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1. Deposition of SrVOj; thin films on glass without CNO NS seed layer

Two SrVO; (SVO) thin films have been deposited on 5 x 5 mm’ Eagle XG Corning®
glass substrate at 400 °C and 700 °C by pulsed laser deposition (PLD). The growth conditions

are similar to those of films deposited on Ca;Nb3O;9 nanosheets (CNO NS) seed layer on
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glass substrate. A KrF excimer laser (4 = 248 nm) was used with a repetition rate of 3 Hz and
a laser fluence adjusted at 1.6 J.cm™ to get a deposition rate close to 0.1 A per laser pulse.
The films thickness was increased to 100 nm by adjusting the number of pulse to
unambiguously detect the amorphous character of the films. As expected, SVO films

deposited on glass are entirely XRD-amorphous between 400 and 700 °C (figure S1).
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Figure S1. X-ray diffraction patterns of 100 nm thick SVO thin films deposited on Eagle XG
Corning® glass substrate at 400 °C and 700 °C by PLD.

2. Structural, chemical and morphological characterizations

2.1. Investigation of the morphology of the NS seed layer by atomic force microscopy



A pristine sample of Ca;Nb3zO19  nanosheets deposited on Eagle XG Corning® glass
substrate is imaged by atomic force microscopy (AFM) in tapping mode using a Pico SPM-
LE microscope of Molecular Imaging. Acquired images are processed with the Gwyddion
free software. The AFM image displayed in figure S2 (a), shows the NS dispersed over the
glass surface. The NS are juxtaposed alongside each other even if NS overlap in some places.
The size of the NS is between 100 nm to 2 um for the largest ones. In order to extract more
information about the NS stacking due to the multi-steps approach of the Langmuir-Blodgett
(LB) process, the AFM image is processed by selective height thresholding of the glass
surface and the NS layers (figure S2 (b)). In this way, we are able to retrieve three NS layers
(L1, L2 and L3). Then, the statistical analysis of each mask gives its average height (Zaverage)
and its percentage of coverage (Py).

First, we can calculate the “local” coverage P of the glass surface with the entire NS seed

layer as follows:

P|_ =100 - PGS =90.74 % (A)

Thus, the “local” coverage is close to 90 % indicating a dense coverage of the glass surface.

Secondly, we can calculate the relative thickness of each layer (ty) by subtracting t0 Zaverage
the height of each preceding layers. Values are reported in figure S2 (c) for reworked images.
Finally, the average thickness tys of the entire NS seed layer which is weighted by the

percentage of coverage of each layer can be easily determined as follows:

tns = ta X (PLy + P + Ps) + to x (P2 + Pua) + tis x (Ps) (B)

The average thickness of the entire NS seed layer tys is found to be 2.93 nm.
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Figure S2. (a) AFM image of a pristine sample of CNO NS deposited on glass. (b) Creation
of masks by selective height thresholding of the different layers (glass surface and NS layers).
The average height (zaverage) Of €ach mask and its percentage of coverage (Py) are extracted.
(c) Data processing of selected masks. The relative thickness (t;) of each layer is reported
here. (d) Multi-frame image reconstruction from masks in (c) confirming identical image to
the starting AFM image. All images measure 10 x10 um?.



2.2. Determination of the film thickness

The thickness determination of deposited vanadates thin films was realized by X-ray
reflectometry (XRR) measurements, performed on a Bruker D8 Discover diffractometer
operating with monochromatic Cu K, radiation (1 = 1.5406 A). Note that only oscillations
ascribed to the vanadate layer are discernible. Both CNO NS seed layer and amorphous
LaAIlOs; layer are too thin to produce observable oscillations. The measured thicknesses are in
good agreement with the targeted thickness (40 nm).
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Figure S3. XRR of SVO (a) and CVO (b) thin films deposited at different growth
temperatures onto CNO NS prepared glass substrate used to determine the film thickness.



2.3. Investigation of the morphology of vanadate films
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Figure S4. Scanning electron microscopy micrographs of CNO NS coated on glass substrates
used for different growth temperatures of CVO and SVO films. The percentage of
macroscopic coverage (Py) averaged from different images is reported here for information.
The darker areas correspond to the uncovered glass substrate.
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Figure S5. 4 x 4 um? AFM images of CVO and SVO films deposited at different
temperatures. The percentage of local coverage (P.) averaged from different images is
reported here for information.



From the AFM images displayed in figure S5, the morphology of CVO and SVO films
seem to be dependent on the growth temperature (Tg) by the establishment of a granular
microstructure at higher Tg. This evolution is confirmed by the root mean square (RMS)
roughness increasing between 400 to 700 °C from 0.27 (0.13) nm up to 1.09 (1.24) nm for
CVO (SVO) surfaces. An increase of the grain size with Tg has been already observed for
Lag.67Sro.3sMnOs films grew on NS deposited on glass.™! High temperature activates the
diffusion of species over the surface during the growth, which leads to a morphological
modification of films. Nevertheless, structural change of the NS with Tg and the Eagle XG
Corning® glass transformation near the softening point at 669 °C cannot be totally excluded

and complementary analysis should be done which are out of scope of this publication.

The percentage of global surface coverage (Pcoverage) Of glass substrates by the NS seed
layer can be easily extracted from the microscopy micrographs. This parameter is determined
by taking into account the percentage of macroscopically uncovered areas (pm) observed in
the SEM images (figure S4) and the percentage of local uncovered areas (p.) too small to be
observed by SEM and determined by AFM (figure S5). These values are reported for all
samples in table S1 with an average of pm ~19 % and p. ~ 8 %, respectively. Pcoverage 1S then
determined by the combination of py and p_ as (1-pu)*(1—p.) leading to a typical value of ~

74 % (values are reported in table S1 and figure 1 (f) in the main text).

2.4. Investigation of the chemical composition and the structure of vanadate films by
transmission electron microscopy

2.4.1. Films composition

According to the deposition temperatures, diffusion of glass elements into the films may
be the cause of the increase of the lattice parameters together with the decrease of the X-ray
diffraction intensity. Substrate and films compositions (figures S6.a,b,c) were measured by
energy dispersive X-ray spectroscopy (EDXS) coupled to a transmission electron microscope
(TEM). The Eagle XG Corning® glass is mainly made of Si, O, Al and Ca, together with few
amount of Mg (see figure S6.a). Spectrum of the CVO and SVO grown at 500 °C shows only
elements of the film (i.e. CVO and SVO coated by LAO), together with X-ray line of the
TEM copper microgrid (see figure S6.b,c). For CVO, a usual very small Si Ka peak in the



EDX spectrum can also be seen; it results from the Si crystal of the detector. Interestingly,
spectra of CVO films grown at higher temperatures show a higher Si Ka peak revealing the
diffusion of this element from the glass into the films. Concerning the SVO films, the energy
of the principal Lal,2 emission line of strontium (E = 1.81 keV) falls at the same position
than the Si Kal,2 lines (1.74 keV) (figure S6.c); therefore, the diffusion of the Si in SVO
films is not observable by this method. Whereas for both vanadates, the small lines of Nb L
are discernible, coming from diffusion of Nb from the nanosheets into the films. Nb is only
observed at high temperature for both films as already observed for the silicon. It has to be
noted that diffusion of substrate elements in the film was already observed in one of our
previous study also at high temperature?.
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Figure S6. a) EDX spectrum of the Eagle XG Corning® glass. b) EDX spectra of the CVO
films. ¢) EDX spectra of the SVO films.
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2.4.2. Structural analysis of vanadate films

(a) TEM results

TEM analyses were performed on CVO and SVO grown at 500 °C. Bright field in-plane
view micrographies show that the films are dense and made of grains that are connected by
grain boundaries (figure S7a,b for CVO and S8a,b,c for SVO). These grain boundaries are
very fine as shown in figures S7c,d and no pores between grains are observed. Electron
diffraction patterns of a fragment of SVO film grown at 500 °C were recorded for two
different grains. These patterns show the same [001] zone axis for both grains, but with an in-
plane rotation relatively to each other. These results confirm the preferential [001] orientation

of the film grown on nanosheets template, with an in-plane texturation.

a) b)

Figure S7. a,b) Bright field TEM micrographies of a fragment of CVVO film grown at 500 °C
along two different orientations showing the grains forming the film. c) Bright field TEM
micrography at higher magnification under overfocus condition allowing a high contrast of
grains boundaries. d) High magnification micrography of an area showing grains and grain
boundaries.
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Figure S8. a) Bright field TEM micrography of a fragment of SVO film grown at 500 °C. b,c)
Bright field TEM micrographies at higher magnification showing grains and grain boundaries
of two different areas of the film. d,e) Corresponding zone axis patterns along the [001] zone
axis.

