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Tuning of the Optical Properties of the Transparent
Conducting Oxide SrVO; by Electronic Correlations

Alexis Boileau, Aimane Cheikh, Arnaud Fouchet, Adrian
Philippe Marie, Fabrice Gourbilleau, and Ulrike Liiders*

The vanadate SrVOs; is a transparent conductor perovskite with optical and
electrical properties competing with those of the most-used indium tin oxide
material. Although its charge density is comparable to that of metals, SrVO,
shows a plasma frequency below the visible range due to strong electronic
correlations characterizing the electronic transport in this material and
enhancing the effective mass. Therefore, the well-known interplay between
the structure and the electronic properties of strongly correlated systems can
be used in such transparent conductor to tune the optical properties, as the
plasma frequency also depends on the effective mass. In this study, SrVO;
films are grown by pulsed laser deposition onto different lattice mismatched
perovskite substrates such as SrTiO;, LaAlO;, and (LaAlO;), 3(Sr,TaAlOg), 7 at
different growth temperatures. The structural, electronic, and optical proper-
ties are analyzed, illustrating the influence of the strain on the structure of
the films and on a shift of the plasma frequency. The electronic correlations in
this new group of transparent conducting oxides can be therefore used as a
supplementary lever for the tuning of the functional properties.

David, Christophe Labbé,

of SVO as a TCO is the fact that although
the charge density is that of typical metals
(in the range of 10%2 ¢cm™), the screened
plasma frequency a, is pushed out of the
visible range due to the strong electronic
correlations enhancing the effective mass
m*. Consequently, the electronic correla-
tions do not only govern the electronic
transport properties, but also the optical
ones in the visible range.

Such interplay between the electronic
and optical properties via the electronic
correlations may also open a new way for
the optimization of the functional proper-
ties of SVO. In strongly correlated metals,
it is known that strain may influence the
correlation characteristics via the related
crystal distortions,’™ which were also
predicted theoretically for SVO.07] In a

1. Introduction

SrVO; (SVO) is one of the strongly correlated metals that
were recently identified to be transparent conducting oxides
(TCO).[ The demonstrated properties of this system stand up
to those of the standard indium tin oxide material, providing
therefore a valuable alternative for a number of applications.
Although it was shown that the amorphous phase of SVO is
not conducting,? the potential of application stays important in
adapted systems due to the absence of indium and its price fluc-
tuations related to the limited availability. An intriguing aspect
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strongly correlated TCO as SVO, it may

therefore be possible to not only influence

the electrical transport by strain, but also
the optical properties. Although the structural and electronic
properties of SVO were studied intensely in the thin film/®12
or in superlattices form, %13l no comparative study of SVO
films on different substrates inducing variation of strain was
published, neither its influence on the optical properties. The
aim of this study is therefore to use three substrates, on which
epitaxial growth of SVO is possible, in order to elucidate the
influence of the strain on both the electronic and the optical
properties.

However, in the discussion of the relationship between struc-
ture and properties in transition metal oxide thin films, the
stoichiometry of the films has also to be taken into account.
Especially in SVO, it has been shown that both a cationic”! as
also an anionic nonstoichiometry'121413] play an important
role in the properties. The management of the oxygen content
is a special issue in SVO due to the existence of some oxides
with higher oxidation state of vanadium such as Sr;V,0g or
St,V,0;, being thermodynamically more stable than the perov-
skite structure.'®l This implies that widely used mechanisms
to influence on the oxygen stoichiometry of thin films, as the
growth in different oxygen pressures or postannealing treat-
ments, are not possible or have to be controlled closely in order
to avoid the formation of the orthovanadate, which is trans-
parent but insulating. Even more, recently it has been shown
in a closely related system, SrCoOs, that strain and oxygen
vacancies show a complex interplay:l'’! in films undergoing
a tensile strain, the density of oxygen vacancies is enhanced,
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probably due to the weakening of the Co—O bonds. This obser-
vation seems to be part of more general tendency in perovskite
oxides, where the introduction of oxygen vacancies is favored
by tensile strain allowing for an accommodation of the oxygen
vacancy volume.l'® In order to estimate the effects of oxygen
vacancies, which cannot be measured with easy means in thin
films, we have included also a study on the growth temperature
T¢. The films, being deposited in vacuum to avoid in situ over-
oxidation, undergo a strongly reducing atmosphere at least at
high T, while at low T the oxygen transport in the film is less
activated. By comparing the films at different Tg, it will be pos-
sible to elucidate the role of oxygen vacancies on the functional
properties of the film, although it will not be possible to gain
absolute knowledge.

