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S1. Computation Model

S1.1 Thermal Conduction Model

In Section 2.2 of the main text, the third order fractal-square crossover model was chosen as thermal conduction model,
which was built by (N*N- m*m+2m-1) small solid squares and the (m*m-2m+1) small air squares for each order.

That is, the square was divided into N*N small squares, there are (N*N-m*m+2m-1) solid squares and (m*m-2m+1) air
squares., where the N and m are the positive integer, N > m, and both N, m, (m+1)/2, and (N-m)/2 are positive integers.. At
this time, a square of size dui/ N is used to measure the fractal square pattern, there has (N*N - m*m+2m-1) units. Then,
each of the remaining (N*N - m*m+2m-1) small squares was also divided into N*N equal parts, with the air instated the solid
material in middle (m*m-2m+1) units, and continue infinitely, as shown in Fig.3 in main text. According to this fractal con-
struction method, the porosity of the porous dielectric materials ¢ is equal to the porosity of the third order fractal model ¢4

(N2-m2+2m-1 )4

as ¢p=¢3=1- D

Specifically, in the process of calculating K.on4, the values of each polynomial coefficient C are as follows:

Ci= N7- (N - m)’

Co= N°m(6N* - 12N3m+ 8N?nt - 2Nm?3 + N? - Nm + m?)(N - m)*

Cs= N*m?(15N® - 47N°m+ 63N*m? - 44N3m3 + 17N’ - 3Nm® - m® + 3N° - 11N*m + 16N3nt - 13N?n? + SNm* + 3N* - 6N3m
+7N?m? - 4ANm3 + m*) (N - m)?

Cs= N33 (N - m)(23N7 - 82N®m + 137N°m? - 126N*m3 + 74N3nf - 24N?n7 + 2Nm® + m” + 9N® - 33N°m + 51N*nt - 47N3m?
+ 23N?nf - SNm® + 3N° - 7N*m+ 9N3m? - 6N?*m?3 + 2Nm*)

Cs= 18N*m° + (-77N5 - 10N*) m® + (172N + 36N5 + N*)m® + (-235N7 - 63N6 - 3NS)m7 + (207N8 + 62N7 + 4N6)m6 + (-105N°
- 36N8 - 3N7)m® + 25(N? + 9/25N + 1/25)Nént

Cs= m°N3(18N°® - 7IN°m + 129N*m? - 134N3m?> + 85N?nt - 31INm® + 4m® + 3N> - 11N*m + 16N3n? - 13N?ni + 5SNm?)

C7=7(N? - 13/7N’m + 11/7Nm? - 4/7m3)m®(N - m)?N3

Cs= N>*m’(N - m)*

Co= N*(N? - Nm + m?)?(N - m)*



Ci0= m(N? - Nm + m?)3(N - m)2(4N3m? - 5N?n? + Nm* + 3N* - 8N°m + 5N2m? + 3N3 - 3N?m + Nm? + N - m)N?

C11= 3m3(N? - Nm + m?){N® + [-(11m)/3 + 3]N° + (9m? - 8m + 1)N* + (-8m3 + 6m?- 4/3m + 2)N3 + (3m* - 5/3m3 + 10/3m?
-16/3m)N? - m*(m3 + 10m - 10)N/3 + (2m*)/3}N - m)N

C12= (10N° - 48NEm+ 117N’m? - 167N®m3 + 170N°m* - 129N*m?® + 79N3m°® - 38N?’m’ + 10Nm? - m® + 9N - 36N’m + 86N°nt
- 157N°n? + 186N*m* - 146N3n? + 66N*m°® - 10Nm” + 16N - 79N®m + 165N°m? - 192N*n? + 133N3m* - 47N*m> + 4ANm°®)m3(N?
-Nm +m?)

