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Thermal rectification of far-field heat currents is experimentally demonstrated by exploiting the metal-
insulator transition of VO, driving the significant temperature variations of its emissivity, within a narrow
interval of temperatures. This is achieved by measuring remarkable differences on the radiative heat flux
between a VO, film placed in vacuum and in front of a heat fluxmeter, when their temperature difference
is reversed. By testing three VO, films deposited on a substrate of r-sapphire, c-sapphire, and silicon, the
highest rectification factor of 61% is obtained for the first film operating with a temperature difference of
40°C with respect to the fluxmeter. This rectification factor is higher than or comparable to the respective
ones reported in the literature for near- or far-field radiative diodes subjected to a temperature difference of
70°C between their terminals. This experimental value is consistent with the theoretical one predicted by
an analytical expression derived for the maximum rectification factor, as a function of the VO, emissivity
in the metallic and insulating phases, sensor emissivity, and geometrical parameters. The obtained results
thus show that the rectification factor of these diodes can be enhanced, while reducing the temperature
difference of their terminals, by increasing not only the emissivity variations between the insulating and
metallic phases of VO, films deposited on r-sapphire, but also decreasing their emissivity in the metallic

phase.

DOI: 10.1103/PhysRevApplied.14.034023

L. INTRODUCTION

The control of heat currents by means of thermal diodes
[1-5], thermal transistors [6—10], thermal logical gates
[11,12], and even thermal memories [13,14] has recently
attracted significant interest due to its potential applica-
tions for processing information with heat. In particular,
these thermal diodes are capable of rectifying heat currents
when the temperature difference between their two termi-
nals are reversed [15,16]. An ideal thermal diode would
allow passing heat in one (forward) direction and block it
in the opposite (backward) one. In general, the thermal per-
formance of a thermal diode can thus be characterized by
the following rectification factor normalized to unity [3,15]

_ sl =l 0
max(|gsl;1gr 1)’

where g, and g, are the heat fluxes in the backward and
forward configurations, respectively. Among the different
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thermal diodes of conductive [17-20], convective [21,22],
and radiative [23,24] heat currents that were proposed, the
latter ones generally exhibit higher rectification factors.
Furthermore, theoretical models showed that near-field
radiative diodes usually yield better thermal rectifications
than far-field ones [10,25], due to the significant contribu-
tion of surface phonon polaritons involved in the near-field
regime [26,27].

Theoretical [3] and experimental [28,29] studies have
shown that the metal-insulator transition (MIT) of vana-
dium dioxide (VO,) can efficiently be used to make up
thermal diodes. This reversible phase transition occurs
at around 68°C [30,31] and induces significant changes
of the thermal [29,32,33], electrical [34,35], and opti-
cal [28,30,34-36] properties of VO,. By using terminals
of Si and VO, (350-nm-thick film grown on c-sapphire)
separated by an approximately 140-nm vacuum gap and
exchanging near-field heat with a temperature difference
of 70°C, Fiorino et al. [23] reported a rectification factor
lower than 60%. In the far-field regime, on the other hand,
Ito et al. [24] found a maximum rectification factor of 66%
by using terminals of fused quartz and VO, (deposited on
a silicon substrate) separated by 1 mm and operating with a

© 2020 American Physical Society
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temperature difference of 70°C. These experimental works
[23,24] indicate that far-field thermal diodes are not only
easier to implement in practice than near-field ones, but
also they could yield higher rectification factors, provided
that a suitable VO, terminal is used.

In this work, three VO, films deposited on substrates
of r-sapphire, c-sapphire, and silicon are tested as one of
the terminals of a far-field thermal diode to experimen-
tally assess its rectification factor. The highest rectification
factor of 61% is obtained with r-sapphire and a tempera-
ture difference of 40°C between the diode terminals. Even
though this optimal rectification factor is comparable to
the ones reported in the literature [23,24], it represents an
improvement to them, as it is obtained with a reduction of
30°C on the temperature difference of the diode terminals.
This significant reduction is the result of the relatively nar-
row temperature interval spanning the phase transition of
the VO, and r-sapphire sample and its implementation is
expected to lower the energy required to generate the recti-
fication effect and hence facilitate the operation of radiative
thermal diodes. Furthermore, an analytical expression for
the maximum rectification factor is also derived, as a func-
tion of the VO, emissivity in the metallic and insulating
phases, sensor emissivity, and geometrical parameters.