In this work, we report on the experimental investigation
of the growth of SrVO; films on different perovskite sub-
strates and their influence on the structural, electrical, and
optical properties. The selected substrates are (001) oriented
SITiO; (STO), (LaAlOs)es(Sr,;TaAlOg)o, (LSAT), and LaAlO,
(LAO) monocrystals, adapted to the growth of SVO. The lattice
parameter of STO, LSAT, and LAO substrates is 3.905, 3.868,
and 3.790 A, which lead to a lattice mismatch with SVO bulk
(3.840 A) of 1.69%, 0.73%, and —1.30%, respectively. Therefore,
SVO films grown on STO and LSAT are tensile-strained while
the films grown on LAO are compressive-strained. The aim of
this study is to determine the functional properties for films
undergoing the different strain states and understand the role
of these strains.

2. Results and Discussion

2.1. Structural Characterizations

First, the picture of deposited films on STO, LAO, and LSAT
displayed in Figure 1a gives an overview of the good transpar-
ency of SVO films for a thickness of 30 nm. Concerning X-ray
diffraction (XRD) measurements, Figure 1b shows specular
6-26 diffractograms around the (002) Bragg peak of SVO films
grown on STO and LAO between 300 and 700 °C (the data
concerning the films on LSAT were published elsewherel?)). At
300 °C, only the peak attributed to the (002) reflection arising
from the substrate is visible at 46.47° and 47.97° for STO and
LAO, respectively. The peak due to the (002) reflection of the
SVO cubic structure appears around 47.25°, and 46.50° on
STO and LAO, respectively, between 300 and 400 °C. Similar
results were found for the films on LSAT. This crystallization
temperature of SVO is remarkably low and does not seem to
depend on the substrate, at least in the defined temperature
interval. From the observed Laue fringes, the layer thickness
was determined to be in the range of 37-40 nm by simulations
(not shown). As the presence of Laue fringes can be consid-
ered as a marker of the quality of the crystalline local order,
highly crystallized films are grown at 400 °C on STO and LSAT
with a flat film/substrate interface. By contrast, the film depos-
ited on LAO at the same temperature does not exhibit Laue
fringes. In the case of LSAT, the lattice mismatch is limited
to 0.72% but increases positively up to 1.66% for STO and
negatively down to —1.32% for LAO. Given that the epitaxial
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Figure 1. a) Image of SVO films grown onto STO, LAO, and LSAT between
300 and 700 °C. b) 6-26 X-ray diffractograms in the vicinity of the (002)
reflection of SVO thin films on STO and LAO grown between 300 and
700 °C. For SVO/LSAT samples refer to ref. [2].

tensile strain induced by the STO substrate is more important
than the compressive one induced by LAO, the loss of oscilla-
tions may indicate the negative impact of compressive strains
on the crystallization of SVO. The energy required for the epi-
taxial stabilization of SVO in compressive stress is therefore
partially reinvested in the elastic potential energy required
to induce the deformation of the perovskite structure by the
apical elongation of the octahedra of the corner-sharing perov-
skite structure.

As T; is increased, the amplitude of the Laue fringes
around the (002) SVO peak deposited on LAO significantly
increases as the provided thermal energy becomes high
enough to ensure both the deformation and the crystallization
of the structure. Consequently, the quality of the crystalliza-
tion of SVO at low temperature can be strongly modulated by
the deformation of the strained epitaxial structure imposed by
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Figure 2. a) Reciprocal space maps around the (103) cubic reflection of SVO thin films grown at 400 and 700 °C on STO and LAO substrates. The
reflections marked by a star (400 °C) are artefacts due to the diffractometer setup. b) Out-of-plane (solid symbols) and in-plane (open symbols) lat-
tice parameters evolution as a function of the growth temperature of SVO films on STO (red squares), LSAT (blue triangles), and LAO (red circles).

the substrate and widely enhanced by implication of a biaxial
tensile strain.

