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ABSTRACT

We present a theoretical study of nanoscale radiative thermal transport between an overlapping pair of movable comb-like SiO, gratings by
an improved and more accurate near-field radiative heat transfer (NFRHT) method. This method does not rely on the effective medium the-
ory (EMT) that does not take the geometric shape factors of nanostructures into account. Contrary to the EMT treating the grating structure
as a homogeneous film, our improved NFRHT method can accurately predict the change of heat flux between the overlapping nanogratings
for different scenarios considering surface pattern effects. The longitudinal and lateral movements of the comb-like overlapping nanogratings
have been investigated to evaluate the dynamic control of NFRHT, which can be significantly modulated, resulting in heat flux ratios up to
23.5 and 5.5, respectively, for small-scale displacements. Furthermore, the NFRHT between overlapping non-contact metamaterials can
exceed the intrinsic heat conduction limit for a contact mode by an order of magnitude while properly adjusting the period and relative posi-
tion of the overlapping nanogratings. By taking advantage of movable metamaterials, the dynamic tuning of NFRHT and light manipulation
can provide great benefit to the fields of energy harvesting and conversion, infrared sensing and detection, and thermal management

technology.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0045563

When the distance between two objects in a non-equilibrium
thermal system is comparable to or even less than the wavelengths of
thermal radiation, the radiative heat transfer between objects primarily
depends on evanescent waves.' * This is especially the case when the
surface polaritons are excited or when hyperbolic modes exist, which
cause the near-field radiative heat flux to exceed the blackbody radia-
tion limit by several orders of magnitude.” '” Due to the characteristics
mentioned above, near-field radiative heat transfer (NFRHT) has a
variety of applications in areas such as energy conversion technology,
infrared detection technology, and thermal management.'® "’

Many researchers have had success demonstrating the merits of
NFRHT. Biehs et al.”” combined the effective medium theory (EMT)
and standard stochastic electrodynamics to investigate how the relative
position of the optical axes of two polar/metallic misaligned gratings
affects the NFRHT between the gratings at long wavelengths. Liu
et al”” added a layer of graphene sheet to enhance the NFRHT
between two parallel SiO, gratings based on the scattering-matrix
approach. Besides, Liu et al. confirmed that, based on the scattering
theory, the radiative heat flux between doped silicon gratings exceeds

that between planar surfaces and can be one or even two orders of
magnitude higher than what is predicted by the geometry-based
Derjaguin proximity approximation.”* Similarly, Zheng et al.” theo-
retically studied NFRHT between two parallel graphene-covered Si-20
gratings. Wang et al.”*"” demonstrated that exciting magnetic polari-
tons can enhance the NFRHT between one-dimensional (1D) periodic
SiC gratings and calculated the near-field radiative heat flux between
two of these gratings based on the scattering matrix theory with rigor-
ous coupled wave analysis. Although many scholars have studied the
NEFRHT between two parallel gratings, most of the research on tuning
the NFRHT between two parallel gratings has focused on the effects of
the grating material, grating filling factor, and vacuum gap between
gratings on the radiative heat flux.”***>”" Furthermore, while all
studies of NFRHT between gratings must consider a certain vacuum
gap, the NFRHT between overlapping nanogratings has not yet been
investigated prior to this work.

In this Letter, we investigate the NFRHT between an overlapping
pair of movable comb-like nanogratings in the long wavelength region,
which is calculated via an improved NFRHT method. This method
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considers surface pattern effects so that it can predict accurately the
change of heat flux between the overlapping nanogratings in different
scenarios. We also study how the longitudinal and lateral movements
of these comb-like overlapping nanogratings achieve the dynamic con-
trol of NFRHT. The results indicate that small-scale longitudinal and
lateral movements of the nanogratings can modulate tremendously
the associated NFRHT between the gratings. Furthermore, we find
that by properly adjusting the period and relative position of nanograt-
ings, the NFRHT between overlapping non-contact metamaterials
exceed the intrinsic heat conduction limit for a contact mode.

