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This experimental study investigates thermal rectifi-
cation via asymmetric far-field thermal radiation on a fused silica
slab. An asymmetrical distribution of surface emissivity is created
over the device by partially covering the fused silica with a 100 nm
thick aluminum film. The slab is subjected to a thermal bias, and
when this bias is reversed, a small temperature difference is observed
between the different configurations. This temperature difference
arises from the difference in emissivity between the aluminum layer
and fused silica, resulting in the transfer of thermal energy to the
surrounding environment through radiation. Experimental findings
are supported by finite element simulations, which not only confirm
the measured values but also provide valuable insights into the
rectification efficiency of the system. The rectification efficiency is
found to be approximately 50% at room temperature for a thermal bias of 140 K. Simulations, which are performed by considering
different environmental conditions experienced by the radiation and free convection processes, provide further insight into the
underlying thermal rectification mechanism. These simulations consider an environmental temperature of 4 K for thermal radiation
and an ambient temperature of 294 K for free convection and reveal an enhanced rectification effect with a rectification efficiency up
to 600% when a thermal bias of 195 K is applied. This result emphasizes the significance of considering both convection and
radiation in the thermal management and rectification of asymmetric systems. The outcomes of this study further our understanding
of the thermal rectification phenomenon. They also show the importance of system asymmetry, emissivity disparities, environmental
conditions, and the interplay between convection and radiation. Furthermore, the findings have implications for heat transfer and
rectification in asymmetric systems, offering potential applications in areas such as energy harvesting, thermal management, and heat
transfer optimization in electronic devices.

far field thermal radiation, thermal rectifier, radiative cooling, asymmetric thermal radiation, thermal management

transfer coefficient (k). This represents the rate of heat transfer
per unit area between a surface and surrounding fluid per unit
temperature difference between them. Careful engineering and
optimization of the conduction, convection, and thermal
radiation mechanisms can significantly enhance the heat
transfer efficiency in various applications. In this context,
thermal rectification is an especially intriguing phenomenon for
thermal management.®™*

Thermal rectification is a phenomenon in which heat flow
through a material is directionally dependent such that the heat
current is more efficient in one direction than its opposite

The efficient operation of faster electronic devices and the
trend toward miniaturization have intensified the need for
effective thermal management techniques and the study of heat
propagation.'~* Heat transfer occurs through three primary
mechanisms: conduction, convection, and thermal radiation.’
Conduction involves the transfer of heat through a solid
material due to molecular interactions, where heat energy flows
from regions of higher temperature to regions of lower
temperature. Convection relies on the movement of a fluid
(liquid or gas) to transport heat energy. Radiation involves the
transfer of heat through electromagnetic waves without the

need for a medium or direct contact between the heat source Optical Materials for Radiative Cooling | Bl e
and the heat sink. This mechanism depends on the emissivity July 7, 2023
(¢) of the material, which characterizes its efficiency in August 30, 2023

emitting thermal radiation. The quantification of the efficiency August 31, 2023

of heat transfer between a solid surface and a moving fluid September 29, 2023 .

(liquid or gas) is described in terms of the convective heat
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direction. This effect is significant in nanoscale materials,
where the mismatch between the phonon spectra of different
materials at an interface results in asymmetric thermal
transport. The ability to rectify heat flow is crucial for the
development of advanced thermoelectric devices,”™"" thermal
diodes,”"? thermal transistors®'*™'® and thermal logic
gates.lﬁ_18 Thermal rectification can be described as a
nonlinear and asymmetric process where the thermal
characteristics of a material along a specific axis depend on
the direction of the temperature gradient or the heat current."”
In solid-state systems, various mechanisms have previously
been proposed to achieve thermal rectification. These
mechanisms include, but are not limited to, variations in
thermal boundary resistances between two materials,”* ™" the
presence of anharmonic interatomic potentials,”* dissimilar
bulk materials exhibiting distinct temperature-dependent
thermal conductivities (k),””~” and the use of asymmetrically
structured materials (such as those involving load mass,””
ballistic scattering,”® mass gradient'””**" and asymmetric
thermal radiation””>*). While various metrics and definitions
for the thermal rectification efficiency () are found in the
literatgriea,z here we define by # as the ratio between the heat
fluxes: ™

(1)

where F,,. (F.y.) is the absolute value of the maximum
(minimum) thermal flux. This ratio can also be multiplied by a
factor of 100 to express the efficiency in terms of percentages,
offering a more intuitive representation.

