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a b s t r a c t

Radiative heat transfer in the near field can exceed the blackbody radiation limit by orders of magnitude
due to energy transfer through evanescent waves. Doped Si has attracted significant attention in studies
of near field thermal radiation, since it is a Drude-type material whose plasma frequency can be tuned
into the infrared range by modifying the dopant concentration. Thus, doped Si can serve as a “tunable
metal” which can be used to design tunable metamaterials to control near field thermal radiation. In this
paper, we study near field radiative heat transfer for two doped Si based metamaterials: Si nanowire
arrays and Si nanohole arrays, using fluctuational electrodynamics and effective medium theory.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Radiative heat transfer plays an important role in a variety of
applications such as infrared imaging, energy conversion, thermal
insulation, thermal signature control, and thermal management.
In terms of the spacing between objects, radiative heat transfer
can be categorized into two regimes. In the far-field regime, where
the gap size between objects is much larger than the thermal
wavelength λth predicted by Wien's displacement law, radiative
heat transfer essentially tailors blackbody radiation, which is the
maximum radiative transfer given by the Stefan–Boltzmann law
for total heat flux and Planck's law for spectral flux. In contrast,
radiative heat transfer in the near-field regime, in which the gap
size is smaller than λth, can be dramatically enhanced beyond
blackbody radiation due to the tunneling of evanescent waves.
In particular, near-field radiative heat transfer can be increased by
several orders of magnitude as compared to blackbody radiation,
when interacting materials support resonant surface waves in the
infrared range, for example, surface phonon polaritons in polar
dielectrics (e.g., BN, SiC or SiO2). Although the spectral resonances
of surface phonon polaritons usually exist at fixed frequencies for
polar dielectrics, the plasma frequency of doped semiconductors
can be continuously tuned in the infrared range by adjusting their
dopant concentrations, thus provide exciting opportunities for
controlling near-field radiative heat transfer.

Clearly, in order to achieve the control of near-field radiative
heat transfer, tuning infrared radiative properties of materials is
the key. Over the past decade, electromagnetic metamaterials, in
which the structure features are much smaller than the working

wavelength of light, have offered an entirely new paradigm for
designing special electromagnetic properties (e.g., negative refrac-
tion, electrical and magnetic resonances) and manipulating the
interactions between light and materials [1–3]. In metamaterials,
the representative unit cell size is much smaller than wavelength
so that the optical properties of metamaterials can be modeled by
effective medium theory. In this work, we will focus on two types
of widely used Si nanostructures or metamaterials: Si nanohole
arrays (SiHAs) and Si nanowire arrays (SiWAs). The near-field
radiative properties of these Si based metamaterials and thus
radiative heat transfer can be tuned by changing the dopant
concentration of Si and the filling ratio of nanoholes or nanowires.

2. Mathematical formulation of near-field radiative heat
transfer

Thermal radiation is caused by thermally induced fluctuating
currents inside materials. The correlation between the material
temperature and the average intensity of the fluctuating currents
can be described by fluctuational electrodynamics [4,5]

〈Jkðr;ωÞJnl ðr′;ω′Þ〉¼ Fðω; TÞδðω�ω′Þδklδðr�r′Þ; ð1Þ
where Fðω; TÞ ¼ 4ε0Im½εr �Θðω; TÞ=π is a deterministic function, the
bracket 〈 � 〉 denotes the statistical ensemble average, ε0 is the
permittivity of vacuum, Im½εr � is the imaginary part of the dielectric
function of the object, and Θðω; TÞ ¼ ℏω=½expðℏω=kBTÞ�1� is the
Planck distribution which represents the mean energy of a harmonic
oscillator. δklδðr�r′Þ are the Kronecker delta and Dirac delta func-
tions that indicate the random currents are incoherent at different
polarizations (l and k) and different locations, respectively. δðω�ω′Þ
indicates the temporal incoherence. The radiative heat flux from a
thermal source can be evaluated by the average Poynting vector,
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which is a deterministic value according to Eq. (1)

Φðr;ωÞ ¼ 1
2
Re½Eðr;ωÞ � Hnðr;ωÞ�

� �

¼ iμ0ω
Z
V
dr′

Z
V
dr″GEEðr; r′ÞGHEnðr; r″Þ〈Jðr′ÞJnðr″Þ〉

¼ iμ0ωF
Z
V
dr′GEEðr; r′ÞGHEnðr; r′Þ; ð2Þ

where GEE;GHE are the dyadic Green's functions that denote the
electric and magnetic responses to a single dipole source, respec-
tively [6].

