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The objective of this work is to evaluate different practically achievable doped-silicon (D-Si) nanostruc-
tured metamaterials (including nanowires and nanoholes, multilayers, and one-dimensional gratings) in
terms of their potential for enhancing near-field radiative heat transfer at ambient temperature. It is
found that both doped silicon nanowires and nanoholes may achieve an enhancement over bulk doped
silicon by more than one order of magnitude in the deep submicron gap region. The enhancement is
attributed to either the broadband hyperbolic modes or low-loss surface modes or a combination of both.
On the other hand, polarization coupling, which can occur in the grating configuration, contributes little
to the radiative transfer at the nanometer scale. This work will facilitate the application of nanostructures
in more efficient non-contact thermal management, thermal imaging, and near-field
thermophotovoltaics.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Near-field radiative heat transfer has attracted significant atten-
tion in recent years due to its wide potential applications in micro-
scale thermophotovoltaic (TPV) cells [1–8], submicron thermal
imaging [9–12], non-contact thermal rectifiers [13–16], thermal
modulators [17–19], and local thermal management [20–22].
Planck’s law of blackbody radiation breaks down when two objects
at different temperatures are placed close enough, i.e., at a distance
close to or smaller than the characteristic wavelength of thermal
radiation [23–25]. At nanometer distances, near-field radiative
heat transfer could be orders of magnitude greater than that be-
tween two blackbodies, especially when surface plasmon polari-
tons (SPPs) or surface phonon polaritons (SPhPs) are excited [26–
29]. A number of groups have experimentally demonstrated that
near-field radiation can exceed the blackbody limit using plate-
plate or sphere-plate geometries [30–35].

Large heat transfer coefficients are desired for increased power
throughput or heat dissipation in energy harvesting [4] or cooling
[20] applications, respectively. However, the super-Planckian ther-
mal radiation enabled by surface modes (either SPPs or SPhPs) is
usually narrowband and has high loss due to the inherent reso-
nance effects, thus precluding more efficient heat transport. Reduc-
ing material loss (e.g., by reducing the electron scattering rate)
could increase the cutoff wavevector and thus helps to improve
near-field heat transfer [27,36]. Another method to obtain higher
radiative heat flux is to broaden the super-Planckian radiation
band with the help of the resonance-free hyperbolic modes [37–
41]. Hyperbolic dispersion or hyperbolic modes may exist in natu-
ral or artificial anisotropic materials in certain frequency regions,
where the electromagnetic waves with large transverse wavevec-
tor can propagate inside the hyperbolic metamaterials, unlike sur-
face modes where the electromagnetic waves propagate only along
the interface and decay into both media. Hyperbolic metamateri-
als, no matter whether they exist in nature (such as graphite) or
are artificially synthesized, exhibit hyperbolic dispersion only in
certain frequency ranges and are not ideally lossless [38–42].
Therefore, achieving a great enhancement of near-field radiative
thermal transport beyond bulks for more efficient thermal trans-
port or heat dissipation is still a challenge.

Doped silicon (D-Si) has been shown to support surface modes
in the infrared spectrum and can enhance near-field radiative
transfer [23,27,29,43] to similar magnitude as those for SiC and
SiO2 based on narrowband phonon modes [44]. Furthermore, the
doping level can be varied to tune the far-field radiative properties
[45] or near-field heat transfer [46]. Recent studies have shown
that doped Si nanowires can enhance near-field radiation over bulk
by several times [47]. Additionally, doped Si nanowires can exhibit
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Nomenclature

c speed of light in vacuum
D matrix
d gap distance, m
f volume filling ratio of D-Si
h heat transfer coefficient, W/m2 K
�h reduced Planck constant, J s
I unit matrix
i

ffiffiffiffiffiffiffi
�1
p

k wavevector, m–1

k0 wavevector in vacuum, m–1

kB Boltzmann constant, J/K
n complex refractive index
R matrix formed by reflection coefficients
r Fresnel’s reflection coefficient
T temperature, K

Greek symbols
b transverse wavevector, m–1

D relative rotation angle between the gratings, rad

e dielectric function
k wavelength, m
n energy transmission coefficient or transmission factor
r Stefan–Boltzmann constant, W/m2 K4

/ azimuthal angle, rad
x angular frequency, rad/s
xm surface plasmon frequency, rad/s

Subscripts
E extraordinary wave
O ordinary wave
p p polarization or TM wave
s s polarization or TE wave
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hyperbolic modes and support negative refraction in a broad fre-
quency range [48]. Different techniques have been successfully
demonstrated to create controlled silicon nanostructures [49,50].
It is envisioned that D-Si nanostructures may allow near-field radi-
ative heat transfer to be significantly enhanced by enabling hyper-
bolic modes or by reducing loss for surface modes.