Within this context, the radiative thermal rectification
(RTR) effect has emerged as a promising way for achieving
directional heat flow.”* This concept harnesses the directional
nature of radiative heat transfer to create thermal rectifiers
capable of regulating the heat flow in a controlled manner. By
selective modification of the optical emissivity or absorption
properties of the device, asymmetric thermal radiation can be
generated, leading to significant temperature differences when
the device operates in one direction versus the other. RTR is
achieved both in the near field (NF) and in the far field (FF).
NF rectification exploits evanescent waves and strong coupling
that occur at extremely short distances, while FF rectification
relies on directional radiative properties and propagating waves
at larger distances. In the case of NF-RTR, rectification
efficiencies as high as 13 (or 1300%) have been theoretically
predicted to be achieved with extremely small gaps between
SiC-3C nanoparticles under a thermal bias of 500 K.** In other
studies, even larger rectification efficiencies have been
predicted based on NF-RTR, indicating the immense potential
of this approach.”> However, it should be noted that realizing
such small gaps and large thermal biases, especially when
nanoparticles are involved, requires considerable challenges to
be overcome. When comparing NF RTR to FF RTR, the latter
offers the significant advantage of simplicity and ease of
fabrication, as it does not require the combination and
alignment of objects separated by micrometric or nanometric
gaps.”**7*® FE RTR, also known as radiative cooling, is a
passive cooling mechanism in which an object can effectively
dissipate heat by emitting thermal radiation to the colder
surroundings, typically the sky.>”~** In this case, this
phenomenon exploits the difference in temperature between
an object and the atmosphere, with heat generally being
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released (i.e., high material absorption/emissivity) over the
atmospheric window in the infrared where there is limited
optical absorption of thermal radiation by atmospheric gases.
The advent of novel materials and designs has revolutionized
radiative coolin§, enabling subambient cooling even under
direct sunlight.4 4344 Under a different context, exploiting this
effect for achieving thermal rectification represents a promising
addition to the toolbox of heat transfer control.

Previously, Lee et al. reported FF-RTR using a polyethylene
terephthalate (PET)-based rectifier.’” Their device consisted
of a 7.375 X 0.442 X 0.25 mm> PET substrate (¢ = 0.9), with
half of its surface coated by a 200 nm thick niobium film (& =
0.4). The rectification efficiency was determined by combining
experimental temperature measurements with finite element
simulations. To prevent convective heat transfer, the measure-
ments were conducted under vacuum conditions (10™* Torr).
The authors reported a rectification efficiency of = 0.13
(13%) for a thermal bias of AT = 30 °C. Additionally, they
predicted a maximum 7 = 0.9 (90%) through the strategic
manipulation of the emissivity and thermal conductivity of the
rectifier components (substrate and top cover) and the
environmental temperature, i.e., the temperature of the heat
sink of the radiative part, under vacuum conditions.

In this work, we further their analysis, investigating the
asymmetric far-field radiative thermal rectification mechanism
to examine the rectification efficiency in a simple configuration
involving a partially coated fused silica slab. Our approach is
akin to that followed by Lee et al,”” although the investigation
is extended to include the influence of convective heat flux, a
larger thermal bias, and sink temperature on the convective
and radiative thermal transfer mechanisms. Although excluding
convective heat transfer aids in providing an analysis that is
focused only on the radiative component, in many practical
applications, the inclusion of convective heat transfer is crucial
as many scenarios involve nonvacuum conditions (e.g.,
terrestrial environments) and leads to more accurate modeling
and understanding of heat transfer processes.

Incorporating thermal convection in FF-RTR is vital for
many applications, as it plays a pivotal role in microelectronic
cooling, industrial heat exchangers, and energy-efficient
thermal management systems, ensuring accurate predictions
and optimal performance in these applications. Remarkably,
despite the ease of fabricating the structure presented in this
work and its relative simplicity, it exhibits a robust radiative
thermal rectification effect.

