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1. Introduction

Among quantum emitters, trivalent
erbium ions (Er3þ) are of great interest
for their stable, relatively sharp, room
temperature emission at 1.5 μm, which
matches the window for minimum loss
transmission in silica[1] Owing to this prop-
erty, Er is widely used for the realization of
optoelectronic devices, such as on-chip
optical amplifiers, light-emitting diodes,
or lasers,[2–6] and more recently for the
development of single-photon sources at
telecom wavelengths, which are of para-
mount importance for the implementation
of optical fiber-based quantum net-
works.[7,8] Nonetheless, some limitations
hamper the efficient employment of
erbium in photonic devices, and in partic-
ular, its low, resonant, excitation cross sec-
tion (of the order of 10�21cm2 ) and the long
lifetime of the 4I13=2 excited state (of the
order of 10ms), which reduces the photon

emission rate and makes it prone to nonradiative recombination
processes.[9–11] Different strategies have been then adopted dur-
ing the years to overcome such limitations, as the use of metal
cluster sensitizers to get broadband enhanced excitation[12–15]

and the engineering of the local density of optical states
(LDOS) by coupling with plasmonic or dielectric nanoarrays to
enhance the radiative decay rate.[16–19] Besides this, one of the
key issues for the realization of efficient optoelectronic devices
for optical communication is the capability to actively modulate
their optical response, possibly at ultra-high speed. To this
regard, recently the active control of the erbium luminescent
emission intensity has been demonstrated by near-field coupling
with doped graphene monolayers[20,21] and with a phase-change
material (PCM), namely a thin film of vanadium dioxide
(VO2).

[22,23] Owing to its semiconductor-to-metal transition
(SMT) occurring slightly above room temperature (around
68 °C), VO2 is definitely one of the most interesting phase-change
materials and is nowadays finding more and more applications
in different fields.[24,25] Moreover, the possibility to induce its
phase-change transition not only thermally but also optically,
with femtosecond time-scale, makes it particularly interesting
for ultrafast optical switching.[26,27] Indeed, recently Cueff
et al. reported a significant Er3þ intensity modulation at
200 kHz exploiting VO2 phase-change induced by all-optical
switching.[22]
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The active modulation of optical response of quantum emitters at the nanoscale
is of paramount importance to realize tunable light sources for nanophotonic
devices. Herein, a thin film of phase-change material (VO2) is coupled to a
20 nm-thick silica layer embedding Er3þ ions, and it is demonstrated how the
active tuning of the local density of optical states near the erbium emitters
provided by the thermally induced semiconductor-to-metal transition of VO2 can
be used to dynamically control the Er3þ emission lifetime at telecom wavelength
(1.54 μm). A decay rate contrast of a factor 2 is obtained between high tem-
perature (90 °C), when VO2 is metallic, and room temperature, when VO2 is
semiconductor, in agreement with calculations performed with the classical
dipole oscillator analytical model. A hysteretic behavior is observed by measuring
the Er3þ lifetime as a function of the temperature, whose parameters are con-
sistent with those of grazing incidence X-ray diffraction and optical transmittance
measurements. The fractions of Er3þ ions that couple with VO2 in each phase at
the different temperatures are determined by the analysis of the temporal decays.
The results make the investigated system an optimal candidate for the devel-
opment of tunable photon sources at telecom wavelength.
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In the present work we investigate the coupling of a VO2 thin
film with Er3þ emitters embedded in a 20 nm thick layer of silica
from the point of view of the erbium emission lifetime, demon-
strating how the modulation of the LDOS near the erbium
emitters induced by the SMT of the VO2 layer allows to get a
significant dynamic tuning of the radiative decay rate, making
this system an optimal candidate for the realization of tunable
light sources integrable in nanophotonic devices.