C13= 12m*(N? - Nm + m?)(N - m){N’7 + (-13m/4 + 7/4)N® + (22/3m? - 43/6m + 1/6)N° + (-21/2m3 + 37/3m? - 2/3m)N* +
(125/12m* - 49/4m3 + m?)N? — [41m3(m? - m + 4/41)N?]/6 + (5/2m® - 5/3m> + 1/6m*)N - m’/3}

Ci1a= (15N° - 42N*m + 65N3m? - 63N?n? + 32Nm* - 6m> + 6N* - 22N3m+ 26N?nt - 10Nm3) m® (N? - Nm + m?)(N - m)?

Ci5= m8(N? - Nm + m?)(N - m)*(7N? - 10Nm + 4m?)

Cis=m’(N - m)’

C17=N*(N*0-8N°m+28N8m?-56 N’ m3+70N®m*-56 N> m>+28N*mB-8N3m’+N>mB+12N°-84N8m+252 N’ m>-
420N°m>3+420N°m*-252N*m>+84N3m°®-12N’m’+62N8-372N’m+930N°m?2-1240N°m3+930N*m*-372N3m>+62N*m°®+180N’-
900N®m+1800N>m?-1800N*m3+900N3m*-180N’m>+321N®-1284N°m+1926/N*m?-1284N3m3+321N?m*+360N>-
1080N*m+1080N3m?2-360N2m3+248N*-496 N>m+248N*m?+96N3-96N*m+16N?)

C1s=N*(8N°m-56N2m>?+170N"m3-292N®m*+310N°>m>-208N*m®+86N3m’-20N*mé+2Nm°>-12N°+168Ném-
763N"m?+1739N°m3-2290N°>m*+1822N*m>-863N3m5®+223N>m’-24Nm?®-124N8+1124N"m-3825N°m?+6664N>m?3-
6546N*m*+3648N3m>-1065N’m°5+124Nm’-543N7+3680N°m-9543N°m>+12339N*m3-8414N3m*+2841N*m>-360Nm®-
1306/N®+6722N°m-12865N*m?+11430N3*m3-4623N°m*+642Nm>-1863N>+7034N*m-9143N3m?+4692N?m3-720Nm*-
1576N*+3988N3m-2896N’m?+496Nm3-732N3+992N’m-192Nm?-144N*+32Nm)

In this study, ten thermal conductive models with different porosities were built with the different porosity as followed:
¢ =0.07,0.16, 0.28, 0.41, 0.54, 0.68, 0.79, 0.89, 0.95 and 0.99, as shown in Fig.51. Meanwhile, the parameters N and m of
each fractal-square crossover model are shown in Table S1. It should note that, for the same porosity ¢ but different cell size
du, the geometry shapes and parameters N and m of fractal model are the same, while the length of the sides of the square

is different.



Table S1. The geometry parameters N and m of fractal-square crossover model at different ¢.

0] 0.07 0.16 0.28 0.41 0.54 0.68 0.79 0.89 0.95 0.99
N 25 25 25 25 25 25 25 25 25 25
m 5 7 9 11 13 15 17 19 21 23

(a) (b) © R (O

Figure S1. The fractal-square crossover models with different ¢: (a) ¢ =0.07; (b) ¢ = 0.16; (c) ¢ = 0.28; (d) ¢ = 0.41; (e)

® =0.54; (f) ¢ = 0.68; (g) ¢ = 0.79; (h) ¢ = 0.89; (i) ¢ = 0.95; (j) ¢ = 0.99.

S1.2 Thermal Radiation Model

$1.2.1 Radiant energy calculation

Since Chen’s group [S1, S2] found that the radiant energy of two very closely located objects is much larger than pre-
dicted by the Planck Stefan-Boltzman law [S2, S3], the thermal radiation process needs to consider microscale radiative heat
transfer. The Maxwell’s equations describe the propagation of electromagnetic waves and their interactions with matter [S4, S5].
Furthermore, the fluctuational electrodynamics combining the fluctuation-dissipation theorem with Maxwell’s equations [S6, S7]
fully describe the emission, propagation and absorption of thermal radiation in both the near and far fields [S8].

