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Section 1. Optimization of forward transmission and absorption asymmetry ratio

To balance between the two figures of merit (maximized absorption asymmetry ratio and transmission in
the low-power state), we swept the thicknesses of Au and VO, and calculated the transmission and
asymmetry ratio of absorption using the transfer-matrix method, as shown in Fig. S-1. The same c-plane
sapphire substrate was used in all calculations. Thicker VO, and Au generally results in larger absorption
asymmetry, but also lower transmission (Fig. S-1(a)). We chose to fabricate a sample with 100 nm VO,
and 10 nm Au, resulting in transmission of ~0.22 at low power, and a six-fold absorption asymmetry ratio

(absorption = 0.11 for forward propagation, and 0.67 for backward propagation).
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Figure S-1. (a) Transmission and (b) absorption-asymmetry ratio (Apqckwarda/Aforwara) of our thin-film
device with the thickness of VO, varying from 60 to 150 nm, and the thickness of Au varying from 5 to 21
nm. The refractive index of VO, used in these calculations corresponds to its insulating phase.



Section 2. SEM and AFM characterization of our sputtered VO, film on c-plane sapphire

To examine the surface uniformity of the VO,, we characterized the post-growth film using an SEM
(Zeiss LEO 1530) and an AFM (Veeco MultiMode SPM) in tapping mode (Fig. S-2). Based on five AFM
images, each of which is 10 pm by 10 pm (e.g., Fig. S-2(b)), we calculated the surface roughness to be Ra
=4.11 nm.
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Figure S-2. (a) SEM and (b) AFM images of post-growth 100 nm VO, on a c-plane sapphire substrate. A
surface roughness R, = 4.11 nm was calculated based on five AFM images, each of which is 10 um by 10
pum.

Section 3. Details of our model

Spectroscopic ellipsometry (SE) was used to extract the complex refractive indices of VO, in the
insulating (30 °C) and metallic phase (90 °C), for free-space wavelengths from 200 nm to 2000 nm. In
our fitting model, optical constants of VO, are described by a general oscillator (GNO) function [S1],
which includes five Gaussian oscillators [S2] for the insulating phase, and an additional Drude term [S2]
for the metallic phase. The results are shown in Fig. 1(b) in the main text. An effective medium
approximation (Looyenga mixing rule; Eq. (S1)) [S3][S4] was then used to estimate the refractive indices

of VO, across its phase transition, as shown in Fig. S-3(a).
Epr = (1= éinsuiating " + [ Emetantic’”  (S1)
fi=n+ik = & (S2),
where € is the complex dielectric function of VO,, f is the metallic fraction, and m is an exponent that
describes the anisotropy of the material. f and m were both estimated using the same method as in Ref.

[S4]. The effective optical refractive index was then calculated using Eq. (S2). For our experimental

wavelength (A = 1.32 um), there is a significant change in the complex refractive index of VO,, from fi =

2



3.2+ 0.6i to 1 = 1.7 + 2.4i across its phase transition. The temperature-dependent refractive index of VO,
(Fig. S-3(a)) enabled us to calculate the absorption within our device for both forward and backward
incidence as a function of temperature (Fig. S-3(b)). These absorption curves were used as input

parameters for our COMSOL heat-transfer model.
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Figure S-3. (a) Calculated refractive index of VO, (at A = 1.32 um) from T = 30 to 100 °C, using the
Looyenga mixing rule. (b) Calculated combined absorption in the VO, and Au layers (region 1 and 3 in Fig.
2(c)) as a function of the bias temperature.

In our heat-transfer model, the temperature evolution of the structure follows the general steady-state heat

equation (Eq. (S3)) [S5], by which the generated heat (Q) is proportional to the local heat-flux density (g):

~V-q+Q(r,zT)=0 (S3),
where

q = —kVT(r,2) (S4)

Q(r,z,T) = A(T(r,2)) (S5)

Eq. (S4) is Fourier’s law, which describes that the heat-flux density is proportional to the gradient of
temperature (7), where £ is the thermal conductivity. Eq. (S5) assumes that the heat-generation term (Q)
is based on the amount of laser power absorbed in each layer (4). The absorption within the VO, layer is a

function of the varying local temperature at each spatial position (r, z), and is given in Fig. S-3(b).



Section 4. Proof-of-concept design using VO, with a narrower phase transition

The relatively broad temperature range of the transition of the VO, films used in our experiments is a
potential limitation of our device. For the maximum laser intensity we could experimentally achieve,
there was no bias temperature for which the diode is maximally asymmetric; i.e., the transmission is
maximal for light incident from one side, and minimal for light incident from the other side. To realize
maximal transmission asymmetry at the intensities in our experiment, one could use VO, with a narrower
phase transition, e.g., using other substrates or engineered strain conditions for oriented growth [S6][S7].
For comparison, the solid-point curve in Fig. S-4(a) is the calculated temperature-dependent transmission,
generated based on Ref. [S6], assuming that the material has the same range of optical properties as that
used in our work, but with a narrower phase-transition range (~6 °C, from 65 °C to 71 °C). The open-point
curve in Fig. S-4(a) is the temperature-dependent transmission of our fabricated device. We used our
model to investigate the diode performance of both designs. As shown in Fig. S-4(b), our simulation
indicates that the design based on narrower-transition VO, can reach maximal transmission asymmetry

when it is thermally biased between 55 and 63 °C, for the incident intensities described in the main text.
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Figure S-4. (a) Temperature-dependent (during heating) transmission at A = 1.32 um of our fabricated
limiting optical diode, and calculated transmission of the same structure but using the VO, from Ref. [S6],
assuming it has the same optical properties as our sputtered VO, but with a narrower phase transition.
(b) Limiting diode performance simulated using our model, given the experimental conditions described
in the main text. Duplicate of Fig. 3(b) in the main text.