2. Results and Discussion

A sketch of the sample structure is shown in Figure 1a. The
emitting layer is a 20 nm-thick Er-doped SiO2 thin film, on
top of which a VO2 layer (thickness of 135 nm) is deposited, with
a spacer made of 20 nm of silica. In Figure 1b a SEM planar-view
image of the VO2 thin film is reported. The film presents a typical
granular structure with an average grain diameter of 70� 20 nm,
as estimated by the lognormal fit of the size probability distribu-
tion (Figure 1c). Grazing-incidence Xray diffraction (GIXRD)
spectra of the VO2 thin film, taken in the range 22°–44° at room
temperature (26 °C) and high temperature (90 °C), are reported in
Figure 1d. The inset highlights the angular shift of the
(011)–(110) VO2 peaks, which is the clear signature of the
VO2 semiconductor-to-metal phase transition (from monoclinic
M to rutile R phases).[28] Figure 1e shows the transmittance
curves in the 400–2000 nm range, measured at low (24 °C)

and high (92 °C) temperature; the dot-dashed line indicates
the 1540 nm wavelength at which the time-resolved PL measure-
ments are taken. The thermal evolution of the structural and opti-
cal properties of the samples are summarized in Figure 1f, which
shows the thermal hysteresis cycles during a complete heating
and cooling cycle of the VO2 XRD peak position (left-hand scale)
and of the optical transmittance measured at λ= 1540 nm
(right-hand scale).

The analysis of the GIXRDmeasurements was done following
the approach proposed in ref. [28], i.e., assuming a continuous
phase transition of the VO2 from its semiconductor, monoclinic
(M) phase at room temperature to the metallic, rutile (R) phase at
high temperature, and fitting the VO2 diffraction peak in the
GIXRD scans taken at the different temperatures with a single
pseudo-Voigt peak function .[28] This approach is consistent with
the interpretation of the SMT transition proposed by Yao et al. in
ref. [29] by temperature-dependent X-ray absorption fine struc-
ture measurements, in which the two VO2 phases (M and R)
undergo a continuous structural transformation. Moreover, it
was demonstrated that this analysis mode provides the same
results within the experimental accuracy as the approach in
which the two VO2 phases are assumed to co-exist and to change
their relative proportion as the temperature changes during the
transition, having on the other hand an intrinsic higher numeri-
cal stability.[28] For this reason, in the present case we adopted the
continuous phase transition analysis mode. The data in Figure 1f
show an almost perfect overlap of the two thermal hysteresis

Figure 1. a) Sketch of the sample structure in cross-section; b) SEM (left) and AFM (right) images in planar view of the surface of the VO2 layer; c) grain
size distribution and the corresponding lognormal fit (red curve); d) GIXRD spectra of the VO2 thin film taken at room temperature (26 °C) and high
temperature (90 °C); the inset shows the shift of the VO2 (011) to (110) peak as a consequence of its phase-transition from monoclinic (M) to rutile (R);
e) spectral variation of the transmittance at normal incidence for the two phases (the vertical dot-dashed line indicate the spectral position of the Er3þ

emission at 1540 nm); f ) thermal hysteresis cycles of the VO2 GIXRD peaks (gray dots, left-hand scale), and of the sample transmittance at 1540 nm
(orange dots, right-hand scale).
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cycles. This confirms that the optical properties of the VO2 layer
are completely controlled by the VO2 crystalline phases (the only
ones detectable by GIXRD), with negligible or no contribution
from possible amorphous phases, which would affect instead
the optical transmittance measurements.

In both cases, the cooling branch shows a deviation from the
sigmoidal trend at temperatures below the transition tempera-
ture (T< Tc). This behaviour has been confirmed also after
repeating heating-cooling cycles. This asymmetric hysteresis
has been already reported in VO2 thin films[30–32] and it is gen-
erally attributed either to a bimodal grain size distribution in the

film or to texturing effects in the VO2 layer. These ‘defects’ may
freeze a residual fraction of VO2 grains in the rutile phase well
below Tc, hindering, or at least slowing down, the transition back
to the monoclinic phase. Considering the monomodal size dis-
tribution of the in-plane grain size distribution measured by
SEM in our samples (Figure 1c), the texturing effect seems to
play a dominant role in controlling the asymmetry in the hyster-
esis cycles, in agreement with ref. [31]. Therefore, to extract the
thermal hysteresis parameters from the measurements, we used
a single complementary error function (erfc) for the heating cycle
and a linear combination of two erfc (double erfc) functions for
the cooling one. The results of this procedure for XRD and trans-
mittance measurements are summarized in Table 1 (for the cool-
ing cycle the reported parameters are those of the erfc function
centered at the higher temperature, i.e., the one with the highest
amplitude).