Four practically achievable nanostructures based on D-Si are
considered here, namely, nanowires, nanoholes, multilayers, and
one-dimensional (1D) gratings. Fluctuation–dissipation theorem
is used to calculate the near-field and far-field radiative transfer,
assuming that the nanostructures can be treated as an effective
homogeneous medium with anisotropy. The mechanisms of
enhancement or reduction of radiative transfer are elucidated by
considering the frequency- and wavevector-dependent energy
transmission factor.
2. Theoretical formulation

The schematics of doped-silicon nanowires (D-SiNWs), doped
silicon nanoholes (D-SiNHs), multilayered metamaterials, and 1D
gratings are shown in Fig. 1, where the x and y directions are as-
sumed to extend to infinity and each medium is assumed to be
semi-infinite. Both the multilayer and 1D grating structures are
composed of D-Si and germanium (Ge), while nanowire and nano-
hole D-Si configurations are surrounded by vacuum. The filling ra-
tio f for all aforementioned four different nanostructures is defined
based on the volume fraction of D-Si, and d is the gap distance.
Note that the minimum f for aligned D-SiNHs is (1 � p/4), and
the maximum f for aligned D-SiNWs is p/4, due to the geometrical
limitations of the circular holes and wires, assuming the 2D lattice
to be square. The dielectric function of D-Si is governed by the
Drude model and can be obtained from Basu et al. [51]. The dielec-
tric function of Ge is largely independent of wavelength in the
infrared region, and can be approximated as a constant with
eGe = 16. Local effective medium theory (LEMT) is used to obtain
the anisotropic dielectric function and is combined with fluctua-
tional electrodynamics to calculate the near-field radiative heat
transfer coefficient due to its simplicity and low computational de-
mand [17,36–42,47,52]. The aforementioned nanostructures are
treated as homogenous uniaxial materials; this assumption is valid
in the far field as long as the characteristic thermal wavelength is
much greater than the nanostructure period. In the near field, as
pointed out by some investigators, nonlocal effects would arise
at the resonance frequency of surface plasmon polaritons (SPPs)
or very large wavevectors [39,53,54]. Nevertheless, when the gap
distance is much greater than the period of nanostructures, LEMT
should be applicable in the near field as well [36]. In the present
study, the period of nanostructures is assumed to be sufficiently
small, so that LEMT can be applied to both the far and near fields.

In the Maxwell–Garnett theory, the effective properties of a
composite medium are obtained by treating one constituent of
the composite as the host and all other constituents as embedded
grains (fillers), which are not in contact with one another. For D-
SiNWs, vacuum is treated as the host with D-Si as the filler. For
D-SiNHs on the other hand, D-Si is the host. When the electric field
is along the optical axis (z direction), the dielectric function for
both nanowires and nanoholes is given as

ez ¼ 1� f þ eD-Si f ð1Þ

Here, ez is essentially governed by a diluted Drude model, since it is
just the weighted average of the dielectric functions of doped sili-
con and vacuum. Note that Eq. (1) can be obtained from different
effective medium approximations and should be valid for any f
[47]. The Drude model of D-Si may be written as
eðxÞ ¼ e1 �x2

p=ðx2 þ icxÞ, where e1 is a high-frequency constant,
xp is the plasma frequency, and c is the scattering rate [51]. The
plasma frequency for D-SiNWs is

ffiffiffi
f

p
times that of D-Si; and the

high-frequency term for D-SiNWs is (1 � f + fe1), which varies from
1 for f = 0 to e1 for f = 1. When the electric field is perpendicular to
the optical axis, the ordinary dielectric function ex, which is equal to
ey, of nanowires is governed by [45]

ex;NW ¼
eD-Si þ 1þ eD-Si � 1ð Þ f
eD-Si þ 1� eD-Si � 1ð Þ f ð2Þ

Note that ex,NW given above can be expressed as a Lorentz model,
and detailed derivations can be found from [45]. From a physical
point of view, it is because the free electrons in nanowires are
bounded by surrounding vacuum [48]. It is assumed that Eq. (2) is
applicable to any f until it reaches the maximum limit of p/4, when
the diameter of the Si wire is the same as the period of the unit cell.
This is a reasonable assumption as long as the Si wires are separated
from each other. For nanoholes, Si should be treated as the host and



Fig. 1. Schematics of two semi-infinite nanostructured metamaterials separated by a vacuum gap at a distance d: (a) D-SiNWs; (b) D-SiNHs; (c) multilayers composed of D-Si
and Ge, which is modeled as a dielectric; (d) 1D gratings composed of D-Si and Ge, where one of the gratings may be rotated about the z axis at an angle D, although not
shown in the figure. It is assumed that the space not occupied by Si in the nanowire and nanohole structures is evacuated.
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the vacuum holes should be treated as the filler. In this case, ex,NH

can be calculated from the Maxwell–Garnett theory as follows

ex;NH ¼ eD-Si
eD-Si f þ 2� fð Þ
eD-Si 2� fð Þ þ f

ð3Þ

Unlike in the case of nanowires, ex,NH is dominated by a modified
Drude model prescribed by Eq. (3), because free electrons in the
nanohole structure are not bounded due to the interconnected
doped silicon material.

