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Near-field thermal radiation transfer between semiconductors based on
thickness control and introduction of photonic crystals
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We numerically investigate the spectral control of near-field thermal radiation transfer using interband
absorption in semiconductors and the band-folding effect in photonic crystals (PCs) for highly efficient
thermophotovoltaics. We reveal that the near-field coupling between two semiconductors (Si and GaSb) realizes
frequency-selective thermal radiation transfer concentrated above their bandgap energy when their thicknesses
are optimized considering their absorption coefficient spectra. Moreover, we elucidate the role of PC structures in
the near-field thermal radiation transfer and demonstrate that the band-folding effect in PCs can further increase
both the radiation power and frequency selectivity of the near-field thermal radiation transfer.
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I. INTRODUCTION

It is well known that evanescent coupling of light be-
tween two objects greatly enhances the thermal radiation
transfer between them [1-3]. This phenomenon is called
near-field thermal radiation transfer (or near-field radiative
heat transfer) and is attracting increasing attention for anumber
of applications such as thermophotovoltaics (TPVs) [4-8]
and thermal rectification [9,10]. So far, many papers have
numerically reported a great enhancement in net radiative heat
transfer in the near-field regime using planar or nanostructured
materials [11-18]. However, fewer studies have focused on
the suppression of unnecessary near-field thermal radiation
transfer outside the target wavelengths, although it is very
important in many applications. For example, in the near-field
TPV application, the radiation transfer below the bandgap
energy of photovoltaic cells leads to the decrease of the power
conversion efficiency (the electric power generated for a given
input heating power) as well as unwanted heating of solar cells,
which deteriorates the electrical characteristics of the cells.

In this paper, we investigate a method of realizing near-field
thermal radiation transfer concentrated in a target wavelength
range, while suppressing it at other wavelengths. We have
previously demonstrated the spectral control of thermal emis-
sion in the far-field regime via the simultaneous control of the
materials’ absorption coefficient spectra and photonic density
of states inside an emitter [19-21]. Based on this concept, here,
we realize near-field narrowband thermal radiation transfer in
the near-infrared region for highly efficient TPV. We specifi-
cally focus on the near-field thermal radiation transfer between
a Si emitter and a GaSb absorber because both materials show
large absorption coefficients in the near-infrared range and are
thus expected to yield frequency-selective thermal radiation
transfer. Furthermore, we introduce a photonic crystal (PC)
structure into the emitter and utilize its band-folding effect
to further enhance the thermal radiation transfer in the near-
infrared range, while suppressing it at longer wavelengths.

The paper is organized as follows. In Sec. II, we present
numerical simulations of the near-field thermal radiation
transfer between a Si planar emitter and a GaSb planar
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absorber. We demonstrate that the frequency-selective thermal
radiation transfer, which concentrates above the materials’
bandgap energy, can be obtained when their thicknesses are
optimized considering the materials’ absorption coefficient
spectra. In Sec. III, we discuss the role of PC structures in
the near-field thermal radiation transfer and demonstrate that
the selective diffraction of light with the above-bandgap energy
owing to the band-folding effect increases both the radiation
power and frequency selectivity.

II. NEAR-FIELD THERMAL RADIATION TRANSFER
BETWEEN SI AND GASB SLABS WITHOUT PCS

A. Simulation model

We consider the system shown in Fig. 1(a), where an
undoped Si emitter (with a thickness of #;) and an n-doped
GaSb absorber (with a thickness of 7, and a doping density
of 1.0 x 10" cm™3) are separated by a vacuum gap (with
a thickness of d). We assume the emitter’s temperature to
be 1400 K, which is below the melting point of silicon
(~1680K), and the absorber’s temperature to be 300 K. The
real part of the permittivity and the absorption coefficients of
the two materials are shown in Figs. 1(b) and 1(c), respectively.
Here, we take account of the temperature dependence of the
refractive index, bandgap energy, and free carrier density of
Si [11,22]. The bandgap energy of silicon decreases from
1.1eV at300Kto 0.7 eV at 1400 K [22]. This agrees well with
the bandgap energy of GaSb, as shown in Fig. 1(c), and thus,
it is expected to yield an enhanced thermal radiation transfer
in the above-bandgap energy. The optical constant of GaSb is
taken from Refs. [23,24]. To discuss the frequency selectivity
of the thermal radiation transfer in typical photovoltaic cells,
we assume that n-doped GaSb is used instead of undoped GaSb
and take account of below-bandgap thermal radiation transfer
caused by free carriers in the emitter and absorber.

