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Abstract: Nanoscale radiative thermal transport between a pair of metamaterial gratings is studied
within this work. The effective medium theory (EMT), a traditional method to calculate the near-
field radiative heat transfer (NFRHT) between nanograting structures, does not account for the
surface pattern effects of nanostructures. Here, we introduce the effective approximation NFRHT
method that considers the effects of surface patterns on the NFRHT. Meanwhile, we calculate the
heat flux between a pair of silica (SiO,) nanogratings with various separation distances, lateral
displacements, and grating heights with respect to one another. Numerical calculations show that
when compared with the EMT method, here the effective approximation method is more suitable
for analyzing the NFRHT between a pair of relatively displaced nanogratings. Furthermore, it is
demonstrated that compared with the result based on the EMT method, it is possible to realize
an inverse heat flux trend with respect to the nanograting height between nanogratings without
modifying the vacuum gap calculated by this effective approximation NFRHT method, which verifies
that the NFRHT between the side faces of gratings greatly affects the NFRHT between a pair of
nanogratings. By taking advantage of this effective approximation NFRHT method, the NFRHT in
complex micro/nano-electromechanical devices can be accurately predicted and analyzed.

Keywords: near-field radiative heat transfer; effective approximation NFRHT method; effective
medium theory; nanostructures

1. Introduction

When the distance between two objects is comparable to or less than the thermal
wavelength, the photon tunneling effect plays an essential role in the thermal radiative
transfer, greatly enhancing the near-field radiative heat transfer (NFRHT) past the Planck-
ian blackbody limit by several orders of magnitude [1-6]. Numerous theoretical studies on
the NFRHT between various materials and nanostructures have been performed, such as
transfer between two planar surfaces [1,7,8], two nanoparticles [8,9], two gratings [10-14],
one sphere and plane [15], three bodies [16], and so on [17-32]. Recently, many exper-
imental reports have indicated that the NFRHT can exceed the blackbody limit for a
plane-plane configuration [33-38]. Therefore, NFRHT is of great significance in a va-
riety of engineering applications, such as energy management [17,39-42], sensing, and
micro/nano-electromechanical systems (M/NEMS) [43-46].

To theoretically calculate NFRHT, there are two types of fundamental frameworks.
The first one is the fluctuational electrodynamics (FE) formalism by combining the Maxwell
equations with the fluctuation—dissipation theorem (FDT), specifically including analytical
formalism [47], the scattering matrix method [48], thermal discrete dipole approximation
(TDDA) [49], fluctuating surface-current approach (FSC) [50], and the finite difference time
domain method (FDTD). The second one is based on the kinetic theory (KT) approach
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combined with the Boltzmann transport equation (BTE) to solve the distribution function
of thermal photons [51,52].

In the domain of radiative heat transfer, nanogratings deserve special attention. The
NFRHT analyses between nanogratings typically use the effective medium theory (EMT)
to treat the nanograting structures as homogeneous films and approximate them as sys-
tems of infinite size. When the vacuum distance between a pair of nanogratings is less
than the grating period, EMT-based methods are not applicable anymore [53-58]. In addi-
tion, the surface pattern effects of gratings (e.g., the lateral displacement of nanogratings)
also pose challenges when using the EMT to investigate the NFRHT between relatively
displaced nanogratings. The analysis of a finite-sized system that considers NFRHT ef-
fects beyond the EMT approximation for a pair of relatively displaced nanogratings is
strongly desired. Liu et al. [14,59] assessed the accuracy of the EMT approximation applied
to NFRHT between two nanogratings by using the scattering theory method. Although
the scattering matrix method is specially suited to deal with layered planar structures,
including periodically patterned planar systems such as nanogratings or photonic crystals,
this method requires tremendous convergence memory and calculation time. Besides,
the scattering theory method has not yet been used to calculate the NFRHT between
overlapping nanogratings.