II. EXPERIMENTAL SETUP

Our thermal diode consists of a VO, film at temper-
ature Tyo, exchanging heat by far-field radiation with a
heat-flux sensor (HFS) at temperature 7y, as shown in
Fig. 1(a). Taking into account that the temperature vari-
ations of the emissivity eyo, of VO, are driven by its

(@) Forward bias (b)

MIT appearing at the critical temperature 7., the tempera-
ture interval (Tvo,; T;) has to contains 7, for capitalizing
on the MIT of VO,. Therefore, in the forward configu-
ration, the heat flux (gr) flows from the VO, film to the
HFS (Tyo, > Ti) and its value is driven by the relatively
low emissivity [eyo,m)] of VO, in its metallic phase. In
the backward configuration defined by the interchange of
the temperature values (7vo, < Ty) [15,16], on the other
hand, the heat flux (g;) exhibits an opposite direction and
is enhanced (g5 > ¢y ) by the emissivity [evo,u) > €vo,m)]
of VO, in its insulating phase. The average emissivity €
of the HFS is considered to be independent of temperature
and is determined from the FTIR spectra for wavelengths
from 8 to 15 um through the Perkin Elmer Spectrometer
(Model Frontier NIR-MED) [36].

The VO, film is deposited on a substrate (VO, + S) and
separated from the HFS by a vacuum gap of 2.3 mm to
radiatively couple them in the far-field regime [37], as
shown in Fig. 1(b). The lateral dimensions of the VO,
films and HFS are Ayo, = 1.5 x 1.5 em?, 4, =1 x 1 cm?,
respectively; and their temperatures are controlled with
Peltier cells (TED) and Proportional -Integral -Derivative
(PID) controllers (Tetech, TC-48-20) attached to them. The
temperatures are measured by means of thermistors of 0.9
mm in diameter (Tetech, MP-2444), placed as shown in
Fig. 1(b). The cold face of each Peltier cell is chilled
by a flux of water at a mean temperature 7,,. The whole
system is placed in a vacuum chamber evacuated with a
pressure below 10> Torr to suppress the conductive heat
currents through the intracavity air to values smaller than
0.1% of the blackbody radiation. The linear response of
the HFS to heat-flux variations depends on its average

Vacuum chamber

PID Controller

DA
Q PC

FIG. 1.

7

PID Controller

Schemes of the (a) forward and backward configurations of the considered radiative thermal diode along with (b) its exper-

imental setup. The direction of the radiative heat flux g, (g5) is determined by the temperature condition Tyo, > T (Tvo, < Tj).
HFS, heat-flux sensor; VO, + S, VO, + substrate; TED, Peltier cell; CS, cooling system; WI, water inlet; WO, water outlet; DAQ,
data-acquisition system; T, water temperature; 7,,, Peltier temperature; Ty, HFS temperature; Tvo,, VO, temperature.
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temperature 7, = (7, + Ty)/2 and the conversion from
voltage to heat flux is determined by means of the calibra-
tion curve provided by the HFS manufacturer (greenTEG,
gSKIN®XP). Data acquisition (DAQ) is performed by
means of a Keysight USB system (U2300A).