For the calculation of the near-field thermal radiation
transfer between the two parallel slabs (with PC structures
in Sec. III), we develop a simulation method based on the
fluctuation-dissipation theory [25] and the rigorous coupled
wave analysis (RCWA) [26]. The details of the method are de-
scribed in Appendix A. In the following, we calculate the near-
field thermal radiation power absorbed by the GaSb slab and
the far-field radiation loss transmitted through the GaSb slab.
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FIG. 1. (a) Simulation model of the near-field thermal radiation
transfer between Si and GaSb. (b) Real part of the permittivity of Si
at 1400 K and n-type GaSb at 300 K. (c) Absorption coefficient of Si
at 1400 K and n-type GaSb at 300 K.

B. Results

Here, we show the calculation results of the near-field
thermal radiation transfer in the abovementioned model and
discuss the dependence of the frequency selectivity on the gap
and thicknesses of the emitter and absorber.

In the first case, we assume a semi-infinite Si/GaSb
substrate (f; =, = 00) and calculate the evolution of the
near-field thermal radiation transfer spectra between the two
substrates while decreasing vacuum gaps (d). The results are
shown in Figs. 2(a)-2(d). When the gap is relatively large
[Fig. 2(a)], the absorption spectrum of GaSb (red line) is
broadband like blackbody emission, which is due to infinite
interaction of light and matter inside the semi-infinite Si/GaSb
substrate. As the gap is decreased, the free carrier absorption
at longer wavelengths is first enhanced [Fig. 2(b)], followed by
the enhancement of the above-bandgap absorption [Fig. 2(c)].
The degree of the absorption enhancement compared to
the far-field blackbody limit (black line) at wavelengths of
1 — 20 um is about 12 times greater, which is equal to the
square of the refractive index of Si [11]. This enhancement
comes from the increase of the photonic density of states inside
a high-refractive-index object compared to that inside vacuum.
However, when the gap is very small [Fig. 2(d)], a much
larger enhancement of absorption is obtained at wavelengths
longer than 20 um. Such a large thermal radiation transfer is
caused by surface waves at the interface, which are supported
by the negative permittivity of n-doped GaSb, as shown in
Fig. 1(b). Figure 2(e) shows the total absorption power (black
line) and the absorption above and below the bandgap energy
of GaSb (red line and blue line, respectively) as functions of
the vacuum gap. When the gap is smaller than 0.2 um, the
above-bandgap absorption power exceeds the far-field limit
(red dashed line), which leads to the enhancement of the
generated electrical power in the case of TPV applications.
However, in such applications, it is also important to suppress
the below-bandgap absorption and maximize the ratio of
the above-bandgap absorption to the total emission power.
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FIG. 2. (a)-(d) Calculated near-field thermal radiation transfer
spectra between a semi-infinite Si substrate and a semi-infinite GaSb
substrate with various vacuum gaps. (e) Absorption of GaSb as a
function of the vacuum gap. (f) SE as a function of the vacuum gap.
The dashed line shows the SE of a far-field blackbody.

Therefore, we define the spectral efficiency (SE) of the system
by the following equations:

Pibove—
SE = above—E,

; ey

Paboveng + Pbelowag + Prransmission

where Paboveng’ Pbelowa,y Piransmission are above-bandgap
absorption power in GaSb, below-bandgap absorption power
in GaSb, and transmission loss (zero in the semi-infinite
case), respectively. Although we can directly calculate the
generated electric power and power generation efficiency by
assuming a specific structure of a photovoltaic cell, here, we
focus on SE in order to discuss general methods for realizing
frequency-selective near-field thermal radiation transfer and to
reveal the underlying physics behind them. Figure 2(f) shows
the calculated SE as a function of the gap. The dashed line
shows the SE of a far-field blackbody. As seen in the figure,
the SE never exceeds the far-field value. This is because not
only the above-bandgap absorption but also the below-bandgap
absorption is significantly enhanced in the case of semi-infinite
substrates.