(b) In-plane XRD

In-plane XRD was performed on CVO and SVO films grown at 500, 600 and 700 °C.
Full-range diagrams show the peaks of vertical crystallographic planes (figure S9a,b).
Diagrams recorded around the 004 (CVO) and 200 (SVO) reflexions reveal that the peak
positions are shifted to high angles with the increase of the growth temperature (figure S9c,d)
for both vanadates. The evolutions of the in-plane lattice parameter deduced from these
patterns are displayed figure S10. For SVO film the in-plane parameter is practically equal to
its out-of-plane counterpart (cf. table S1) which is showing that the films are relaxed. At the
contrary for CVO, the films undergo a tensile strain induced by the nanosheets. The evolution
as a function of the growth temperature is identical for both vanadates. The unit cell volume is
decreasing from 55.037 A® to 54.638 A® for CVO and from 58.945 A2 to 58.099 A2 for SVO.
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These evolutions can be related to the insertion of Si and Nb in the film as shown by EDX

measurements together with presence of oxygen vacancies.

T T T
a €)1 ]
P ~
i) 27 ]
= c CVO 700
> S ]
o e i
-
8 8 ]
%) CVO 600 2]
c [
> 3 7]
o T o
o O
CVO 500 T—cvo s00 ]
7 T T T T T T T T T T = T T T
20 25 30 35 40 45 50 55 60 65 70 75 465 47.0 47.5 48.0 48.5
20k (°) 26k (°)
T T T T T T T T T T T T T T T T
b) 110 d) 200 ]
o~ ‘ 200 1 @] 1
= | =
c - | 4 =
5 >
- ] 220 ] - .
o] o]
— * —_
SVO 700 1 &4 _
- - SVO 700
0 7 [7)]
£ =1 |
5 i SVO 600 - 5
S 1 81 SVO 600
] SVO 500 i
- 4 . SVO 500 i
T T T T T T T T T T T T T T T T T T T T T T T T T T T
20 25 30 35 40 45 50 55 60 65 70 75 455 460 465 470 475 480
20x (°) 20x (°)

Figure S9. In-plane X-ray diffraction diagrams of CVO films (a) full-range; c) around the 004
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2.5. Investigation of the depth chemical profiling vanadate films by X-ray
photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) depth profiling is the best tool to evidence the
cationic out-diffusion from the substrate with the growth temperature. Indeed, in the case of
XPS analysis, the detection threshold is close to 0.1 % atomic whereas this limit is higher for
EDX analysis (in general, higher than 0.2 % atomic). In this goal, CVO films deposited at 500
and 700°C have been chemically characterized by XPS time-resolved analysis under argon
etching beam. The experimental procedure is described in details in the main text of the
article (see experimental section). The figures S11 (a) and (b) show the evolution of the
atomic percentage of cations as function of the etching time for films deposited at 500 and
700°C, respectively. The comparison of depth profiles for Si 2s peak (figure S12) between
500 and 700°C shows a more pronounced profile at high temperature with Si upcoming in
higher content and earlier than Si 2s profile of film deposited at 500°C. Similar evolution is
also observed for Nb 3d depth profiles (figure S13) confirming the diffusion of Nb into the
CVO layer. In conclusions, the XPS depth profiling confirms that Si diffuses from the glass
substrate and Nb from the CNO nanosheet seed layer into the CVO layer faster at 700°C than
500°C.
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Table S1. Summarized data of the microstructural investigations of CVO and SVO films on
CNO NS/GS

RMS

sample [OT;] Th[i;:;ess [i’/“:] [S/:] Pc[i)V/:]age Pa?;:);ous Pcr[v:;:]"ezd P[(E;s]" Roughness
[nm]
CVO 200 412 185 72 75.6 - - - 027
CVO 500  44.9 17.0 12.7 72.4 30.2 69.8 65.0 0.51
CVO 600  40.2 19.0 6.9 75.4 32.0 68.0 - 0.74
CVO 700 511 20.5 3.8 76.5 27.7 723 - 1.09
SVO 400 474 15.0 95 76.9 - - - 0.13
SYe) 500 447 17.2 8.2 76.0 27.2 72.8 753 0.52
SVO 600 405 16.1 5.9 79.0 19.9 80.1 - 0.43
SVO 700 382 18.5 8.5 74.6 315 68.5 - 1.24

Legend: growth temperature (Tg), percentage of macroscopic uncovered glass zones
determined by SEM (pwm), percentage of local uncovered glass zones determined by AFM (py),
percentage of total coverage of glass by NS (Pcoverage) €Xtracted from microscopy analysis,
percentage of amorphous phase determined by ellipsometry (Pamorphous), percentage of
crystallized phase determined by SE (Pcrystanized), Percentage of crystallized phase determined
by EBSD (Pegsp), root-mean-square roughness of films (RMS roughness), out-of-plane lattice
parameter determined by #-26 XRD, in-plane lattice parameter determined by in-plane XRD
and cell volume.

3. DC Transport properties
The DC resistivity measurement have been performed using the four-probe method with

the Van der Paw configuration from 5 to 370 K in a physical properties measurement system
(PPMS) designed by Quantum Design.
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Figure S14. Temperature-dependent resistivity curves of CVO (a) and SVO (b) deposited on
CNO NS/GS. The insert in (b) shows the residual resistivity ratio (RRR) of films as function
of the growth temperature. Figures (c) and (d) focus on the resistivity upturn below Tpmin
defined as the resistivity minimum occurring in the low temperature range.

The temperature dependence of the electrical resistivity is plotted in figure S14 (a) and
(b) for textured CVO and SVO thin films grown between 500 °C and 700 °C. Vanadate films
deposited at 400 °C are weakly crystallized and therefore too resistive to be measured. For all
metallic films, room temperature resistivity (psook) IS Within restrictive range going from 3.65
x 107 Q.cm to 1.64 x 107° Q.cm. These values are consistent with those reported for bulk
vanadates ranging from 7.0 x 10 Q.cm B4 t0 4.2 x 102 Q.cm P and thin films with values
between 2.84 x 10° Q.cm © and 2.90 x 10 Q.cm ). The resistivity is extremely low
considering that near 30% of our textured vanadate films is amorphous and the presence of
grain boundaries in the structure. Nevertheless, the percolation of well crystallized and highly
textured CVVO or SVO domains onto CNO NS as revealed by EBSD imaging is sufficient to
ensure enough conduction pathways and the delocalization of correlated electrons through the
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film. However, in low temperature range, the electrical behavior exhibits a metal-insulator-
like transition defined as the resistivity minimum observed at Tyn (figures S14 (c) and (d)).
All values summarized in table S2 show that Ty, shifts with Tg increasing from 9 to 88 K for
CVO films and from 13 to 46 K for SVO films. Fouchet et al. have already observed the
appearance of a similar metal insulator transition moving from 10 to 85 K when the thickness
of single crystal SVO thin films is reduced from 7 to 3 nm.®! However, authors show that
correlations with in-plane and out-of-plane structural stress evolutions show the existence of a
7 nm relaxation thickness corresponding to the metallic state limit. In our case, locally
epitaxially grown films are too thick to follow this model. Electronic localization at grain
boundaries can be responsible of the upturn of the resistivity in low temperature range. This
assertion is reinforced together by AFM imaging where a granular microstructure takes shape
with Tg (figure S5). As a result, the metallic state is remarkably stabilized for films deposited
at low temperature and the resistivity of textured vanadate films largely did not exceed values
typically reported for standard TCOs as ITO ), demonstrating excellent electrical properties.
For this reason, these results are a great improvement for vanadate integration onto thermal

sensitive substrates.