The considered configuration of NFRHT between an overlapping
pair of 1D movable comb-like SiO, nanogratings is illustrated in
Fig. 1(a). In this structure, both the top and bottom geometries have
20 nm layers of SiO, atop 100 nm thick gold layers. A 1D SiO, nano-
grating structure of height h =100 nm, grating period A =100nm,
and filling ratio ¢ = w/A =0.2 is placed on the top of the SiO, film.
The gold layer offers structural support for the upper SiO, layers and
blocks radiation from reaching the substrate. The gap L represents the
distance between the bottom thin film layers of the two SiO, nanograt-
ings. Both of the nanogratings face each other, and one is laterally dis-
placed with respect to the other so that the two nanogratings can
overlap one another (ie., the ridge of one nanograting faces the thin
film layer of the other). The lateral displacement of two nanogratings
is a=b=30nm, and their temperatures are T;=301K and
T, =300K, respectively. These temperature and structural properties
are used as the default case in this Letter, unless otherwise specified.

To calculate heat flux across closely spaced objects, we use the
expression for NFRHT obtained through dyadic Green’s flglrglc%o;n38
33,34,38,39

NFRHT between closely spaced objects can be calculated by

“dw
Qua(Ti T2 ) = |~ 5210(0. T) ~ 00, T Tioa(.L), (1)
0
where @(w, T1) = (w/2)coth(w/2kgT) is the energy of the har-
monic oscillator at frequency w and temperature T, kg is the
Boltzmann constant, and h is the reduced Planck constant. The func-
tion T;_.,(w,L) is the spectral transmissivity of radiative transport

between media 1 and 2 separated by distance L and is given by ****!
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where k,, is the parallel component of wavevector and &(w, k,) is the
energy transmission coefficient. The energy transmission coefficient is
expressed as
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where izﬁ" ) and Rgﬂ) and T(lu) and Té’l) are the polarized reflection
and transmission coefficients of the two half spaces, u =s (or p)
refers to the transverse electric (or magnetic) polarization, and k; is
the z-component of wavevector in vacuum. The propagating and
evanescent modes are represented by k, < w/candk, > w/c, respec-
tively. The expression can be used in multi-layered planar structures
or planar media with effective dielectric properties.'®

A schematic of the NFRHT between an overlapping pair of mov-
able comb-like SiO, nanogratings is shown in Fig. 1(b). Because the
relative positions of the two nanogratings overlap, the EMT is not
applicable for this structure.”” ** Therefore, this Letter introduces an
improved NFRHT method which takes the geometric shape factors of
nanostructures into account and employs it to calculate the NFRHT
between the overlapping nanogratings. With this method, the total
heat flux in a period of the nanogratings (Qr) is divided into six
heat flux components (Q; ~ Qg), as shown in the blue dotted box in
Fig. 1(b). Each heat flux component represents the heat flux between
two parallel planar faces of the simulated nanostructures. The four
longitudinal heat flux components (Q;, Qs;, Q4 and Qs) are the near-
field radiative heat fluxes between the top thin film and top grating
faces of the nanogratings. The other two components (Q, and Q) are
the near-field radiative heat fluxes between the sides faces of nanograt-
ings. Due to the heat transfer between a pair of nanogratings, the

FIG. 1. (a) Schematic of an overlapping pair of movable comb-like SiO, nanogratings. Both sides have 1D rectangular SiO, nanograting as their top layers, with height
h=100 nm, width w =20 nm, period A =100 nm, and filling ratio ¢ =0.2. Each nanograting has a SiO, layer below, followed by a gold layer deposited on a substrate. The
two overlapping SiO, nanogratings face each other with a gap L and are laterally shifted relative to one another by displacement a or b. (b) Schematic of NFRHT between an
overlapping pair of movable SiO, nanogratings. The total heat flux (Qr) between two SiO, nanogratings for a calculation period is shown in the blue dotted box, and is divided

into six near-field radiative heat flux components between the opposing planes.
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nanograting fins exist a temperature gradient AT. This work assumes
that the heat conduction at the root of the grating fin is equal to the radi-
ative heat transfer from all fin surfaces based on the energy conservation
law. The expression of energy conservation for this structure is given by