Next, we calculate the thermal radiation transfer between
the Si and GaSb slabs with finite thicknesses (ty =t, =
2 um). The calculated absorption spectra (red line) and the
transmission spectra (gray line) of the GaSb slab are shown
in Figs. 3(a)-3(d). Unlike the semi-infinite case (Fig. 2),
almost all of the below-bandgap emission from the Si emitter
passes through GaSb when the gap is large [Fig. 3(a)], and
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FIG. 3. (a)-(d) Calculated near-field thermal radiation transfer
spectra between a thin Si slab (#; = 2 um) and a thin GaSb slab (1, =
2 um) with various vacuum gaps. (e) Absorption and transmission
power of GaSb as functions of the vacuum gap. (f) SE as a function
of the vacuum gap. The dashed line shows the SE of a far-field
blackbody.

the situation does not change much even when the gap is
reduced to 1 — 0.1 um [Figs. 3(b) and 3(c)]. On the other
hand, the above-bandgap absorption of GaSb is significantly
enhanced like in the semi-infinite case, and consequently, the
frequency-selective thermal radiation transfer is achieved at a
gap of 0.1 um [Fig. 3(c)]. These results come from the fact that
both Si and GaSb have a large absorption coefficient only in
the near-infrared range, as shown in Fig. 1(c). Figure 3(e)
shows the total absorption power (black line), absorption
above and below the bandgap energy of GaSb (red line and
blue line, respectively), and transmission power (gray line) as
functions of the vacuum gap. By reducing the vacuum gap to
0.1 — 0.2 um, we can achieve the above-bandgap absorption
exceeding the far-field blackbody limit while keeping the
below-bandgap absorption much smaller. The light transmitted
through the absorber propagates to the far field and is thus
not enhanced by the near-field coupling of the emitter and
absorber, even when the gap becomes small. The calculated
SE is shown in Fig. 3(f). We can dramatically improve the
SE compared to the far-field value by reducing the gap to
around 0.1 um. The decrease in the SE at a gap thickness
below 0.05 um is caused by a significant increase in the
below-bandgap thermal radiation transfer mediated by surface
waves, as shown in Fig. 3(d).

The increased frequency selectivity demonstrated in Fig. 3
results from the proper choice of the thicknesses of the emitter
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FIG. 4. (a) Calculated energy flux of the near-field thermal
radiation as a function of the emitter thickness. The red, green,
and blue lines show the GaSb absorption in the near-infrared,
mid-infrared, and far-infrared regions. The gray line shows the
transmission power through the absorber. The gap and the absorber
thickness are set to d = 0.1 um and #, = 2 um, respectively. (b)
Calculated SE as a function of the emitter thickness. Solid line:
d = 0.1 um, dashed line: d = 100 um. (c) Calculated energy flux
of the near-field thermal radiation as a function of the absorber
thickness. The gap and the emitter thickness are set to d = 0.1 um
and #; = 2 um, respectively. (d) SE as a function of the absorber
thickness. Solid line: d = 0.1 pm, dashed line: d = 100 pm.