For the metallic regime identified above Tmin, the resistivity follows a quadratic
temperature dependence fitted on the basis of the typical model for metallic conductors

defined as:
p(M) =po+AxT” ©)

where po is the residual resistivity at 0 K related to the background contribution due to the
static disorder, and A x T*accounts for electron correlation effects in Fermi liquid description
(here, A is related to electron-electron scattering).[*> ! The fit results are summarized in table
S2. Values for thin films are consistent with those reported for bulk CVO and SVO materials
for which A is ranging from 4.0 x 10° 1 {9 6.0 x 10 Q.cm.K™ FI. In the Fermi liquid
model, the residual resistivity po leads to values between 6.0 x 107 2 and 3.0 x 102 Q.cm
B The values presented in table S1 are showing that the quality of our CVO and SVO films
are comparable to single crystals and thin films. Nevertheless, the gradual increase of po from
2.86 x 107 (2.86 x 10™) to 1.46 x 1072 Q2.cm (5.86 x 10~* ©2.cm) between 500 and 700 °C for
CVO (SVO) indicates that crystalline defects as the out-diffusion of elements from the glass
substrate evidenced by coupled TEM-EDXS analysis (figure S6) are promoted by the
temperature increasing. Similarly, the residual resistivity ratio (RRR) defined as the ratio

20



paoox/psk reported in insert of figure S14 (b), does not exceed 1.38 and decreases slightly with
Te. The ratio RRR < 2 ™ s related to the presence of the crystalline disorder due to the in
plane disorientation of the films and the grain boundaries, the presence of cations coming
from the substrate by diffusion with the T increasing, and probably can also be related to the

presence of oxygen vacancies in the structure at higher temperatures.

Table S2. Summarized data of the DC transport properties of CVO and SVO films on CNO
NS/GS

sample T P00k o RRR R, Tmin Po Ax107%° a Npcx
[’C]  [Q.cm] [Q.cm] [] [Q.sq7Y] K] [Q.cm] [Q.cm.K™?] [ [cm

CVO 400

CVO 500 3.95x10*  2.86x10* 138  19.44 9 2.86x107* 18.30 1.93 2.

CVO 600 3.65x10*  2.63x10*  1.39 2158 77 2.60x107* 9.81 2.03 2.

CVO 700 1.64x10°  155x10°  1.06  20.03 88 1.46x10°° 2.34 2.37 2.

SVO 400 5.15x107"  1.58x107? - 23992

SVO 500 3.81x10*  2.86x10*  1.33  18.79 13 2.86x107* 12.30 1.98 1.

SVO 600 3.70x10*  2.95x10*  1.25 20.14 22 2.93x10™ 4.81 2.10 1.

SVO 700  6.59x10*  5.97x10*  1.10  38.09 46 5.86x107* 6.53 2.05 1.

Legend: Growth temperature (Tg), RT resistivity (osook ), resistivity at 5 K (osk ), residual
resistivity ratio (RRR), sheet resistance (R_), temperature of the resistivity minimum (Tpin),
residual resistivity (oo ), temperature prefactor of the Fermi liquid theory (A), temperature
exponent (a), DC charge carrier density (Npc), DC charge carrier mobility (upc), DC
scattering time (zpc). DC resistivity reduced by the factor f of crystalline phase (opc x f).

4. Spectroscopic ellipsometry study of CaVO3; and SrVVOj; thin films

4.1. Spectroscopic ellipsometry

All the films were characterized by Variable Angle Spectroscopic Ellipsometry (VASE)
both from ultraviolet to near-infrared range (UV-vis-NIR, from 0.7 eV to 5.9 eV) with a J. A.
Woollam M2000XI, and in the infrared range (IR, from 0.04 eV to 0.7 eV) with a J. A.
Woollam IR-Vase Mark Il. The ellipsometric angles ¥ and 4 are measured at incident angles
of 55°, 65° and 75°. The UV-vis-NIR and the IR data are then spliced together and analyzed
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concomitantly with the CompleteEase software supported by the J. A. Woolam Company. An
optical model is built that includes the different layers, their dielectric functions (DFs) and
their thicknesses, using several fitting parameters. Numerical regression using a Levenberg-
Marquardt algorithm is performed to adjust the fitting parameters in order to obtain agreement
between the ¥ and 4 angles predicted by the model and the ones measured. This is done by
minimizing the Mean-Square Error (MSE), defined in the CompleteEase software by the

formula:

MSEgs = Jﬁ (o) () () | (D)

Where “n” is the number of wavelengths, “m” is the number of fit parameters, N = cos(2 ),
C = sin(2¥) cos(A), S = sin(2 ¥) sin(4).

The samples of interest are composed of a stack of several layers, as shown on figure
S15: an Eagle XG glass substrate; a Ca,Nb3O19  nanosheets seed layer (hereafter named NS);
a CaVOs; or SrVO; layer (hereafter named CVO (SVO)); and an amorphous LaAlOs layer
(hereafter named a-LAO). In order to determine the dielectric functions (DFs) of CVO or
SVO in our films, it is necessary to determine the thicknesses and DFs of all the other layers
separately as a first step. For this purpose, we first study a NS thin film and an aLAO thin film
deposited alone on a (111) silicon substrate. The sections below detail the characterization of

all substrates and layers.

Amorphous LaAlO;

CaVO; or SrVO; (40 nm)

Pulsed Laser Deposition

Langmuir-Blodgett Nanosheets seed layer Eagle XG Corning ® glass

Glass substrate

Figure S15. Scheme of the complete sample stacks.
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4.2. (111) silicon substrate

The pristine (111) silicon substrate was characterized using a two-layer optical model: (1)
a semi-infinite Silicon substrate, which DFs are taken as tabulated values provided from J. A.
Woolam (SI_JAW); (2) a thin layer of native silicon oxide, which DFs are also taken as
tabulated values provided from J. A. Woolam (NTVE_JAW). The substrate is single-side
polished and the backside reflections can be neglected: this is confirmed by the very weak
depolarization measured on the whole measurement range (less than 3 % from 0.04 to 5.0
eV). Surface roughness, angle offset and thickness non-uniformity of the film were not taken
into account as they have been found to have insignificant influence on the model. The only

fit parameter is the thickness of the native oxide layer, which is found equal to 1.60 nm.

4.3. Amorphous LaAlO;

A 5 nm thick amorphous layer of LaAlO; (a-LAQO) was deposited onto a (111) silicon
substrate by PLD with the same deposition parameters as the ones used to cover the CVO-
SVO layer. The (111) silicon substrate originates from the same wafer as the one
characterized in the previous section, so that the DFs and thicknesses of the Silicon and
Native Silicon Oxide layers are fixed to the ones previously determined. LAO is an insulator
with a wide band gap of 5.6 eV and is transparent in the whole measurement range. A very
precise study of the DFs of amorphous LAO can be found e.g. in ref.'®. The DFs of the a-

LAO were modelled by a simple Cauchy dispersion law with no absorption (k = 0):

n()=A+—+5 (E)

We further assume C = 0, as is often the case for transparent materials. The simplicity of the
Cauchy model — with only 2 fitting parameters in this case, A and B — allows simultaneous
fitting of the optical constants and the thickness. We found a thickness of 5.39 nm, very close
to the nominally deposited thickness of 5 nm. The resulting DFs are very similar to the ones

of ref.[*6],
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Layer # 2 = LAOa Cauchy Thickness # 2 = 5.39 nm (fit)
A =1.828 (fit) B = 0.01368 (fit} C =0.0000
+ Urbach Absorption Parameters

Layer # 1 = NTVE_JAW Oxide Thickness = 1.60 nm

Substrate = SI_JAW

Figure S16. Optical model for the sample with a-LAO on a (111) silicon substrate.
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Figure S17. Measured and modelled ellipsometry angles for the sample with a-LAO on a

(111) silicon substrate at incident angles of 65°, 70° and 75°.
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Figure S18. Real (el) and imaginary parts (e2) of the dielectric functions of the a-LAO layer
for the sample with a-LAO on a (111) silicon substrate.

4.4. CayNb3;O19” nanosheets

Nanosheets of Ca;Nb3O19~ (CNO NS) were deposited by the LB method onto the same

(111) silicon substrate previously characterized, in order to determine their DFs.