The main results on the active control of the emission rate of
Er3þ coupled to the VO2 layer are summarized in Figure 2. From
the spectral point of view, very small differences emerge in the
PL spectra taken at low and high temperature. As an example,
Figure 2a reports the Er3þ PL spectra, normalized to their
maximum, of the samples with and without the VO2 overlayer,
measured in the range 1400–1700 nm at room and high temper-
ature. Only a slight decrease of the emitted intensity in the region
between 1400–1500 nm is observed in the sample with the VO2

thin film, which can be related to a change in the electric (ED)

Table 1. Summary of the thermal hysteresis parameters. The transition
temperatures during the heating and cooling cycles (TH and TC,
respectively) and the corresponding transition widths (σH and σC) are
calculated from the fit of the XRD, transmittance and PL data using the
erfc function for the heating cycle and the double erfc function for the
cooling cycle (see text); ΔT ¼ TH � TC is the width of the thermal
hysteresis.

TH [°C] σH [°C] Tc [°C] σc ΔT

GIXRD 73.0� 0.1 7.3� 0.2 62.5� 0.1 4.5� 0.1 10.4� 0.3

T (@1540 nm) 71.7� 0.1 6.5� 0.2 62.6� 0.1 4.2� 0.2 9.5� 0.3

τ 70.9� 0.3 10.1� 0.9 60.2� 0.3 7.3� 0.8 10.7� 0.4

fM 70.0� 0.4 9.9� 1.1 59.4� 0.4 7.1� 0.8 10.6� 0.4

Figure 2. a) Room temperature Er3þ PL spectra in the range 1400–1700 nm measured at low (LT, 23 °C) and high (HT, 120 °C) temperature from the
Er : SiO2 layer without (air) and with the VO2 thin film (VO2) on top; b) normalized experimental temporal decay curves of the Er3þ emission at 1540 nm
measured for the samples in (a), the solid lines are the best fits to the experimental data; c) corresponding normalized temporal decay curves simulated
with the CDOmodel; d) thermal evolution of the Er3þ emission lifetime. The solid lines are the best fits to the experimental data obtained with the erfc and
double erfc function for the heating and cooling cycle, respectively; e) thermal evolution of the fraction f M of Er3þ ions coupled to VO2 in the monoclinic
phase as a function of the sample temperature.
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and magnetic (MD) dipolar relative contributions to the emitted
spectrum due to the coupling with the VO2 layer.[33]

Figure 2b shows the experimental temporal decay curves,
normalized to their maximum, of the PL emission at 1540 nm
measured at low and high temperature, respectively, from the
samples with and without the VO2 layer on top (the solid curves
are the single exponential best fits to the experimental data). In
the case of the reference sample without the VO2 layer
(‘air’, green and blu curves in Figure 2b), the temporal
decay is not affected by the temperature variation and a
single exponential fit gives for both samples the same value of
the lifetime τairexp ¼ 10.8� 0.3ms (corresponding to a decay rate
Γair
exp ¼ 1=τairexp ¼ 92� 3 s�1). On the other hand, a much shorter,

temperature-dependent, lifetime is measured on the sample with
the VO2 layer on top (‘VO2’, red and yellow curves in Figure 2b):
τM ≡ τ26exp ¼ 1.33� 0.07ms at 26 °C (Γ26

exp ¼ 750� 40 s�1) and
τR ≡ τ99exp ¼ 0.65� 0.03ms at 99 °C (Γ99

exp ¼ 1540� 70 s�1).
Moreover, the Er3þ PL intensity at λ ¼ 1540 nm measured at
room temperature (IMPL) and at high temperature (IRPL) is signifi-
cantly modified by the change of the VO2 refractive index, which
affects both the radiative decay rate and the angular distribution
of the emission[18,22] (which, on the basis of the CDO model,
results more directed toward the sample normal when VO2 is
in its M phase with respect to the R one). Considering the used
set-up with a NA of 0.26, a PL intensity contrast (i.e., IMPL=I

R
PL) of

a factor 2 was measured at λ ¼ 1540nm, in good agreement with
the collection efficiencies ξM and ξR calculated with the CDO
model, as reported below.