As shown in Fig. 1, two semi-infinite bodies A and B with
temperatures TA; TB, respectively, are separated by a vacuum gap d.
From fluctuational electrodynamics, the radiative heat flux ΦA-B

from A to B can be evaluated analytically as [7]

ΦA-B ¼
Z 1

0

dω
2π

½Θðω; TAÞ�Θðω; TBÞ� ∑
j ¼ s;p

Z
d2K
4π2T

AB
j ðω;K ; dÞ; ð3Þ

where K¼ ðkx; kyÞ is the transverse component of wavevector,
K ¼ jKj is the norm of K, the integral for K is carried out over
both the propagating wave regime ðKrk0Þ and the evanescent
wave regime K4k0.j¼ fs; pg denotes the s- and p- polarized wave
components. Tj

ABA ½0;1� is the transmission factor (TF) presented
in Ref. [7]. In our case, it can be expressed as

Tj
ABðω;K ; dÞ ¼

ð1�jrAj j2Þð1�jrBj j2Þ
j1� rAj r

B
j expð2ik0zdÞj2

Krk0

4ImðrAj ÞImðrBj Þexpð�2Im½k0z �dÞ
j1� rAj r

B
j expð2ik0zdÞj2

K4k0

8>><
>>: ; ð4Þ

where k0 is free-space wavevector, rj is the Fresnel reflection

coefficient of body A or B, k0z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k20�K2

q
is the component of

wavevector in vacuum along the surface normal of the plate.
When a radiative photon transmits across the vacuum gap, its

polarization, frequency and transverse wavevector always remain
the same. Thus, the photons can be classified into different
transmission modes ðj;ω;ΚÞ. Physically, the transmission factor
can be understood as the probability of photons transmitting from
A to B through mode ðj;ω;ΚÞ. Krk0 corresponds to the transmis-
sion modes of propagating waves, and K4k0 corresponds to the
transmission modes of evanescent waves. Therefore, we can see
that Eq. (3) predicts the radiative heat transfer in both far-field and
near-field thermal radiation regimes.

Radiative heat transfer can be greatly enhanced in the near-field
regime due to the enormous contribution from the transmission
modes of evanescent waves. For the far-field thermal radiation, the
gap d between A and B is too large in comparison with the thermal
wavelength, which makes the exponential term of evanescent waves
in the TF negligible. However, for near-field thermal radiation, in
which d is smaller than the thermal wavelength, the contribution
from the transmission modes of evanescent waves cannot be
ignored. In some cases, it could dominate the heat transfer which
can exceed the blackbody radiation limit predicted by the Stefan–
Boltzmann law by several orders of magnitude [5,7,8]. In fact, the

Stefan–Boltzmann law can be derived from Eq. (3) by setting
Tj

AB ¼ 1 for all propagating waves and TAB
j ¼ 0 for all evanescent

waves. Thus, it is not surprising that the blackbody limit breaks
down in the near-field. According to the explanation based on TF, a
blackbody rejects all the incident photons in the transmission modes
of evanescent waves.