The absorption spectra of a colloidal suspension of K* Ca;Nb3O1¢” nanosheets (NS) has
been measured e.g. by Liang et al.™"!, who determined a gap energy of 3.38 eV (366 nm) and
an absorption maximum at 4.59 eV (270 nm). The absorption spectra of CNO NS deposited
onto a transparent substrate (but not by the LB method) has been studied by Xu et al.l*®.
However, it seems that no direct investigation of the DFs of CNO NS deposited by the LB
method by spectroscopic ellipsometry has been reported so far. Therefore, the DFs of the NS
cannot be compared to literature data but have to be determined experimentally. They are
supposed to be similar to the DFs of their bulk counterpart KCa,NbzO10, which can be found
e.g. in ref.': the imaginary part &, should be negligible below the gap energy, and the real

part &1 should be close to 4. The NS are found to be transparent with an optical index n = 2.
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4.4.1. Determination of the thickness

In order to extract the thickness of the film, a simple Cauchy model is used for the NS,
while the fitting procedure is restricted to a wavelength range in which the NS are completely
transparent, from 0.15 to 2.48 eV (500 to 8 000 nm). The simultaneous fitting of the thickness
and the parameter A and B allows the determination of a thickness of 3.3 nm, while the fitted

value of A = 2.065 indicates an optical index indeed close to 2.

The thickness of a single CNO sheet is close to 1.6 nm. We can therefore conclude that
the NS layer has an average of 2 single layers of CNO sheet. In fact, to prepare these samples,
the LB method was repeated 3 times until a satisfying coverage is attained, but each
deposition does not provide a complete coverage, so an average coverage of 2 CNO sheet is

absolutely plausible.

Layer # 2 = Cauchy Thickness # 2 = 3.30 nm (fit)
A = 2.065 (fit) B =0.16438 (fit) C =0.0000
+ Urbach Absorption Parameters
Layer # 1 = NTVE_JAW Oxide Thickness = 1.60 nm
Substrate = SI_JAW

Figure S19. Optical model for the sample with NS on a (111) silicon substrate in their
transparent region.
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Figure S20. Measured and modelled ellipsometry angles for the sample with CNO NS on a
(111) silicon substrate in their transparent region.
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Figure S21. Dielectric functions of the NS layer for the sample with CNO NS on a (111)
silicon substrate in their transparent region.
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4.4.2. Determination of the dielectric functions: Wavelength-by-wavelength fit

The thickness of the NS being fixed to 3.3 nm, it is possible to calculate the DFs ¢; and &
of the NS for each given wavelength in the whole spectral range, which is called a
Wavelength-by-wavelength fit.

The results are displayed on figure S27. The DFs extracted by the Wavelength-by-
wavelength procedure are rather noisy, which is typical for this method as no correlation is
assumed between the neighbouring wavelength points. All the noise coming from the
measurement and the limits of the modelling procedure impacts the DFs values. A maximum
of & around 5 eV is clearly identified, and the NS layer is rather transparent below 3 eV,
which is consistent with ref.'”]. However, the DFs in the transparent region are surprising:
instead of a transparent film with ¢; =~ 4 and &, = 0 below the gap of 3.38 ¢V as expected for

CNO NS from the literature, we extract a rather high €, =~ 0.5 value.

However, as mentioned previously, the LB method was repeated 3 times until a
satisfying coverage is reached. Therefore, the restacking between consecutive NS layers may
induce a sizeable porosity. The NS have a typical width of a few micrometers which is close
to the wavelength of the probing light. This can induce porosities which can lead to non-

specular diffuse scattering.

This diffuse scattering may be Rayleigh-type diffusion (~ 1/4*) or similar tendency
diffusion, typically decreasing as a power-law of the inverse of the wavelength. This has been
previously mentioned by Xu et al.*®!, who observed similar strong diffuse scattering in NS
films of various thicknesses deposited onto a transparent substrate.

The standard spectroscopic ellipsometry measurement technique used here does not allow
to distinguish between absorption and diffuse scattering: non-specular reflection is hence
interpreted in the Wavelength-by-wavelength fit as a non-physical high value of &,. It is also
to be mentioned that spectroscopic ellipsometry in reflection configuration often tends to
overestimate the absorption, so that the values of &, of our sample might actually be lower

than the ones extracted here.
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4.4.3. Effective medium model for the CayNb3O19~ NS layer

It is highly desirable to remove the unphysical noise of the Wavelength-by-wavelength
procedure, and to provide a physical description of the DFs of the NS layer. For this, we build
an optical model with continuous functions like oscillators for the NS on one hand, and take

the porosity into account by an Effective Medium Approximation (EMA) on the other hand.

4.4.3.1. Oscillator model for the CayNb3zO19” NS

Consistently with the DFs of bulk KCa;Nb3O1, obtained by ab initio calculation by Virdi

et al.l’®! we chose to model the DFs of the NS by the contribution of 2 oscillators:

(1) A Tauc-Lorentz oscillator to represent the direct gap. Following Liang et al.™" we
chose a gap energy Eq = 3.38 eV and a maximum of absorption at Eg = 5.59 eV.

(2) A Gaussian oscillator arbitrarily centered at 8 eV to represent the others interband
transitions taking place in the UV, out of the measurement range, that may induce
dispersion below 6 eV.

We also add a value ¢, to the real part of the DFs in order to model the dispersion
stemming from further interband transitions at even higher energy. The amplitudes and width
of these oscillators, as well as the value of ¢, are modified manually to match approximately

the DFs of ref.l*%): specifically, we ensure & = 4 and &, = 0 below the gap energy.

- e1 Components
Einf = 2.545
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000
- e2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En.
1. Type = Tauc-Lorentz Amp1 = 60.5802
Br1=1.814 Eo1=4590 Eg1 =3.380
2. Type = Gaussian Amp2 = 2.919999 Br2 = 2.3222 En2 = 8.000

Figure S22. Oscillators model used for the CNO nanosheets.
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Figure S23. Dielectric functions of the oscillators’ model used for the CNO nanosheets.

4.4.3.2. Effective medium approximation for the Ca,NbzO1~ NS layer

We can now model the NS layer by an effective medium approximation (EMA), which is

a porous structure made of two materials:

(1) The pristine NS, which DFs are the ones obtained with the oscillators’ model in the
previous section (figures S22 and S23).

(2) The air filling the porosity. Its optical indexes are represented by a Cauchy model,
with n = 1 for air. Furthermore, an Urbach absorption tail is added in order to
represent the artificial absorption due to diffuse scattering (figures S24 and S25),
which is defined by: k = k Amplitude - e€¥Ponent:(E-Band Edge)
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Figure S24. Optical indexes of the Cauchy model with Urbach absorption tail used for the
porous inclusions.

This procedure has been successfully applied to include the effect of diffuse scattering
in porous structures by Maudet et al.”*®’. The advantage here is that we keep Kramers-Kronig
consistency for the DFs of the NS. Diffuse scattering, which is a non-Kramers-Kronig
consistent process, is taken into account via an Urbach absorption law, which is indeed not
Kramers-Kronig consistent. Urbach absorption law is suitable to represent diffuse scattering
processes which vary as a power-law of the inverse of the wavelength (Rayleigh-type (~ 1/2%),
or similar processes). On the contrary, attributing the seemingly high dielectric losses to a

high value of ¢, of the NS themselves would have no physical meaning.

These two materials are then combined through the Bruggeman Effective Medium
Approximation (Bruggeman EMA) to obtain the effective DFs of the NS layer. As the NS are
two-dimensional objects and the film is very thin, we can apply a two-dimensional
Bruggeman EMA, with a depolarization factor of 0.5 (suitable for circular inclusion in 2D, as

the film is isotropic within the plane of the substrate).

As the thickness of the NS layer and the DFs of the NS are fixed, the only fitting
parameters are therefore the k Amplitude and the exponent of the Urbach law, and the level
of Porosity, as shown on figure S25. The resulting DFs for the NS layer are shown on figure

S27. As one can see, they are very similar to those obtained by the Wavelength-by-
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wavelength fit procedure, with the advantage of providing a smoother energy dependence for

the DFs.