AIAT  A((Ty — T, — AT) +A2(T1 — T, — AT)X,
Re R R,
+A6(T1 — T, — AT)X,

R ; )

where R¢ represents the heat conduction thermal resistance, and R;
represents the NFRHT thermal resistance between each plane. A; rep-
resents the corresponding area considered in the heat transfer calcula-
tion. Here, the thermal conductivity of SiO, at room temperature is
taken as 1.31 W m~ ' K. In order to investigate how the overlapped
portions of the nanogratings contribute to the total heat transfer, we
introduce the geometric view factors X, and X}, to calculate the radia-
tive heat transfer between the left and right sides of the nanogratings,
respectively. These geometric view factors X, and X, are expressed as

(\/L2+—a2+ (thL)eraz)fZ( (th)2+a2)

Xa = )
2h
(5a)
(m+ (h—1)" + b2) - 2( (L—h)>+ bZ)
X, = .
2h
(5b)
Therefore, the total heat flux Qr can be expressed as follows:
6
B AT — T, — AT) | Ay(Ty — T, — AT)X,
QT - ;Qz - Rl + Rz
As(Ty — Ty)  Ay(T) — Ty — AT)
+ R + R,
As(Ty — T Ag(T, — T, — AT)X,
Jr5(1 z)+ 6(Th 2 )h. )
Rs Re

In order to explore the effect of longitudinal nanograting move-
ment on the radiative heat transfer, we calculate the heat flux Q in a
period against different gaps L using our improved NFRHT method.
The calculation range of wavelength in all cases is 0.35um
< 4 <55 um. To avoid the uncertainty of the applicable scope of fluc-
tuational electrodynamics and NFRHT, the minimum longitudinal
and lateral distances between the pairs of the nanograting’s parallel
subplans are 10 nm when a pair of nanogratings are moving. These
results are displayed in Fig. 2(a). This figure illustrates that when the
value of L decreases from 400 to 110 nm, the heat flux trends upwards
with varying different slopes. As expected, when the value of L
increases from 110 to 120 nm, a sharp decrease in the heat flux is
noted. This is attributed primarily to the decrease in the heat flux com-
ponents Q; and Qg, because their separation distances are much less
than other gaps. When L is in the range of 120 to 200 nm, the decrease
in the heat flux is mainly due to the gradual decrease in the overlap-
ping area of the nanogratings, which leads to the decrease in the heat
flux Q, and Q. For the entire region I (110 nm < L <200 nm) where
the two nanogratings overlap, a maximum heat flux ratio of 23.5 can

scitation.org/journal/apl

be reached over a total longitudinal movement of 90 nm. In region II
(200 nm < L < 300 nm), when there is no overlap between the nano-
gratings, the slope of the line is larger and variable, which differs from
the smaller constant slope in region III (L > 300 nm). This is because
the NFRHT heat flux components between the sides of nanograting
(components Q, and Qg) induce a greater change in region II than
region ITI, since the side grating faces are much closer to one another
in region IIL.

In addition, to verify the accuracy of our improved NFRHT
method, we apply the EMT method to calculate NFRHT when the
vacuum distance D between the two nanogratings is greater than the
grating period, D > A.*** Figure 2(b) shows the comparison of
the heat fluxes Q between a pair of movable comb-like nanogratings in
two scenarios of lateral displacement distribution: scenario 1, where
two lateral displacements are equal (a = b), and scenario 2, where the
two lateral displacements are different, (a # b). We calculate the heat
flux for both scenarios using both the improved NFRHT method and
the EMT method, setting the vacuum distance D between the nano-
gratings as larger than the nanograting period. Although the heat flux
calculated by the improved NFRHT method is slightly larger than that
calculated by the EMT method, their change trends of the heat flux
with the distance are similar. The top right inset figure shows the heat
flux difference AQ between scenarios 1 and 2, calculated by both
methods. It is apparent that the heat flux difference AQ calculated by
our improved NFRHT method decreases with an increase in vacuum
distance, while the AQ calculated by the EMT method does not change
at all in the entire distance interval. Because the EMT method does not
consider the geometric shape factors of nanostructures and treats the
grating structure as a homogeneous film, the lateral displacement of
the nanogratings has no effect on the EMT-calculated heat flux
between the nanogratings. Conversely, this improved NFRHT method
considers the nanograting surface pattern effects by dividing the
NFRHT between these complex nanostructures into separate NFRHT
components. Each component accounts for a pair of the structure’s
parallel subplans, including the pairs of nanograting side faces, which
allow for the accurate calculation of NFRHT when a lateral displace-
ment is considered. Therefore, our improved NFRHT method is more
reliable than the EMT method in calculating NFRHT between
nanogratings.