The dielectric functions of the D-Si/Ge multilayer in orthogonal
directions are given by

eO ¼ eGe 1� fð Þ þ eD-Si f ð4aÞ

eE ¼
eGeeD-Si

1� fð ÞeD-Si þ eGe f
ð4bÞ

Here, eO (ordinary) and eE (extraordinary) are the dielectric func-
tions for electric field perpendicular and along the optical axis,
respectively. Note that for the multilayer configuration, ex = ey = eO

and ez = eE. The above dielectric functions also apply to 1D gratings
but with ez = eO instead. In addition, the values of ex and ey for the
grating depend on its rotation. In the aligned case as shown in
Fig. 1d, ex = eO and ey = eE. It should also be noted that for the multi-
layered structure, both the Maxwell–Garnett and Bruggeman effec-
tive medium approaches give the same expressions, i.e., Eqs. (4a)
and (4b). Detailed discussions of the effective medium approxima-
tions can be found from Refs. [55,56].

The heat transfer coefficient at temperature T between two
anisotropic planar media separated by a vacuum gap d can be cal-
culated from Biehs et al. [38]

h ¼ 1
8p3

Z 1

0
gðx; TÞdx

Z 2p

0

Z 1

0
nðx;b;/Þbdbd/ ð5Þ

where

g x; Tð Þ ¼ @

@T
�hx

e�hx=kBT � 1

� �
¼ ð�hxÞ2e�hx=kBT

kBT2 e�hx=kBT � 1ð Þ2
ð6Þ

and n(x, b, /) is called the energy transmission coefficient or trans-
mission factor (to distinguish from Fresnel’s transmission coeffi-
cient which is based on the field). The transmission factor can be
expressed in a matrix formulation as [36]

n x;b;/ð Þ ¼
Tr I� R�2R2
� �

D I� R1R�1
� �

D�
� �

; b < k0

Tr R�2 � R2
� �

D R1 � R�1
� �

D�
� �

e�2 kz0j jd; b > k0

(
ð7Þ

where k0 = x/c is the wavevector in vacuum with c being the speed
of light in vacuum, b is the transverse wavevector (i.e., the magni-
tude of the wavevector in the x–y plane), kz0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0 � b2
q

is the
wavevector component in the z direction in vacuum. Note that
the symbol ⁄ denotes the conjugate transpose (Hermitian trans-
pose), and Tr stands for trace.

In Eq. (7), I is a 2 � 2 unit matrix, and

R1;2 ¼
rð1;2Þss rð1;2Þsp

rð1;2Þps rð1;2Þpp

" #
ð8aÞ

is the matrix that includes Fresnel’s reflection coefficients for inci-
dent from vacuum to medium 1 or 2, respectively. The matrix D
in Eq. (7) is determined by

D ¼ I� R1R2e2ikz0d
� ��1 ð8bÞ

where ‘‘�1’’ signifies an inverse matrix [17]. In the far field, the inte-
gration of Eq. (5) over b from 0 to k0 and over the azimuthal angle /
from 0 to 2p is essentially the hemispherical integration. However,
in the near field, evanescent waves dominate the energy transfer
since the transmission factor is nontrivial at large b values.

For an anisotropic medium, cross-polarization can exist and, in
general, rsp – 0 and rps – 0. For aligned nanowires, nanoholes, and
multilayer structures, the optical axis is in the z direction; subse-
quently, rsp = rps = 0. Thus, the transmission factor n is independent
of the azimuthal angle and can be written as n(x, b, /) =
ns(x, b) + np(x, b), where [24,44]

njðx;bÞ ¼
1� jrjj2
	 
2

�
1� r2

j e2ikz0d
��� ���2; b < k0

4 ImðrjÞ
� �2e�2 kz0j jd

.
1� r2

j e2ikz0d
��� ���2; b > k0

8>><
>>: ð9Þ

Here, j is for s or p polarization, and Im denotes the imaginary part.
It should be noted that for a single polarization, the transmission