TF formalism clarifies the transmissivity of evanescent waves in
radiative heat transfer. Previous work [7,9] has successfully
applied the TF formalism to quantitatively explain the mechanism
of near-field radiative heat transfer for both resonant and non-
resonant materials. The qualitative picture of the TF formalism can
be illustrated by the “weighted TF” formalism mentioned in
Ref. [10], for the geometries which are symmetric in the transverse
(i.e., x–y) directions. Since the photon transmission modes ðj;ω;ΚÞ
with the same norm K ¼ jKj cannot be distinguished due to the
incoherence of the thermal radiation, we express the weighted TF
as YAB

j in the “weighted phase space” ðj;ω;KrÞ with Kr ¼ K=k0,
which has the form

ΦA-B ¼
Z 1

0

dω
2π

½Θðω; TAÞ�Θðω; TBÞ� ∑
j ¼ s;p

Z 1

0
dKr

k20Kr

2π
TAB
j ðω; k0Kr ; dÞ

" #

¼
Z 1

0

dω
2π

½Θðω; TAÞ�Θðω; TBÞ� ∑
j ¼ s;p

Z 1

0
dKrY

AB
j ðω;Kr ; dÞ: ð5Þ

Thus, YAB
j qualitatively represents the contribution of the

photon transmission modes ðj;ω;KjK ¼ Krk0Þ to the total radiative
heat transfer between bodies A and B. Furthermore, in the
weighted phase space, the propagating and evanescent wave
modes are separated by a straight line Kr ¼ 1.

Likewise, the photon local density of states (LDOS) above a
body can also be expressed in the weighted phase space. In near-
field thermal radiation, LDOS is proposed to estimate the evanes-
cent wave emissivity/absorptivity of a body [11]. Conventionally,
the LDOS is defined to determine the radiation rate of a dipole
near a body [6]. For a dipole located very close to a body, its
radiation rate can be greatly enhanced in comparison with a dipole
located in the homogenous vacuum space, since the radiation in
this case is dominated by the energy transfer through evanescent
photons. Therefore, the LDOS can be used to qualitatively estimate
the evanescent wave absorptivity (which is equivalent to emissiv-
ity) of the body in near-field thermal radiation.

According to Ref. [6], the LDOS can be calculated as

ρðr;ωÞ ¼ Uðr;ωÞ
Θðω; TÞ; ð6Þ

where Uðr;ωÞ is the thermally induced electromagnetic energy
density at point r. Thus, the heat transfer between the two bodies
can be qualitatively estimated as

ΦA-B �
Z

dω
2π

½Θðω; TAÞ�Θðω; TBÞ�ρAðd;ωÞρBðd;ωÞ: ð7Þ

For a semi-infinite body, the LDOS at the distance d above its
surface can be calculated analytically as [6]

ρðd;ωÞ ¼ ω2

2π2c3

Z k0

0

KdK
k0 k0z
�� �� ð1�jrsj2Þþð1�jrpj2Þ

2

(

þ
Z 1

k0

4K3dK

k30 k0z
�� �� Im½rs�þ Im½rp�

2
e�2Im½k0z �d

)
; ð8Þ

which can be rewritten in the weighted phase space as

ρAðd;ωÞ ¼
Z 1

0
dKrΡðω;Kr ; dÞ; ð9Þ

where we define Ρðω;Kr ; dÞ as the weighted LDOS, which represents
the contribution from the photons in the modes ðj;ω;KjK ¼ Krk0Þ to

Fig. 1. Two semi-infinite bodies A and B separated by a vacuum gap d, which are
maintained at different temperatures TA and TB , respectively.
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the LDOS ρðd;ωÞ. Specifically, it can be expressed as

Ρðω;Kr ; dÞ ¼
ω2

2π2c3
Krk0
jk0z j

ð1�jrAs j2Þþ ð1�jrAp j2Þ
2 Krr1

ω2

2π2c3
4K3

r k0
jk0z j

Im½rAs �þ Im½rAp �
2 e�2Im½k0z �d Kr41

8><
>: : ð10Þ

According to Eq. (7), the weighted transmission factor YABðω;KrÞ can
thus be estimated as

YABðω;KrÞ �ΡAðω;Kr ; dÞΡBðω;Kr ;dÞ ð11Þ

In this paper, we apply the aforementioned weighted LDOS
formalism to study the near-field thermal radiation properties of Si
based anisotropic metamaterials such as SiWAs and SiHAs.