A. Temperature control

Figure 2(a) shows the ability of our experimental system
to maintain, increase or decrease the temperature of each
terminal, when the set-point temperature T, controlled by
a PID and represented by the red line, is modified. Initially,
the system is taken to a steady state with Tyo, = Ty =
40 °C, by fixing Ty = 40 °C in both terminals. Next, Tyo,
is increased by means of the new set point Ty = 45 °C,
which is reached by the VO, film after a few minutes. This
process is repeated in steps of 5°C up to Tyo, = 80°C
(black line). Finally, the VO, film is cooled down by
repeating this procedure from 80 to 40 °C (black line). The
temperature oscillations around the set points are smaller
than 0.1 °C, which shows that the system response to the
increase or decrease of the temperature of both terminals is
smooth enough to ensure that Tyo, and 7§ are well defined
for accurately measuring the exchanged heat flux under
steady-state conditions. In addition, the experimental data
for the heat flux are recorded about 2 min after reaching
the steady state and, therefore, the heat-flux values are
independent of the heating and cooling speeds and time,
as the typical response time of VO, to a change of tem-
perature is of a few milliseconds [38]. When fast heating
rates are explored, large oscillations around the set point
are observed before stabilization and there is no way to
determine if the heat-flux values correspond to a heating
or cooling process. On the other hand, during the whole
experiment, the water temperature 7,, (purple line) raises
around 1.6°C, as a result of the work done by the water
pump and the extraction of heat from the Peltier cells.

(a) 80 T T T T T T T
S 704 _

g 1%
&~ ~
= 60 - ~
s g
S =
EN :
s g
) b5
<% =
£ 40

(]
=

30

20 25
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30 35 40

Figure 2(b) shows the typical heat flux ¢ as a function
of time, for a VO, film deposited on c-sapphire. ¢ is deter-
mined by means of g = V/s, where V' (V) is the measured
voltage and s[uV/(Wm™2)] is a temperature-dependent
factor given by s = 21.03 4 (7, — 22.5) x 0.0254, as pro-
vided by the sensor manufacturer. The average heat flux
thus obtained is 132.477 £ 0.047 Wm™2, which is then
used to determine the rectification factor of the thermal
diode under consideration.

B. Calibration

The measured heat flux ¢ as a function of tempera-
ture Tyo, is shown in Fig. 3(a) for the heating-cooling
cycle of a VO, and c-sapphire sample between 30 and
90°C. Note that during both the heating and cooling pro-
cesses, g varies almost linearly with Tyo,, for low and
high enough values of Tyo,, as it typically occurs for
materials with temperature-independent emissivities. By
contrast, for intermediate temperatures between 62 and 68
°C (64 and 58 °C), the heating (cooling) curve exhibits a
significant drop (rise) of 118% (105%) due to the insulator-
to-metal (metal-to-insulator) transition of the VO, termi-
nal. The temperature shift between the heating and cooling
curves is partially due to the intrinsic thermal hysteresis
of VO,, as reported in the literature [28]. During the whole
cycle, the value of T, increases 1.9 °C, but it does not affect
the sensor temperature 7, [Fig. 3(b)], due to the use of a
PID controller.

Note that even though the heat flux is driven by the
MIT of VO,, its value does not reduce to zero for Tyo,
Ts = 30°C, as highlighted by the rectangle in Fig. 3(a).
This indicates the presence of an nonradiative contribution
detected by the HFS. This extra heat flux ¢g. is attributed
to the heat conduction between the HFS and water, and,

(b) -132.0
~ 1322
E
g
S —132.4-W
%
j=1
=
=
£ —132.6
_132.8 T T T T T
0 5 10 15 20 25 30
Time ¢ (s)

FIG. 2. Typical time evolution of the (a) temperature of the diode terminals (7yo,; 7y) and water 7,, along with the (b) heat flux ¢
recorded for a VO, film deposited on c-sapphire. Measurements in (b) are done for 7y = 70 °C and Ty, = 30°C.
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(a) Heat flux and (b) temperatures 7Ty and T, as functions of the VO, terminal temperature, for a heating-cooling cycle

between 30 and 90°C of a VO, film deposited over c-sapphire. Each experimental data point corresponds to the average of 100
measurements. Error bars included in (a) are very small and the solid lines joining the experimental points in both (a), (b) are only

guides for the eye.

therefore, it can be determined by
qec = G(Ts - Tw), (2)

where G (Wm~2 K~!) is an effective thermal conductance.
Once the value of G is determined by using the deviation
of g from zero (for Tyo, = Ty = 30°C), the correction to
each value of ¢ is applied by using the corresponding tem-
peratures (7,,; Ts). This correction can be applied for all
the range of temperatures covered, as can be seen in Sec.
S1 within the Supplemental Material [39]. The heat-flux
results thus obtained are shown in Sec. III, below.