Fig. 2. Ratio of the heat transfer coefficient of the nanostructures to bulk doped
silicon and a gap distance of 10 nm. For all the nanostructures, the filling ratio refers
to the fraction of doped silicon. Note that the minimum filling ratio for nanoholes is
1 � p/4, while the maximum filling ratio for nanowires is p/4. The gratings are
assumed to be aligned (D = 0�) unless otherwise mentioned. In the present study,
the temperature of 300 K is used and the doping concentration is set to
N = 1 � 1020 cm�3 (for n-type semiconductor) unless otherwise specified.
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factor is from 0 to 1. For s-polarized waves, the refraction in the uni-
axial material is the same as in an isotropic medium with ordinary
properties, since the electric field is perpendicular to the optical axis
(z direction). Therefore, the s-polarization Fresnel coefficient rs be-
comes [36,37]

rs ¼
kz0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0eO � b2
q

kz0 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0eO � b2
q ð10Þ

For p polarization, the Fresnel coefficient rp can be expressed as fol-
lows for uniaxial medium whose optical axis is parallel to the z axis
[36,37]

rp ¼
eOkz0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0eO � b2eO=eE

q
eOkz0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0eO � b2eO=eE

q : ð11Þ

For gratings, cross-polarization must be considered and the
transmission factor can be determined based on the matrix formu-
lation [57]. Considering the azimuthal angle /, the angle between
plane of incidence and the x–z plane as defined in Fig. 1d, the Fres-
nel reflection coefficients can be explicitly expressed as follows
[58]

rss¼
nzO nz�nzOð Þ eOnznzEþn2

zO

� �
sin2 /þeO nz�nzEð Þ eOnzþnzOð Þ cos2 /

nzO nzþnzOð Þ eOnznzEþn2
zO

� �
sin2 /þeO nzþnzEð Þ eOnzþnzOð Þ cos2 /

ð12Þ

rpp¼
nzO nzþnzOð Þ eOnznzE�n2

zO

� �
sin2 /þeO nzþnzEð Þ eOnz�nzOð Þ cos2 /

nzO nzþnzOð Þ eOnznzEþn2
zO

� �
sin2 /þeO nzþnzEð Þ eOnzþnzOð Þ cos2 /

ð13Þ

rsp¼�rps

¼ 2eOnzOnz nzO�nzEð Þ sin / cos /

nzO nzþnzOð Þ eOnznzEþn2
zO

� �
sin2 /þeO nzþnzEð Þ eOnzþnzOð Þ cos2 /

ð14Þ

where

nz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� b=k0ð Þ2

q
; nzO ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eO � b=k0ð Þ2

q
and

nzE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eE � b=k0ð Þ2 cos2 /þ eE=eOð Þ sin2 /

h ir
: ð15Þ

The expressions given above agree with the formulation given in
Rosa et al. [57], except with a sign difference in the cross-polariza-
tion terms rsp and rps due to the 180� phase difference of the rota-
tion (azimuthal) angle. The plane of incidence is perpendicular to
optical axis when / ¼ 0� and 180�, and parallel to optical axis at
/ ¼ 90� and 270�. It should be noted that integration over azi-
muthal angles is necessary since Fresnel’s coefficients depend on
/, unlike in multilayer and other configurations. When the gratings
are aligned as shown in Fig. 1(d), the relationship of azimuthal an-
gles for the two gratings is /2 = �/1. If there is a relative rotation
angle D between the two gratings, then /2 = �/1 + D. If the two
gratings are identical and aligned, R1 and R2 are transpose of each
other, since rss(�/) = rss(/), rpp(�/) = rpp(/), rsp(�/) = �rsp(/
) = rps(/), and rps(�/) = �rps(/) = rsp(/). The results have been veri-
fied by comparison with Biehs et al. [17].

3. Results and discussions

All the calculations are for room temperature with T = 300 K.
Only n-type D-Si is considered in this work, while similar results
can be obtained for p-type D-Si, though not shown in this work.
In most of the calculations, the doping concentration is set to
N = 1020 cm�3, which will be the default value unless otherwise
specified. At this doping concentration, e1 can be approximated
as a constant of 11.7, and xp and c are taken as 1.08 � 1015 rad/s
and 9.34 � 1013 rad/s, respectively [51].
3.1. Near-field thermal radiation between nanostructures