In this study, based on our previous work that calculates the NFRHT between overlap-
ping nanogratings [60], we verify the validity and accuracy of the effective approximation
NFRHT method to calculate the NFRHT between a pair of SiO, nanogratings with ar-
bitrary relative arrangements. We calculate the heat fluxes between two nanogratings
with different separation distances, grating periods, and lateral displacements. Compared
with the EMT method, this effective approximation method considers the surface pattern
effects of nanostructures and can more accurately predict the change in heat flux as a
function of both the grating period and lateral displacement. Furthermore, by adjusting
the height of nanogratings, we identify a heat flux behavior which trends first downward
and then upward as the grating height increases, which verifies that the NFRHT between
the side faces of the gratings greatly affects the NFRHT between a pair of nanogratings.
Therefore, the effective approximation NFRHT method in this study provides a general-
ized and efficient path for calculating the NFRHT between nanogratings with arbitrary
relative arrangements.

2. Theoretical Model and Method

A pair of one-dimensional (1D) movable SiO; nanogratings is depicted schemati-
cally in Figure 1. The SiO; nanograting period, depth, and ridge width are denoted as
A =100nm, i = 100 nm, and w = 20 nm, respectively. The grating filling ratio is then
¢ =w/A = 0.2. Each nanograting has a 20 nm thick SiO, layer below, followed by a 100 nm
thick Au layer deposited on a substrate. The emitter (top nanograting) and receiver (bottom
nanograting) temperatures are T7 = 301 K and T, = 300 K, respectively. These temperature
and structural properties are used as the default case in this work unless otherwise speci-
fied. The nanogratings face each other with a vacuum gap D and are shifted by a lateral
displacement a or b as shown in Figure 1b. The distance L indicates the gap between the
bottom thin film layers of the two nanogratings.

The NFRHT between closely spaced objects can be calculated by [1,13,14,61,62]

% dw

QT Tol) = [ 520w T) - 0w, D)) [~ <

PE(w, ko), 1

where O(w,T;) = (w/2)coth(w/2kgT) is the energy of the harmonic oscillator. The func-
0 ko dk
f e

&(w, kp) is the spectral transmissivity of the radiative transport between me-
d1a 1and 2 separated by distance L, where &(w, k;) is the energy transmission coefficient.

A schematic of the NFRHT between a pair of movable SiO, nanogratings is shown
in Figure 2. The EMT method treats the nanograting structure as a homogeneous film,
which makes it inaccurate for many geometrical cases such as nanogratings. For this
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reason, this work introduces an effective approximation NFRHT method which takes the
geometric shape factors of nanostructures into account and employs it to calculate the
NFRHT between two nanogratings. The effective approximation method calculates the
total heat flux (Qr) between the nanograting features in the blue dashed box by adding
up all the heat flux components between the two parallel subplates of the nanostructures.
On one hand, when a pair of nanogratings face each other without a lateral displacement
(Facing Case), Qr is divided into four heat flux components (Q1~Qy), as shown in Figure 2a.
Qq is the near-field radiative heat flux between the top grating faces of the nanogratings.
Q3 is the near-field radiative heat flux between the thin films under the nanograting. Q»
and Qy are the near-field radiative heat fluxes between the side faces of nanogratings. On
the other hand, when there is a lateral displacement between nanogratings (Offset Case),
Qr has six heat flux components (Q1~Qg), as shown in Figure 2b. Q1, Q3, Q4, and Qs are
longitudinal heat flux components, and Q, and Qg are the near-field radiative heat fluxes
between the side faces of nanogratings. Here, we do not consider the near-field radiative
heat fluxes between the side faces and horizontal faces of nanogratings because the well-
known expression of NFRHT is applicable to parallel objects instead of vertical objects.

(b)

Figure 1. (a) Schematic of a pair of movable SiO, nanogratings. The SiO, nanograting period,
depth, and ridge width are A = 100 nm, k = 100 nm, and w = 20 nm, respectively. The two SiO,
nanogratings face each other with a vacuum gap D and the distance L indicates the distance between
the bottom thin film layers of the nanogratings. (b) A sketch of two 1D SiO, nanogratings with a
lateral displacement a and b.