C. Sample preparation

VO, films are developed by using the pulsed-laser depo-
sition (PLD) process inside an ultrahigh-vacuum chamber
(nominal pressure 5 x 10~% mbar). An excimer nanosec-
ond laser (LightMachinery IPEX-700, wavelength A =
248 nm) is focused on a pure vanadium (99.95%) metal-
lic target under a reactive oxide atmosphere maintained at
a pressure of 2200 Pa. At a determined fluence of around
3J cm™2, condensed matter is ablated and transferred to a
substrate place in front of the target. Maintained at around
580 °C, the synthesized film grows on a substrate and pure
phases of vanadium dioxide are obtained and crystallized,
at these specific conditions.

Taking into account that the growth, microstructure,
and quality of VO, films are strongly determined by their
substrate [28], in this study, three substrates (r-sapphire,
c-sapphire, and silicon) are selected to drastically modify
their crystallographic orientations, grain sizes and shapes,
and consequently their emissivity, as detailed in our previ-
ous work [28]. In this latter work, the temperature evolu-
tion of the emissivity of VO, films is measured by means

of the thermal wave-resonant cavity technique, whose
working principle consists in detecting periodic tempera-
ture oscillations generated by a modulated infrared laser
beam heating the sample. It is thus clear that the goal and
methodology of our previous article [28] are totally dif-
ferent than the corresponding ones of the present work
developed under steady-state conditions. Due to the rel-
atively good atomic lattice matches [40], c-cut and r-cut
sapphire substrates are chosen to promote VO, synthe-
sis, crystallization, orientation, and resulting properties
[41,42]. The main characteristics of the three samples are
summarized in Table I and their structural characterization
can be seen in Sec. S2 within the Supplemental Material
[39].

III. RESULTS

A. Radiative heat flux and emissivity

Figures 4(a)—4(c) show the temperature variations of the
radiative heat flux ¢ exchanged by the HFS and a VO, film
deposited on a substrate of either r-sapphire or c-sapphire
or silicon, respectively. Note that ¢ exhibits a clear hystere-
sis loop, whose characteristics depend strongly on the sub-
strate, which is in a good agreement with previous works

TABLEI. Thicknesses and area of the substrates and fabricated
VO, films.
Thickness

Area
Sample VO, (nm)  Substrate (um) (cm?)
VO,/r-sapphire 300 430 2.25
VO,/c-sapphire 200 500 2.25
VO, /silicon 200 525 2.25

034023-4
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FIG. 4. Radiative heat flux as a function of Tyo, for the heating-cooling cycle of a VO, film deposited on (a) r-sapphire, (b) c-
sapphire, and (c) silicon. Red and blue experimental points stand for heating and cooling processes with 7y = 30 °C, respectively.
Each point corresponds to the average of 100 measurements, which are used to determine the relatively small error bars. Solid lines

are just guides to the eye.

[24,43.,44]. Silicon yields the widest loop, while r-sapphire
the thinnest one; and they represent the fingerprints of the
MIT of VO,. The behavior of ¢ is driven by the emissiv-
ity and geometry of both terminals, as established by the
Stefan-Boltzmann law [45]

q = o (Tyo, — T}), 3)

where o = 5.67 x 1078 Wm™2 K~* is the Stefan-Boltz-
mann constant and the effective emissivity €4 =