and absorber. Figures 4(a) and 4(b) show the calculated energy
flux of the near-field thermal radiation and its SE as functions
of the emitter thickness. In Fig. 4(a), the gap thickness is set
to d = 0.1 um [near the maximum point in Fig. 3(f)], and
the absorber thickness is set to r, = 2 um. When the emitter
thickness is too large, the below-bandgap transmission through
the absorber (gray line) exceeds the above-bandgap absorption
(red line) and decreases the SE, which is due to the broadband
emission by free carriers inside Si. More quantitatively, the
below-bandgap absorption coefficient of Si at 1400 K in
Fig. 1(c) is approximately 660 cm™! = (15 um)~!, and thus,
the emitter thickness should be reduced to below 15 um to
achieve the frequency selective thermal radiation transfer.
Howeyver, if the emitter thickness is too small, the above-
bandgap radiation transfer is insufficient compared to the
thickness-independent far-infrared thermal radiation transfer
(blue line) caused by surface waves. Therefore, the SE at
d = 0.1 um is maximized when the emitter thickness is
approximately #; = 1 — 2 um, as shown in Fig. 4(b) (solid
line). A similar tendency applies to the absorber thickness
dependence of the near-field thermal radiation transfer shown
in Figs. 4(c) and 4(d). When the absorber is too thick (>5 pum),
the mid-infrared free carrier absorption in n-GaSb (green line)
exponentially increases, while the above-bandgap absorption
saturates. When the absorber is too thin, the transmission loss
becomes dominant. Therefore, to maximize the SE at d =
0.1 um, the absorber thickness should be also, = 1 — 2 um.
The optimum thicknesses of the emitter and absorber in the
near-field case are different from those in the far-field case
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(d = 100 um), where thinner emitters and thicker absorbers
lead to a higher SE, as indicated with dashed lines in Figs. 4(b)
and 4(d).

III. NEAR-FIELD THERMAL RADIATION TRANSFER
BETWEEN SI AND GASB SLABS WITH PCS

In this section, we present the spectral control of the
near-field thermal radiation transfer using a PC slab. The use
of the PC slab has been successful for the spectral control of
the thermal radiation spectrum in the far-field range [19-21],
in which the quasiguiding modes supported by the periodic
structures achieve the efficient diffraction of thermal emission
into free space owing to the band-folding effect at the resonant
frequencies. However, in the case of the near-field thermal
radiation transfer, the diffraction might not necessarily lead to
the enhancement of the radiation transfer because the guided
modes confined inside the slab can directly couple to the
absorber via the evanescent waves. Therefore, the purpose
of the calculations provided in this section is to clarify the role
of PCs in the near-field thermal radiation transfer and to find a
PC structure that can further enhance the frequency selectivity
of the near-field thermal radiation transfer.

The calculation model is shown in Fig. 5(a), where a one-
dimensional Si PC slab with a period of @ and a stripe width
of w (1400 K) is separated from an n-doped GaSb absorber
(300 K). Here, the thicknesses of both the emitter and absorber
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FIG. 5. (a) Simulation model of the near-field thermal radiation
transfer between a Si PC emitter and a GaSb absorber. (b) Calculated
spectral efficiencies with and without a PC as functions of the vacuum
gap. The lattice constant of the PCis settoa = 0.4 um. (c) Calculated
energy flux of the near-field thermal radiation as a function of the
filling factor. The red, green, and blue lines show the GaSb absorption
in the near-infrared, mid-infrared, and far-infrared regions. The gray
line shows the transmission power through the absorber. The dashed
red line shows the above-bandgap GaSb absorption calculated by
the EMT, which does not take account of the light diffraction. The
difference between the solid line and the dashed line suggests that
the band-folding effect in the PC does enhance the above-bandgap
thermal radiation transfer. (d) Calculated SE as a function of the
filling factor atd = 0.1 um.
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are set to 2 um, where the maximum SE is obtained in the
previous section (Fig. 4).

First, we fix the lattice constant of the PC to 0.4 um and
calculate the SE of the near-field thermal radiation transfer by
varying the PC filling factor (0 = w/a). The results are shown
in Fig. 5(b). In the far-field regime (d > 1 um), the SE with
the PC (p = 0.8, red line) becomes higher than that without
a PC (p =1, black line) owing to the efficient diffraction
of thermal emission to the far field as we have mentioned
above. However, when the gap is very small (d ~ 0.01 um),
the SE with the PC becomes lower than that without a PC.
In this regime, the presence of the light diffraction (band
folding) does not influence the thermal radiation transfer
because every guided mode inside the emitter can couple
to the absorber owing to the sufficiently small gap. In this
case, the above-bandgap absorption inside the absorber is
simply determined by the photonic density of states inside
the Si emitter. The photonic density of states inside the PC
structure is smaller than that inside the planar emitter due
to the lower effective refractive index, which leads to the
reduction of the above-bandgap absorption power. The most
important point we should discuss here is the enhancement of
the maximum SE with the PC structure at a moderately small
gap (d = 0.1 um). Figures 5(c) and 5(d) (solid lines) show
the calculated energy flux of the near-field thermal radiation
and its SE as functions of the filling factor at d = 0.1 um.
In Fig. 5(c), both the above-bandgap absorption and below-
bandgap losses (absorption and transmission) monotonically
decrease with p, but the former decreases slower than the latter,
which leads to the maximum SE around p = 0.8, as shown
in Fig. 5(d).