The radiative heat transfer coefficient versus the filling ratio of
D-Si for the four nanostructures at a distance d = 10 nm is shown in
Fig. 2. The radiative heat transfer coefficient is normalized to that
of bulk D-Si in order to show the enhancement or reduction of heat
transfer by the nanostructures. Note that the heat transfer coeffi-
cient for bulk D-Si at this distance with the same doping level is
5022 W/m2 K, which is 820 times the value between two blackbod-
ies (i.e., 4rT3 where r is the Stefan–Boltzmann constant). The
enhancement of heavily doped Si is due to surface waves
[29,43,46]. Fig. 2 suggests that D-SiNWs with f = 0.05 can achieve
an enhancement factor of 12.5 over bulk D-Si. With the nanowires,
the predicted heat transfer coefficient exceeds 60,000 W/m2 K at
d = 10 nm, making D-SiNWs very attractive for applications rang-
ing from high-efficiency near-field radiative cooling to local heat-
ing. The enhancement over bulk by nanoholes increases with
decreasing f and reaches the maximum of 11.3 times when
f = 1 � p/4. For 1D gratings, the calculation is based on D ¼ 0� un-
less otherwise specified since the alignment case yields the maxi-
mum heat transfer. For 1D gratings, there is a slight enhancement
when f > 0.2 and the maximum enhancement is around f = 0.4 with
a ratio h/hbulk = 1.19. However, the near-field radiative transfer
coefficient between two multilayers is always smaller than that
of the bulk and increases monotonously with f. Therefore, multi-
layer structures are not as effective in terms of enhancing near-
field radiative transfer at ambient temperature and at deep submi-
cron gap distances. Similar trends can be obtained for d = 100 nm
with reduced heat flux, although the results are not shown here.

In order to see whether the performance achieved with these
nanostructures will still hold at different gap distances, relative



Fig. 3. Heat transfer coefficients versus gap distance: (a) the ratio to bulk D-Si for
each nanostructure with a selected filling ratio; (b) the absolute h values of the
same nanostructures plotted against those of bulk D-Si and the blackbody limit.

Fig. 4. The effective dielectric functions (real part only) for (a) the D-SiNWs at
f = 0.05 and (b) D-SiNHs with f = 0.3. The hyperbolic dispersion (type I) is supported
in a broader band at frequencies below 1.72 � 1014 rad/s for D-SiNW and in a
narrow band between 2.44 � 1014 rad/s and 2.74 � 1014 rad/s for D-SiNHs as shown
by the shaded regions.
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heat transfer coefficient is plotted in Fig. 3a. The filling ratios for
nanowires and 1D gratings are taken as the optimized value at
d = 10 nm, i.e., f = 0.05 and 0.4, respectively. For clearer comparison
between multilayers and 1D gratings, the filling ratio is also chosen
as 0.4 for multilayers. The filling ratio of nanoholes is taken as 0.3
based on practical consideration to stay away from the physical
limitation. It is interesting to note that in the far field, multilayers
give slightly higher heat transfer coefficient than nanoholes or 1D
gratings. Among all the structures, D-SiNWs result in the largest
heat transfer coefficient at any gap distance.

The absolute heat transfer coefficients for all cases shown in
Fig. 3a are plotted in Fig. 3b, where the values for bulk D-Si and
the far-field blackbody limit are also shown. It can be seen that
in the far field, the heat transfer coefficient between D-SiNWs is
very close to that between blackbodies due to the good impedance
matching and thus low reflectivity [45]. D-SiNWs can yield a
super-Planckian behavior when the gap distance is below 6 lm,
while for bulk D-Si the heat transfer coefficient exceeds the black-
body limit only when d < 0.8 lm. Therefore, nanowires can be used
to extend the super-Planckian radiative transfer to micrometer gap
distances and subsequently may benefit energy harvesting be-
tween micrometer gap distances. Meanwhile, nanoholes,
multilayers, and gratings also extend near-field enhancement at
greater gap distances though not as high in magnitude as nano-
wires. This could greatly relieve the fabrication barriers of near-
field TPV cells [4–6].
3.2. Mechanisms of enhanced near-field radiative transfer

The mechanisms of near-field radiative heat transfer are eluci-
dated to understand the performance of different nanostructures.
Both nanowires and nanoholes could achieve an enhancement
about one order of magnitude at tens of nanometer distances.
The real parts of the anisotropic dielectric functions of D-SiNWs
with f = 0.05 and D-SiNHs with f = 0.3 are plotted in Fig. 4. For
D-SiNW, the real part of ex is almost a constant close to 1 and inde-
pendent of wave frequency due to the small filling ratio. The imag-
inary part (not shown) of ex is generally much smaller than 1.
Hence, for electric field perpendicular to the nanowires (ordinary
waves), the effective optical properties of the nanowire medium
is essentially a dielectric. On the other hand, the effective dielectric
function of the nanowires for extraordinary waves is described by
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the dilute Drude model and is therefore metallic. When ex > 0 and
ez < 0, as shown in the shaded region of Fig. 4a, the dispersion rela-
tion becomes hyperbolic with negative energy refraction (type I);
refer to Cortes et al. [59] for a detailed discussion of the hyperbolic
modes and energy refraction in hyperbolic metamaterials. For D-
SiNHs, as shown in Fig. 4b, both ex and ez are negative at the fre-
quency region lower than 2.44 � 1014 rad/s. A narrow hyperbolic
band, also type I, exists between 2.44 � 1014 rad/s and
2.74 � 1014 rad/s as shown in the shaded region in Fig. 4b.