-1
[(€76, 1) /dvo, +1/(vo, F) + (€71 = 1) /4], with
€, =0.78 and F = 0.36 being the HFS emissivity and
view factor [46], respectively. Details of the view-factor
calculation are given in Sec. S3 within the Supplemental
Material [39]. Equation (3) thus allows determining the
VO, emissivity eyo, shown in Fig. 5, by using the heat-
flux values displayed in Fig. 4. One can see that the critical
temperature (7.), hysteresis width (AH) and slope of the
heating curve (8) are different for the three VO, films and
their values are summarized in Table II. This is reason-
able, as these parameters are typically determined by the
substrate [40,47—49] and the film thickness [40,48-50].
In particular, note that the samples VO, and silicon, and

—_
Q
~
—_
(=3
~

VO, and c-sapphire have hysteresis widths 4 and 1.5 times
greater with that of VO, and r-sapphire, which exhibits
the largest emissivity variation (0.63) between its insulat-
ing and metallic phases. The temperature evolution of the
emissivities obtained for the three VO, films are consis-
tent with those reported in the literature [28,51] and their
values in the insulating phase are close to the correspond-
ing ones of their substrates, as VO, is fairly transparent
to the infrared radiation in this latter phase [34]. These
results ensure that the radiative heat flux measured by our
experimental setup can be considered reliable. On the other
hand, note that AH and $ have an inverse relationship, that
is to say, VO, samples with larger hysteresis widths have
slower phase transitions, in agreement with previous works
[28,36,40]. These features are fundamental for the devel-
opment of thermal memory devices [13,44] and thermal
logic gates [11], which require large and small AH values,
respectively.

B. Rectification factors

The radiative heat flux ¢ measured for the forward
(Tvo, > Ty = 45°C) and backward (Tyo, < Ty = 85°C)
configurations between the HFS and a VO, film deposited

® Heating
® Cooling
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Temperature evolution of the emissivity determined through Eq. (3) for a VO, film deposited on (a) r-sapphire, (b) c-

sapphire, and (c) silicon. Solid lines represent visual guides to the eye.
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TABLE II. MIT characteristics in the emissivity of VO, films
grown on a r-sapphire, c-sapphire, and silicon substrate. Vertical
arrow, for the slope 8 stand for the heating process.

Sample Aevo, AH(°C) Te(°C) B[PCI(M)]
VO,/r-sapphire  0.63 1.7 59 0.08
VO,/c-sapphire  0.33 2.5 62 0.05
VO, /silicon 0.43 7 60 0.03

on r-sapphire, c-sapphire, and silicon is, respectively,
shown in Figs. 6(a)-6(c), as a function of the temperature
difference (AT = Tyo, — T) between the diode terminals.
The experimental data are obtained by fixing the sensor
temperature Ty = 45°C and increasing Tyo, from 35 to
90°C. Then, Tj is raised to 85 °C and Ty, decreased from
90 to 35°C. This detailed process allowed us to clearly
identify the VO, phase transition and any anomaly on the
measured heat flux. Taking into account that the rectifi-
cation factor of a thermal diode is defined in terms of the
radiative heat fluxes obtained by interchanging the temper-
atures of the diode terminals, as established by Eq. (1), Fig.
6 displays the real operation of a thermal diode for the pair
of temperatures (45;85) °C (purple points) of its terminals.
This procedure is also repeated for other pairs of tem-
peratures to determine the diode rectification factor. Note
that the magnitude of ¢ increases with |AT], such that its
values in the backward configuration are greater than the
corresponding ones in the forward bias, for a given |AT].
This is reasonable, given that the backward configuration
is driven by the VO, emissivity in its insulating phase,
which is higher than that in the metallic one, as shown
in Fig. 5. Samples grown on silicon and c-sapphire yield
a common maximum rectification factor of 50%, which
increases to 61% for the sample deposited on r-sapphire.
This latter value surpasses the rectification factor of 56%
reported by Fiorino ef al. [23] for a near-field thermal diode
based on VO, and operating with a temperature difference

