calculated with the lattice parameter ap and the lattice param-
eter ap

ffiffiffi
2

p
of STO, Table 3). However, a quite large value of Δφ (4.6°) is

observed which appears related to the angular differences between
the ð0112Þ Al sublattice of sapphire and the (100) Ti sublattice of the
STO thin film. Fig. 4 shows three possible local in-plane arrangements
of the Ti sublattice on the Al one. The first arrangement (Fig. 4a)
the 200 STO peak (A) and φ-scan of 110 STO and 006 sapphire reflections (B).



Fig. 3. Schematic of proposed disposition between STO thin film and R-sapphire substrate (the figure shows only Ti and Al sublattices for more clarity). Solid blue line represents the unit
cell of sapphire R-plane; dashed blue line represents the trace on the latter of the pseudo-cubic unit cell of sapphire; green line represents the trace of the STO unit cell.
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represents the “bSTO” direction aligned on the ½ 221� sapphire direction,
the second one (Fig. 4b) shows the theoretically expected epitaxy
(alignment of [011] STO on ½ 121� sapphire direction) and the last one
(Fig. 4c) represents the “cSTO” aligned on the ½ 421� sapphire direction.
These three possible alignments result in the theoretical angular
amplitude of 4.30° which is close to the experimental value of
Δφ=4.6° observed onφ-scan, meaning that these three arrangements
Fig. 4. Schematic views of the STO (100) plane disposed on the sapphire (01−12) one. α
may exist simultaneously in different regions of the (100) STO plane on
the ð0112Þ sapphire one.

The absence of in-plane ordering for STO deposited by CSD may be
explained by the nucleation/grain growth process that is different
from the PLDmethod. PLD is an in-situ deposition method, i.e. crystalli-
zation occurs directly from the vapor phase on the heated substrate. The
film grows directly atom by atom from the interface, the impinging
STO – angleSapphire = 4.30° (theoretical value)⟺ Δφ= 4.6° (experimental value).



Fig. 5. FE-SEM images of SST thin films deposited on R-sapphire by CSD (A) and PLD (B). The film thicknesses are given in the insets for the micrographs of the SSO, SST50 and STO thin
films.
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atoms having sufficient thermal energy to move on the surface and to
reach an energy well. Then, in favorable conditions (low misfit, similar
structure) the film orients itself to minimize interfacial energy. For
CSD films, the nucleation/grain growth process (usually associated to
long-range ordering) occurs after deposition, during the post-annealing
treatment of the film obtained from a solution which already has some
short-range order [41]. There are at first a lot of randomly oriented nu-
clei in the bulk of the crystallizing film. Then, but only in very favorable
conditions, the growing grains (at or near the interface) that are aligned
with the substrate are energetically favored. In a further step, all the
grains can take this orientation by a mechanism of Ostwald ripening.
This different nucleation/grain growth process explains the difficulty
to obtain in-plane ordering for a CSD film in the case of a relatively
Fig. 6. AFM images of SST thin films deposited
high film-substrate mismatch (case of STO on R-sapphire), unlike the
PLD one.

The FE-SEM images of the SST films deposited on R-sapphire using
CSD and PLD are displayed in Fig. 5A and B, respectively. It can be ob-
served that the microstructure of the films is strongly influenced by
the composition andmethod of deposition. As nomajor difference is ob-
served in thickness for the majority of SST films obtained by PLD and
CSD, this difference in the morphology is mainly due to other factors.

The films deposited by CSD (Fig. 5A) are more porous than the PLD
ones (Fig. 5B), for all of the compositions, probably due to the elimina-
tion of H2O and CO2 during decomposition of the polymeric network.
The presence of pores in the thin films deposited by CSD may be inter-
esting for applications as catalysis, photocatalysis and adsorbent
on R-sapphire by CSD (A) and PLD (B).



Fig. 7. θ–2θ XRD patterns (in log scale) of the SSO (a), SST25 (b), SST50 (c), SST75 (d), and STO (e) thin films deposited on (100) LAO by CSD (A) and PLD (B). Peaks marked with (*) are
related to the substrate.
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materials. For thesefilms obtained by CSD, a granularmorphology is ob-
served (as showed the FE-SEM cross sections of SSO, SST50 and STO in
insets Fig. 5A), which differ according to the composition. As the film
thickness is in the same range (260, 250 and 250 nm for SSO, SST50
and STO grown by CSD respectively), the difference in the morphology
in the CSD films may be thus mainly assigned to the difference in the
crystallization and nucleation/grain growth processes according to the
composition, as discussed by Alves et al. for SrSnO3 and CaSnO3 thin
films synthesized by the samemethod [29]. The grains sizewas evaluat-
ed to around 26 nm for the STO film grown by CSD (for the other com-
positions, it was difficult to evaluate the grain size because these ones
are not well defined).