Facing Case Offset Case

Figure 2. Schematic of NFRHT between a pair of movable nanogratings. The total heat flux (QT)
between the nanogratings shown in the blue dotted box is divided into (a) four heat flux components
in Facing Case and (b) six heat flux components in Offset Case.

In order to calculate radiative heat fluxes between the left and right sides of the
nanogratings, we introduce the geometric view factor X. The geometric view factor X in
Facing Case and both X, and X}, in Offset Case are expressed as

<\/L2+(A—w)2+ N (A—w)2> —2<\/(L—h)2+ (A—w)2>
X= 2h @
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(\/m+\/(2hL)2+b2>2( (Lh)2+b2>
Xy = % : 4

Then, the total heat flux Qr in two cases (QlT in Facing Case and QZT in Offset Case)
can be expressed as follows.

Al AX A A4X)’ )

1 4
V% Q= (T, -T

2 _ 6 B o Al AZXa A3 A4 A5 AéXb
Qr=2,,Q= (T TZ)(AR1+ AR, Tar; VAR, T AR T AR ) (6)

where R; represents the NFRHT thermal resistance between each plane. A; represents the
corresponding area considered in the heat transfer calculation.

3. Results and Discussion

Figure 3 shows the heat flux Q in one period versus different vacuum gaps D (D > A)
in Facing Case calculated by our effective approximation NFRHT method and the EMT
method, respectively. It is obvious that the total heat flux calculated by the effective
approximation method (Qr) is larger than that calculated by the EMT method (Qgmr).
However, these two results do have the same trend with an increase of gap D. Figure 3
also elucidates the distribution of four heat flux components with a change in D. The heat
flux component Qg is larger than Qgmt, while Qy, Q3, and Q4 are less than Qpy. We
identify that Qr is larger than Qgyr due to the near-field radiative heat fluxes between
the top grating faces of the nanogratings (Q;), which make a significant contribution to
Qr due to the small separation of these subfaces. In other words, the effect of longitudinal
nanograting movement on the radiative heat transfer between nanogratings is mainly
attributed to the smaller distance between two parallel subplates of the nanogratings.

2

10

10'F

Heat Flux Q (W/m?)

—-v—- -

A
=0 Q=0+ 0, + Qs+ 0, T v <
—A=Q, 0, =v=0, [N
——9,

- -~

10° n L L L
100 120 140 160 180 200

Gap D (nm)

Figure 3. Comparison of radiative heat fluxes between the nanogratings in Facing Case calculated by
both the effective approximation NFRHT method and the EMT method for a vacuum gap D larger
than the nanograting period (D > 100 nm).

To prove the accuracy of the effective approximation method in considering the
geometric shape factors of nanostructures, Figure 4a shows three kinds of nanograting
structures with the same filling ratio schematically: Case 1, with A; =50 nm and ¢ =0.2;
Case 2, with Ay =75nm and ¢ = 0.2; and Case 3, with A3z =100 nm and ¢ = 0.2. The vacuum
gaps are kept constant at D = 120 nm for these three cases. Figure 4b displays the heat flux
between each nanograting case in control volumes of equal sizes (represented by the blue
dotted box), with three different grating periods (50 nm, 75 nm and 100 nm), calculated
by the effective approximation NFRHT method and the EMT method, respectively. An
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increase in the nanograting period will weaken the NFRHT between the nanograting side
faces because this modification increase extends the distance between the nanogratings’
side faces. It is apparent that the heat flux calculated by our method decreases with the
increase of the grating period, while the heat flux calculated by the EMT method does not
change at all. As the EMT method treats the grating structure as a homogeneous film, the
grating period does not affect the heat flux between a pair of gratings with identical filling
ratios. This means that the EMT cannot accurately analyze the effect of geometric shape
factors on the heat flux between nanostructures. Conversely, the heat flux calculated by our
method does change when the grating period is modified, indicating that the changes of
the nanograting period are taken into account with this method. Therefore, compared with
the EMT method, our effective approximation NFRHT method can accurately predict the
radiative heat flux between nanogratings with various surface patterns.