Let us explain the physical reasons behind the results shown
in Figs. 5(c) and 5(d). At a moderately small gap, both the
diffraction of thermal emission owing to the band-folding
effect and the decrease of the photonic density of states
can influence the thermal radiation transfer: the former can
increase the energy flux, while the latter decreases the energy
flux. To separate these two effects, we perform the calculation
of the near-field thermal radiation transfer using the effective
medium theory (EMT), where a one-dimensional PC slab
is approximated with a uniform slab having an anisotropic
effective permittivity

€/ = EsiP + &, (1 — p)
_ _ -1
e, =[es'pt+eg 1—p)] . )

Here, ¢, and ¢ | denote the permittivities for electric fields
parallel and vertical to the stripes. The EMT does not take
account of the light diffraction but only takes account of the
change of the photonic density of states. The calculated above-
bandgap GaSb absorption power and SE are superimposed in
Figs. 5(c) and 5(d) with dashed lines. Here, the above-bandgap
absorption calculated by the EMT rapidly decreases with p.
The difference between the solid lines and the dashed lines in
Fig. 5(c) suggests that the band-folding effect in the PC does
enhance the above-bandgap thermal radiation transfer even at
a moderately small gap of d = 0.1 um. On the other hand,
the below-bandgap losses calculated by the EMT (not shown)
is almost equal to that calculated by the rigorous method,
which suggests that the period of the PC (¢ = 0.4 um) is too
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FIG. 6. (a) Calculated energy flux of the near-field thermal
radiation as a function of the lattice constant. The red, green, and blue
lines show the GaSb absorption in the near-infrared, mid-infrared,
and far-infrared regions. The gray line shows the transmission power
through the absorber. (b) Calculated SE as a function of the lattice
constant at d = 0.1 um. (c) Schematic diagram for the enhancement
of the near-field thermal radiation transfer by the band-folding effect
of PCs. Left: dispersion diagram for the guiding modes inside a flat
slab. Right: dispersion diagram for the guiding modes inside a PC
slab.

small to induce the diffraction of mid-infrared and far-infrared
emission (the details are discussed later). Therefore, the
band-folding effect in the PC structure selectively increases
the above-bandgap thermal emission, which also increases the
SE as shown in the difference between the solid lines and the
dashed lines in Fig. 5(d).

To further investigate the role of band folding, we perform
the same calculations by varying the lattice constant of
the PC with the fixed filling factor (p = 0.9). The results
are shown in Figs. 6(a) and 6(b), where the limit as the
lattice constant goes to zero is calculated by the EMT. As
the lattice constant increases, the above-bandgap absorption
increases at first, and then the transmission loss increases. This
result can be qualitatively explained as follows. The left panel
of Fig. 6(c) shows the schematic diagram of the dispersion
curves of the guiding modes inside a flat slab without a PC
structure. Among these guiding modes, the ones far away from
the light line (w = ck) contribute less to the near-field thermal
radiation transfer since they are strongly confined inside the
slab and evanescent coupling is weak. When the PC structure
is introduced in the slab, these modes are brought above or
near the light lines by the band-folding effect of the PC and
contribute to the enhancement of the thermal radiation transfer
[right panel in Fig. 6(c)]. By choosing the lattice constant
properly (a ~ 0.4 um), we can selectively enhance the thermal
radiation transfer in the above-bandgap energy. However, if the
lattice constant is too large [the magnitude of the reciprocal
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FIG. 7. (a) Simulation model of the near-field thermal radiation
transfer between a Si PC emitter with partially etched stripes and
a GaSb absorber. The designed PC emitter has a flat upper surface
to mitigate the decrease of the photonic density of states, while the
strength of the diffraction can be adjusted with the filling factor and
the depth of the stripes at the backside. (b) Calculated energy flux of
the near-field thermal radiation as a function of the filling factor. The
stripe depth is set to 1 um. The red, green, and blue lines show the
GaSb absorption in the near-infrared, mid-infrared, and far-infrared
regions. The gray line shows the transmission power through the
absorber. (c) Calculated SE as a function of the filling factor at d =
0.1 um and 4 = 1 um. (d) SE (black line) and above-bandgap GaSb
absorption power (red line) of the near-field thermal radiation as
functions of the stripe depth at d = 0.1 um and p = 0.7.