To get better insight in the in-plane structural relation
between SVO and the substrates, asymmetric film reflections
were also measured in skew symmetry. In Figure 2a, reciprocal
space maps (RSMs) around the (103) Bragg peaks for the film
on STO are presented for Tg at 400 and 700 °C, representative
also for the other used substrates. From the vertical alignment
of the film and substrate peaks at the same Q, value, we can
note that SVO films are fully strained to the substrate regardless
of growth temperature for STO and slightly relaxed for LAO.

From the (002) and (103) peaks, we have determined the evo-
lution of in-plane and out-of-plane cubic cell parameters a¢ and
csof SVO films depending on the growth temperature. The cor-
responding lattice parameters are displayed in Figure 2b. The
in-plane lattice parameter a¢ (open symbols) of SVO is found
to be 3.90(9)-3.91(5), 3.86(2)-3.86(5), and 3.80(1)-3.79(5) A at
400 and 700 °C on STO, LSAT, and LAO, respectively, whereas
one of the substrates ag is equal to 3.90(5), 3.86(8), and 3.79(0)
A for bulk substrates. Therefore, as observed earlier in the
RSMs, ar matches closely the substrate lattice parameter for all
films, independently of the induced strain.



However, the out-of-plane lattice parameter ¢ (solid symbols)
exhibits a different evolution with T and depends strongly of
the nature of the substrate. For SVO//STO, ¢; increases rap-
idly from 3.84(5) to 3.87(5) A as the T increases up to 600 °C.
It can be noticed that for the film deposited at 400 °C, the
c-axis is close to the value reported for bulk SVO, found to be
between 3.82 and 3.84 A.[22] Around 600 °C, ¢; goes through a
maximum and decreases slightly down to 3.86 A at 700 °C. The
expansion of the c-axis observed between 400 and 600 °C may
be related to the creation of oxygen vacancies in SVO due to the
growth under vacuum. The incorporation of oxygen vacancies
induces a swelling effect of the cell driven by the reduction of
V*# to the larger cation V3*: the ionic radius increases slightly
from 0.58 to 0.64 A.13 Actually, the near-stagnation of the c-axis
of SVO//STO at high Tg (whereas it increases continuously
for LAO and LSAT) can be understood by the vicinity of the
STO substrate. Heating of the STO under vacuum is known to
generate oxygen vacancies in the structure and to create color-
centers.?*261 Conversely, SVO is highly sensitive to oxygen
capture even for reduced oxygen partial pressures of 10~ Pa.l!2l
At T above 500600 °C, the thermal energy is high enough to
activate the oxygen diffusion at the interface from STO toward
SVO and compensate the oxygen depletion in the film created
by the reducing growth conditions. Consequently, the substrate
can be viewed as an oxygen reservoir for the film during the
growth. Thus, a change of Tg would lead to a modification of
the vacancy doping in STO and SVO, the film being a source of
oxygen vacancies, as proposed also by Herranz et al.l?’]

For SVO//LAO films, ¢ is remarkably shifted toward high
values to accommodate compressive strains induced by the
LAO misfit. However, LAO is stable under vacuum conditions
and the reduction of the substrate does not occur as much as in
STO one. In these conditions, we observe that ¢; rises continu-
ously from 3.904 to 3.925 A when the deposition temperature is
increased, indicating the creation of oxygen vacancies in SVO
for higher T. At the same time, the crystallinity of the films is
improved due to the increased thermal energy.