3. Optical properties of doped Si

The optical properties of doped Si are reviewed as follows.
The Drude model is used to describe the dielectric function of
doped Si [12]

ϵSiðωÞ ¼ ϵbl�
Nee2=ϵ0mn

e

ω2þ iω=τe
�Nhe2=ϵ0mn

h

ω2þ iω=τh
; ð12Þ

where the first term on the right hand side ϵbl represents the
dielectric function of intrinsic Si, which can be taken as a constant
equal to 11.7 in the infrared range (λ42 μm) [5]. The second term
is the Drude term for transitions in the conduction band (free
electrons). The third term is the Drude term for transitions in the
valence band (free holes). Ne and Nh are the carrier concentrations
for electrons and holes, mn

e and mn

h are the effective masses of
electrons and holes for conductivity calculation, and τe and τh are
scattering times for free electrons and holes. In our simulation, we
take the values of effective mass as mn

e ¼ 0:27m0 and mn

h ¼ 0:37m0,
where m0 is free electron mass [12].

It can be seen from Eq. (12) that it is necessary to determine
carrier concentrations (Ne and Nh) and scattering times (τe and τh)
in order to obtain a proper expression for ϵðωÞ. When the dopant
concentration is low, complete ionization can be achieved. How-
ever, when the dopant concentration is very high (41019/cm3),
the dopants cannot be completely ionized. In this calculation, a
general analysis is used to account for both complete and incom-
plete ionizations based on charge neutrality [13]. This method is
valid for both non-degenerately and degenerately doped Si. The
correlation between the dopant concentration and the carrier
concentration takes the value mentioned in Ref. [12]. The scattering
time used in this work is obtained from the empirical expression for
mobility [14]

μ¼ μminþ
μmax�μmin

1þðNd=NrÞα
; ð13Þ

where μ is the mobility of electrons or holes, μmin, μmax, α and Nr are
the fitting parameters, Nd is the dopant concentration. For different
dopants, these parameters are different. The Si used in our simulation
is assumed to be arsenic n-doped, for which μmin¼52.2 cm2/V-s,
μmax¼1417 cm2/V-s, α¼9.68�1016 and Nr¼0.68. The temperature is
maintained at 300 K. In this paper, we consider the cases with the
dopant concentration Ndo1021cm�3, corresponding to carrier con-
centration Neo4� 1019cm�3, according to Ref. [12].

We plot the permittivity of Si with different dopant concentra-
tions in Fig. 2. By evaluating the sign of the real part of the
permittivity, we can see that doped Si behaves like a metal at low
frequency and like a dielectric at high frequency. In addition, the
material property of doped Si can be tuned by changing the
dopant concentrations, since the plasma frequency of the doped
Si relates to the doping level, according to Eq. (12).

4. Near-field thermal radiation of bulk doped Si

We investigate the “near-field absorptivity/emissivity” of semi-
infinite doped Si plates with different dopant concentrations by
evaluating their weighted LDOS at distance d¼10 nm above them.
Based on the concept mentioned in Ref. [7], the white solid and
dashed lines in Fig. 3 divide the photon modes ðω;KrÞ into three
different regions: (1) propagating photon modes with Kro1,
which correspond to the propagating photons in both vacuum
and doped Si; (2) frustrated photon modes with 1oKronSi due to
total internal reflection, which correspond to the photons that are
evanescent in vacuum but propagating inside doped Si; and
(3) evanescent photon modes Kr4nSi, which correspond to the
evanescent photons in both vacuum and doped Si. Here,
nSi ¼ Re½ ffiffiffiffiffiffi

ϵSi
p � is the refractive index of doped Si. For radiative

heat transfer between two bodies in the near-field, all these three
photon modes can contribute to heat transfer. Evanescent photon
modes with large K have especially dominant contribution, since
large K leads to high density of photon modes ðj;ω;ΚÞ. We can see
from Fig. 3 that the near-field thermal radiation of bulk doped Si is
dominated by the evanescent photon modes ðKr4nSiÞ. In addition,
the Kr of the dominant photon modes lies around the line of
ðk0dÞ�1. This is due to the fact that Im½rp� does not have big jumps
in the evanescent wave regime for the doped Si cases. Therefore,
according to Eq. (10), Ρðω;Kr ;dÞ goes to the maximum at
Kr � ðk0dÞ�1, since its trend is dominated by the term ðK2

r =jk0zjÞ�
exp½�2Im½k0z�d�.