A micro/nano-scaled air pore in the porous dielectric material can be simplified into two closely spaced semi-infinite

dielectric plates separated by an air gap of width d, at temperatures Ty and Ty, respectively, as illustrated in Fig. 2. Here it is



assumed that the material is uniform and isotropic. Also, it is assumed that Ty is the high temperature and T, is the ambient
temperature. It is further assumed that the surface of each plate is smooth enough. Furthermore, the radiative heat transfer

from the lower temperature plate to the higher temperature plate must also be considered [S9].
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Figure S2. Schematic illustration of near field radiative heat transfer between two close dielectric skeletons, at temper-

atures Tyand T, separated by an air pore dj.

As shown in Fig. S2, the space variables, x, z, and r, in the cylindrical coordinate system satisfy x = z + r, where the z
direction is perpendicular to the interface and the r direction is parallel to the interface. The y;and 8 refer to the zcomponent
and r component of the wavevector jj, respectively, for j=0, 1 and 2. Therefore, i, = 7 + y,Z. The magnitude of jj is related
to the relative permittivity gjby iy = w /cand iy =i, = \/s_sw / ¢, with g5 and & being the relative permittivity of air and
dielectric skeleton, respectively, and c is the speed of light in vacuum. The dyadic Green’s function, E(x,x', w) is essentially a
spatial transfer function between a current source j at a location x’ and the resultant electric field E at x [S9, S10]. The
5(x,x', w) depends on the geometry of the physical system and, for two semi-infinite media shown in Fig. S2, it takes the

following form [S11]:
= ' o i N A A A ; _ . o
G(x,x',w) = fo ij(stfzs + pztfzpl)e‘(yzz V12) o lB(r—r )ﬁd,b’ (S1)
where x = rf* + zZ, x = r'f 4+ z'2, t{, is the transmission coefficient for s polarization and tfz is the transmission co-
efficient for p polarization from medium 1 to medium 2, which are given by Airy’s formula [S8, S12]. The unit vectors are

§=17X2,pr=(BZ—vif) /i, and P, = (BZ —y21) / Iy



$1.2.2 Extinction coefficent calculation

In Section 2.3 of the main text, for a uniform and isotropic material, the extinction coefficient g can also be calculated
by summing the absorption coefficient 0., and the scattering coefficient o5 [S13, S14]:
O¢1 = Oga 1 05 (S2)
In order to study the effect of cellular shapes and surface area on thermal conductivity, the the absorption coefficient

0.2, and the scattering coefficient os ) could be calculated as follows:

_ —Re [[{EOXHO"+EOx(HD*-H®)*)}-ndA
ad = N-Re{E@DxH D"}

(83)

_ Re [[{EO)xH®*}ndA
TsA = N-Re{EDxHD"}

(S4)

where E®) and H') represent the scattering electric field and the scattering magnetic field, respectively, E" and H rep-
resent the incident electric field and incident magnetic field, respectively, n is the normal vector of the surface area, A is the
unit cross-sectional area and N is the number of cells per unit volume. The £, £}, H) and H' can be obtained by the time-
domain finite-difference (FDTD) method [S15, S16]

The basic theory of Maxwell’s equations [S17, S18] can govern the distribution of electromagnetic phenomena, whose

curl equations and constitutive equations are written as [S16, S19]:

VxE=——-M (S5)

V-D=p,

where H is the magnetic field intensity, V/m; E is the electric field intensity, B is the magnetic flux density, D is the
electric displacement vector, J is the current density, t is the time, and pis the volume charge density. The first two equations
in Eq. (S5) describe respectively the interaction of the electric field intensity and the magnetic flux density in a vacuum. The
material equations are given as [S20, S21]:

D=¢cE
B=uH (Se)
J=cE

where g is the permittivity, F/m, u is the permeability, H/m, and o is the conductivity, S/m. Finally, the Maxwell equations



in media are obtained by inserting Eq. (S6) into Eq. (S5) and given by [S22]:

VxH=56—E+0'E
ot

oOH
VxE=—pu—
e (57)

V-H=0

v.E=F
&£

In three-dimensional cartesian coordinate system, these equations can be written as six scalar equations [S16]:

OFE
o, _ 1 (2, 3B, ny
ot u, \ 0z Oy
%:L(ﬁﬁ’z By _gmy j
o pu,\ ox 0Oz Y
OFE
(5, 0 )
ot u,\ oy oz s8)
OH
aEx:L aHZ——y—O'iEX
o &\ oy 0z
OFE
_y:L(aHx _OH, _ep j
o e\ oz ox vy
OH
8EZ:L y_aHX_O_ZeEZ
o ¢g,\ ox Oy

where x, y and z are the axis in the Cartesian coordinate system Eq. (S8) establishes the relationship between the Max-
well's equations and the physical model media. During the calculation, the inlet and the outlet are set as the perfectly
matched layer boundary conditions. Eq. (S8) can be discretised in 3D using the FDTD method [S23, S24]. Here, the discreti-
zation form of the electromagnetic field in the x direction in Cartesian coordinates is given by [S525, $26]:
EXN(i+0.5,7,k)=CA(m)- Ef (i+0.5, j,k)+

[ HIO3 (1405, +05,k) = HI3 (i+0.5,/-0.5,k)

CB(m) o

CHYO(i405, ),k +05) = Hy S (i+0.5, j,k - 0.5)
Az

(S9)



H' (i, j+0.5,k+0.5)= EX* (i,j+0.5,k +0.5) -

At | E}(i,j+0.5,k+0.5)—-E, (i, j,k+0.5)

p(m) Ay
By (i,j+0.5,k+1)-EJ (i, j +0.5,k)
Az
(510)
e(m) _o(m)
_ A 2 -
CA(m)= 2(m) - om)’ CB(m) “0m) - () (S11)
At 2 At 2

where n is the calculating steps; i, j, and k are the nodes of mesh, the value is integer, and m = (i+0.5, j, k) is the number

tag of Ex in Yee cell seen in Fig. S3.
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Figure S3 Schematic diagram of Yee cell grid structure.

In order to better interpret the influence of wavelength on the size effect at the micro/nano scale, the magnetic field
strength and electric field direction at the z-direction cross section of different models when porosity ¢ =0.8 at different
wavelength as: dy=5um, A=5um; dy=5um, A =10 pm; dy=5um, A =20 um; dy =10 um, A =5 um; dy = 10 um, A = 10

pm; dy =10 um, A =20 um; dy=20 um, A =5 um; dy = 20 um, A =10 um; and dy = 20 um, A = 20 um are presented respectively

in Fig. S4 (a) - S4 (i).
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Figure S4. Magnetic field strength and electric field direction at the z-direction cross section of different models at
different wavelength: (a) dy =5 um, A =5 pum; (b) ds =5 um, A =10 um; (c) dy =5 um, A =20 um; (d) dy =10 um, A =5 um;
(e)du =10 um, A =10 um; (f) dy =10 pm, A = 20 um; (g) du =20 um, A =5 pm; (h) dy =20 um, A = 10 um; and (i) dy = 20 um,

A=20 um.

As it can be seen from Fig. S4 (a), S4 (e), and S4 (i), when the cell size dy is closed to the wavelength A, the radiant energy
dissipation is mainly distributed inside the dielectric framework, and the dissipation in the air pores is relatively low. It can
be seen from Fig. S4 (b) and 54 (f), when dy < A, the high dissipation shifts from a uniform distribution on the four framework
sides to the specific points. At the same time, the low dissipation position shifts from the pore’s center to the frameworks’
sides along the electric direction. In addition, when du << A, weak electric vortexes are formed inside the air pore, shown in

Fig.S4(c). What’s more, when du > A, the high dissipation shifts from a uniform distribution on the framework’s sides to



multiple specific points, as seen in Fig.54 (d) and S4(h), while the low dissipation position shifts from the pore’s center to
multiple low dissipation points inside the air pore. Meanwhile, electric vortexes are formed along the interface of gas and

solid framework. As it can be seen in Fig. S4(g), when d\ >> A, electric vortexes are formed inside the skeleton.