vectors of the PC (2 /a) is too small], the band folding is
induced at lower frequencies, which decreases the frequency
selectivity of the thermal radiation transfer. More quantitative
results are described in Appendix B.

So far, we have demonstrated that the introduction of
a PC structure to the emitter can increase the SE of the
near-field thermal radiation transfer. For example, in Fig. 5(d),
the SE without a PC structure (64.5%) becomes 68.0% with
the PC structure (p = 0.8). However, in Fig. 5(c), the absolute
value of the above-bandgap absorption with the PC structure
(p = 0.8) becomes smaller than that without a PC structure by
~10%, which is due to the decrease of the photonic density
of states inside the PC emitter. To realize the simultaneous
increase of the SE and the absolute value of the absorption
power, we investigate a one-dimensional PC with partially
etched stripes, as shown in Fig. 7(a). Since the evanescent
coupling between the emitter and the absorber is dominant
near the upper surface, the designed PC structure has a flat
upper surface to mitigate the decrease of the photonic density
of states. The strength of the diffraction can be adjusted with
the filling factor and the depth of the stripes at the backside.
Figures 7(b) and 7(c) show the calculated energy flux of the
near-field thermal radiation and its SE as functions of the filling
factoratd = 0.1 um, where the stripe depthissettor = 1 um.
Here, not only the SE but also the absolute value of the
above-bandgap absorption of the PC (p = 0.7) becomes larger
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than those without the PC (p = 1). Quantitatively speaking,
the introduction of the PC (¢ = 0.4 um, h = 1 um, p = 0.7)
leads to 6% increase both in above-bandgap absorption and
SE compared to that without the PC (p = 1.0). Figure 7(d)
shows the above-bandgap absorption power (red line) and the
SE (black line) as functions of the stripe depth (p is set to
0.7). When the structure has moderately shallow stripes (h =
0.5 — 1.0 wm), both the absolute value of the above-bandgap
absorption and SE can be boosted compared to those without
the PC (& = 0 um).

IV. CONCLUSIONS

We have numerically investigated the near-field thermal
radiation transfer between a Si PC emitter and a GaSb
absorber and demonstrated that the narrow-bandwidth near-
field thermal radiation transfer can be achieved through the
careful design of the emitter and absorber. We have revealed
that the enhancement of the above-bandgap absorption and
the suppression of the below-bandgap emission are compatible
when the thicknesses of the emitter and absorber are optimized
considering the materials’ absorption coefficient spectra. We
have also demonstrated that the introduction of a PC slab into
the emitter can further increase the frequency selectivity and
the absolute power of the near-field thermal radiation transfer
when the PC induces selective diffraction of light with the
above-bandgap energy, while maintaining the photonic density
of states. The methods we propose here (thickness control
and introduction of PCs) are universal and thus applicable
to other material systems. We believe that our findings will
provide important guidelines for the design of high-power
high-efficient near-field TPV systems.
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APPENDIX A: NUMERICAL SIMULATION OF
NEAR-FIELD THERMAL RADIATION TRANSFER
BETWEEN PC SLABS

Here, we describe the simulation method of near-field
thermal radiation transfer between PC slabs. The method
is based on the fluctuation-dissipation theory [25] and the
RCWA [26]. Unlike the matrix trace formalism described in
previous papers [14,16], our method enables the simulation of
a detailed spatial absorption profile in a multilayered structure
as well as transmission spectrum through an absorber with a
finite thickness.