Layer # 2 = EMA Thickness # 2 = 3.30 nm
# of Constituents = 2
-Material 1=NS TL G
Show Dialog
- e1 Components
Einf = 2.545
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000
- e2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En.
1. Type =Tauc-Lorentz Amp1 = 60.5802
Br1=1.814 Eo1=4.590 Eg1 = 3.380
2. Type = Gaussian Amp2 = 2.919999 Br2 = 2.3222 En2 = 8.000
- Material 2 = Cauchy
A =1.000 B=0.0000 C=0.0000
- Urbach Absorption Parameters
k Amplitude = 0.39659 (fit) Exponent = 0.165 (fit)
Band Edge = 4.000 eV
Porosity (%) = 41.5 (fit)
depolarization = 0.500 Analysis Mode = Bruggeman

Layer # 1 = NTVE_JAW Oxide Thickness = 1.60 nm

Substrate = SI_JAW

Figure S25. Optical model for the sample with NS on a (111) silicon substrate with the

Bruggeman EMA model for the NS layer.
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Figure S26. Measured and modelled ellipsometry angles for the sample with NS on a (111)

silicon substrate with the Bruggeman EMA model for the NS layer.
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Figure S27. Dielectric functions of the NS layer with Bruggeman EMA (thick line). The DFs
obtained by the Wavelength-by-wavelength fit are shown as dash lines for comparison.

4.5. Eagle XG Corning® glass substrate

A pristine Eagle XG Corning® glass substrate is studied in order to determine its DFs. As
it is double-side polished, the back reflections are suppressed by applying 3M Scotch®
Magic™ tape on the back side of the substrate. Indeed, as the optical index of the tape is close
to the one of silica (n ~ 1.5), there is no reflection at the interface between the silica and the
tape. Then, the matte-finish of the tape ensures the diffuse scattering of all the incoming light.
It has been checked that, by applying this method, the line-of-sight transmitted light is indeed
negligible, and the depolarization in reflection configuration is less than 3 % from 0.2 eV to 6

eV. Therefore this method provides an efficient roughening of the backside of the substrate.

As the thickness of 0.5 mm of the substrate is known, we can perform a Wavelength-by-
wavelength fit of the DFs. The obtained DFs are afterwards fitted by a model comprising
several oscillators in order to smooth out the experimental and modelling noise present with
the Wavelength-by-wavelength procedure. A Sellmeier pole is used to model the high-energy
dispersion on the UV side, and a series of Gaussian oscillators are used to model the infrared
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absorption peaks present below 0.2 eV. The optical model, ellipsometry angles and

corresponding DFs are shown on figures S28, S29 and S30 respectively.

-|Substrate = Silice Eagle XG genosc
Show Dialog

- e1 Components

Einf = 1.398 (fit)

UV Pole Amp. = 103.7066 (fit) UV Pole En. = 11.000

IR Pole Amp. = 0.000 (fit)
- e2 Components

Oscillator Menu: Add Delete Delete All Sort

Fit Menu: All None Amp. Br. En.

. Type = Gaussian Amp1 = 1.784830 (fit) Br1 = 0.0366 (fit) En1 = 0.0525 (fit)

Type = Gaussian Amp2 = 2.557854 (fit) Br2 = 0.008933 (fit) En2 = 0.0554 (fit)
Type = Gaussian Amp3 = 0.139721 (fit) Br3 = 0.008270 (fit) En3 = 0.0737 (fit)
Type = Gaussian Amp4 = 0.936283 (fit) Br4 = 0.0139 (fit) En4 = 0.0863 (fit)
Type = Gaussian Amp5 = 0.804778 (fit) Br5 = 0.0118 (fit) En5 = 0.0988 (fit)
Type = Gaussian Amp6 = 1.933107 (fit) Br6é = 0.0173 (fit) En6 = 0.120 (fit)
Type = Gaussian Amp7 = 2.747156 (fit) Br7 = 0.009878 (fit) En7 = 0.132 (fit)
Type = Gaussian Amp8 = 1.626599 (fit) Br8 = 0.0168 (fit) En8 = 0.140 (fit)
Type = Gaussian Amp9 = 0.383289 (fit) Br9 = 0.0293 (fit) En9 = 0.163 (fit)
10: Type = Gaussian Amp10 = 0.400416 (fit) Br10 = 0.0205 (fit) En10 = 0.174 (fit)
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Figure S28. Optical model for the Eagle XG Corning® glass substrate.
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Figure S29. Measured and modelled ellipsometry angles for the Eagle XG Corning® glass
substrate with the oscillators model.
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Figure S30. Dielectric functions of the Eagle XG Corning® glass substrate with the
oscillators model (red and green lines). The grey thin lines represent the contribution of each
oscillator. The dielectric functions obtained by the Wavelength-by-wavelength fit are shown
for comparison (blue and black dotted lines).

4.6. CaVOs3 and SrVOs; layers

The sample of interest is composed of several layers: the figure S15 summarizes the

scheme of the complete sample stacking.

When the DFs and thicknesses of all the other layers are determined, it is possible to
investigate the DFs of the CVO (SVO) layer. The precise average thickness of this layer has
been determined by X-Ray Reflection (XRR) measurement and will thus be fixed to this

value.

As mentioned before, the coverage of the NS on the substrate is lower than 100 %. CVO
or SVO can crystallize only if it grows epitaxially onto the nanosheets. If it grows directly
onto the substrate, it will remain amorphous. Therefore, an effective medium model should be
built to take into account the proportion of amorphous CVVO or SVO present in the layer. In
the following, we will present the method for the CVO series, as the method is identical the
SVO series.
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4.6.1. Amorphous CaVOj3: sample CVO 400 °C
4.6.1.1. Wavelength-by wavelength fit

At the deposition temperature of 400 °C, the CVO (SVO) layer is almost completely
amorphous, as shown by the X-ray diffraction measurements. Therefore, the CVO (SVO)
layer can be modelled as an isotropic homogeneous layer, and a Wavelength-by-wavelength
fit can be performed, as its thickness is known from XRR measurement (40.2 nm for CVO
400 °C). The resulting DFs are shown on figure S33.

4.6.1.2. Oscillator model

In order to smooth out the noise of the Wavelength-by-wavelength fit, an oscillator model
is then built for the sample CVO 400 °C. Following the spectroscopic ellipsometry
measurement and the ab initio calculation for CaVO3; and SrVO3; from Zhang et al.lfl we

include the following oscillators:

(1) A Tauc-Lorentz oscillator with an energy gap Eq = 2.773 eV and a maximum of
absorption at Eq = 3.902 eV in order to represent the direct band gap absorption peak
due to the interband transitions from the 2p to the ty, orbitals, as detailed in ref.").

(2) A Drude oscillator to represent the absorption due to the free carriers, that is, the
intraband transitions within the t,q band.

(3) A Gaussian oscillator arbitrarily centered at 8 eV to represent the others interband
transitions taking place in the UV, out of the measurement range, that may induce
absorption and dispersion below 6 eV.

(4) A Gaussian oscillator around 2 eV to model the ty4 to €4 interband transitions.

We also add a constant value ¢, to the real part of the DFs in order to model the dispersion
stemming from further interband transitions at even higher energy. The amplitudes’widths
and energies of all these oscillators, as well as ., are first fitted onto the DFs obtained by the
Wavelength-by-wavelength fit (firstly through a manual procedure, and secondly by
numerical fitting), and then fitted again directly onto the measured ellipsometry angles. The

full optical model, ellipsometry angles and resulting DFs are shown on figures S31, S32 and
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S33, respectively. The agreement between experimental and modelled ellipsometry angles is

very good, with a low value of MSE = 3.355.

+

Layer # 3 = LAQa Cauchy Thickness # 3 = 5.40 nm

1

2.
N
4.

Type = Tauc-Lorentz Amp1 = 47.5488 (fit)
Br1 = 1.618 (fit) Eo1 = 3.902 (fit) Eg1 =2.773 (fit)

Type = Drude(RT) Resistivity (Ohm-cm)2 = 0.002231 (fit) Scat. Time (fs)2 = 0.381 (fit)
Type = Gaussian Amp3 = 4.742767 (fit) Br3 = 4.7349 (fit) En3 = 8.000
Type = Gaussian Amp4 = 0.644681 (fit) Brd = 8.5239 (fit) En4 = 2.173 (fit)

-|Layer # 2 = cvo 191213 400degC visir - TL GGG D Thickness # 2 = 40.20 nm
Show Dialog

- e1 Components
Einf = 1.238 (fit)
UV Pole Amp. = 0.000 UV Pole En. = 11.000
IR Pole Amp. = 0.000

- @2 Components
Oscillator Menu: Add Delete Delete All Sort
Fit Menu: All None Amp. Br. En.