The temperature dependence of the Er3þ emission rate for the
sample with the VO2 layer on top is due to the change of the
dielectric function of the VO2, and therefore of the LDOS, upon
its semiconductor-to-metal (SMT) transition. In particular, to
quantify this change we defined a radiative decay contrast, Cr,
which is the ratio between the radiative decay rate when VO2

is in the rutile phase (ΓR
r at high temperature) and in the mono-

clinic phase (ΓM
r at low temperature)

Cr ¼
ΓR
r

ΓM
r

(1)

Thus, in order to evaluate Cr, the radiative decay rate Γr for the
two VO2 phases has to be determined. This can be obtained from
the experimentally measured decay rate considering that
Γexp ¼ Γr þ Γnr, where Γnr is the non-radiative decay rate.
Assuming that the sputtering deposition of the VO2 thin film
overlayer does not alter the intrinsic non-radiative decay rate
Γ0
nr in the Er-doped silica layer (as demonstrated in Ref. [34]

for different metallic and dielectric overlayers deposited by
magnetron sputtering in conditions similar to those used in
the present case), Γ0

nr can be estimated by the analysis of the
decay rate in the reference sample ‘air’, without the VO2 layer
on top, as follows. First, the radiative decay rate of the reference
‘air’ sample (Er-doped silica layer, 20 nm thick, with 20 nm thick
silica spacer and air on top) has been calculated applying the clas-
sical dipole oscillator (CDO) model for an emitter near planar
interfaces,[35,36] and assuming for the intrinsic radiative decay
rate in the Er-doped bulk silica the value Γ0

r ¼ 100 s�1.[18]

Then, for the CDO model calculations, we assumed an isotropic

distribution of dipolar emitters uniformly distributed in the
20 nm thick silica layer. We considered also that the emission
at 1540 nm or Er3þ ions has a combined electric (ED) and mag-
netic dipolar (MD) character with equal weights.[33] Therefore we
averaged over all the polarization directions, over the ED andMD
dipolar contributions, and integrated over the depth of the emit-
ter distribution, obtaining the normalized PL intensity as in

IPLðtÞ ¼
1

z1 � z0

Z
z1

z0
e�ΓðzÞtdz (2)

where z0 ¼ 20 nm and z1 ¼ 40 nm are the initial and final
depth coordinate, respectively, of the Er-doped silica layer
(assuming z ¼ 0 nm at the air-spacer interface) and ΓðzÞ is
the depth-dependent emission rate calculated with the CDO
model following the approach described in Refs. [18,34]. The
CDO calculation resulted in Γair

CDO;r ¼ 69 s�1 (corresponding to

τairCDO;r ¼ 14.5ms). Finally, the intrinsic non-radiative decay rate

is calculated as Γ0
nr ¼ Γair

exp � Γair
CDO;r ¼ 23� 3 s�1 (where Γair

exp is
the experimental decay rate measured for the sample without
the VO2 layer: Γair

exp ¼ 92� 3 s�1). Therefore, the radiative decay
rate of the sample with the VO2 thin film, for the two VO2 phases,
results ΓM

r ¼ Γ26
exp � Γ0

nr ¼ 730� 40 s�1 for the monoclinic phase
at low temperature (26 °C) and ΓR

r ¼ Γ99
exp � Γ0

nr ¼ 1520� 70 s�1

for the rutile phase at high temperature (99 °C), corresponding to
a radiative decay contrast Cr ¼ 2.1� 0.2. This value is in good
agreement with the one obtained calculating, with the same pro-
cedure described above, the effective radiative decay rates with
the CDO model, which results CCDO;r ¼ 2.3.

From the radiative decay rate, the intrinsic quantum
efficiency of the Er3þ emission coupled to the two VO2 phases
can be calculated as: qM ¼ ΓM

r =Γ26
exp ¼ 0.97� 0.10 for the

monoclinic phase and qR ¼ ΓR
r =Γ99

exp ¼ 0.99� 0.09 for the
rutile one. Both these values improve the intrinsic quantum
efficiency of Er-doped bulk silica, which is in our samples
q0 ¼ Γ0

r=ðΓ0
r þ Γ0

nrÞ ¼ 0.81. It is worth noticing that the control
of the Er3þ lifetime is purely governed by the change of the
dielectric function of the overlayer material (i.e., the VO2 thin
film) and therefore no non-radiative decay channels were intro-
duced in the emitting system and the intrinsic quantum effi-
ciency of the Er3þ emitters is preserved. Moreover, even if the
variation of the Er3þ lifetime due to the presence of the VO2

overlayer (instead of air) is significantly larger than the relative
variation induced by VO2 in the two phases, rutile or monoclinic
(see Equation (1)), it is important to stress that in this case it is
possible to actively modulate the Er3þ emission lifetime in a con-
tinuous way by modulating the VO2 dielectric function exploiting
the VO2 semiconductor-to-metal phase-transition, as discussed
below.