For SVO//LSAT, we observe a similar evolution of ¢y with T.
The c-axis lattice parameter increases from 3.905 to 3.915 A
as observed on the other substrates, but the high observed
values, similar to SVO deposited on LAO, is somewhat unex-
pected due to the change of the misfit from compressive on
LAO to slightly tensile on LSAT. If the reaction of the film
on the strain would be purely elastic, values smaller than the
bulk would be expected on LSAT. It is known that a devia-
tion in the cation stoichiometry of the perovskite could influ-
ence the lattice parameters of films. Studies of SVO thin film
on LSAT substrate have also variations between 3.82 and
3.84 A depending on the Sr and V content.”) The reported
values are much smaller than those observed in this study,
and Rutherford backscattering spectrometry (RBS) showed
a Sr/V ratio of about 1, so that this effect can be ruled out
here. However, it was shown that the presence of biaxial ten-
sile stain may induce an oxygen depletion to satisfy the defor-
mation of the octahedral network. Recently, Petrie et al.l'’]
have shown a similar behavior in SrCoOj; films, where the
creation of oxygen vacancies was shown to be facilitated by
the introduction of tensile strain, probably due to weakened
M—O0 bonding.

Therefore, coherently strained films were observed on all
substrates, permitting to study the influence of the strain on
the physical properties. However, care has to be taken with the
films on STO, where an important influence from possible
oxygen vacancies cannot be excluded.

2.2. Transport Properties
2.2.1. Transport Properties of As-Grown Films

The temperature dependence of the electrical resistivity of the
films was measured between 5 and 300 K. Results are reported
in Figure 3 for STO, LAO and LSAT at different T. For all
crystallized films, we observe a metallic behavior in the whole
temperature range in good agreement with earlier works.['1%]
Globally, the resistivity measured at room temperature is
between 1.10 and 2.37 x 10™* Q cm and corresponds to the
typical order of magnitude observed for SVO films deposited
by pulsed laser deposition (PLD).1282] Despite large differences
observed in the structural quality of films depending on the
growth temperature and the nature of the substrate, the resis-
tivity remains in the same order of magnitude and does not
vary much at room temperature. At most, we observe a varia-
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tion in the resistivity of a factor of two. Hence, the influences
of the substrate and T are relatively small compared to the
need of well-defined crystalline perovskite structure for good
transport properties, as was also pointed out for thin films on
LSAT.!2

However, regarding the details of the transport behavior,
differences due to the substrates can be observed. In Figure 4,
different markers for all substrates and the different growth
temperatures are combined. In Figure 4a, the electrical resis-
tivity measured 5 K (psk) as well as the residual resistivity ratio
(RRR) defined as the ratio between p;gox and psy are displayed.
The temperature dependence of the resistivity was fitted on the
basis of the typical model for metallic conductors p(T) = p, +
A x T* where py is the residual resistivity taken at 0 K and A
is related to the electronic interactions for a strongly correlated
metal. The exponent o gives an indication on the Fermi liquid
character of the system.'%1530 The fit results are shown in
Figure 4b. To complete electrical transport data, the density and
the mobility of carriers measured by Hall effect at 300 and 5 K
are reported in Figure 4c,d, respectively.

For the films on LAO and LSAT, the evolution of the different
markers with T is remarkably similar. The resistivity decreases
in both cases with the increase of T, leading to an increase of
the RRR. For high T, the fit parameters of the temperature
dependence of the resistivity are near to what was observed
in the bulk material,®! o= 2 and A = 5.9 x 1071 Q ¢cm K.
Regarding the characteristics of the charge carriers, the charge
density N decreases with Tg, reaching a value about between
1.5 (5 K) and 1.7 x 1022 cm™3 (300 K) for the samples grown
at 700 °C. This value is consistent with the expected value
based on the hypothesis that each V*" ion (3d') contributes one
electron, which would add up to N = 1.77 x 10?2 cm™3 with the

bulk density. The mobility u increases with T, reaching values
of 6-7 cm? V- s7! at 5 K for T = 700 °C. These values are in
the same range as those observed in other studies of thin films
on LSAT substrates, outreaching those of other films grown
by PLD, but staying about a factor of two (at room tempera-
ture) lower than those of molecular beam epitaxy (MBE) grown
samples.[1]