of 70°C between its terminals. Thus, our best result not
only optimizes the rectification factor, but also reduces
to 85 — 45 = 40°C the temperature difference required to
obtain it. This significant reduction is also present for the
rectification of far-field heat currents previously reported
by Ito et al. [24] with a similar rectification factor. In
this latter work, the optimization of the rectification fac-
tor is performed by testing VO, and W-doped VO, films
deposited on silicon, while in our present work, we do
it by changing the substrate (r-sapphire, c-sapphire, and
silicon) of pure VO, films. In addition, the methodology
used by Ito et al. [24] is different than ours in the fol-
lowing aspects. (i) The HFS is placed between the VO,
substrate and the thermoelectric device used to control
the temperature and hence it can only measure conductive
heat fluxes. By contrast, our HFS acts as a diode termi-
nal and directly measures the radiative heat flux exchanged
with the other diode terminal. (ii) While the calibration
of our experimental setup is done with the sample to
be tested, Ito et al. [24] performed the calibration using
fused quartz and measurements with their VO, samples.
This replacement of the material to calibrate by the one
to be tested implies variations of the vacuum conditions
(opening of the vacuum chamber) and the modification of
the interface thermal resistance between the sample and
the thermoelectric device, which could generate uncertain-
ties on the measurements. (iii) The theoretical description
of the measured heat flux is based on the fluctuational
electrodynamics, whereas we apply the Stefan-Boltzmann
equation that allows us to retrieve the emissivity of our
VO, samples, as shown in Fig. 5. Even though both for-
malisms are correct for the considered far-field radiation,
the advantage of Boltzmann approach is that it can be
applied to derive an analytical expression [see Eq. (4)] for
the optimal rectification factor. Based on these significant
differences and the remarkable reduction of the tempera-
ture difference (from 70 to 40 °C), the present methodology
and results are expected to be useful for both optimizing

(a) (b) (c)
E 501 'g 100 ‘e 501
g g 50 g
> 0 = 0 > 0 T.=85°C T, =45°C
w T, =85°C T,=45°C x - 4 ~ % © = 85° | =450
2 _s50] | = T,=85°C T,=45°C | 2 _s50]
g ™0

= = 4
;-1007 §_1oof o 100
E _1501 R=61£3%, AT=40°C E-150 R=50£1%, AT=40°C £ -150 R= SOizl%, AT=40°C
s | B | 3
< T T T T T < T T T T T S T T T T T
~ 40 20 0 20 40 X 40 20 0 20 40 ~ —40 20 0 20 40

AT =Ty T, (°C)

FIG. 6.

AT = Ty ~T, (°C)

AT =Ty ~T, (°C)

Measured radiative heat flux between the HFS and a VO, film deposited on (a) r-sapphire, (b) c-sapphire, and (c) silicon,

as a function of the temperature difference AT = Tvo, — T;. The given rectification factors are obtained by means of Eq. (1) for
AT = 40°C (g values highlighted in purple). The bluish and reddish backgrounds stand for the backward and forward configuration,

respectively.
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(a) Summary of the rectification factors obtained by means of the experimental data shown in Fig. 6 and Eq. (1), for the

three VO, samples and different temperature pairs (7§; Tvo,) of the diode terminals. (b) Optimal rectification factor predicted by Eq.
(4) for different values of the emissivities of VO, in its metallic and insulating phases. The green, red, and blue squares stand for
the rectification factors determined with the data reported in Fig. 5 for a VO, film deposited on r-sapphire, c-sapphire, and silicon,
respectively. The data in parenthesis stand for an ideal thermal diode made up of two infinite parallel terminals. The black square
represents the rectification factor (59%) obtained for the emissivity peak of the VO, and c-sapphire sample at 61 °C.

the rectification factor of a radiative thermal diode and
reducing the temperature difference of its terminals.

