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Supplementary Figure 1: Quantifying ED and MD contributions to Er** emission around
1.5 ym using energy-momentum spectroscopy. (a,b) Experimental energy-momentum spectra
for s- and p-polarization. (¢) ED and MD contributions to the total light emission. (d,e) Theoretical

fits of energy-momentum spectra for s- and p-polarization. (f) Spectrally-resolved intrinsic emis-
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sion rates for ED emission (blue) and MD emission (red), obtained by fitting the experimentally

measured momentum cross-sections. (g) Experimentally measured momentum cross sections at

three different wavelengths along with associated fits.
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Supplementary Figure 2: Schematic of the five-layer system. The optical response of the mul-
tilayer structure proposed and fabricated in this study was modeled using the five-layer system
illustrated here. It is composed (from bottom to top) of: a quartz substrate with refractive index
ny; a combined buffer and emitter Y,O3 layer with a thickness D and refractive index ns; a TiO,
spacer with a thickness ds and refractive index ny; a VO, layer of thickness d; and refractive index
ny; and topped by a silver mirror with a refractive index ny. The emitting point dipole (depicted
in red) is located at a distance s34 from the substrate and s3, from the TiO- spacer. We model the
system assuming emitters at the center of the doped region (Er*™:Y,03), and use asymmetric s3,
and s34 distances (i.e. s30=30 nm and s3;,=170 nm) to model the buffer and emitter layers as an

optically continuous Y,Oj3 region.
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Supplementary Figure 3: Comparison of intrinsic emission rates and measured spectra. (a)
Normalized intrinsic ED (blue) and MD (red) emission rates extracted from energy-momentum
spectroscopy. (b) Normalized far-field spectra measured when VO, is in its insulating state (red)
and switched to its metallic state (blue) by a 1,064 nm control laser. Side-by-side comparison of
(a) and (b) clearly reveals that when the control laser is off, mainly MD emission is observed,
whereas dominant ED emission is obtained when control laser is on. The zoomed insets highlight
spectra in the wavelength range 1,525-1,534 nm. The inset of (a) shows a trough at ~1,530 nm for
the intrinsic ED rate, while for intrinsic MD rate there is a peak. Interestingly, these fine features
are well reproduced experimentally in the inset of (b) further indicating a clear switch from ED to

MD emission.
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Supplementary Figure 4: Theoretical calculation of ED and MD spectra for VO, in (a) in-
sulating phase (control laser off) and (b) metallic phase (control laser on). The shaded red
area denotes the MD contribution while the shaded blue area represents the ED contribution. Their

summation is plotted by the solid black lines, which are included in Fig. 3c,d of the main text.
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Supplementary Figure 5: Refractive index of VO,. The temperature-dependent complex re-
fractive index and extinction coefficient of VO, deposited on a silicon substrate were measured
by Jianing Sun of the J.A. Woollam Company with a M-2000DI spectroscopic ellipsometer, and
are included here for completeness. (a,b) are spectroscopic ellipsometry measurements of the
temperature-dependent complex refractive index of VOy from 25°C to 95°C with a step 5°C in
the range 200 - 1,700 nm. (c,d) are the refractive index n and extinction coefficient k respec-
tively at 1,535 nm as labeled by the dashed black lines in (a) and (b). Panels (¢) and (d) show
how the refractive index at 1,535 nm (near the range of interest) approaches constant values at
the two extremes of this temperature range. Therefore, in our calculations, we use the measured
wavelength-dependent data for VO, at 25°C and 95°C to model the insulating and metallic phases,

respectively.
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Supplementary Figure 6: Calculated effect of VO, phase-change on the reflection of the
532 nm pump laser. (a,b) Reflectance and phase change from the multilayer structure composed
of TiO,, VO, (110-nm-thick), and Ag for both s-(blue) and p-(red) polarization in insulating (solid)
and metallic (dashed) phases. In both its metallic and insulating phases, VO, exhibits consider-
able absorption at the excitation wavelength of 532 nm, and therefore, VO, phase-change does not
induce a significant change in pump intensity at the emitter layer. To confirm this, (a) shows the
reflectance for 532 nm light incident upon our TiO2/VOs/Ag multilayer structure. Within the half-
angle of our 1.3 NA objective (i.e., sin~(1.3/2.48) = 31.6°), the reflectance for both metallic and
insulating phases remains below 10%. There is also no appreciable change in the reflected phase,
as shown in (b). This suggests that VO, phase-change should not induce pump-based modulation
of erbium emitters. This is confirmed by the fact that comparable intensities of Er** emission are