The films on LAO and LSAT show therefore charge transport
characteristics, which are comparable to bulk properties at high
Tg, while for low T, the markers related to disorder (psx, RRR,
o, and ) show stronger deviations. Thus, the observed evolu-
tion of the resistivity with T can be explained by the decrease
of disorder and therefore to the increase in crystalline quality,
as was observed in the XRD study on LAO. However, for the
films grown on LSAT, an exceptionally high crystalline quality
is already observed at 400 °C,[2 comparable to the one of the
film grown at 700 °C, which does not seem consistent with
structural disorder being at the origin of the degradation of the
electronic transport. Moyer et al.’! have shown that an imbal-
ance of the Sr-V stoichiometry may also be at the origin of high
residual resistivities and low mobilities, but the RBS analysis of
the films of this study did not show an evolution for different
T or different substrates. The origin of the observed scattering
may therefore also be related to non-crystalline disorder, i.e.,
purely electronic disorder, which will be addressed in future
studies of the system.

The films grown on STO show a different behavior com-
pared to the films grown on LAO and LSAT. While for the
sample grown at 400 °C, the resistivity is still comparable to
the films grown in LAO and LSAT, p increases for higher T¢
and the RRR decreases. This evolution is also observed for A
and o, where the characteristics are comparable to the films on



LAO and LSAT at 400 °C, but while these latter approach the
bulk properties at higher T, the films on STO deviate more
strongly from the bulk values, with o decreasing down to 1.77
at Tg = 600 °C. A increases in the same temperature range,
resulting in a value about four times larger than the bulk value.
Interestingly, the film grown at 700 °C reverses the tendencies
for the low T samples, probably due to the starting exchange
of the oxygen vacancies between the substrate and the film, as
was observed in the structural properties. N stays roughly con-
stant in the observed T range, and u decreases, indicating that
it is not a lack of charge carriers, but rather a lack of mobility
leading to the high resistivity at high Tk.

It seems therefore that the strain plays only an indirect role
for the electronic properties, as the films on LAO (large com-
pressive strain) and LSAT (small tensile strain) show similar
behaviors, while the properties of the films on STO (large ten-
sile strain) are governed rather by the oxygen stoichiometry in
the film. This interpretation is underlined by the fact that the
samples grown at 400 °C show similar properties on all sub-
strates, at a growth temperature where the thermodynamic
reduction of the film during the growth should be rather small.
If the strain would have a direct influence, these films, fully
strained, should show pronounced differences. On the other
hand, the strain seems to have an indirect influence via the
oxygen vacancies: for increasing T, the probability of the intro-
duction of oxygen vacancies in the films becomes more impor-
tant for all films, but the ones grown on LAO and LSAT show
actually a tendency to more bulk-like properties, excluding
therefore a high oxygen vacancy density. For STO, the intro-
duction of oxygen vacancies is favored both by the high tensile
strain and by Tg up to 600 °C, while at higher temperature the
oxygen exchange between the substrate and the film sets in.
The transport characteristics reflect this evolution, illustrating
the importance of the oxygen vacancies and therefore indirectly
of the tensile strain for the films on STO.

Turning back to the initial motivation of the study, the influ-
ence of the substrate on the electronic correlations can be esti-
mated using the fit parameter A and the charge density N. In
a simplified model,?!l AY2N-1/3 is proportional to the effective
electronic mass m¥*, one of the governing parameters also for
the optical properties. In Figure 5, the values of the coefficient
AY2N713 for the different substrates and T¢ are shown, con-
firming the observed differences in the transport properties of
the films grown on STO and those grown in LAO and LSAT.
While at T = 400 °C, the values are similar for all substrates,
A2N153 enhances for films grown on STO for higher T, while
they decrease for films grown on LAO and LSAT. The strongest
difference is observed for the samples grown at Tg = 500 °C,
with a ratio in the order of 2, indicating a value of m* twice as
high on STO compared to the other substrates. The observed
structural changes have therefore an influence on the electronic
correlations of the SVO films.

2.2.2. Optical Properties of As-Grown Films
Optical transmission spectra were acquired in the visible range.

The transmittance taken in the middle of the visible window at
500 nm is shown in Figure 6a for the films grown on STO and
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LSAT. Unfortunately, the acquisition of transmission spectra
of SVO//LAO was not possible due to the presence of twined
domains in the LAO substrates and the difficulty to use a reli-
able reference between the pristine substrate and the deposited
one to realize the background in the dual beam acquisition
mode.