(a) : (b)

Az, ow H
; i d 100

—e— Our method
—=—EMT

3
3

Heat Flux 0 (W/m?)

=50nm, 0=0.2
L Case2: A,=75nm, =02 | |D
Case 3: Az =100nm,0 = 0.2 i

@
2

»
b
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Period A (nm)

Figure 4. Schematic illustrations of three nanograting structures with identical filling ratios: (a) Case 1,
A1 =50 nm and ¢ = 0.2; Case 2, Ay =75 nm and ¢ = 0.2; and Case 3, A3 = 100 nm and ¢ = 0.2.
(b) Comparison of the heat flux between the nanogratings in equally sized control volumes (repre-
sented by the blue dotted boxes) calculated by the effective approximation NFRHT method and the
EMT method for all three cases.

In order to explain why the EMT-calculated heat flux does not change with the grating
period, Figure 5 illustrates the refractive indices of SiO; nanogratings with different grating
periods and filling ratios. It is apparent that the real part (1) and imaginary part () are not
functions of the grating period, while the filling ratio has a great effect on the refractive
indices of the 5iO; nanogratings. Therefore, the EMT method cannot accurately predict the
change of heat flux caused by the effects of nanostructure surface patterns.

@, ®)

- = A=50nm, =02
A=750m, $-02
§ = mA-100mm, ¢ 02
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——A-1000m.6-02
25 —— A~ 100 nm.$- 0.5
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2 50
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Figure 5. Refractive indices of SiO, nanogratings with different grating periods and filling ratios. The
comparison of real part (1) and imaginary part (k) of refractive index with (a,b) constant filling ratios
and different grating periods, and (c¢,d) with constant grating periods and different filling ratios.

To further illustrate the advantage of our effective approximation method when calcu-
lating the NFRHT between a pair of movable nanogratings, Figure 6a shows the simulated
heat flux Q against different lateral displacements of nanogratings using the effective
approximation NFRHT method and the EMT method. A vacuum gap of D =200 nm is
considered within this calculation. It is obvious that the distribution of heat flux with
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varying lateral displacements calculated by the effective approximation method is vari-
able and symmetrical, as can be expected. Meanwhile, when the lateral displacement is
a = b =30 nm, there is a minimum value of the heat flux. However, the heat flux calculated
by the EMT method remains constant with varying lateral displacements. Therefore, com-
pared with the EMT method, the effective approximation NFRHT method can indicate the
effect of the lateral displacement on the heat flux between a pair of nanogratings. Figure 6b
illustrates the distributions of six heat flux components with different lateral displacements.
It is evident that both Q; and Q4 remain the same due to the constant gap. The opposing
trends of Q3 and Qs with the lateral displacement are consistent with the changes of their
corresponding NFRHT areas (i.e., A3 and As). Similarly, the opposing trends of Q, and
Qe with lateral displacement are due to the changes in the respective lateral distances
between the side faces of the gratings. By distinguishing these six heat flux components, it
is apparent that the symmetrical distribution of heat flux with the lateral displacements are
mainly due to the contribution of the NFRHT between the sides of the nanogratings (Q, and
Qs)- By considering both Figure 6a,b, we can identify why the NFRHT calculated by the
effective approximation method is larger than that of the EMT. The effective approximation
NFRHT method considers the NFRHT between the side faces of gratings with changes in
lateral displacement, which accounts for the majority of the total heat flux, while the EMT
does not consider these effects. As a result, our effective approximation NFRHT method is
more apt to consider the NFRHT between two nanogratings.