The films obtained by PLD (Fig. 5B) exhibit microstructures strongly
different from those deposited by CSD (Fig. 5A). As previouslymentioned,
no major difference is observed in thickness for the majority of SST films
obtained by PLD and CSD (for example 20 nm of difference for SSO and
10 nm of difference for STT50), the change of morphology for a same
compositionmay be thusmainly attributed to the difference in the nucle-
ation/grain growth processes of the twomethods as described before (in
the discussion on the XRD patterns). The influence of the type of growth
(randomly oriented growth for CSD films and (h00) preferential oriented
growth for PLD films) on the microstructure cannot be totally excluded.
The columnar growth observed on the FE-SEM cross sections of SSO,
SST50 and STO deposited by PLD (insets of Fig. 5B) confirms this differ-
ence of nucleation/grain growth processes (granular growth in case of
Fig. 8. ω-scans of the 200 reflection of the SST50 thin film
CSD films). The surface morphology of the PLD films revealed irregular
and elongated grains for all of the compositions except for STOwhich pre-
sents small round grains which size is evaluated to around 22 nm (com-
parable with the size of STO film obtained by CSD).

The change of microstructure of thin films deposited by PLD accord-
ing to the composition can be explained in terms of kinetic properties of
the species appearing on the surface substrate during the deposition.
The ablated species, after being ejected from the target, lose kinetic
energy, which is essentially due to scattering by the oxygen molecules
inside the chamber. Under oxygen atmosphere, the different species
reach the substrate with different kinetic energy; therefore, their sur-
face mobility decreases if the species present a lower kinetic energy,
which involves a smaller grain size. As result, a high amount of nucle-
ation sites normally spherical are created with the dimension of few
nanometers. On the other hand, species which have not yet thermally
accommodated on the substrate, execute random diffusive jumps and
then interact to others, which lead to the formation of bigger nucleation
sites forming big particles with irregular shape [42,43].

These results show that the nucleation/ grain growthprocesses,which
depend on the composition, but also on the deposition method, strongly
influences the film morphology. The AFM images obtained with a scan-
ning area of 5 × 5 μm2 of the SST thin films grown by both methods con-
firms these results (Fig. 6A and B). In addition, the root mean square
surface roughness values (RRMS) and the average roughness (Ra) of the
films decreases with the increase of Ti content whatever the method
s deposited on (100) LAO by CSD (A) and PLD (B).



Table 4
Out-of-plane (Δω) and in-plane (Δφ) values for the SST thin films obtained by CSD and
PLD on LAO substrate. The thickness of the films is given for the SSO, SST50 and STO
compositions.

Thin films CSD PLD

Δω-scan Δφ-scan Δω-scan Δφ-scan

Film Substrate Film Film Substrate Film

SSO 0.83° 0.02° 1.6° 0.20° 0.04°b 1.3°
SST25 0.13° 0.06° 1.4° 0.09° 0.08° 1.4°
SST50 1.07° 0.15°a 1.9° 0.23° 0.14°a 1.2°
SST75 1.60° 0.05°b 2.8° 0.29° 0.20°a 1.2°
STO 3.07° 0.04°b 1.9° 0.22° 0.10° 1.4°

a Asymmetrical peak.
b Rocking curve presenting peaks of very small intensity (with Δω ~ 0.03°) around the

main peak.
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used for deposition: RRMS = 8.8, 6.5, 3.6 nm for the SSO, SST50 and STO
films grown by CSD and 6.6, 4.3 and 3.5 nm for those deposited by PLD,
respectively. Through the profile of the linescan curves extracted from
the AFM images, the SSO, SST50 and STO films deposited by CSD showed
a Ra roughness of 7.0, 5.2 and 2.9 nm, respectively, while the Ra values of
thosefilms deposited by PLDweremeasured to be 5.2, 3.5 and 2.7 nm, re-
spectively. The decrease in the roughness values for SrSn1 − xTixO3 thin
films was also observed by Liu et al. with films deposited by PLD on
(001) MgO [27]. Moreover, it can be observed that both RRMS and Ra

values tend to be lower for PLD films which suggests that smoother
films may be obtained by this method compared to CSD ones.