The radiative thermal rectifier is made by depositing a 100 nm thick
aluminum film onto a 75.5 X 25.5 X 1.1 mm® fused silica slide (SPI
suppliers) (see Figure 1). To establish an asymmetric thermal
radiation profile, the entirety of the bottom surface of the slab was
coated, while only half of the top surface was coated. This
configuration predominantly concentrates thermal radiation into a
specified region of interest within the device. Temperature measure-
ments were then performed by placing an array of four Pt resistance
thermometers (TH100PT, Thorlabs) glued onto the sample with
silver paint to ensure good thermal conductivity through the contacts.
The temperature readings were recorded using four multimeters
(34461A, Keysight Technologies) interfacing with a custom
MATLAB code. For controlled heating, one side of the sample was
exposed to a hot plate acting as the high temperature reservoir, and
the temperature was manually set and regulated using an external Pt-
1000 resistor acting as a PID controller for the hot plate. All
measurements were done at ambient room conditions with a constant
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Figure 1. Schematic representation of the far-field radiative thermal
rectifier. T¢, Tcyy Ty and Ty refer to the measured temperatures
based on their proximity to either the cold or hot temperature
reservoirs. Tc: directly above the cold reservoir. Tcy: close to the
middle part of the rectifier and on the cold side of the slab. Ty:
directly above the hot reservoir. Ty close to the middle part of the
rectifier and on the hot side of the slab. The plane labeled with “heat
flux” in the forward configuration represents the section of the slab
where the heat flux was calculated. All dimensions are in mm.

environmental (lab) temperature of 294 K. The simulations to
corroborate the experimental results in this work were performed with
finite element method (FEM) performed with the commercially
available COMSOL Multiphysics v.5.5 software. A detailed explan-
ation of the simulations can be found in the Supporting Information.

Thermal characterization was performed according to the following
procedure:

1. The fused silica slab sample was positioned such that one side
was placed on a hot plate, while the second side was in contact
with a stainless-steel heat sink (forward configuration). This
setup allowed for controlled heat transfer between the two
halves of the slab. The ends of the slab were glued on top the
reservoirs using silver paint to ensure good thermal contact.

2. The temperature of the hot plate was manually set to four
different temperatures: 320, 340, 360, and 380 K. These
specific temperatures were chosen to provide a range of
thermal gradients for analysis.

3. Each temperature was maintained for a duration of 30 min to
ensure that steady-state thermal equilibrium was achieved. This
allowed sufficient time for heat to propagate and stabilize
across the sample.

4. Following characterization in the forward configuration, the
slab was also tested in the reverse configuration and was
flipped to reverse the heat flow direction, and the experiment
was repeated with the same temperature differences.

The temperatures were continuously recorded over the entire
duration of the aforementioned experimental procedure. To facilitate
data analysis, the measured temperatures were categorized based on
their proximity to either the cold or hot temperature reservoir.
Specifically, the temperatures recorded on the cold side were denoted
as T (above cold reservoir) and Ty (middle but on cold side),
whereas the temperatures on the hot side were labeled as Ty (above
hot reservoir) and Ty (middle but on hot side). Figure 1
schematically illustrates the two experimental forward and reverse
configurations. In the forward configuration, the Al-coated part of the
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slab was fixed onto the heated area, while in the reverse configuration,
the Al-coated part was placed over the heat sink. This spatial
arrangement introduced a fundamental asymmetry within the system,
leading to the observed thermal rectification phenomenon. Figure 2a
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Figure 2. (a) Temperature distribution of the far-field radiative
thermal rectifier for the forward (black) and reverse configurations
(red line). (b) Temperature difference in the middle part of the
rectifier ATy = Ty — Teym as a function of time under the same
conditions as in (a). (c) ATy, as a function of time for a thermal bias
of AT = 100 K. (d) Theoretical (lines) and experimental (squares)
ATy for forward (black) and reverse (red) configurations as a
function of the thermal bias. The filled squares represent the average
temperature shown in panels a and b, whereas the open squares
represent the as measured temperature shown in panel c.