Furthermore, our simulations show that our fabricated device—without any modification—will reach
maximal asymmetry if driven at higher intensities than those realized in our experiment (Fig. S-5(a)). We
calculated the intensity-dependent transmission-asymmetry ratio for a thermal-bias temperature at 50 °C,

assuming both broader- and narrower-transition VO, in our limiting diodes. We also investigated the



performance at different bias temperatures (Fig. S-5(b)). Note that in Fig. S-5(b), we only show the results
for the design based on narrower-transition VO,. As expected, higher incident intensities are needed to
trigger the device given lower bias temperatures. If the incident intensity is high enough, our design can

work passively without any thermal bias.
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Figure S-5. Simulated transmission asymmetry ratio at varying incident intensities. (a) At Ty,ge = 50 °C,
comparison of the asymmetry ratio between identical devices based on narrower-transition VO, and the
VO, used in our experiments. VO, with a narrower transition range enables a broader intensity range at
which the asymmetry ratio is maximized. (b) Intensity-dependent asymmetry ratio of the design based
on narrower-transition VO, at Tyge = 27 °C, 40 °C, and 50 °C.

Section 5. Hysteresis discussion

In practice, one needs to consider the hysteresis effect in VO,, as shown in Fig. S-6(a) for narrower-
transition VO, from Ref. [S6], and Fig. S-6(c) for the VO, used in our experiments. To ensure that the
diode is automatically reset when the illumination is turned off, one needs to set the bias temperature
below the hysteresis region for the unilluminated diode. As identified using red shading in Fig. S-6(a),
suitable thermal-bias temperatures range from room temperature to 56 °C for the design based on
narrower-transition VO,. Given an input intensity of 6 kW/cm® (the same simulation condition as in Fig.
S-4(b)), one can achieve maximal asymmetry at bias temperatures from 55 °C to 64 °C (identified using

green shading in Fig. S-6(b)). The region in common, where the green and red overlap, is the optimal



operating range of the device. (Fig. S-6(a, b)). For our fabricated device (Fig. S-6(c), (d)) given the same
incident intensity, there are also suitable bias temperatures (identified using red shading in Fig. S-6(c)) at
which asymmetric transmission can be realized, though the asymmetry ratio is not maximal. As our
model predicts (Section 4), a higher incident intensity is necessary for our fabricated device to realize

maximal asymmetry.
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Figure S-6. (a) Hysteresis loop in the transmission of the device based on narrower-transition VO,. The
plot was generated using the same model as in Section 4, assuming no illumination. Temperatures
within the red-shaded region are suitable to fully avoid device hysteresis. (b) Simulation results for the
same diode design based on narrower-transition VO, for the high-power-incidence case (6 kW/cm?, the
same scenario as in Fig. S-4(b)). Temperatures within the green-shaded region yield maximal
transmission asymmetry. (c) and (d) are the corresponding calculations for the design based on the VO,
used in our experiments.



Section 6. Proof-of-concept design using a frequency selective surfaces (FSS)
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Figure S-7. (a) Design of a limiting optical diode based on a frequency selective surface (FSS), optimized
using FDTD to feature a transmission maximum at A = 3 um, with an absorption asymmetry ratio of ~2.
(b) Simulated absorption within the device for both forward and backward incidences. (c) Simulated
transmission spectra VO, in the insulating phase VO, in the metallic phase. For a certain range of
incident powers, this will correspond to forward and backward incidence, respectively.

At low power, the low-power reciprocal transmission of the device experimentally demonstrated in the
main text is ~0.22, which may not be sufficient for certain applications. To show, in principle, that this
figure of merit can be improved, we explored an alternate design based on frequency selective surface
(FSS) *°. The design is shown in Fig. S-7, and comprises a 100-nm layer of VO, and a gold FSS with
thickness of 55 nm, and circular apertures with a diameter of 400 nm in a square array with periodicity of

500 nm. The substrate is sapphire, like in the device in the main text.

At wavelengths around 3 pum (scalable by changing the size of the apertures), this design features a high
transmission of ~0.6 when the VO, is in its insulating phase, and a low transmission of ~0.03 when the
VO, for the metallic phase (Fig. S-7(c)). Like for the device in the main text, the asymmetry in absorption
(Fig. S-7(b)) enables diode behavior based on selective triggering of the transition. With ideal operation, a
transmission asymmetry ratio of ~20 can be reached at A = 3 um, with a low-power reciprocal

transmission of above 0.6. We note that since we utilize the optical absorption in VO, to achieve diode

7



behavior, it is not possible to achieve a low-power transmission of 1 using our approach. We note,
however, that VO, can also be triggered athermally using strong optical fields '°, and it may be possible to
use VO, as a component of a low-loss diode in a wavelength range where the intrinsic loss of the

dielectric phase is relatively low.
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