We further scrutinize the physics of the dominant evanescent
photon modes in near-field thermal radiation for bulk Si. Previous
experiments demonstrated that near-field radiative heat transfer
between two polar dielectric bodies (e.g., SiO2, Al2O3) could be
greatly enhanced to exceed the blackbody limit by several orders
of magnitude [8,15]. Theoretical studies attribute the great
enhancement to the energy transfer through coupled surface wave
modes on the surfaces of two bodies [5,7]. Surface waves are
formed due to the coupling between electromagnetic waves and
free charge oscillations (surface plasmon polaritons) in metals, or
lattice vibrations (surface phonon polaritons) in polar dielectrics.
Since the propagating wavevector K of surface waves can be very
large, near-field thermal radiation can be enhanced due to surface
waves, for example, surface phonon polaritons in polar dielectrics.
Doped Si supports surface plasmon polaritons at low frequency
range where Re½ϵSi�o�1. However, unlike the aforementioned
polar dielectric materials, near-field thermal radiation of doped Si
is not dominated by the surface wave modes. In Fig. 3, most of the
dominant photon modes are located in the dielectric property
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Fig. 2. The permittivity of doped Si at different dopant concentrations. Solid and
dashed curves represent the real and imaginary parts of the permittivity, respec-
tively. The vertical dotted line denotes the boundary between the metallic and
dielectric material properties (left side is metallic property ðRe½ϵ�o0Þ, and right
side is dielectric property ðRe½ϵ�40Þ).
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region ðRe½ϵ�40Þ, which prohibits any surface waves modes.
Below the plasma frequency of doped Si, the imaginary part of
its permittivity is significantly larger than the real part, as shown
in Fig. 2. Hence, the surface wave modes in doped Si do not
support large K, according to the dispersion relation of the surface
waves [6]

K ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵSi

ϵSiþ1

r
: ð14Þ

The near-field thermal radiation of doped Si in our case is mainly
attributed to the direct absorption of the evanescent photons
incident from vacuum by the induced dipoles beneath the surface
of the opposing body. A similar conclusion was also obtained by
Ref. [12].

We further study the impact of the imaginary part of ϵSi on the
near field heat transfer between two doped Si plates. Consider the
near field heat transfer between two doped Si plates with dopant
concentration Nd ¼ 1020cm�3 separated by a 10 nm vacuum gap.
According to Eq. (12), the relative permittivity of the doped Si can

be approximated as

ϵSi ¼ 11:7� ω2
p

ω2þ iω=τe
; ð15Þ

where ωp is the plasma frequency and ωp ¼ 4:05� 1014½rad=s�,
τe is the free electron scattering time defined in Section 3, and
τe ¼ τ0 ¼ 9:87� 10�15½s�. In order to demonstrate the impact of
the imaginary part of ϵSi (or the loss of the doped Si) on coupled
surface wave modes, in Fig. 4, we plotted the weighted TF of the
heat transfer between two doped Si plates whose τe equals
τ0;2τ0;5τ0;10τ0, respectively. Note that larger τe implies the
smaller imaginary part of ϵSi, which also means the lower loss of
the doped Si. We also plot the dispersion relation of coupled
surface wave modes (fundamental TM modes) for this Si–vacuum–

Si structure based on the argument principle method mentioned
in Ref. [16].