provides the temperature distribution over time for the radiative
thermal rectifier, showing data for both the forward (black line) and
reverse (red line) configurations. The green boxes indicate the areas
over which the temperature was averaged and used to estimate the
temperature difference in the middle part of the rectifier (ATy = Ty
— Tcy) and the thermal bias (AT = Ty — Tc) for both
configurations. Figure 2b shows the temperature difference in the
middle part of the rectifier (ATy) as a function of time for both
configurations. The green boxes indicate the areas over which the
temperature was averaged and used to estimate ATy; and AT for both
configurations. Figure 2c presents a 2 h measurement of AT, for a
thermal bias of AT = 100 K for forward (black lines) and reverse (red
line) configurations, respectively. The large difference in the
thermalization times between Figure 2b and c is a consequence of
the experimental setup. In Figure 2c, the hot plate initially starts at
room temperature and undergoes a sudden increase to Ty = 398 K.
By contrast, in the case of the measurement shown in Figure 2b, the
temperature changes of the hot plate were gradually implemented in
small increments. Figure 2d shows the experimental (squares) and
theoretical (solid lines) dependence of AT with respect to the AT
for the forward (black) and reverse (red) configurations. The
averaged regions shown in Figure 2b are presented in Figure 2d
using filled squares, whereas the as measured temperatures shown in
Figure 2c are plotted using empty squares.

The temperature difference between ATy, values in the forward
and reverse configurations can be attributed to the inherent
asymmetry of the system. More specifically, the emissivity of the
aluminum is close to zero,* while the fused silica exhibits an
emissivity of approximately 0.9.*° These same values were also
experimentally measured and confirmed in this study, as depicted in
Figure S3 of the Supporting Information. This difference in emissivity
leads to a small temperature difference as a fraction of the thermal
energy injected into the slab is transferred to the surrounding
environment through thermal radiation. Consequently, this emissivity
difference induces an asymmetry in the total heat flux passing through
the slab for the forward and reverse configurations, analogous to the
behavior of an electrical diode under an electrical bias. Figure 3a
shows the theoretical asymmetric heat flux, resembling a diode-like
curve, as a function of the temperature difference of the conductive
thermal reservoir. In an ideal thermal diode, a near-zero heat flux
would be observed for a negative temperature difference. Figure 3b
shows the simulated rectification efficiency of the measured device
using eq 1. The efficiency shows an almost linear increase with
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Figure 3. (a) Asymmetric heat flux (diode-like plot) as a function of
the temperature difference of the conductive thermal reservoir (Ty —
Tp) for T,,, = 294 K. Inset shows a representation of the Ty and T;,
temperatures of the thermal reservoir fixed in the rectification slab.
Rectification efficiency at varying ambient temperature: (b) at 294 K,

(c) from 4 to 214 K, and (d) from 224 to 294 K.

increasing thermal bias ranging from 0.42 to 0.51 (AT = S to 140 K),
representing the experimental bias conditions.

Lee et al.** recently reported 57 = 0.13 (13%) under a thermal bias
of AT = 30 °C. The observed thermal rectification was attributed to
the asymmetric nonlinear thermal radiation arising from a slight
difference in the emissivity values between niobium (~ 0.4) and PET
(~0.9). In their case, they observed a small decrease in 7 from 0.14 to
0.12 as the power was increased from 340 to 920 uW (ie,
temperature difference AT = Ty versus T in our case). These
observations were associated with the dependence of the thermal
conductivity of PET with respect to temperature. The thermal
conductivity of PET increases from 0.7 to 1.0 W K™' m™ as the
temperature increases from 298 to 333 K, representing a 43% increase
in k. Conversely, in our case, the thermal conductivity of the fused
silica showed a smaller dependence on temperature, increasing from
1.36 to 1.66 WK™'m™" over the 300 to 500 K temperature range,"’
which corresponds to a 22% increase in k. This smaller variation led to
a negligible impact on the rectification efficiency as shown in Figure
SS in the Supporting Information.