—e— Our method —0
—=—EMT 18F v Q —e— 0, —— 0,

e 23 Qs

"

2\

Heat Flux Q (W/m?)
>
Heat Flux Q (W/m?)
-

5 ]

£

5 L s s :
10 20 30 40 50 10 20 30 40 50

Lateral Displacement a (nm) Lateral Displacement a (nm)

Figure 6. (a) Radiative heat fluxes for different lateral displacements a of nanogratings with a
gap D =200 nm calculated by the effective approximation NFRHT method and the EMT method.
(b) Distributions of six heat flux components with different lateral displacements a.

In order to further investigate the importance of the NFRHT between the side faces
of the gratings, Figure 7 shows the heat flux between a pair of nanogratings with various
grating heights 1 calculated by the effective approximation NFRHT method and the EMT
method. The vacuum gap is kept constant at D = 200 nm for this case. When the grating
height & is less than the 20 nm, the heat fluxes calculated by both methods decrease with
increases of the grating height h. Based on the effective approximation method, this is
attributed to the increase of the NFRHT heat flux components between the sides of the
nanogratings (Q, and Q4), which are less than the decrease of heat flux component Qs.
When the grating height /i continues to increase (h > 20 nm), the effective approximation
NFRHT-calculated flux trends upwards, opposite to that of the EMT method. In this
effective approximation method, the heat flux components Q, and Q4 increase greatly with
grating height once & exceeds 20 nm due to the increase of the corresponding heat transfer
areas (A and A4) and the geometric view factor X, both of which cause the increase of
Q7 and Q4 to exceed the decrease of Q3. Conversely, the EMT method only accounts for
the decrease in the longitudinal heat flux due to the additional grating height and does
not consider the NFRHT interaction between the two side faces of the nanogratings (Q»
and Qy). As a result, the calculated flux of the EMT method continues to trend down as
the grating height is increased. Thus, the NFRHT between the side faces of the gratings
plays a very important role in the total NFRHT between a pair of nanogratings. Meanwhile,
when the grating height & is less than 10 nm, the radiative heat fluxes calculated by both
methods are very close, as shown in the inset. After further calculation, when the distance
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is maintained at 150 nm or 250 nm, the trends of heat flux calculated by the two methods are
similar to the aforementioned trends, respectively. This also proves that the EMT method is
less accurate for this geometry as it treats the nanograting as the homogeneous film and
does not consider the NFRHT between the side faces of gratings. Therefore, we assert that
our effective approximation NFRHT method can accurately predict the heat flux between
nanogratings with various structures at different values of relative displacement.

20

Ny ot = —O'— Our melly
—=—EMT
17F Vi / .
E & .
z 14 \\/ TR / l
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=11}f | — J
= ' i —
= 1 14L&
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\.\
5 s L L L
0 20 40 60 80 100
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Figure 7. Comparison of heat fluxes between the nanogratings with a vacuum gap D = 200 nm for
different grating heights h calculated by the effective approximation NFRHT method and the EMT
method.

4. Conclusions

In summary, we proposed and verified an effective approximation method to study
the NFRHT between a pair of movable nanoscale gratings. Compared with the EMT
method, our effective approximation NFRHT method takes the geometric shape factors
of nanostructures into account precisely, enabling this method to accurately predict the
changes in the heat flux between two nanogratings with different separation distances,
grating periods, and lateral displacements. Meanwhile, we also proved that the grating
period and the lateral displacement have a great effect on the modulation of NFRHT
between two nanogratings via the effective approximation NFRHT method. Additionally,
by increasing the height of the nanogratings, it is possible to realize opposing heat flux
trends when using our effective approximation method, which verifies that the NFRHT
between the side faces of gratings greatly affects the total NFRHT between a pair of
nanogratings. This work offers a generalized and efficient numerical calculation method
to calculate the NFRHT between nanostructures with arbitrary relative arrangements.
The effective approximation NFRHT method will shed significant light on applications in
contactless thermal management, near-field energy harvesting, conversion and storage,
and relieving adhesion problems of thermoelectric devices.
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