From Fig. 4, we can see that τe controls the contribution from
coupled surface wave modes to heat transfer. For the original
doped Si case with τe ¼ τ0 (Fig. 4(a)), the heat transfer is

Fig. 3. The weighted LDOS at distance d¼10 nm from the doped Si semi-infinite plates, with different doping concentrations. Specifically, Pp denotes the contribution from
the p-polarized photon modes to the weighted LDOS, and Ps denotes the contribution from the s-polarized photon modes. The white solid lines and dashed lines partition
the ðω;KrÞ phase space into the regions of ðKok0Þ, ðk0oKonSik0Þ and ðK4nSik0Þ, where nSi ¼ Re½ ffiffiffiffiffiffi

ϵSi
p � is the refractive index of the doped Si. The vertical dotted line

separates metallic material property (left part) and the dielectric material property (right part) of doped Si. The red curves in (a), (c), (e) plot the function of ðk0dÞ�1. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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dominated by the photon modes in the dielectric regime, and the
contribution from coupled surface wave modes is negligible.
However, for the artificial doped Si case with τe ¼ 10τ0 (Fig. 4
(d)), the dominant photon modes lie in the metallic regime and
also overlap the dispersion relation curve of coupled surface wave
modes, which means the heat transfer in this case is dominated by
the photon transport through coupled surface wave modes. There-
fore, we conclude that it is the larger imaginary part (or high loss,
or short carrier scattering time) of the doped Si mitigates the
contribution from the coupled surface plasmon wave modes to the
heat transfer between two Si plates.

The weighted TF of the radiative heat transfer between two bulk
doped Si plates at different dopant concentrations is plotted in Fig. 5.
In comparison with Fig. 3, we can see that the weighted LDOS
qualitatively serves as near-field absorptivity/emissivity of a material.
Also, note that the high frequency photons in the frustrated modes
have the potential to dominate near-field heat transfer. However, at
room temperature T¼300 K, the contribution from these photon
modes can be ignored due to the very low photon population.

5. Near-field thermal radiation of SiWA and SiHA
metamaterials

Recently, nanowire arrays based hyperbolic metamaterials have
been proposed to enhance near-field thermal radiation. Liu et al.
[17] demonstrated a hyperbolic metamaterial based on metallic
nanowire arrays which can be used as a broadband near-field
thermal emitter. Biehs et al. [9] showed that the radiative heat
transfer between two SiC nanowire arrays can exceed the heat
transfer between two SiC plates. As illustrated in Fig. 2, the
material property of doped Si can be tuned from metal-like
properties to dielectric-like properties by changing its dopant
concentration. Thus, we are curious to find out if SiWAs can be

employed to design tunable hyperbolic metamaterials for control-
ling near-field thermal radiation. We also study the near-field
thermal radiation of SiHAs as a parallel comparison to SiWAs.

The principles of hyperbolic metamaterial mediated near-field
thermal radiation are briefly reviewed below. Consider an aniso-
tropic metamaterial (i.e., nanostructures) with effective permittiv-
ity in the tensor form

ϵ ¼ ϵpar½exexþeyey�þϵvetezez; ð16Þ

where ϵpar ; ϵvet are the parallel and vertical components of its
effective permittivity respectively. A hyperbolic metamaterial has
its Re½ϵpar � and Re½ϵvet � in different signs. There are many designs
realizing hyperbolic metamaterials, such as multilayer structures
[18,19] and nanowire arrays structures [9,17]. In this paper, we
focus on the SiWA hyperbolic metamaterial with Re½ϵpar �40 and
Re½ϵvet �o0. Thus, its dispersion relation is a hyperbolic function

k2z
ϵpar

� K2

�ϵvet
¼ω2

c20
¼ k20; ð17Þ

where K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þk2y

q
is the parallel component of the wavevector

and kz is the vertical component of the wavevector. This dispersion
relation shows that hyperbolic metamaterials can couple the
evanescent photons in vacuum with large K into the propagating
wave modes with real kz . Therefore, the LDOS of hyperbolic
metamaterials is expected to be greatly enhanced, since theoreti-
cally all the photons with K4k0 can be coupled with propagating
waves inside the metamaterial and eventually be absorbed due to
material loss. Furthermore, for the nanowire array made from
Drude materials (e.g. metal, dope Si, etc.), whose Re½ϵ�o0 for the
frequency below the plasma frequency, its near-field radiation
enhancement could be broadband, since the hyperbolic dispersion
can always be satisfied. One example is that metal nanowire arrays
can serve as a broadband near-field thermal emitter/absorber,