Deeper insights into the coupling mechanism between the
Er3þ ions and the VO2 thin film can be obtained by studying
the evolution of the Er3þ emission lifetime, in the sample with
the VO2 layer, as a function of the temperature around the VO2

SMT phase transition. To this aim, we performed time-resolved
PL measurements of the Er : SiO2 þ VO2 sample, doing a
complete heating and cooling cycle in the temperature range
26°–90 °C. In Figure 2d we report the trend of the lifetime
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τðTÞ obtained by the exponential fits of the temporal decay curves
as a function of the temperature. The thermal evolution of τðTÞ is
perfectly correlated to the thermal hysteresis of the VO2 layer
observed both with GIXRD and optical transmittance measure-
ments (Figure 1f ), showing also the same asymmetry between
heating and cooling cycles. Therefore, to extract the hysteresis
parameters for τðTÞ we adopted the same fitting procedure used
for GIXRD and transmittance cycles, i.e., a single erfc function
for the heating and a double erfc function for the cooling cycle,
respectively. The results are reported in Table 1. The thermal evo-
lution of τðTÞ in Figure 2d can be interpreted in the frame of a
continuous phase transition of the VO2 film, which gives rise to a
continuous modulation of the emission lifetime of Er3þ ions
coupled with the VO2 thin film.

On the other hand, we can gain complementary information
by re-interpreting the phase transition as one in which the two
VO2 phases (monoclinic and rutile) actually co-exist with differ-
ent relative fractions f M and f R, respectively (with the condition
f MðTÞ þ f RðTÞ ¼ 1 at each temperature). In this case, to analyze
the temporal decay of the PL intensity IPLðtÞ taken at the different
temperatures, a double-exponential function is used, as in

IPLðt;TÞ ¼ AMðTÞ eð�t=τMÞ þ ARðTÞ eð�t=τRÞ (3)

where the two exponential terms represent the contribution to
the measured PL intensity of the emission coming from
two independent populations of Er3þ ions coupled to VO2

in the monoclinic (M) and rutile (R) phase, with lifetime
τM ¼ τ26exp ¼ 1.33� 0.07ms and τR ¼ τ99exp ¼ 0.65� 0.03ms,
respectively.

A quantitative estimation of the fraction of Er3þ ions in each
population can be obtained by the analysis of the pre-factors of
the exponential terms in Equation (3). To do so, let’s consider
that for steady-state conditions and in the limit of a low incident
photon flux (i.e., in the linear regime, σϕτ � 1),[14] Equation (3)
can be rewritten in the form

IPLðt;TÞ ¼ C½f MðTÞ qM ξM eð�t=τMÞ þ f RðTÞ qR ξR eð�t=τRÞ� (4)

with C ¼ K σ ϕN�
Er, where K is a proportionality constant that

accounts for the collection efficiency of the PL setup, σ is the
Er3þ excitation cross-section at 520 nm (�10�21 cm2), ϕ is
the incident photon flux (�1019 photons s�1 cm�2) and N�

Er is
the population of active Er3þ ions in the Er-doped silica layer.
qM and qR are the intrinsic quantum efficiencies for each popu-
lation of active Er3þ ions, and ξM and ξR are the corresponding
collection efficiencies, i.e., the efficiency of photon emission
within the numerical aperture (NA) of the collection lens in
the PL setup (in our case NA= 0.26) for each phase of the
VO2 layer. The collection efficiencies were calculated with the
CDO model, as in Refs. [18,34], obtaining ξM ¼ 4.6� 10�3

and ξR ¼ 2.2� 10�3 for the monoclinic and rutile phases,
respectively.