The Effect of Cellular Shapes

The influence of the cellular shape on the thermal conductivity of porous materials was illustrated by analyzing heat
transfer through four porous geometries, which is shown in Fig. S5, including S4 (the cellular shape is quadrangular prism),
S6 (the cellular shape is hexagonal prism), S8 (the cellular shape is octagonal prism) and SC (the cellular shape is cylinder).
At the same total volume of each unit cell, the difference in the internal surface area among these four cellular structures
was less than 0.62 %. For instance, when dy = 100 nm, the internal surface areas of these four models S4, S6, S8 and SC were

51,704 nm?, 51,710 nm?, 51,713 nm? and 51,706 nm?, respectively. The study was conducted at T= 300 K and ¢ = 0.80.

Figure S5. Schematic diagram of the different pore shape: (a)S4 model; (b)S6 model; (c)S8 model; (d) SC model.

As Fig. S6 (a) and S6(c) show, there was insignificant difference between the radiative and the total conductivities for
all four models, less than 0.005 W-m™-K1, at the same radiant output power. Also, there was no significant effect of the pore
shape on kwond, as seen in Fig. S6 (b). Thence, it can be concluded that the cellular shape has almost no effect on the thermal

conductivity of micro/nano closed cell porous dielectric materials.
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Figure S6. The thermal conductivities versus cell size at different pore shapes: (a) the total thermal conductivity; (b) the

conductive thermal conductivity; (c) the radiative thermal conductivity.

The Effect of VSSA

To illustrate the effect of surface area on the thermal conductivity of the porous material with ¢ = 0.80, the internal
surface area of the SC model was varied by adjusting the height of the teeth (60 teeth on the z-direction cross section). As
seen in Fig. S7, five models of the cellular geometries, successively termed 1.0x, 1.25x, 1.5x, 1.75x and 2.0x with surface area
of 1.0, 1.25, 1.5, 1.75, and 2.0 times that of the initial SC model, were studied at 7= 300 K. It is worth noting that the effect
of the pore shape on the thermal conductivity of the material was neglected based on the previous section’s conclusion. The

results are shown in Fig. S8.Meanwhile, the number of teeth, tooth height, inner radius, cell pore volume, cell pore surface

area, and surface area multiplier for each model are shown in Table S2.

Table S2. Structural parameters of surface models with different volume ratios.

Teeth Surface
Model num- Tooth Inner Cell pore Cell pore area multi-
name ber height radius volume surface area plier
1.0x 0 0 0.34dy 0.314dy3 2.774dy? 1.000
1.25x 3 0.1dx 0.331dn 0.315dy3 3.457dy? 1.246
1.25x 5 0.1dy 0.331dh 0.315dy3 4.135d\? 1.491
1.75x 7 0.1dy 0.331dn 0.315d:3 4.865d:? 1.753



2.0x 9 0.1dh 0.331dy 0.315d:3 5.645d? 2.035

Figure S7. Schematic diagram of the (a)1.0x model; (b) 1.25x model, (c) 1.5 x model, (d) 1.75x model; and (e) 2.0x model.

As shown in Fig. S8 (a) =S8 (b), a larger surface area reduced the thermal conductivity and its conductive contributions,
especially in nanocellular structures (du < 1 um). Correspondingly, in Fig. S8 (a), when the surface area was doubled, the Kotal
decreased by 0.0065 W-m™-K* at dy = 100 nm. The decreases in conductive contributions eventually reduced kiotal When the
surface area increased. However, as shown in Fig. S8(c), the surface area had no significant effect on k4. In addition, the
Krad Of @ porous closed-cell structure decreased significantly as du decreased. Thence, it can be concluded that the surface

area has almost no effect on the thermal conductivity of micro/nano closed cell porous dielectric materials.
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Figure S8 The thermal conductivity versus cell size at different surface areas: (a) the total thermal conductivity; (b) the

conductive thermal conductivity; (c) the radiative thermal conductivity.

To sum up, the cellular shape and surface area have been treated as having no effect on the radiative thermal conduc-
tivity. In order to facilitate the calculation, in the calculation of the main text, all the pores are simplified to spheres as
radiative thermal conductivity models. Therefore, the absorption coefficient and scattering coefficient can be calculated

using the Mie theory, which is shown in the Eq. (15) and Eq. (16) of the main text.