Two parallel PC slabs (PC1 and PC2) with the same
period are opposed to each other, as shown in Fig. 8. The
electromagnetic fields of the Bloch mode inside PC1 can be
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FIG. 8. Simulation model of the near-field thermal radiation
transfer between two parallel PC slabs.

written as the superposition of plane waves as follows:

E.(r) =exp(if - p) x )_ E:.(2)exp(iG, - p)
Ey() = exp(i - ) X Y. Ey 1(2) exp(iGy - p)
Ho(r) = exp(iB - p) X 3 Hy 1(2) exp(iG, - p)
Hy () = exp(i - p) x éH,,n(z)expaGn p),

where r = (x,y,2), p = (x,Yy), B is the in-plane wave vector
of the Bloch mode in the first Brillion zone, and G,, is the nth
reciprocal vector of the PC. Let E and H be column vectors
that are composed of the expansion coefficients in Eq. (A1)

E(Z) = (Ex,laEy,laEx,2’Ey,2’ ttt 5ExﬁNvEy,N)T
(A2)

H(Z) = (HX,ISH}'.lvHx,ZsH}'.Zv e vHx,N’Hy,N)T’

where N is the number of plane waves used for the Fourier
expansion. When there are no current sources inside PCl,
substituting Egs. (A1) and (A2) into Maxwell’s equations gives
the following matrix equations [26]:

0
—E=iTH,
0z

d
—H=iT,E, (A3)
0z
2
a2
Here, the 2N x 2N matrices T and 75 are defined as
Ti’j 1 kxﬁié‘i;lky,j —kx,ié‘i;lkx’j +k(2)8,]
b weQ ky,,‘é‘;ilky,j — ké&»j —ky’,‘é‘i;lkx,j

E=-T\T:E. (A4)

T;’j 1 —ky i8ijky
wo —k»,,,-aijky,j + k(z)é‘[j

kx,,-(?ijkx,j — k(%gij
kyidijky, ’

(AS)
where k() ; is the x(y) component of the wave vector of the

ith plane wave and ¢;; and 8;1 are the Fourier component of
the periodic permittivity distribution

&ij = /[ e(p) expli(G; — G;) - pldp,
unitcell

gl.;l = // b expli(G; — G;) - pldp. (A6)

nitcell 8(/0)

By defining the eigenvalues and eigenvectors of the ma-
trix 7,7, as ;> (Im(y;) >0) and w; (i = 1,2, ---,2N),
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Egs. (A1) and (A2) can be rewritten as
Eo(z) = Eo"(z) + Eo(2)
Eot(x) = ) [ exp(ivin)] u,,

Eo ()= ) _[C; exp(—iyiz)lu,, (A7)

where EqT(z) and Eq~(z) are the electric field components
of the eigenmodes propagating in the +z and —z directions,
respectively, and C l+ and C; are unknown coefficients.

J

1
(@™ (@) =

wey hw

= _ S — )8z —7) / dpIm(e) expli(Gy — G,) - pl.
unit cell

475 explliw/ kT) — 1

When the current sources exist, matrix Eqs. (A3) are
modified as follows:

9 9
—E=iT'H+J),, —H=iT,E+J,, (Al0)
0z 0z
2 9
—E=-T\ToE+iTi,+ =], (Al
07 0z
where
1 1. 1.
Jl = _(kx,l(s Jz)l’ky,l(s .]z)]vkx,Z
wE
—1s —1s T
x (& .]Z)zaky,Z(e J)y o -)
o= Gyt = Jutodyos = Juos )"
N
(') = &' je e (A12)
j=1

To solve Eq. (A11), we diagonalize the matrix 7| T, with its
diagonal matrix S, whose ith row vector is u;. By multiplying
S,~! from the left in Eq. (A11), we obtain

9? d
a—ZZS;lE =S, 'T\T,S,(S,'E) + a_zSJlJl + 85T ).