The analysis of the transmittance shows a very high optical
transparency for SVO films deposited on both STO and LSAT,
even outreaching those of earlier reported data on LSAT sub-
strates by Zhang et al.l!l It is interesting to note here, that the
films grown on STO show an important transparency at low
T¢ of nearly 93% going down to 80% in films grown at 700 °C.
This evolution may be related to the creation of active color-
centers in the STO substrate with the presence oxygen vacan-
cies.[?>32 In fact, it is not possible to distinguish between a loss
of transparency between the STO substrate and the SVO films
deposited at high temperature, so that the here reported values
can only be considered as minimum values for the SVO films.

Regarding the reflectivity spectra of the SVO films shown
in Figure 6b, well-known structures related to the free charge
carriers (at high wavelength) and to a SVO intraband transition
within the V 3d conduction band located at around 3.5 eVi2ll
(at low wavelength) can be identified. To get more into detail,
these two signatures allow to determine the screened plasma
frequencies @, of the films by the observed minimum.?* For
some of the samples, @, was also determined by the fitting of
ellipsometry data, showing the same values and confirming
therefore that the minimum of the reflectivity spectra is a good
measure of @,. The obtained values of the films on the different
substrates are shown in Figure 7. It can be clearly observed that
the films on STO show higher w, than the films on LSAT and
LAO. There is also a certain offset between these two latter sub-
strates, although much smaller compared to STO. Taking into
account the estimation of the effective mass m* from the elec-
trical measurements (Figure 5), this dependence of @, on the
substrate type can be therefore understood by the changes of
the electrical properties of the SVO films. In principle, it would
be also possible to determine m* from @, in TCOs,***! but the
relative permittivity has to be taken into account, which may
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Figure 6. a) Transmittance at 500 nm as a function of the substrate tem-
perature and b) reflection spectra of SVO films in the vis—NIR range for
the different substrate temperatures. The black line corresponds to the
pristine substrates.

depend also on the details of the growth process. Therefore,
we refrain here from this calculation. However, the variation
reaching around 10% of @, on different substrates is reason-
able regarding the variation of around a factor of two for the

2.5 T T T T

2.4+ i
Free carriers screening Ve SVo//sTO
S 2.3 shifted toward IR w, = /1_;; i
[
—
° SVO//LAO
2.2 4
2.1 4
SVO//LSAT
2-0 T T T T
400 500 600 700

Growth Temperature /°C

Figure 7. Plasma frequency extracted from the reflectivity spectra as a
function of the growth temperature for different substrates.

estimated variation of m* based on the electronic properties: A
is proportional to m*?, while @, is proportional to m*~*/2,

3. Soft-Annealing Experiments on STO

In the goal to highlight the effect of the oxygen vacancies on the
properties, additional SVO films grown on STO under the same
deposition conditions have been annealed under air during 20 h
at 100 °C. The annealing temperature was chosen carefully to
avoid the massive oxidation of SVO to Sr;V,0g occurring above
300 °C.I"®l Figure 8a shows the evolution of the out-of-plane lat-
tice parameter determined by high-resolution XRD measure-
ments of SVO before and after annealing.

After soft annealing under ambient atmosphere, the out-of-
plane lattice parameter of SVO//STO decreases to approach the
theoretical value of bulk SVO expected at 3.84 A (represented
by dashed line in Figure 8a). The swelling effect driven by the
vanadium reduction in the presence of oxygen vacancies is
compensated by the partial reoxidation of depleted sites under
quite low temperature. The absolute variation of ¢ reported in
Figure 8b shows that the out-of-plane deformation of the lattice
is more important for films deposited at high T;. Hence, the
depletion in oxygen in SVO films grown on STO under vacuum
is increased by the deposition temperature.