We also calculate the spectral heat flux dg/d/ between the two
SiO, nanogratings with vacuum distance D =200 nm and lateral dis-
placement a = b=30nm, using both our improved NFRHT method
(red curve) and the EMT method (black curve), respectively, shown in
Fig. 3. It is apparent that majority of our calculated spectrum shows
the same heat flux as that of the EMT method. However, our method
displays two prominent peaks which are significantly greater than
those of the EMT method, since our improved method considers the
NFRHT between the sides of nanogratings.

To illustrate how the lateral movement of nanogratings affects the
NFRHT between an overlapping pair of movable comb-like nanograt-
ings, Fig. 4(a) shows the results for heat flux Q simulated against differ-
ent lateral displacements of overlapping nanogratings. Six vacuum gaps
are considered (L =110, 120, 140, 160, 180, and 200 nm), and the
results are calculated using the improved NFRHT method. It is appar-
ent that the distribution of heat flux with varying lateral displacements
is symmetrical, owing to the contribution of the NFRHT between the
sides of the overlapping nanogratings (Q, and Q). The heat flux ratio
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FIG. 2. (a) Radiative heat flux between a pair of movable comb-like SiO, nanogratings with a lateral displacement of a=b =30 nm for different values of vacuum gap L. In
region | (110 nm < L <200 nm), the two nanogratings overlap. In region Il (200 nm < L < 300 nm), there is no overlap, and the distance D between the nanogratings shown
in the inset is less than the nanograting period. In region Il (L > 300 nm), there is no overlap, and the distance D is larger than the nanograting period. Inset figures schemati-
cally show the associated grating overlap for the different regions. (b) Comparison of heat flux between the nanogratings in two scenarios of lateral displacement distribution.
In scenario 1, the two lateral displacements are equal (a = b); In scenario 2, the two lateral displacements are different, (a # b). Heat fluxes in (b) are calculated by both our
improved NFRHT method and the EMT method for a vacuum distance D larger than the grating period (D > 100 nm). Inset figures at the bottom indicate the change in the rel-
ative lateral position of a pair of movable comb-like nanogratings. The top-right inset shows heat flux differences AQ between scenario 1 and scenario 2 calculated by this

improved NFRHT method and the EMT method.

can be as high as 5.5 for a lateral movement (10 nm < a <50 nm) of
the overlapping nanogratings, which proves that this lateral movement
can greatly dynamically modulate the NFRHT between two overlap-
ping nanogratings for a constant vacuum gap. In addition, the blue dot-
ted line in Fig. 4(a) shows the heat transfer for an overlapping pair of
comb-like nanogratings in contact (i.e., the gap is L =100 nm and the
lateral displacement is a = b= 30nm). Without considering the con-
tact thermal resistance between the nanogratings, this contact heat flux
Q. for the same calculation period is 5.24 x 10> W nm m” Comparing
the heat flux between the contact and non-contact overlapping

6x10° T T T T
. = Our method
Ll
——EMT
g 5x10° | .
=
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3
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o 3x10° E
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3 2x10® | E
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FIG. 3. Comparison of spectral heat fluxes between two SiO, nanogratings, with
vacuum distance D=200nm and lateral displacement a= b= 30nm, calculated
both by our improved NFRHT method and the EMT method, respectively.

nanogratings, it can be clearly found that the heat transfer between con-
tact nanogratings dominated by heat conduction in metamaterials is
much larger than NFRHT between overlapping non-contact nanograt-
ings for this nanostructure. Meanwhile, regardless of how a pair of
nanogratings moves, the NFRHT of the non-contact case cannot
exceed the heat transfer limit of the contact case.