To further elucidate this dependence on ambient temperature,
Figure 3c and d show the simulated rectification for varying ambient
temperature. In the FEM simulations, the environmental temperature
was considered to influence both convection and radiation equally.
Consequently, the radiation and free convection processes were set to
the same ambient temperature (T,,;) throughout the simulations.
The rectification efficiency (eq 1) exhibits two distinct behaviors with
respect to T, At low ambient temperatures (i.e.,, 4 K < T, < 214
K), the rectification efficiency increases as the ambient temperature
rises. However, a transition takes place as the temperature T,
exceeds 224 K, leading to a maximum in 7, followed by a subsequent
decrease with further increases in T,,;,. Between the aforementioned
regions, within the temperature range of 214-224 K, a gradual
transition in rectification efficiency is observed, as shown in Figure S4
of the Supporting Information. As T, increases within this range,
the rectification efficiency # decreases for a thermal bias AT < 45 K.
However, beyond this threshold, # increases as T, continues to rise.
For T, = 294 K (i.e., the ambient environmental temperature in the
experiment), a linear increase with respect to the thermal bias was
found (see Figure 3b). This observed behavior is directly related to
the temperature of the heat sink (T(), which is in equilibrium with
the surrounding environment and, thus, is at the ambient temperature.
It is important to note that any environmental temperature lower than
that of the heat sink used for thermal conduction will induce a cooling
effect in the device, and the temperature in the middle part of the
rectifier will be less than the temperature of either the hot or cold
reservoir. In other words, a distinct scenario arises when the heat sink
temperature (i.e., the cold reservoir) in the calculation of thermal
radiation is modified. This scenario becomes particularly relevant
when experiments are conducted outside of a controlled laboratory
environment, as the ambient temperature experienced by free
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convection differs from thermal radiation conditions. In such cases,
heat dissipation occurs through the emission of thermal radiation
toward the sky (Tsky) , exhibiting a radiative cooling behavior.**~*
We further explore this concept of radiative cooling in Figure 4,
which shows the impact of the sky temperature (Ty,) on ATy and on

T T T T T
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Figure 4. (a) Temperature difference in the central region of the
rectifier (ATy,) as a function of the sky temperature (considered as
the sink temperature for thermal radiation, Tsky) for a thermal bias of
195 K. The solid lines represent the simulated AT); values when the
ambient temperature is fixed at 294 K, while the dotted lines represent
the simulated AT); values when the ambient temperature is equal to
the Ty,. (b) Thermal rectification efficiency was generated under the

same conditions as described in panel a.

the rectification factor under a set thermal bias of AT = 195 K. Two
distinct scenarios were simulated: the first is the controlled
temperature configuration in which T,,, = Ty, and both free
convection and radiation share the same thermal sink; the second is
the radiative cooling configuration in which T, was fixed at 294 K
for the free convection case, while Ty, varied for the thermal radiation
case. In the radiative cooling configuration, a notable increase in ATy
between the forward and reverse configurations was observed (Figure
4a). The increased difference in ATy leads to a larger rectification
factor, as shown in Figure 4b. The results clearly indicate that the
radiative cooling configuration enhances the rectification effect,
resulting in a more significant thermal asymmetry in the system.
Conversely, in the controlled temperature configuration, a smaller
AT); between the forward and reverse configurations was observed,
which consequently leads to a smaller rectification factor. These
differences can be easily understood by considering the boundary
conditions of the problem. In the case of free convection, the
environmental temperature affects the entire device uniformly and
does not differentiate between the covered and uncovered parts of the
rectifier, thereby impacting the overall device behavior. On the other
hand, by fixing the environmental temperature for convection and
varying only Ty, for thermal radiation, only the uncovered part of the
rectifier is affected, inducing a larger temperature difference between
the forward and reverse configurations. This, in turn, leads to a larger
rectification factor, as depicted in Figure 4b.

The implications of both scenarios are significant for understanding
the role of free convection and radiative cooling in thermal
management. These findings underscore the importance of consid-
ering the specific boundary conditions and the interplay between free
convection and radiative cooling in thermal systems. Understanding
when to prioritize free convection versus radiative cooling enables us
to design and optimize devices for specific applications, such as the
case of thermal logic gates. By leveraging radiative cooling, we can
enhance thermal rectification and create efficient thermal manage-
ment systems, particularly in situations where generating significant
thermal asymmetry is crucial as it is needed in the cooling of the
electronics.