Electrical characterizations of films summarized in Table 1
for the two uttermost T show a significant improvement of the
transport parameters after thermal treatment. Indeed, the resis-
tivity decreases with a variation of 0.09 and 0.55 X 107* Q cm
at 400 and 700 °C while the residual resistivity is diminished
of 0.05 and 0.55 X 10 Q cm. At the same time, the residual
resistivity ratio is nearly stable for 400 °C sample and increases
notably from 1.22 up to 1.30 at 700 °C. In other words, the SVO
sample grown at 400 °C is less sensitive to the thermal treat-
ment than the one deposited at 700 °C.

This discrepancy can be related to an easier filling of oxygen
vacancies during the treatment and consequently, a higher level
in the oxygen depletion in SVO deposited at high temperature.
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This result is coherent with the evolution observed previously
in the structural and electrical properties of SVO//STO and
more precisely, the diminution of RRR indicating the oxygen
loss with the growth temperature. We can notice that the car-
rier density and the mobility increase slightly after annealing.
This variation is also more important at 700 °C compared
to 400 °C. Although the mobility remains less than values
expected around 5-10 cm? V! s7! for bulk SVO or films depos-
ited by MBE, [ its increase reveals the reinforcement of the con-
duction pathway required for the electron delocalization in the
structure via the O2p-V3d exchange.

The variation of the A coefficient before and after annealing
is reported in Figure 9a for these samples. The fit parameter
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Figure 9. Variation of a) the A coefficient and b) A/2N~'/3 proportional to
the electronic effective mass as a function of growth temperature before
and after annealing on STO.

A increases with the growth temperature, in good agreement
as was previously observed for the first series of SVO//STO
samples (Figure 4b). A is dependent on two contributions:
the average scattering probability and the electronic effective
mass.?®) As a consequence, the increase of A with T con-
firms the higher structural disorder in SVO//STO films depos-
ited at high temperature. At the same time, the effective mass
increases with T and can be related to reinforced electronic
correlations at high temperature. After soft thermal treatment,
we observe a spectacular depletion of A with Tg whereas it
remains quasi-constant with no significant variations at 400 °C.

Table 1. Transport properties of SVO//STO grown at 400 and 700 °C before and after annealing at 100 °C during 1 day.

SVO//STO P3ook X 1074 Q7T em™ Po[x 1074 QT em™) RRR N [x 1022 cm?] Mobility [em? (V7' s71)]
400 °C As-deposited 1.87 1.19 1.57 2.48 1.35
400 °C Annealed 1.78 1.14 1.56 2.55 1.37
700 °C As-deposited 2.62 2.14 1.22 2.09 1.14
700 °C Annealed 2.07 1.59 1.30 2.26 1.33
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The effect of the thermal treatment on m* is investigated by the
plot of AY2N-1/3 reported in Figure 9b. At 400 °C, the estima-
tion of m* is stable but is divided by a factor of four at 700 °C
being comparable to those on LAO and LSAT estimated around
1.1 x 1071 SI (see Figure 5).

Figure 10 reports the reflectivity spectra of SVO films grown
on STO at 400 and 600 °C before and after soft annealing at
100 °C during 20 h. First, a depletion is observed in the reflec-
tivity level of about 5% in the entire range of the probed wave-
lengths, i.e., including both the interband transitions and the
Drude contribution. This effect, constant through the entire vis-
ible spectrum, can be related to a modification of the extreme
surface of films with the possible creation of an overoxidized
layer or nanostructures such as Sr,V,0, evidenced elsewhere
by Berini et al. when SrVOj; is annealed in oxidizing condi-
tions.!'?) Second, the annealing leads to a displacement of 4,
(wp*) from 522 to 527 nm (1.19 to 1.18 eV) for sample grown
at 400 °C and from 525 to 541 nm (1.18 to 1.15 eV) for the
700 °C one. This tendency is not consistent with the tendency
of AY2N7153 reported in Figure 9b, showing a decrease of
m* after annealing. However, it can be observed that the posi-
tion of the interband transitions situated between 350 and
400 nm moves to high values, having a direct influence on @,*.
The increase of w,* after annealing is therefore rather related
to the effects on the lattice probed by the interband transitions,
rather than the properties of the charge carriers above. Thus,
conclusions about m* on the optical measurements are not evi-
dent in this case.