To evaluate if the contact heat flux is larger than the NFRHT
heat flux between an overlapping pair of movable comb-like nanograt-
ings for all nanograting structures, the height of the SiO, nanograting
is increased to h=1000 nm, the nanograting lateral displacement is
reduced to 10nm (ie, a=b=10nm), the nanograting period is
decreased to 60 nm, and the nanograting width is kept the same (i.e.,
w=20nm and ¢ = 1/3). Figure 4(b) shows the calculation results of
the heat flux between these two movable nanogratings with various
vacuum gaps L. The conduction-dominated heat transfer between
contacting nanogratings (without considering the contact thermal
resistance) is 5.24 x 10" W nm/m> shown by the blue dotted line in
Fig. 4(b). Notably, when the nanograting gap L is below 1070 nm, the
heat transfer between the non-contact overlapping nanogratings,
which is dominated by NFRHT, is greater than that of the nanograt-
ings in a contact mode (heat conduction limit). Furthermore, the heat
transfer of the non-contact case far exceeds that of the contact case
when the nanograting gap L is close to 1010 nm, contrasting with the
comparison result shown in Fig. 4(a). Thus, we assert the NFRHT
between overlapping non-contact metamaterials can exceed the intrin-
sic heat conduction limit in a contact mode by properly adjusting the
period and relative position of nanogratings.

In summary, we theoretically investigate the NFRHT between an
overlapping pair of movable comb-like SiO, nanogratings using an
improved NFRHT method, which is proven to be more effective and
accurate than the reported EMT method. This improved NFRHT
method can accurately predict the change of heat flux between the

Appl. Phys. Lett. 118, 153106 (2021); doi: 10.1063/5.0045563
Published under license by AIP Publishing

118, 153106-4


https://scitation.org/journal/apl

Applied Physics Letters

(a)5.3x10° T T T
saxtotl 0 oo— T T T T T T
Q. = 5.24x10° W nm/m’
4x10°
o
g
E —8#— L =110 nm —&— L =120 nm
= 3x100 —=— [ =140 nm —=— L =160 nm
% —#— L =180 nm —&— L =200 nm
Ql
5
— 6
£ 2x10
=
51
3
==
1x10°
0

10 20 30 40

Lateral Displacement a (nm)

50

Heat Flux Q (W nm/m?)

(b)5.6x107 T T
A=60nm,a=5=10nm —=o— Our method
w=20nm, 2=1000nm P
®.
5.4x107 | \
@,
Q. = 524x10" W nm/m’
L e e e e T o O
I
i m
I i
5.0x10’ L L

ARTICLE scitation.org/journal/apl

1010 1100

Gap L (nm)

FIG. 4. (a) Radiative heat fluxes vs different lateral displacements a of an overlapping pair of movable comb-like nanogratings with six gaps (L = 110, 120, 140, 160, 180, and
200 nm). The heat flux Q. represents a case where the two overlapping nanogratings contact one another, and utilizes the same calculation period as the other structures con-
sidered in (a). (b) Radiative heat fluxes vs different gaps L between two overlapping nanogratings with a lateral displacement a=b=10nm, the nanograting period A
=60 nm, the nanograting height h = 1000 nm, and the nanograting width w=20nm (i.e., the filling ratio ¢» = 1/3). The contact heat flux Q, for the geometry in (b) is also

included.

overlapping nanogratings in different scenarios because it considers
the surface pattern effects of nanogratings. This study shows that the
longitudinal and lateral movements of the comb-like overlapping
nanogratings can modulate tremendously the NFRHT between over-
lapping nanogratings, resulting in the heat flux ratios up to 23.5 and
5.5, respectively, using a small-scale displacement. Additionally, it has
been demonstrated that the NFRHT between overlapping non-contact
metamaterials can exceed the intrinsic heat conduction limit in a con-
tact mode when the period and the relative position of the overlapping
nanogratings are properly adjusted. It verifies the possibility of
improving NFRHT utilizing relative overlapping position of movable
nanostructures. This work will shed light on various promising appli-
cations in dynamic tuning of nanoscale thermal transport.

This work was supported by the National Science Foundation
(No. CBET-1941743).
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