Fig. 4. The weighted TF of the radiative heat transfer between two doped Si plates at different electron scattering times τe . The vertical dotted line separates metallic material
property (left part) and the dielectric material property (right part) of doped Si. The white solid line denotes the dispersion relation of coupled surface wave modes
(fundamental TM modes) of the Si–vacuum–Si structure.
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which can greatly enhance radiative heat transfer [17]. Notice that
the enhancement of near-field thermal radiation due to hyperbolic
metamaterial has different mechanisms from that of a bulk
material. It is the frustrated photon modes with large K that
dominate in the hyperbolic metamaterial case, whereas the
dominant photon modes in a bulk material are usually the
evanescent photon modes.

We apply the Maxwell–Garnett (MG) theory to estimate the
optical properties of our doped Si based metamaterials. Previously,
the MG theory successfully predicted the infrared optical response
of SiC nanowire arrays [9] and SiC nanohole arrays [20] for low
filling ratios. When SiWAs or SiHAs perform as near-field thermal
emitters/absorbers, we assume that the wires or holes all align in
the z direction. SiWAs and SiHAs can be viewed as semi-infinite
anisotropic metamaterials with ϵpar ; ϵvet specified by the MG
theory as

ϵpar ¼ ϵh
ϵið1þ f Þþϵhð1� f Þ
ϵið1� f Þþϵhð1þ f Þ

ϵvet ¼ ϵhð1� f Þþϵif ; ð18Þ
where ϵh is the permittivity of the host material, and ϵi is the
permittivity of the embedded material. f is the filling ratio that
defines the percentage of the embedded material occupied in the
host material. For SiWAs the host material is air while the

embedded material is Si, and vice versa for SiHAs. Thus, for SiWAs,
ϵh ¼ ϵ0 which is the permittivity of air and ϵh ¼ ϵSi. For SiHAs,
ϵh ¼ ϵSi; ϵi ¼ ϵ0.

For the dopant concentration Nd ¼ 1020cm�3, Re½ϵpar� and
Re½ϵvet � of SiWA and SiHA are plotted in Fig. 6(a) and (b) as a
function of ðω; f Þ. Here, we only plot the filling ratio f in the range
of [0, 0.4] because the MG theory is valid only for low filling ratio
cases. The effective material property diagrams of these two
anisotropic metamterials are plotted in Fig. 6(c) and (d). Thus,
we expect that SiWAs behave as a hyperbolic metamaterial when
the photon frequency is below the plasma frequency, whereas
SiHAs behave just like an anisotropic metal.

Based on the weighted LDOS formalism, we investigate the
“near-field emissivity” of SiWA and SiHA structures. The weighted
LDOS at the distance d¼10 nm above the SiWAs and SiHAs with
the different filling ratios are plotted in Fig. 7. Compared with
Fig. 3, we can see that the dominant photon modes of the near-
field thermal radiation of SiWAs spread over a slightly wider
frequency range than that of bulk Si, whereas there is almost no
difference between the SiHA case and the bulk Si case. SiWAs are
expected to behave as hyperbolic metamaterials, whose LDOS
could be enhanced due to its broadband frustrated photon modes.
However, in Fig. 7, when we plot the vertical white dotted line to
separate the hyperbolic metamaterial characteristic (or metallic