4, Conclusion

In conclusion, SrVOj thin films have been grown by PLD on
STO, LSAT, and LAO perovskite substrates and their struc-
tural, electrical and optical properties have been examined.
First, SrVOj; crystallizes surprisingly from 400 °C on whatever
the used substrate with however a remarkably high structural

quality in the case of in-plane tensile strain while a compressive
strain limits the local order in the crystalline structure.

Second, the resistivity of films remains around
(=1-2) x 10* Q cm, indicating that transport properties are
not too dependent on the substrate and the growth tempera-
ture, even if slight variations are observed. In particular, we
have shown the depletion of oxygen vacancies in SVO depos-
ited onto STO substrate at high temperature by postannealing
experiments. The sub-stoichiometry in oxygen can be under-
stood by an interdiffusion effect at the SVO/STO interface
during the deposition under reducing conditions where STO
is unstable.

Globally, the properties of SVO are not affected strongly
by strains induced by the substrate, oxygen depletion in films
seems to play a more important role on the conduction. How-
ever, the changes in the electronic properties indicate a higher
effective electronic mass m* for the films grown in STO,
resulting also in a higher screened plasma frequency w*, com-
pared to the other substrates.

In the objective to design and control tailored optical proper-
ties ensuring a good transparency through the visible range, an
adapted system based on SVO film has to show a low plasma
frequency, out of the visible range. As the plasma frequency is
proportional to (N/m*)'/2, this condition can be accomplished
by increasing m* by introducing, for example, oxygen vacan-
cies in the structure via a chemical exchange with the substrate
or by the tensile strains. However, important oxygen deple-
tion affects the electronic transport of films and a compromise
between the conduction and the transparency should be found.

5. Experimental Section

SVO thin films have been grown on double side polished (001) oriented
STO, LSAT, and LAO substrates by PLD. Prior to deposition, substrates
(5 x5 x 0.5 mm) were successively cleaned in acetone and ethanol
ultrasonic baths. A KrF excimer laser (Aj,se; = 248 nm) was used with a
repetition rate of 3 Hz and a laser fluence of =1.6 | cm™ focusing on a
Sr,V,0; polycrystalline target prepared by standard solid-state reaction.
The deposition was carried out under vacuum to induce the reduction of
the target material and to avoid overoxidation of the SVO films, known
to lead to the presence of higher oxides as Sr;V,04.1'?l The residual
deposition pressure at the growth temperature was 1 x 10°® mbar, while
the base pressure is 1 x 10”7 mbar. The target-substrate distance was
set at 50 mm in order to achieve a deposition rate of 0.09 A per pulse
and the SrVOj; thickness was fixed to be around 40 nm for all samples
by adjusting the deposition time. In order to investigate the influence
of the temperature on the crystallization of SrVO; films, the substrate
temperature (Tg) has been varied from 300 to 700 °C.

The structural properties and the thickness of the samples were
characterized by XRD with a Bruker D8 Discover diffractometer
operating with monochromatic Cu K, radiation (A = 1.5406 A). The
temperature dependence of transport properties was determined
by the four probe method from 5 to 300 K using the Van der Pauw
configuration in a physical properties measurement system by Quantum
Design. To determine the carrier concentration and the mobility of
carriers, Hall measurements were performed in the same temperature
range by applying perpendicularly to the film plane a magnetic field
within a range from —9 to +9 T. The optical properties were measured
in the UV-vis—near infrared range using a Lambda 1050 Perkin-
Elmer spectrophotometer operating in reflection mode by means of
the universal reflectance accessory and transmission mode. For all
substrates, a pristine substrate was taken as reference.



In order to ensure the absence of a possible deviation in the cationic
contents of SVO films, chemical analyses have been performed by RBS
with 1.7 MeV He* ions (not shown here). The quantification of the
Sr/V ratio indicates a maximum variation from the stoichiometric value
Sr/V = 1% of 6% between 400 and 700 °C without a clear dependence
on the growth temperature or the used substrate. It thus confirms an
excellent transfer of the cation stoichiometry of the target under the
deposition conditions used. This discards a possible effect of the cationic
composition on the structural or functional properties of the films.
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