+

Layer # 1 = NS EMA TLG - Urbach Thickness # 1 = 3.30 nm

+

Substrate = Silice Eagle XG visir genosc fit

Figure S31. Optical model for the sample CVVO 400 °C with the oscillators’ model.
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Figure S32. Measured and modelled ellipsometry angles for the sample CVO 400 °C with the
oscillators” model.
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Figure S33. Dielectric functions of amorphous CaVO;3; (sample CVO 400 °C) with the
oscillators’ model (red and green plain lines). The grey thin lines represent the contribution of
each oscillator. The dielectric functions obtained by the Wavelength-by-wavelength fit are
shown for comparison (blue and black dashed lines).

4.6.2. Crystalline CaVO3;: sample CVO 500 °C

We now investigate the DFs of the sample CVVO 500 °C, which is nicely crystallized as

determined from the X-ray diffraction measurement.

The amorphous CVO incorporated inside the CVO-SVO layer is supposed to have the
same DFs as the CVO 400 °C sample determined in the previous section. The presence of NS
underneath the layer determines the crystalline or amorphous character of the CVO growing
on the top of it throughout all the thickness of the film. Therefore, as the film is much thinner
(40 nm) than the width of the NS (several micrometers), the amorphous and crystalline
inclusions have a highly oblate aspect ratio, and thus can be approximated as flat cylinders in
a three-dimensional medium. This is modelled in the framework of the Anisotropic
Bruggeman Effective Medium Approximation (ABEMA) by a depolarization factor L, = 1 in
the perpendicular direction of the substrate (z direction), and an isotropic behaviour within the
plane of the substrate (Lx = Ly = 0.5, i.e., x-y split equal to 0.5). Therefore, the only fitting

parameter of this ABEMA scheme is the proportion of the amorphous phase Pamorphous-
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Following ref.!®!, the crystalline CVO is modelled very similarly to the amorphous CVO

by the following oscillators:

(1) A Tauc-Lorentz oscillator with an energy gap Eq = 2.553 eV and a maximum of
absorption at Eo = 3.422 eV in order to represent the direct band gap absorption peak
due to the interband transitions from the 2p to the ty, orbitals, as detailed in ref.!).

(2) A Drude oscillator to represent the absorption due to the free carriers, i.e. the intraband
transitions within the tyy band.

(3) A Gaussian oscillator arbitrarily centered at 8 eV to represent the others interband
transitions taking place in the UV, out of the measurement range, that may induce
absorption and dispersion below 6 eV.

(4) A Gaussian oscillator around 5 eV to model the other UV interband transitions within
the measurement range.

(5) A Gaussian oscillator around 1 eV to model the ty4 to €4 interband transitions.

We also add a constant value ¢, to the real part of the DFs in order to model the dispersion

stemming from further interband transitions at even higher energy.

As a first step, the amplitudes, widths and energies of all these oscillators, as well as &,
are fitted onto the measured ellipsometry angles while assuming Pamorphous = 0 %. In this case,
the ABEMA model reduces to an isotropic model for the CVO (SVO) layer, i.e. exactly the
same model as the one used successfully for the amorphous sample CVVO 400 °C. However,
we obtain a value of MSE = 6.040, which is twice higher than the CVO 400 °C sample. From
a visual point of view, the fit does not look good neither (blue dashed line on figure S35).
Other attempts to improve the model, like adding more oscillators to the model, have also

resulted in a fit of poor quality.

The failure of the isotropic model (Pamorphous = 0 %) demonstrates the need to include the
amorphous CVO domains within the ABEMA model, which is anisotropic. The amplitudes,
widths and energies of all these oscillators, as well as ¢, are now fitted together with the
additional parameter Pamorphous- The starting values for the oscillators are the ones obtained
previously by the isotropic model, and the starting value for Pamorpnous iS 0 %. The quality of
the fit is substantially improved by including a proportion of Pamorphous = 30.2 % of amorphous
CVO (SVO) into the CVO (SVO) layer, with a strong reduction of 38 % of the MSE down to
3.752, as can be seen on figure S35. The same difficulty in the fitting procedure was observed
for all the samples of the CVVO and SVO series grown at 500, 600 and 700 °C, with similar
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MSE improvement once the ABEMA scheme is applied. The extracted values for Pamorphous in

the framework of the anisotropic ABEMA model are summarized in table S3.

Considering the anisotropic approach, the percentage of crystallized volume Perystaitized =
100 — Pamorphous, 8 measured by SE, and the percentage of surface coverage by the NS
(Pcoverage) determined by microscopy, converge together toward the same value for all samples
(~ 70 %, see table S1 and figure 1 (f) in the main text), which means that the SE and
microscopy measurements are in good accordance, enforcing the validity of the ABEMA
model. The conclusion is that the built anisotropic effective model is validated and takes into
account precisely the microstructure of the layered samples. The second point is the
possibility to determine easily the surface coverage by SE analysis and confirming the

important coverage of the surface reached thanks to the LB dip-coating method.
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Layer # 3 = LAOa Cauchy Thickness # 3 =5.40 nm
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Fit Menu: All None Amp. Br. En.
1. Type = Tauc-Lorentz Amp1_crystalline CVO = 71.1268 (fit)
Bri_crystalline CVO = 0.795 (fit) Eo1_crystalline CVO = 3.422 (fit) Eg1_crystalline CVO = 2.553 (fit)
Type = Drude(RT) Resistivity (Ohm-cm)2_crystalline CVO = 0.00028721 (fit) Scat. Time (fs)2_crystalline CVO = 2.059 (fit)
Type = Gaussian Amp3_crystalline CVO = 4.322455 (fit) Br3_crystalline CVO = 6.2247 (fit) En3_crystalline CVO = 8.000
Type = Gaussian Amp4_crystalline CVO = 1.103700 (fit) Br4_crystalline CVO = 1.2496 (fit) End_crystalline CVO = 5.019 (fit)
Type = Gaussian Amp5_crystalline CVO = 5.838524 (fit) Br5_crystalline CVO = 2.5732 (fit) En5_crystalline CVO = 0.184 (fit)
Material 2 = amorphous CVO
P_amrophous = 30.2 (fit)
depolarization (z) = 1.000 depolarization (x-y split) = 0.500
Euler Angles: Phi = 0.00 Theta =0.00 Psi=0.00
Analysis Mode = Anisotropic Bruggeman
Layer#1=NS EMA TLG - Urbach Thickness # 1 =3.30 nm
Substrate = Silice Eagle XG visir genosc fit
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Figure S34. Optical model for the sample CVVO 500 °C with the ABEMA model.
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Figure S35. Measured (red and green) and modelled ellipsometry angles for the sample CVO
500 °C with the ABEMA model (black dashed line, MSE = 3.752). The fit with the isotropic
model is also shown for comparison (blue dashed line, MSE = 6.040).
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Figure S36. Dielectric functions for the crystallized CVO inside the CVO (SVO) layer of the
sample CVO 500 °C with the oscillators model and the ABEMA scheme (red and green
lines). The grey thin lines represent the contribution of each oscillator.
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4.7. Infrared properties of the CaVO3; and SrVOs; layers

CVO and SVO perovskites exhibit strong electron-electron correlations. It is well known
that this results to an enhancement of the effective mass, and also affects the dielectric
properties in several manners; in particular, for the free carriers, a deviation from the simple
Drude model is observed in the infrared range, and a generalized Drude model analysis can be
applied instead of investigating the behaviour of the free carriers, as demonstrated by Makino
et al.l®! In this approach, the effective mass m* and scattering rate y are not taken as constant
values anymore like in the simple Drude model, but rather considered as frequency-dependant
functions m*(w) and y(w). The DFs have been determined by a Wavelength-by-wavelength
fit in order to extract the spectral functions m*(w) and y(w) through the generalized Drude

model analysis.

For this reason, in the previous section, we restricted the analysis of the CVO (SVO) layer
to the NIR-vis-UV region (0.7 to 5.9 eV), where the free carriers do not yet dominate the
shape of the DFs. A simple Drude model was applied there, because the spectral region is
restricted to the near infrared (NIR), so that the effective mass m* and scattering rate y can

indeed be considered as constant on this reduced spectral range.

We mention here that the “optical” resistivity p,,,, mobility u,,,, scattering time 7,,,, and
carrier density N,,. presented in the main text are the ones extracted by this simple Drude

model restricted to the NIR range. On the other hand, the generalized Drude analysis was used

to extract the plasma frequencies w,, and the effective masses m".