Fig. 5. The weighted TF of the radiative heat transfer between two doped bulk Si plates at different dopant concentrations. Yp and Ys correspond to the weighted TF for p and
s polarizations, respectively.
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characteristic for SiHAs) and dielectric characteristic of SiWAs, we
find that the dominant photon modes of SiWA lie in the dielectric
characteristic region, which corresponds to ðϵpar40; ϵvet40Þ.
Thus, the near-field thermal radiation of SiWAs is not dominated
by its hyperbolic metamaterial characteristic. The reason why the
hyperbolic metamaterial characteristic fails to dominate the ther-
mal radiation of SiWAs is also due to the very large imaginary part
of the permittivity of doped Si. According to the dispersion
relation of an anisotropic metamaterial described by Eq. (17), the
incident photons with large K cannot be coupled into the propa-
gating wave modes because kz could have a very large imaginary
part and therefore the wave modes are exponentially decaying.
Similarly, for the SiHA cases, we also find that it is not the surface
plasmon polariton wave modes that dominate the near-field heat

transfer. Therefore, we can conclude that the dominant mechan-
ism of the near field thermal radiation of SiWAs and SiHAs is the
direct absorption of the incident evanescent photons from the
induced dipoles in Si, which is similar to the case of bulk Si.
However, due to the wire-array and hole-array nanostructures, the
LDOS above the surface of SiWAs/SiHAs is different from the LDOS
above the bulk doped Si.

Finally, the heat transfer coefficient for SiWA–SiWA cases and
SiHA–SiHA cases at temperature T¼300 K and dopant concentra-
tion Nd ¼ 1020cm�3 are plotted in Fig. 8 as the function of vacuum
gap size. Here, the heat transfer coefficient is defined as

hðTÞ ¼ ∂
R1
0 Φðω; TÞdω

∂T
: ð19Þ

Fig. 6. (a) Real part of the parallel component and (b) real part of the vertical component of the effective permittivity of Si wire arrays (SiWA) in ðω; f Þ based on the Maxwell–
Garnett theory. (c) and (d) the effective permittivity of Si hole arrays (SiHA) in ðω; f Þ. (e) and (f) effective material property diagrams for SiWA and SiHA in ðω; f Þ. “HM”,
“Dielectric” and “Metal” denote the regions of hyperbolic metamaterial characteristic with ðϵpar40; ϵveto0Þ, dielectric characteristic with ðϵpar40; ϵvet40Þ, and metallic
characteristic with ðϵparo0; ϵveto0Þ, respectively. The dopant concentration of Si is Nd ¼ 1020cm�3.
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We can see that the near field heat transfer of SiWA–SiWA and
SiHA–SiHA cases have a factor of 2 enhancement in comparison
with the bulk Si–Si case when the gap size is smaller than 100 nm.
The heat transfer between SiWA and SiWA increases as the filling
ratio decreases, whereas the heat transfer between SiHA and SiHA

increases with increasing filling ratio. Notice that, in comparison
with the metal nanowire array case mentioned in [17], even
though the doped Si appears like a metal (the real part of its
permittivity is negative at the frequencies below the plasma
frequency), the near field heat radiation of SiWAs fails to have
orders of magnitude enhancement than that of the bulk material.
This is because the large imaginary component of the permittivity
of doped Si mitigates the hyperbolic metamaterial characteristics
of SiWAs.

6. Conclusion

In this paper, we studied the near-field radiative properties of two
types of Si based metamaterials (SiWAs and SiHAs) by changing
dopant concentrations of Si and the filling ratio of nanowires or
nanoholes. In particular, SiWAs were used to design hyperbolic
metamaterials but did not show significant enhancement for near-
field radiative heat transfer because of the large imaginary compo-
nent of the permittivity of doped Si. The dominant heat transfer
mechanism for SiWA–SiWA and SiHA–SiHA is the direct absorption
of the incident evanescent photons from the induced dipoles in Si,
which is similar to the case for Si–Si. The near-field radiative heat
transfer between SiWAs and SiHAs is larger than the one between
two Si plates at small gaps. Tunable Si based metamaterials can be
used as novel near-field photonic materials which have potential
applications in thermophotovoltaic energy conversion, thermal man-
agement, and photothermal technologies.

Fig. 7. The weighted LDOS of SiWA and SiHA with different dopant concentrations. Red vertical line denotes the boundary between the dielectric material property and the
HM/metallic material property. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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