3.2. SST thin films grown on (100) LAO substrates

The θ–2θ XRD patterns of the SST thin films grown on (100) LAO are
shown in the Fig. 7A and B. All of the films are single-phase with a high
(h00) orientation. When the SST thin films are prepared by CSD, a very
small 110 peak is observed for the SSO, SST25 and SST50 compositions,
but is not detected in SST75 and STO. Sharper and more intense peaks
are observed for the PLD samples suggesting a higher crystallinity for
these films compared to CSDones. Nomeaningful difference is observed
comparing thicknesses of the films obtained by PLD or CSD. For STO and
SST50, only 10 nmof differencewas observed,while 25 nmof difference
Fig. 9.φ-scans of the 110 reflection of the LAO substrate and of the 110 reflection of the SSO (a),
and PLD (B).
was measured for SSO. The higher crystallinity of the films obtained by
PLD may be assigned to the highest deposition temperature of the PLD
method (973 K), compared to the annealing temperature used during
the CSD method (923 K). Moreover, during PLD the deposition occurs
in situ, i.e., the species of the target (atoms and ions) are ejected
under oxygen atmosphere with a high kinetic energy. These speciesmi-
grate to substrate with a higher surface mobility where they condense
and solidify, building up one atomic layer at a time [42,43]. This induces
a higher ordering arrangement of the atoms of thematerial that is being
deposited. As consequence the diffraction peaks in the diffraction pat-
tern tend to be intense and sharp, indicating a high long range order
of the film.

As previously observed for the films grown on R-sapphire, a shift of
the Bragg angles to the higher 2θ values is observed as Ti content in-
creases, leading to a decrease of the apc lattice parameter (Table 2).

Theω-scans performed around the 002 SST peak confirm a high out-
of-plane orientation for all of the samples. As examples, theω-scans ob-
tained for the SST50 films are shown in Fig. 8A and B. The FWHMvalues
(Δω) tend to increase with the Ti content for the CSD films (Table 4).
This result is quite surprising considering themismatch values between
the films and the substrate: 6.5% for SSO and 3.1% for STO. However, the
Δω valuemay sometimes be higher due to the twinned structure of LAO
substrates [44]. Indeed, some ω-scans performed around the 200 peak
of LAO (not shown here) presented an asymmetrical shape or peaks of
very small intensity around the main peak, leading to larger Δω values
for the corresponding films. Comparing the two methods of deposition,
a higher out-of-plane orientation is observed for all of the films synthe-
sized by PLD, confirming higher crystalline quality and orientation, in
agreement with the θ–2θ patterns observations.

It has already been reported in the literature that STO [45,46] and
SSO [28] thin films can grow epitaxially on (100) LAO by PLD. As expect-
ed in the present work, the films based on the SST solid solution also
present an epitaxial growth on (100) LAO substrate, as shown by the
presence of 4 peaks in the φ-scans separated from each other by 90°
(Fig. 9A and B). These diffraction peaks arise at the same azimuth as
the 110 peaks of the substrate, indicating that SST thin films were epi-
taxially grown on top of the (100) LAO substrate plane, with a like
cube-on-cube epitaxy. The in-plane relationship between the SST thin
film and the LAO substrate is therefore ⟨010⟩SST // ⟨010⟩LAO. In contrast
to the growth on R-sapphire, epitaxy on (100) LAO is favored by a
SST25 (b), SST50 (c), SST75 (d), and STO (e) thinfilms deposited on (100) LAO by CSD (A)



Fig. 10. FE-SEM images for SST thin films grownon (100) LAOby CSD (A) and PLD (B). Thefilm thicknesses are given in the insets for themicrographs of the SSO, SST50 and STO thin films.
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Fig. 11. Photoluminescence spectra and band emission contribution of the SSO, SST50 and STO films grown on R-sapphire deposited by CSD (A, C) and PLD (B, D).
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lower mismatch value between SST thin films and LAO substrate (3.1%
for STO on LAO and 6.5% for SSO on LAO). In addition, the mechanism
of individual cluster rotation due to lattice network distortion does
not occur anymore in case of (100) LAO (the angularmismatch between
Fig. 12. Photoluminescence spectra and band emission contribution of the SSO, S
the film and the LAO substrate is very small (≤0.1%) for all of the com-
positions). As a result, the φ–scan peaks are considerably narrower in
this case, compared to the ones obtained on the STO film synthesized
by PLD on R-sapphire. The Δφ values, which are representative of the
ST50 and STO films grown on LAO deposited by CSD (A, C) and PLD (B, D).
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quality of the alignment at the interface and not sensitive to the param-
eter mismatch (provided that the latter allows epitaxial growth), are
quite similar for all of the SST films deposited on LAO (Table 4),
confirming the high quality of the epitaxial growth.