Thus, the DFs in the NIR-vis-UV range, as well as the structural and ABEMA parameters
(thickness, proportion of amorphous phase, and depolarization factors), which are
independent of the wavelength, has been determined and validated by using oscillator
functions with a simple Drude model for energies above 0.7 eV.

4.7.1. Wavelength-by-wavelength fit

As a result, we can now set these structural parameters and perform a Wavelength-by-
wavelength fit for the crystalline part of the CVO (SVO) layer in order to proceed to the

generalized Drude model analysis: this time, the fit is extended to the IR range at energies
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below 0.7 eV. The full optical model, ellipsometry angles and resulting DFs are shown on

figures S37, S38 and S39, respectively.

+

Layer # 3 = LAOa Cauchy Thickness # 3 = 5.40 nm

Layer # 2 = EMA Thickness # 2 = 44.90 nm
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Material 2 = amorphous CVO
P_amorphous = 30.2
depolarization (z) = 1.000 depolarization (x-y split) = 0.500
Euler Angles: Phi=0.00 Theta =0.00 Psi=0.00
Analysis Mode = Anisotropic Bruggeman

Layer#1 =NS EMA TLG - Urbach Thickness # 1 = 3.30 nm
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Figure S37. Optical model for the sample CVO 500 °C with the ABEMA + Wavelength-by-
wavelength fit.
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Figure S38. Measured and modelled ellipsometry angles in the IR to UV range for the sample
CVO 500 °C with the ABEMA + Wavelength-by-wavelength fit.
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Figure S39. Dielectric functions in the IR to UV range for the crystallized CVO inside the
CVO (SVO) layer of the sample CVO 500 °C with the ABEMA + Wavelength-by-
wavelength fit.

4.7.2. Generalized Drude model analysis

4.7.2.1. Dielectric functions

According to the generalized Drude model®??, &(w) is expressed as:
_ . __ 9
(W) = &0 = i (F)
Where the unscreened plasma frequency w, (w) is defined as:
03 (@) = —— (©G)
p gomem*(w)

Where N is the free carrier density, e the electron charge, ¢, the permittivity of vacuum,
m, the bare electron mass and m* the effective mass. N is a constant that is determined from

the Hall effect DC measurement.
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4.7.2.2.Screened plasma frequency wy,

As soon as the dielectric functions e(w) = & (w) + ie,(w) as a function of the
frequency w has been determined, it is possible to calculate the energy-loss function which is

defined as:

1] £r(w) _ wj(w)wy(w)
Im[ e(w)]_ (H)

e (w)+ed(w) (wzz,(w)—eoowz)2+(sooa)y(a)))2

The unscreened plasma frequency w, is almost energy-independent, provided that
y(w) and m*(w) do not depend on w too strongly. The energy-loss function is a quasi-
Lorentzian function that peaks at the energy of w; = w, /e Which is called the screened
plasma frequency. Therefore, we can identify w, by the position of the maximum of the
energy-loss function, as can be seen on figure S40: we find w, = 1.25 eV for the sample

CVO 500 °C.

Energy-loss function = Im[-1/€]

0.5

04 L w; =1.25eV

o
w

Im[-1/¢]

o
N

0 0.4 0.8 1.2 1.6 2 2.4
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Figure S40. Energy-loss function for the crystallized CVO inside the CVO (SVO) layer of the
sample CVVO 500 °C with the ABEMA + Wavelength-by-wavelength fit.
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4.7.2.3.Unscreened plasma frequency w,,

To estimate the unscreened plasma frequency w, = w;, X /€., We need to estimate
the value of &,. This can be done easily with the oscillator model for crystalline CVO
detailed previously: we simply remove the Drude oscillator from the model and take &, as the
minimum value of &; in the NIR-visible range (0.7 to 2.5 eV), as shown on figure S41 for the
sample CVO 500 °C. By doing so, a typical value of ¢,, = 5 was estimated, and further taken
as a constant for all the CVO and SVO samples. A unique value was chosen for all the
samples in order to avoid adding artificial variations from sample to sample due to the
specificity of the oscillators’ model, which is not necessarily unique for each sample. By this
method, the unscreened plasma frequency of the sample CVVO 500 °C can be estimated as
w, = 2.81 eV.

The same method was applied by Makino et al.’® in their study of the optical
properties of Ca;.xSrkVO3 samples: they chose a constant value of &,, = 4 for all samples by
looking at the average value of &; in the NIR-visible range. However, they did not remove the
influence of the Drude oscillator, which has the effect of lowering significantly the &; value.
Therefore, we believe that a value of ¢, = 5 estimated by removing the Drude oscillator from

our model is physically more meaningful.
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Figure S41. Dielectric functions for the crystallized CVO inside the CVO (SVO) layer of the
sample CVO 500 °C with the ABEMA model (red and green), as calculated with (dashed
line) or without (plain line) the Drude oscillator. The blue thin line represent the contribution
of the Drude oscillator, and the grey thin lines the contributions of the others oscillators. A
minimum of &; = 5 can be identified between 0.7 to 2.5 eV for the model without the Drude
oscillator (red plain line).

4.7.2.4. Frequency-dependant scattering rate and effective mass

From the expression of the dielectric functions e(w) = & (w) + ig,(w) in the

generalized Drude model, one can express directly the frequency-dependant scattering rate

y(w) and effective mass m*(w) as follows:

y(w) =

m*(w) =

wez(w)
goo—&1(w)
Ne? e[ 1 ] _ Ne? Eoo—E1 (W)
EgMew? Eo—&(w) EgMew? (soo—sl(w))2+£§ (w)
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Figure S42. Energy-dependant scattering rate for the crystallized CVO inside the CVO
(SVO) layer of the sample CVVO 500 °C with the ABEMA + Wavelength-by-wavelength fit.

The scattering rate, as presented on figure S42, is found to have an almost linear
dependence on the energy. As the temperature dependence of the resistivity shows a clear
~T? dependence typical of a free electrons system dominated by electron-electron interaction,
one would expect a ~ w? dependence, typical of a Fermi liquid. This linear dependence in w

is thus surprising and so far unexplained, as it was already observed by Makino et al.[**].
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Figure S43. Energy-dependant effective mass for the crystallized CVO inside the CVO
(SVO) layer of the sample CVVO 500 °C with the ABEMA + Wavelength-by-wavelength fit.
An average of m*/mgy = 3.9 is found for the 0.2 to 0.7 eV spectral region.

Regarding the effective mass estimated with the carrier density N = 2.3 x 1023 cm™3
obtained from the DC Hall effect measurement, its dependency on the energy is rather weak.
As shown figure S43, m*/m, can be taken as a constant value of about 3.9 for CVO. This is
indeed the average value in the IR spectral region from 0.2 to 0.7 eV, where the generalized
Drude analysis is the most reliable, as we are far enough from the interband transitions taking
place in the NIR-visible range, i.e. the free-carrier absorption dominates the dielectric
properties. Below 0.2 eV on the other hand, the absorption peaks of the Eagle XG Corning®
glass substrate make the analysis quite noisy. m*/m, = 3.9 also corresponds to the value
measured by Makino et al.*®!, which indicates the good quality of our samples as well as the

reliability of the analysis.

4.8. Results for all the samples: dielectric functions and effective masses

The figures S44 and S45 show the DFs and the effective masses results extended to the all
of the CVO and SVO samples and determined on the basis of the SE model developed above
for CVO films grown at 400 °C and 500 °C. Extracted m*/m, values are summarized in table

S3.
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Figure S44. Real (1) and imaginary parts (¢2) of the complex permittivity e(w) = e1(w) + i
e2(w) of CVO and SVO, in the IR to UV range, for the thin films deposited on CNO NS/GS.
e1 and &, are obtained by a Wavelength-by-wavelength fit and an isotropic model for the
samples deposited at 400 °C (amorphous form), and by a Wavelength-by-wavelength fit with
the ABEMA model for the samples deposited at 500, 600 and 700 °C (crystalline form).
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Figure S45. Energy-dependant effective mass for the crystallized CVO (a) and SVO (b)
inside the CVO (SVO) films calculated from the ABEMA + Wavelength-by-wavelength fit.
An average m*/mg in the range of 0.2 to 0.7 eV photon energy where the generalized Drude
analysis is the most reliable (grey zone).