Fig. 5 displays the contour plots of the transmission factors for
p-polarization at d = 10 nm for both D-SiNWs and D-SiNHs
corresponding to the dielectric functions shown in Fig. 4. The con-
tribution of s-polarization to near-field radiation is negligible. For
D-SiNWs, as shown in Fig. 5a, in the broad hyperbolic band below
1.72 � 1014 rad/s, as delineated by the arrows between the white
line and the horizontal axis, both negative refraction and high-b
propagating waves will be supported. As mentioned previously,
the heat transfer coefficient between D-SiNWs at d = 10 nm
reaches 12.5 times that between bulk D-Si. This is due to the broad
Fig. 5. Contour plots of the energy transmission factor for p-polarization np(x, b) of
(a) D-SiNWs and (b) D-SiNHs for d = 10 nm, using the dielectric functions shown in
Fig. 4. The corresponding hyperbolic bands are indicated between the two
horizontal white lines. For D-SiNHs, the SPP resonance frequency is at
2.24 � 1014 rad/s, and the symmetric coupled SPP dispersion is displayed as the
black dashed curve. Note that in the proximity limit, the contribution of s-
polarization to near-field radiation is negligibly small when either hyperbolic
modes or surface modes are excited.
hyperbolic band that allows photons to tunnel through the vacuum
gap at very large b values and in a broad spectral region. In the case
of hyperbolic modes, propagating waves exist in the anisotropic
medium; on the other hand, surface modes are manifested by eva-
nescent waves in both media.

As shown in Fig. 4b, both ex and ez of D-SiNHs are negative at fre-
quencies lower than 2.44 � 1014 rad/s. Therefore, coupled SPPs
could be excited about the frequency corresponding to
Reð ffiffiffiffiffiffiffiffiffiexez
p Þ ¼ �1, which is xm = 2.24 � 1014 rad/s in this case. The

SPP dispersion relation for two metallic uniaxial media separated
by a small gap exhibits a high-frequency branch (x > xm) and a
low-frequency branch (x < xm). Both of the dispersion curves
share the same asymptotic limit of x = xm at infinite wavevector
(i.e., b ?1). For the low-frequency branch, surface charges are
symmetric and the magnetic fields at the interface are in phase.
The opposite is true for the high-frequency branch. The coupled-
SPP dispersion can be obtained by zeroing the denominator of
np(x, b). For the symmetric modes or low-frequency branch, the
dispersion relation can be expressed as follows [42,47]

kz0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

0

ex
� b2

exez

s
coth

ikz0d
2

� �
ð16Þ

The dispersion relation of the asymmetric modes is written by
substituting ‘‘tanh’’ for the ‘‘coth’’ in Eq. (16). For real values of x
and b, solution of the SPP dispersion relation exists only when there
is no loss. In the case with low loss, damping effect can be included,
resulting in a peak broadening. When loss is very high, interpreta-
tion becomes difficult. It has been shown that near-field radiative
heat transfer can still be enhanced about the surface plasmon fre-
quency xm for both isotropic and anisotropic materials [27,29,47].
This can also be seen in Fig. 5b where the cutoff wavevector is large
near xm. Note that the cutoff wavevector is defined as the maxi-
mum b value beyond which the contribution to near-field heat
transfer can be essentially neglected (or is a small percentage of
the integral over b). By finding the minimum in the denominator
of np(x, b), the symmetric coupled-SPP dispersion is obtained and
plotted in Fig. 5b as the black dashed curve, which agrees with
the contour of transmission factor reasonably well. The asymmetric
branch is expected to lie between xm and the hyperbolic region if
there were no loss. However, when loss is considered, there exist
no minimum in the denominator of np(x, b) in this region for real
values of x and b. The enhancement in np(x, b) in this region
mostly comes from the large numerator of np(x, b). It seems that
only the symmetric modes are excited in the considered case. For
this reason, the asymmetric dispersion is not shown in Fig. 5b.
The contribution of the symmetric modes (x < xm) to the heat
transfer coefficient is 71.5%. The contribution from frequencies
ranging from 2.24 � 1014 to 2.44 � 1014 rad/s is 14.2%. Whether
the excitation is classified as SPPs or not, evanescent waves and
phonon tunneling still exist in this frequency region [23]. Note that
hyperbolic modes (2.44 � 1014 rad/s < x < 2.74 � 1014 rad/s) con-
tribute 10.8% to the heat transfer coefficient. Therefore, coupled
SPPs or surface modes are largely responsible for the near-field heat
transfer enhancement in D-SiNHs. While coupled-SPP modes can
also exist between D-Si, due to the high loss in the bulk material,
high np(x, b) occurs at relatively small b values. The cutoff wavevec-
tor increases with reducing material loss [27,36]. At the resonance
frequency (2.88 � 1014 rad/s), the imaginary part of the dielectric
function of D-Si is nearly twice of Imð ffiffiffiffiffiffiffiffiffiffieOeE

p Þ at 2.24 � 1014 rad/s.
Therefore, the number of contributing modes of low-loss D-SiNHs
is much greater than that of D-Si, resulting in a much greater
enhancement of near-field thermal radiation.