Fig. 10A and B show the morphology of the SST thin films grown by
CSD and PLD, respectively. All of the films are homogeneous and crack-
free, but themorphology is greatly influenced by the depositionmethod
and by the increase of Ti content, as previously observed for the SST thin
films on sapphire. The films deposited by CSD aremore porous assigned
to the decomposition of the polymeric network during the heat treat-
ment, as previously discussed. The presence of Ti4+ in the SST films de-
posited by PLD induces the decrease of the grain size, more visible on
LAO substrates because the grains are round for all of the compositions
(showing that other factors than kinetic properties of the species during
the PLD deposition influence the grain shape). This size decrease (grain
size of 87 nm, 55 nm and 19 nm for SSO, STT50 and STO respectively for
PLD films on LAO) may be correlated with the amount of nuclei created
during the PLD process. The smaller grain sizes observed for Ti-richer
samples may be associated to a higher amount of created nuclei, while
bigger grains of the Sn-rich thinfilmsmay be favored by a lower amount
of nuclei which can thus grow more easily.

It can be also noted that for the same composition and for the same
method of deposition, the morphology depends on the substrate used
for deposition (comparison between Figs. 5A, B and 10A, B). The differ-
ence in morphology is assigned to the epitaxial growth of the films de-
posited on LAO, as crystallization process is changed.

3.3. Photoluminescence of the films grown on R-sapphire and LAO
substrates

The photoluminescent (PL) spectra of the SSO, SST50 and STO thin
films deposited on R-sapphire (Fig. 11A, B) and (100) LAO (Fig. 12A,
B) substrates by CSD and PLD methods present a typical behaviour of
multiphoton or multilevel processes. In this case the relaxation occurs
by several pathways,which involve the participation of numerous ener-
gy sublevel states within the band gap [47–49]. PL can be originated
from different type of short-range defects - shallow (energy states
close to the valence or to the conduction band originated from less
distorted structures) and deep ones (energy states close to the middle
of the band gap due to highly distorted structures). According to
Longo et al. [48,49], deep defects lead to a less energetic green-yellow-
red emission, while shallow defects lead to a more energetic violet-
blue emission.

As observed on Figs. 11A, B and 12A, B, the broad PL emission re-
sponses are dependent on the composition, nature of substrates, besides
the method of deposition, and these responses occur at different wave-
length in the range of 350–800 nm. In order to understand the different
PL behaviours of the films, the PL spectra were deconvoluted into sym-
metric Gaussian functions. According to these data, the broad emission
band was divided into three to five color components, which vary ac-
cording to the composition, growth and depositionmethod. The contri-
bution of each deconvoluted curve and its variation are shown in Figs.
11C, D and 12C, D. The deconvolution data are listed in Table S2 to S5
in the Supplementary information file.

Films deposited on (100) LAO (Fig. 12A, B) present a PL at a lower
energy range i.e. longer wavelength (compared to the emissions from
films grown on sapphire), which may be related to the creation of
deep defectswithin the band gap ofmaterials.Moreover, the Sn content
in the lattice induces an increase of PL. The short-range disorder respon-
sible for the distortion of the SST lattice deposited on the (100) LAO net-
work favors PL, especially for SSO film that suffers higher distortion,
probably due to its higher misfit compared to STO composition. The
short-range disorder in the SST films on LAO lattice is responsible for
the creation of energy levels within the bandgap, which leads to intense
PL responses occurring mostly at lower energy range. On the other
hand, the SST films grown on R-sapphire present bigger PL at higher
energy range (short wavelength), indicating the formation of shallow
defects in the bandgap, probably due to its polycrystalline nature.

4. Conclusions

A detailed study about the influence of the composition, the sub-
strate and the deposition method on the structural and microstructural
characteristics of the films has been carried out in this article. On R-sap-
phire, SST randomly oriented (polycrystalline) thin films have grown by
CSD whereas (h00) preferential oriented films were obtained by PLD.
The STO film grown by PLD on sapphire exhibited an in-plane ordering
(epitaxial growth) with [011] STO direction parallel to ½ 121� direction
of the sapphire, meaning a rotation of 45° between the STO lattice and
the sapphire one. The SST thin films grown on LAO were all highly a-
axis oriented with a like cube-on-cube epitaxy, meaning ⟨010⟩SST //
⟨010⟩LAO. All of the structural differences were explained on the basis
of misfit considerations and interface arrangements. Moreover, the
morphology of the SST thin films was strongly correlated to the nature
of the substrate (which induces the type of growth) but also to the nu-
cleation/grain growth processes which are different according to the
composition and also to the deposition method. The PL observed in
SST thin films was dependent on the composition and type of growth,
which induce the creation of different types of defects within the
bandgap. The higher energy emission was associated with shallow de-
fects (lower wavelengths) which are associated to the polycrystalline
characteristics of films, while the epitaxial growth led to a lower energy
emission (higher wavelengths) associated to the formation of shallow
defects in the bandgap. To summarize, we have shown that the type
of crystalline growth (polycrystalline or epitaxial), microstructure
(dense or porous, shape and size of grains) and PL properties of the
SST films can be tuned by changing composition, substrate type and de-
position method.
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