Table S3. Summarized data of the ellipsometric measurements of CVO and SVO films on
CNO NS/GS

sample Te  Popaookx107? Nopx10%2 Hopt Topt m*/mq o, @,
[°C] [Q.cm] [cm’] [cm?.Vs™] [fs] [-] [eV] [eV]
CVvO 400 19.88 1.48 0.21 0.46 4.70 1.88 0.84
Cvo 500 2.69 2.34 0.99 7.27 3.90 2.80 1.25
CVvO 600 2.60 2.27 1.06 4.46 4.08 2.78 1.24
CVvO 700 4.49 2.43 0.57 1.55 3.83 2.67 1.20
SvO 400 131.92 0.03 0.07 - - - -
SVvO 500 2.82 1.98 1.12 4.75 3.02 2.99 1.34
SVO 600 2.74 1.71 1.33 4.61 3.34 2.90 1.30
SVvO 700 3.26 2.23 0.86 191 2.61 2.90 1.30

Legend: Growth temperature (Tg), optical room temperature resistivity (osook ), Optical charge
carrier density (Nopt), optical charge carrier mobility (uopt), Optical scattering time (zopt), Charge
carrier effective mass (m*/mg), unscreened plasma frequency (wy), screened plasma frequency
(a)p*)-
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5. Comparison between the DC and the optical resistivities

In this section, we shall discuss the comparison between the optical resistivity p,,, and the
DC resistivity ppc.

5.1. Connectivity of the crystalline network

Firstly, as the amorphous phase is insulating, pp depends on (i) the intrinsic DC resistivity

cryst

ppc of the crystalline template, (ii) the proportion of the crystalline phase f, and (iii) the

quality of the geometrical connectivity between adjacent crystalline regions.

e When this connectivity is maximum, all the crystalline parts contribute equally to the
transport (there are no “dead branches” nor “weak links” in the crystalline network). In
this case, the crystalline and amorphous parts act as parallel resistors: if L, w, and t are
the length, width and thickness of the sample, they can be seen for example as parallel
stripes occupying a total width of w X f and w X (1 — f) respectively, as illustrated

schematically on figure S46 on the left. Thus, their resistances are respectively

L .
Rerystattine = P " —r and Rgmorpnous = 0, and therefore the resistance of the

. . L . .
sample is simply R =pDC;=Rcrysmume. As a result, the macroscopic effective

cryst

resistivity is simply ppc = pps~ /f-

e When this connectivity is minimum, there is no percolation at all: the crystalline and
amorphous parts act as series resistors, as illustrated on figure S46 on the right. As a

result, the macroscopic effective resistivity is simply ppc = oo.

cryst

In the general case, it is possible to link ppc to pp~ by using for example an Effective
Medium Approximation (EMA) in the framework of the Bruggemann model. Percolation
behaviour is not correctly described by the EMA scheme, especially close to the percolation
threshold, but it allows one to identify the main tendencies and provides correctly the extreme
values. Considering a mixture of the crystalline phase of resistivity p5.”*" in proportion f and
the insulating amorphous phase of resistivity p = oo, the macroscopic resistivity pp. can be

expressed ast?’!:
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1-L
Ppc = szySt]TL (K)

This formula is valid for f > L: else, there is no percolation and pp. = . Here L is the DC
depolarization factor, which is between 0 and 1. In this EMA scheme, all the information
about the long-range connectivity is included in the value of L, which is distinct from the
optical depolarization factor which probes the short-range shape of the crystalline inclusions.
The case of maximum connectivity (figure S46, left) corresponds to L = 0 (elongated stripes
parallel to the DC current), for which one recovers the formula ppc = pg**/f discussed
above. The case of minimum connectivity (figure S46, right) corresponds to L = 1 (elongated
stripes perpendicular to the DC current), for which one recovers pp. = o whatever the value

of f. As an example of intermediate connectivity, the case of flat cylindrical inclusions
corresponds to L = 1/2 for which the Bruggemann formula gives ppc = po* /(2f — L)

(figure S46, middle).
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v
~

Figure S46. Scheme of the different possible configurations for the connectivity of the
crystalline network and the equivalent circuits, pictured as a function of the depolarization
factor L in the Bruggemann Effective Medium Approximation.

5.2. Optical vs DC resistivity

Secondly, DC measurements probe the long-range conductivity, while the optical
measurements only probe the motion of the free electrons on a very short length scale

(typically of a few nanometers at visible wavelengths). Therefore, p,,. corresponds to the
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resistivity within a single crystalline grain, while p5?** also encompasses the inter-grain

scattering, as well as the losses due to an imperfect geometrical connectivity between

cryst

crystalline regions, so that in general pj?*" > p,p: (see e.g. ref.*l).

As a result, if for a given sample we have ppc = poye, it indicates that the grain boundary

cryst

scattering is negligible (p,~" = pope), and also that the connectivity is maximum (ppc =

cryst

Ppc /f), as there are no increase in resistivity while going from the short-range to the long-

range measurement.

6. Comparison of the transmittance efficiency of vanadate thin films with ITO and
SrNbOj; thin films: colorimetry of films

The spectral transmittance performance of a TCO has to be estimated over a spectral range
adapted to its application. In case of photovoltaic (PV) application, the photons involved in
photoconversion are absorbed over a broad spectral range, including the yellow. For this
reason, we propose to estimate its spectral performance over the wide spectral range, by
including the source's irradiance. In order to give a response on the CVO and SVO coloration

impact on potential application, we construct the transmittance efficiency e?év){)l'sc of the

reference solar spectral irradiance AM1.5 global (Iv4M156) by the material thin film

transmittance T'(4) as follow:

Amax .
cAML5G _ 100 Lt T AMES 6 (2)aa 0
T N ) f;m.ax [rAM1.5 G(A)dﬂ.
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This transmittance efficiency is correlated to a specific spectral irradiance over a framed
spectral range [Amin, Amax]- Transmittance includes intrinsic absorption effects and extrinsic
effects due for example to finite thickness or to surface roughness leading respectively to
interferences or scattering. Due to its broad and polychromatic nature, the Air Mass 1.5
(AM1.5) %28 Global irradiance spectrum (Ir4M156(2)), designed for flat PV conversion
modules, was chosen. Transmittance from CVO, SVO, ITO thin films and SrNbO3z; (SNO)
thin film identified recently as a new performing TCO vanadate in ultraviolet range, were
measured and taken from references *"?8] respectively. The TCO films thickness was chosen
about 40 nm and they were considered as sufficiently smooth to have negligible scattering
contributions. Despite this, thin films of equal thickness will still have contributions from
intrinsic absorption and extrinsic effects mixed up due to variable optical path due to
refractive index differences between materials. From those transmittance spectra and AM1.5

Global irradiance, we construct the transmittance efficiency e7(3;°>¢ on the 300-997 nm

spectral range (figure S50). This spectral range is more or less the range of useful photons for

PV conversion Si modules and includes the human eyes visible range (0.4-0.8 um).

The Air Mass 1.5 (AM1.5) Global irradiance spectrum (Ir4M1-56(2)) is designed for flat plate

modules and has an integrated power of 2000 W/m? (100 mW.cm™). 252
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Figure S47. Air Mass 1.5 (AM1.5) Global irradiance spectrum.
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Figure S48. Air Mass 1.5 (AML1.5) Global irradiance spectrum with integration over the
common spectral range 300-997 nm.
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Figure S49. Function of SVO sample transmittance time the Air Mass 1.5 (AM1.5) Global
irradiance spectrum with integration area over the common spectral range 300-997 nm.

The ratio of those two integrals leads to the determination of the e7(3,° ¢ factor:
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ef 5 (SV0) = Z22x 100 = 68.06 % (M)

For the four samples CVO, SVO, ITO, SNO we get the following results:

100 T T T T T T T T

S 2] o]
o o o
1 1 1

1

(%) 300-997nm spectral range
N
o

AML.5 irradiance transmittance efficiency

. , .
CVvo SVO ITO SNO
Samples

Figure S50. ef(3,° ¢ for different TCO materials thin film in the 300-997 nm spectral range.

On the 300-997 nm spectral range, the ITO transmits better the AM1.5 G solar irradiance;
second the SNO film followed by the SVO and the CVO. Note that the spectral range was
chosen to be the largest range common to the 4 samples. The data were interpolated in order

to have the same integration step of 1 nm.
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