The fractions of Er3þ emitters in the two populations, f M, f R,
can be then calculated by the ratio of the first two exponential
terms in Equation (3) and (4), and considering the condition
f M þ f R ¼ 1. In this way a system of two equations is obtained
in which the only unknown quantities are f M and f R. Figure 2e
reports the solutions of this system for f MðTÞ as a function of the

heating and cooling cycles, showing the same asymmetric hys-
teresis, whose parameters are reported in Table 1. An overall
good agreement between all the measurements is found (minor
differences can be related to small possible thermal calibrations
in the different setups used for the measurements). This result
confirms that the observed reversible active control of the Er3þ

emission is related to the SMT transition of VO2.

3. Conclusion

In the present work we demonstrated that the coupling with a
phase-change material, namely a VO2 thin film, can be used
to actively and reversibly control the decay rate of trivalent
erbium emitters embedded in a silica layer coupled in near-field.
The observed modulation of the erbium emission lifetime is a
consequence of the variation of the LDOS near the erbium emit-
ters induced by the refractive index modulation due to the SMT
of the VO2 thin film. A complete hysteresis cycle is measured by
varying the sample temperature in the range between room tem-
perature and 100 °C. The hysteresis parameters are consistent
with those obtained by GIXRD and transmittance measurements
of the VO2 layer as a function of the temperature, confirming the
active role provided by the phase-change material. A radiative
emission rate contrast Cr of about 2 is measured for the two
extreme conditions of low and high temperature, in good agree-
ment with the results of the calculations done with the classical
dipole oscillator (CDO) model. Moreover, from the analysis of
the photoluminescence (PL) temporal decay curves it was possi-
ble to determine the relative fraction of Er3þ ions coupled with
the two phases of the VO2 thin film, semiconductor (monoclinic,
M) or metallic (rutile, R), at the different temperatures. This is
consistent with the description of the VO2 SMT in which the two
VO2 phases coexist at all the temperatures, with different relative
proportion.

The presented results demonstrate the potential of the pro-
posed system for the realization of actively tunable light sources
at telecom wavelengths to be integrated in nanoscale devices.
Moreover, in perspective the possibility to induce the SMT tran-
sition in the VO2 thin film also optically, e.g., with fs pulse time-
scales, paves the way for an ultrafast control of the radiative decay
rate of quantum emitters to be used as advanced light sources.

4. Experimental Section

Samples Fabrication: The samples were fabricated by sequential sputter-
ing depositions to realize a multilayer structure. The apparatus used was a
confocal magnetron sputtering system equipped with three torches, one
worked in direct current (DC) and two at radio-frequency (RF), mounting
2 00-diameter targets. A sketch of the samples’ structure is shown in
Figure 1a. The silica substrate (HSQ100 by Heraeus) was first cleaned
in an acid piranha solution (H2SO4: H2O2, 3:1) at 80 °C for 1 h. Then,
a 20 nm-thick Er-doped silica layer was deposited onto the silica substrate
by co-sputtering of Er and SiO2. The DC source was used for sputtering a
metallic Er target at the power of 3 W, while one RF source was used for the
deposition of silica from an amorphous SiO2 target at the power of 300W.
The co-deposition was performed in an Ar (16 sccm)þO2 (0.3 sccm) mix-
ture, at a working pressure of 5� 10�3 mbar. The power of the two torches
was set to get an Er concentration in the films of the order of 0.5 at% (i.e.,
below the concentration quenching limit), as measured by Rutherford
backscattering spectrometry on reference samples deposited on silicon
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substrates in the same experimental conditions. Then a silica spacer of
20 nm was deposited on them by RF sputtering with Ar (8.7 sccm,
5� 10�3 mbar) at 100W. These samples (used as a reference and labeled
as “air,” since the emitting layer was coupled to air) were thermally
annealed in an oven in vacuum (at a pressure of about 10�5 mbar) at
850 °C for 2 h. This annealing treatment was necessary to improve the
octahedral coordination of oxygen atoms around the erbium ions in
the silica matrix and thus the activation of the Er3þ luminescent centers.
PL measurements were performed to characterize the erbium emission
properties in these samples.