observed for both VO, phases, as shown in Supplementary Fig. 7.
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Supplementary Figure 7: Direct comparison of as-collected Er®*:Y,0; photoluminescence
for insulating and metallic phases. Note that the total integrated counts for the two phases are
within 7% of each other. The comparable intensities of Er** emission for both phases help confirm
that VO, phase-change should not induce pump-based modulation of erbium emitters, as suggested

by the theoretical results shown in Supplementary Fig. 6.
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Supplementary Figure 8: Sub-lifetime modulation of Er3* light emission for a sample with
silicon spacer and gold mirror. (a) Experimental spectra for Er** ions when VO, is in the insu-
lating state (red) and in the metallic state (blue). Here, the absence of a buffer below the emitter
layer results in poor crystallization, which leads to a broader emission spectrum with less well-
defined emission peaks. The sample was fabricated as follows: a 50-nm-thick Er®*:Y,Oj thin-film
emitter layer was deposited on a quartz substrate by e-beam evaporation. The sample was then
annealed for 1h at 900°C under a flux of O, (0.5 Ipm) to both activate the Er** ions and crystallize
the Y20O3. A 55-nm-thick silicon spacer layer was subsequently deposited by sputtering a pure
silicon target under Ar flow. On top of this spacer layer, VO, was deposited by sputtering a V5,05
target in an Oo/Ar gas mixture (0.08 sccm O and 49.92 sccm Ar) while maintaining the substrate
at 550 °C. Finally, a 5 nm adhesion layer of titanium and a 200 nm gold layer were deposited by
e-beam evaporation. (b) Time-resolved normalized photoluminescence (under CW 532 nm exci-
tation) while VO, phase is switched using a pulsed 1,064 nm laser at a 200 kHz repetition rate.
Blue and red solid lines represent two different spectral ranges of the bandpass filters (1,450 nm
- 1,520 nm and 1,538 - 1,562 nm, respectively). The dashed lines show the theoretical maximum

modulation inferred from the experimental spectra in (a).



Supplementary Note 1. Normalized LDOS for five-layer structure

A sketch of the five-layer device geometry for the optical modulation experiments is shown in Sup-
plementary Fig. 2. The normalized electric and magnetic LDOS of such a structure are calculated

below in Supplementary equations (1)-(4):
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Supplementary Note 2. Switching energy

The switching energy of the thermal phase transition gives an upper limit for electrically and
optically triggered transitions, as the thermal transition proceeds all the way to the rutile phase. The
volumetric enthalpy of switching VO, from monoclinic to the rutile phase is ~3.6x10® J m~3 (!

and references therein), based on its heat capacity. Assuming a 1 um? device area and 100 nm

thickness, the switching energy is 36 pJ per bit.

From Ryckman et al. 2, the fluence needed to optically switch VO, is ~1 mJ cm~2 which,
for a diffraction-limited spot, gives a switching energy in the 10 pJ per bit range. This energy is

comparable to reports on Mach-Zehnder modulators *# or ring resonators °.

Electrical switching of VO, in planar devices typically requires a ~10% V cm™! electric field
and ~10* A cm~2 current density 9. Assuming an upper bound of 1 um? for the area of the
device and a VO, thickness of 100 nm, we need ~100 ©W to switch the nanolayer. Applying a

1 ns voltage pulse, we obtain a switching energy of 100 fJ per bit.

Importantly, for both optical and electrical switching, the switching energy can be further
reduced by decreasing the thickness and/or the area of VO,. This could be done by patterning
the mirror in subwavelength features containing nano-inclusions of VO,. Further decrease of the

energy per bit could be obtained by shortening the pulse duration of the switching signal.
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