Figure 7(a) shows a summary of the highest rectifica-
tion factors obtained for each VO, sample and different
temperature pair (7; Tyo,) of the diode terminals. In order
to capitalize on the VO, phase transition, the values of
both Ty and Tyo, are conveniently chosen outside it. Note
that the VO, film grown on r-sapphire allows obtaining
rectification factors higher than the corresponding ones
yielded by the other two samples, for each temperature
pair. The highest rectification is obtained for (7; Tvo,) =
(45;85)°C, while the lowest one appears for (Ts; Tvo,) =
(35;95) °C. Taking into account that the values of these
latter temperatures are well outside the VO, phase tran-
sition, this fact indicates that the maximum rectification
factor is strongly determined by the VO, emissivity in its
insulating [eyo,(;] and metallic [eyo,)] phases. In fact,
according to Eqgs. (1) and (3), one can show that the optimal
(maximum) rectification factor is given by

_ 1 — evo,mm/€vo )
*T 1+ evoyom [Avo, (65 — D)/A, + F~1 — 1]

(4)

Note that R, increases with the view factor (F = 1 and
Avo,/As = 1 for the ideal case of infinite parallel plates),
emissivity ratio evo,()/€vo,m) and sensor emissivity e,
such as higher rectifications are obtained for lower emis-
sivities €yo,m of VO, in its metallic phase. Equation (4)
thus establishes that the best VO, sample to optimize the
rectification factor of a radiative diode is the one with not
only the highest emissivity contrast between its insulating
and metallic phases, but also with the lowest emissivity

€v0,(m)- Among the three VO, samples considered in this
work, both of these latter conditions are fulfilled by the
VO, film deposited on r-sapphire, as shown in Fig. 5(a).
The other two samples exhibit relatively large hysteresis
widths, which are required for improving the performance
of thermal memory devices [13,44].

Figure 7(b) shows the predictions of Eq. (4) for the emis-
sivities in the metallic and insulator states of the three
VO, samples displayed in Figs. 5. Optimal rectifications
of 57 (76)%, 55 (70)% and 50 (67)% are obtained for
the VO, films deposited on r-sapphire, c-sapphire, and sil-
icon, respectively. The numbers in parenthesis stand for
the rectification factors of an ideal thermal diode made up
of two infinite parallel terminals. Note that even though
the emissivity variation of the VO, and c-sapphire sample
between its insulating and metallic phases is nearly half
compared to that obtained for the VO,/r-sapphire one, the
optimal rectification factors determined for both samples
are pretty much the same, due to the relatively low emis-
sivity eyo,m) of the sample grown on c-sapphire. These
results are in good agreement with the ones shown in Fig.
7(a) and reported in the literature [10,28]. The slight differ-
ences between the results displayed in Figs. 7(a) and 7(b)
is attributed to the fluctuations of the VO, emissivity in its
insulating phase, which can lead to variations of around
5% on R,. This consistence of the optimal rectification
factors obtained by means of the heat flux and emissivity
values confirms that to the VO, film grown on r-sapphire
is better than the other two samples to operate a radiative
thermal diode. Finally, in future works, the optimal rec-
tification factor could be enhanced by 3%, increasing the
sensor emissivity from 0.78 to 0.95. In addition, we note
that the emissivity peak exhibited by c-sapphire (at 61 °C)
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could also be used to increase R, by 3%, as shown by the
black square in Fig. 7(b).

IV. CONCLUSIONS

We experimentally demonstrate the thermal rectification
of far-field heat currents by exploiting the metal-insulator
transition of VO,. This is achieved by measuring the radia-
tive heat flux between a heat-flux sensor and a VO, film
deposited on either r-sapphire or c-sapphire or silicon.
The highest rectification factor of 61% is obtained with 7-
sapphire, which is among the highest values reported in the
literature with the lowest temperature difference (40 °C)
between the diode terminals. This experimental value for
the rectification factor is consistent with the theoretical pre-
diction of an analytical expression that has been derived
for the maximum rectification factor, as a function of the
VO, emissivity in the metallic and insulating phases, sen-
sor emissivity, and geometrical parameters. The obtained
results thus show that the rectification factor of radiative
diodes can be enhanced, while reducing the temperature
difference of their terminals, by not only increasing the
emissivity variation between the insulating and metallic
phases of VO, films deposited on r-sapphire, but also
decreasing their emissivity in the metallic phase.
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