Subsequently, for each sample half of the surface was masked, and
the samples were placed again inside the sputtering system in order to
deposit the active layer of VO2 (135 nm thick) on top of the silica spacer
(samples labeled as ‘VO2’). In this case, a metallic vanadium target was
mounted on the DC source and sputtered with Ar (12 sccm)þO2

(1.3 sccm) at a pressure of 5.4� 10�3 mbar, with a power of 130W.
After the deposition, the samples were thermally annealed in N2 flux
(100 Nl h�1) at 570 °C for 2 h to promote the crystallization of the VO2

thin film. The thickness of the SiO2 spacer was chosen in order to
maximize the radiative decay rate contrast (Equation (1)) of the erbium
emission lifetime when VO2 was in the rutile (R) or monoclinic (M) phase,
whereas the thickness of the VO2 thin film was selected in order to have an
optically thick layer.

Morphological and Structural Characterizations: The surface morphology
of the samples was characterized by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). SEMmeasurements were performed
with a field-emission scanning electron microscope (FE-SEM, Zeiss Sigma
HD) operating in the 0.2–30 kV range, while an NT-MDT (Solver-PRO)
atomic force microscope was used for the AFM characterizations. The
atomic force microscope was also used to measure the thickness of
the deposited layers.

X-ray diffraction (XRD) measurements were taken in grazing incidence
(GIXRD, with grazing angle ω= 0.5°) with a Panalytical X’Pert Pro high-
resolution diffractometer working in parallel beam geometry with a
CuKα source. The system was equipped with an Anton Paar DHS900 heat-
able specimen holder to perform in situ XRD scans as a function of the
temperature. The scans were taken in N2 flux, varying the temperature in
the range 26–90 °C at steps of 2 °C, with heating (cooling) rate of
0.4 °C min�1. At each temperature, the system was thermalized for
5 min before starting the X-ray measurement. The temperature was moni-
tored by the internal thermocouple of the DHS900 system mounted in
close proximity to the back of the sample. An external calibrated PT100
thermoresistance placed in direct contact with the sample’s surface
was also used to check possible differences between the nominal temper-
ature of the DHS900 system and the actual temperature at the sample’s
surface (where the VO2 layer was deposited): the values were in agreement
within the experimental uncertainties, ruling out possible differences due
to the thermal isolation of the silica substrate.

Optical Characterizations: The Er3þ emission properties at 1540 nm
(involving the 4I13=2 !4 I15=2 Er3þ transition) were characterized at differ-
ent temperatures in the range between room temperature and 100 °C by
wavelength- and time-resolved PL measurements. The pump laser was a
fiber-coupled cw diode laser (Integrated Optics) emitting at 520 nm
(in resonance with the 4I15=2 !2 H11=2 Er3þ absorption transition),
mechanically modulated by a chopper at a frequency of 13 Hz. The laser
power is set at 50 mW during the measurements. The sample is placed on
a sample holder inside a cryostat and maintained in vacuum by a turbo-
molecular pump. Heating and cooling cycles are performed varying the
temperature in the range 26–100 °C at steps of 3 or 5 °C. The sample
is maintained at each temperature for 5 min to assure its thermalization.
The laser impinges on the sample from the silica substrate on the back
side at an angle of 30°, and the Er3þ PL emission is collected from the
same side normally to the sample’s surface with a converging lens
(NA= 0.26). The PL signal is then spectrally analyzed by a single-grating
monochromator and recorded with a N2-cooled photomultiplier tube
(Hamamatsu R5509-72) coupled with a lock-in amplifier. Time-resolved
PL measurements are taken by setting the detected wavelength at

1540 nm and recording the temporal decay of the PL intensity with a digital
oscilloscope (Tektronix TDS 7104).

The thermal transition of the VO2 thin film from its room temperature
monoclinic phase (M, semiconducting) to the high-temperature rutile one
(R, metallic) is optically monitored with a Jasco V670 spectrophotometer,
recording transmittance spectra of the samples in the VIS-IR range
(400–2000 nm) at different temperature. Heating and cooling cycles are
performed in the range 24–92 °C at steps of 2 °C.

The dielectric function of the deposited VO2 layer is experimentally
measured by using a J. Woolham V-VASE spectroscopic ellipsometer.
The measurements are performed both at room temperature and at
100 °C . At 1540 nm (Er3þ emission wavelength), the dielectric functions
result in εM ¼ 9.7þ i2.3 at room temperature and εR ¼ �7.5þ i11.6 at
100 °C, respectively.
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