The effective dielectric functions of D-Si/Ge multilayers with
f = 0.4 are shown in Fig. 6a (only the real part). For multilayers,
ex = eO is governed by dilute Drude model given in Eq. (4a), while



Fig. 6. (a) Effective dielectric function of D-Si/Ge multilayers with f = 0.4; (b)
contour plots of the p-polarization transmission factor at d = 10 nm for the
configuration with two multilayers using the dielectric function shown in (a). The
type II hyperbolic band is indicated on both plots at the low frequency region for
x < 1.55 � 1014 rad/s.

Fig. 7. Contours of the transmission factor for p-polarization integrated over the
azimuthal angle with d = 10 nm between aligned 1D gratings: (a) parallel aligned
gratings with a relative rotation angle D ¼ 0�; (b) perpendicularly aligned gratings
with D ¼ 90� . The contributions from s-polarization and polarization coupling to
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ez = eE is governed by the Lorenz model given in Eq. (4b). When
ex < 0 and ez > 0, the dispersion becomes hyperbolic (type II), as
shown in Fig. 6a in the shaded area at frequencies below
1.55 � 1014 rad/s. The p-polarization transmission factor np(x, b)
is shown in Fig. 6b and the contribution from s-polarization to heat
transfer is negligibly small at nanometer gap distances. In the mul-
tilayer configuration, type II hyperbolic materials do not yield neg-
ative refraction [59]. Another uniqueness of type II hyperbolic
modes is that np(x, b) becomes non-trivial only when b is greater
than the critical wavevector kcr ¼ k0

ffiffiffiffiffi
eE
p

[54]. When b > kcr, propa-
gating hyperbolic modes will be supported with a high transmis-
sion factor in a broadband region independent of type I or type II
[42]. Therefore, the spectral heat flux can be enhanced over bulks
in a broad band due to the high transmission factor for large b in
either type of hyperbolic mode. Nevertheless, due to losses, the
transmission factor decreases much faster for multilayer structure
than for nanowires or nanoholes at large b values. Furthermore, in
the high frequency region outside the hyperbolic band, especially
near the surface resonance frequency of D-Si (2.90 � 1014 rad/s),
the spectral flux between multilayered structures is much less than
that between bulks. The overall effect is that the enhancement of
heat transfer in the low-frequency region cannot compensate for
the reduction in the high-frequency region, resulting in a net
reduction of radiative heat transfer coefficient over bulk D-Si. The
ratio h/hbulk is 0.65 for multilayers with f = 0.4. Nevertheless, with
increasing gap distance, the heat transfer coefficient for bulk D-Si
decreases faster than that for multilayers as shown in Fig. 3. For
multilayers with f = 0.4, h > hbulk when d exceeds 120 nm and
h � 2hbulk in the far field.

The heat transfer mechanisms between gratings are more com-
plicated. For nonmagnetic materials, s-polarized waves generally
cannot excite surface modes except for the case with negative-per-
meability metamaterials [24,60]. However, for 1D gratings when
the azimuthal angle is nonzero, s-polarized incident waves can also
excite SPPs since there will be a magnetic field along the grooves
and a wavevector component perpendicular to the grooves [61].
When the gratings are homogenized as an anisotropic medium,
the nanoscale radiative transfer is governed by the transmission
factor and more specifically by Fresnel’s reflection coefficients
when b > > k0. A close examination of Eq. (14) suggests that the
cross-polarization terms are negligibly small when b > > k0. There-
fore, polarization coupling will contribute little to the radiative
heat transfer in the deep submicron region. Furthermore, regard-
near-field radiation are negligible for large wavevectors (b/k0 >> 1).
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less of the azimuthal angle, Im(rss) quickly approaches zero as b/k0

increases. Hence, the contribution of s-polarization to nanoscale
radiation is also negligible. Fig. 7 shows the contours of the p-
polarization transmission factor for f = 0.4 and d = 10 nm inte-
grated over the azimuthal angle for aligned (D = 0�) and crossed
(D = 90�) gratings, respectively. The shapes for D = 0� and 90� are
similar with slightly larger transmission factors and cutoff wave-
vectors for the aligned case. Note that the ordinary and extraordi-
nary dielectric functions are the same as shown in Fig. 6a for
multilayers, except that for gratings ez = eO and ex and ey depends
on the rotation angle. Compared with Fig. 6b, gratings can increase
the transmission factor toward large b values over multilayers,
especially near the frequency of 1.5 � 1014 rad/s. The reason is
due to the large Im(rpp) and subsequently larger transmission coef-
ficients (np) for gratings. Therefore, the near-field radiative transfer
of gratings is more than those of bulk D-Si and multilayers.