We also examine the influence of the absence of free convection,
which is relevant for experiments conducted in controlled environ-
ments such as vacuum chambers or space applications. Figure Sa
shows the impact of the absence of free convection (labeled as
vacuum, blue dotted line) on the diode-like plot, with a comparison to
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Figure 5. (a) Asymmetric heat flux (diode-like plot) as a function of
the temperature difference of the conductive thermal reservoir (Ty —
T,) for a device subject to free convection (black solid line) and for a
device in the absence of free convection (blue dotted line). (b) Ratio
of the rectification efficiency for vacuum and free convection.

the sample subjected to free convection (black solid line). The results
indicate a greater difference in the total heat flux, leading to a higher
rectification efficiency in the absence of free convection. This
difference stems from free convection acting as an additional cooling
element for the entire rectifier, resulting in a reduced temperature
distribution (see Figure S6a in the Supporting Information). The ratio
of the rectification efficiencies (#7) for both configurations is presented
in Figure Sb. As the temperature increases, the difference between the
rectification factors of the two configurations becomes more
prominent. This effect is attributed to the larger temperature
distribution difference, consequently leading to a greater heat flux
induced by the radiative effect, in accordance with the Stefan—
Boltzmann law.

Finally, the impact of omitting radiative thermal emission was also
examined (see Figure S7 within the Supporting Information). By
assigning an emissivity value of zero to the fused silica, we derived the
temperature increase at the midpoint (ATy) and the total flux
through the slab center for both the forward and reverse
configurations. The zero emissivity causes the thermal rectification
effect to vanish with both the ATy, and total flux curves exhibiting the
same patterns across both configurations. This result highlights that
the emissivity and consequently the radiative transfer is key to the
rectification effect that is observed here.

This work investigated the thermal rectification phenomenon
by exploiting asymmetric far-field thermal radiation. The
introduced spatial arrangement, notably the presence of the
deposited aluminum layer, played a crucial role in the observed
thermal rectification effect, influencing the measured thermal
distribution. The large difference in emissivity between the
aluminum layer and fused silica resulted in a significant
temperature difference, as a portion of the thermal energy was
transferred to the surrounding environment through radiation.
Experimental measurements, supported by FEM simulations,
showed a significant difference in the temperature distribution
between the forward and reverse configurations. In particular,
the simulations revealed that the rectification efficiency
exhibited different behaviors depending on ambient temper-
ature. At low ambient temperatures (4—214 K), the
rectification efliciency increased with respect to ambient
temperature. However, a transition occurred at T, > 224
K, causing a decrease in the efficiency with further increases in
T.mp- The exact temperatures at which these regimes occur
depend specifically on the value of the ambient temperature in
which the cold reservoir is in thermal equilibrium.

We looked more carefully at the special case of rectification,
which may be outside of a controlled laboratory environment.

The different values of temperature for free convection and
radiative transfer showed an amplified rectification phenom-
enon, resulting in a larger temperature difference (AT),)
between the forward and reverse configurations, and an
augmented rectification factor. Conversely, the controlled
temperature configuration exhibited a smaller ATy, and a
diminished rectification factor, which is influenced by the
uniform effect of the environmental temperature on the entire
device. Furthermore, a significant enhancement of the
rectification efliciency is observed in the absence of free
convection, exceeding a factor of 2. This results from the
temperature distribution and corresponding increase in heat
flux through the slab, which can reach up to a factor of 3 with
higher thermal biases. As the temperature distribution
increases the radiative effect is enhanced in accordance with
the Stefan—Boltzmann law.

These findings serve to improve our understanding of the
radiative thermal rectification phenomena, providing valuable
insights into system asymmetry, disparities in emissivity,
environmental conditions, and the interplay between con-
vection and radiation. The implications of these results extend
to thermal management and rectification in asymmetrical
systems, with more general widespread applications such as
radiative cooling and other environmental applications, on-
chip thermal logic gates or electronics under extreme thermal
environments, or photonic metamaterials for temperature
control, to name a few.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c0023S.

COMSOL simulations and the used parameters (Figure
S1, Table S1 and Figure S2); Measurements of the
optical properties of the slab (Figure S3); Smooth
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of heat convection (Figure S6); Impact of the absence of
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