S2. Settings of the Materials’ Properties

S2.1 Materials’ Refractive Index and Extinction Coefficient

The material’s refractive index and extinction coefficient of the PMMA were adopted from Tsuda’s [27] measurements,
as shown in Fig. S9 (a) and S9 (b). If there is no other explanation in this paper, the refractive index and extinction coefficient

of the PMMA used Fig. S9 (a) and S9 (b) for calculation.
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Figure S9 (a) The refractive index of PMMA,; (b) the extinction coefficient of PMMA.

S2.2 Materials’ Thermal Conductivities

The thermal conductivities of pure PMMA at different temperatures adopted from Assael’s experimental measure-
ments [S28] are shown in Fig. S10. If there is no other explanation in this paper, the thermal conductivities of the PMMA wre
used as the thermal conductivity of the pure solid material kpui. Then, the solid thermal conduction ks was calculated by a

size effect modified model [S4, S29], as

0.75 /A

s =075 oyaes e (812)



where dy, is the half of the average cube structure thickness, and A is the phonon mean free path of the material. Since
the calculated temperature range in this paper is 280K-320K, the phonon mean free path A of polymers [S30, S31] is much
less than dy. For ease of calculation of the polymer materials, Eq. (512) was simplified as ks = kpui. However, it is worth noting
that for other dielectric materials, such as silica, A needed to be obtained from the handbooks and ks ought to calculate by

Eq. (S12).

0.205

—— Present modeling
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280 300 320 340 360
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Figure S10. The thermal conductivity of PMMA with different temperature.

S3. Independence Verification

S3.1 Frequency Interval and Spatial Angular Interval

To describe the model more reasonably, the effect of the frequency interval and the spatial angular interval of the
differential part of the radiant energy equation [S32, S33] on the net radiant energy density has been discussed and plotted
in Fig. S11 (a) and (b).

As it can be seen from Fig. S11 (a), when the frequency interval was reduced to 2x10*2 rad-s™, the net energy was
almost the same as that at 1x10* rad-s™. So, the frequency interval of 2x10? rad-s™* was used in the subsequent calculations.
Similarly, as can be seen from Fig. 511 (b), the curves with incidence angles varied from 02 to 902 divided into 20,000 and
40,000 increments were almost coincident, so the incidence angles in this with 20,000 increments were sufficient while

maintaining the accuracy.
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Figure S11 (a) The effect of frequency interval on net radiant energy flux density; (b) the effect of theta points on net

radiant energy flux density.

S3.2 Temperature Interval

To investigate the effect of the heat transfer temperature interval on the calculation of the thermal conductivity, the
effect of the temperature interval has been discussed based on non-equilibrium thermodynamics [S34, S35]. Five tempera-
ture interval models were selected as AT = 10K, 1K, 0.1K, 0.01K and 0.001K. The remaining parameters of five groups of
models were the same, that is, the environment temperature T, = 300 K, porosity ¢ = 0.80, thermal conductivity of pure
solid material chosen as 0.19 W-m™-K! and the material’s refractive index n and extinction coefficient k from Tsuda’s [S27]
experimental measurements. The results are shown in Fig. S12 (a) and (b).

For the same environment temperature, as the temperature interval increased, the radiant energy density increased
corresponding to Planck's spectral distribution law [S13, S36]. Therefore, the final integrated radiant energy flux density
increased, which was consistent with the trend of J.g shown in Fig. S12 (a). Differentiate the net radiant energy flux to
temperature, and then bring it into the calculation equation of the radiative thermal conductivity. The results show there
was no significant effect of the temperature interval on the radiative thermal conductivities, as seen in Fig. S12 (b). That is,
the temperature interval had little effect on the calculation of the radiative thermal conductivity. Therefore, in this research

the temperature interval was selected as 1K.
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Figure S12 (a) The effect of temperature interval on net radiant energy flux density; (b) the effect of temperature inter-

val on radiative thermal conductivity.
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