The relative heat transfer coefficient as a function of relative
rotation angle of the gratings is shown in Fig. 8 for d = 10 nm and
f = 0.4. It can be seen that h monotonically decreases as D is in-
creased from 0� to 90� due to symmetry breaking. It has been pro-
posed that 1D gratings may potentially be used as non-contact
thermal modulators [17]. Note that the maximum modification
with D-Si/Ge multilayer is about 10%, much lower than those with
Au and SiC [17]; this is presumably due to the large scattering rate
in D-Si.
Fig. 9. Contour plots of the heat transfer coefficient for (a) D-SiNWs and (b)
D-SiNHs in terms of the doping concentration and filling ratio.
3.3. Effect of doping concentration

Since D-SiNWs and D-SiNHs can provide the greatest enhance-
ment of near-field heat flux, the effect of doping concentration for
these structures is examined. Fig. 9 shows the contours of the heat
transfer coefficients at d = 10 nm in terms of the filling ratio and
doping concentration. The doping concentration N is varied from
1019 to 1021 cm�3. For D-SiNWs, the filling ratio f is varied from
0.01 to p/4, which is the upper limit. The maximum heat transfer
coefficient exceeds 60,000 W/m2 K in the elliptic region centered
around f = 0.04 and N = 5 � 1020 cm�3. For D-SiNHs, f is varied from
1 � p/4 (about 0.215) to 1 (i.e., bulk D-Si). For any given doping
concentration, decreasing the filling ratio reduces loss and in-
creases the heat transfer rate since the cutoff wavevector will in-
crease [37]. Interestingly, the maximum heat transfer coefficient
is near N = 4 � 1019 cm�3, with a value close to 70,000 W/m2 K. It
Fig. 8. The near-field heat transfer coefficient for d = 10 nm as a function of the
relative rotation angle of the gratings when f = 0.4. The maximum occurs when
there is no relative rotation between the gratings (parallel case) and the minimum
occurs when the gratings are perpendicular to each other.

Fig. 10. Heat transfer coefficient for D-SiNWs and D-SiNHs for selected filling ratios,
as well as that of bulk D-Si, versus doping concentration.
should be noted that this value is about 22% of the upper limit
for hyperbolic modes without considering dispersion or loss [37].
In Fig. 10, h for D-SiNWs with f = 0.05 and D-SiNHs with several f
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values is plotted versus the doping concentration. The heat transfer
coefficient for bulk D-Si is also shown for comparison. In terms of
the absolute value of h, nanoholes can outperform nanowires to
achieve the maximum heating or cooling at tens-of-nanometer dis-
tances when the doping concentration and filling ratio are opti-
mized. On the other hand, both D-SiNWs and D-SiNHs can
achieve a heat flux enhancement by an order of magnitude over
bulk D-Si when N � 1 � 1020 cm�3. Similar trends hold for different
gap distances, such as d = 100 nm, though not shown here. It
should be reminded that main cause of the large enhancement is
due to the hyperbolic modes in D-SiNWs and low-loss surface
modes in D-SiNHs.
4. Conclusions

Different practically achievable nanostructures based on doped
silicon are investigated for enhancement of near-field radiative
heat transfer at ambient temperature. Three out of the four config-
urations (D-SiNWs, D-SiNHs, and D-Si gratings) can enhance radi-
ative heat transfer over bulk D-Si from tens of nanometers to the
far field. The fourth configuration, multilayers, can also give a radi-
ative heat flux that is almost twice as large as that between bulks
in the far field. It is predicted that D-SiNWs and D-SiNHs can pro-
vide an enhancement over bulks by more than one order of magni-
tude in the deep submicron gap region, due to broadband
hyperbolic modes and low-loss surface modes, respectively. These
two configurations can be designed with optimal doping and geo-
metrical criteria. The mechanism of near-field radiative transfer
between gratings made of D-Si and Ge is also investigated. It is
found that s-polarization and polarization coupling are negligible
for near-field heat transfer analysis at deep submicron distances.
Thus, the dominating mechanism for near-field radiation between
gratings is the same as for other nonmagnetic materials; that is, the
nontrivial transmission coefficients at large transverse wavevec-
tors are enabled by p-polarized waves. The alignment between
gratings has a relatively small effect on the near-field radiative
transfer for D-Si/Ge gratings. The analysis and methodology pre-
sented in this work may benefit the design of nanostructures in
applications such as more efficient non-contact thermal manage-
ment and microgap thermophotovoltaics.
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