(A13)

The equation above can be divided into 2N independent
differential equations

92 d
5311 = = i@+ - pi@) +i4i(2)
Z 0z

x(@=1,2, ---,2N), (Al14)
where f;(2), pi(2),qi(z) are the ith components of the vectors
S'E,S; 31,8, 1 T1J,, respectively. Here, f;(z) corresponds to
the amplitude of the ith eigenvector u,. By solving Eq. (A14)
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When PC1 is heated, random fluctuating currents
Jm(r) (m = x,y,z) are induced inside the object. According
to the fluctuation-dissipation theory, these currents obey the
following correlation [6]:

G ) () = dweglm(e) hw
Jm L, @) Jpy (T, @ - T eXp(FlCO/kT) -1

X 8y 8(r — 1)8(w — ).

(A8)

As in Eq. (A1), j,(r) can be expressed with the superpo-
sition of plane waves. Using Eq. (A8), the amplitudes of each
plane wave j,, ,(z) obey the following correlation:

— // dp // dp' (@) ju (@) expli(Gy - P — Gy - )]
167 unit cell unit cell

(A9)

(

using the Fourier method, we obtain

o T Pi(y) + Qi(y)lexpliy;z) (2> 0)
T E P + 0 lexp-ive) (@ <0)
(A15)
where
1 o0
Pi(y;) = 2—/ pi(z)expliy;z)dz,
T J-co
1 o0
Qi(y;) = 2—/ qi(z)exp(iy;z)dz. (A16)
T J_

The integration range of Eq. (A16) can be replaced with
—11/2 < z < t1/2 since the currents are induced only inside
the slab. By comparing these results with Eq. (A7), we obtain

+
Il

i %[V,-Pi()/iH 0:(1)].

l

¢ = g[—ViPi(_Vi)JF Qi(=y)l.

l

(A17)

The plane waves excited by the fluctuation currents at
the reference plane (z = 0) inside PC1 then propagate to
PC2 while receiving multiple reflections. The electromagnetic
fields at the observation plane (z = z;) inside PC2 can be
expressed as

E, =) [M;Clu, + Mz C/ ]

H, = ) [M};Clu; + My Cu,].

i

(A18)

Here, Mj,Mj; are the transfer matrices for the plane
waves from the reference plane in PC1 to the observation
plane in PC2, which can be calculated using the RCWA
method [26]. Finally, the spectral energy flux propagating
through the observation plane inside PC2 is given by the
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FIG. 9. Far-field emissivity spectrum of a one-dimensional Si
grating (a =0.5um, r =0.5um, w=0.25pum) in the normal
direction, calculated using (a) the fluctuation-dissipation method
and (b) the conventional RCWA. (c) and (d) Near-field thermal
radiation transfer spectrum (normalized by the far-field blackbody
spectrum) from a Si grating (¢ = 0.5 um, r = 0.5 um, w = 0.25 um)
to a Si plane (# = 0.5 um) and that from the Si plane to the Si
grating.

summation of the Poynting vectors for all in-plane wave
vectors

S(w) =

N
1
dﬁ ERe |:<Z; (E2x,n HZy,n _EZy,n HZx,n)>:| .

(A19)

IstBrillouin

The calculation of the summation can be performed
by substituting Eqs. (A12), (A16)-(A18) into Eq. (A19),
expanding the summation, and using the correlation of the
fluctuation currents [Eq. (A9)] for each term.

To confirm the validity of our method, we perform two
simulation tests. In the first test, we calculate the far-
field emissivity spectrum of a one-dimensional Si grating
(@a=05um, t =0.5um, and w = 0.25 um) in the normal
direction using the abovementioned method and compare it
with the far-field absorptivity spectrum of the same grating in
the normal direction calculated with the conventional RCWA
program. The results are shown in Figs. 9(a) and 9(b), where
both spectra completely agree with each other. In the second
test, we check the duality of our simulation program by
comparing the near-field thermal radiation transfer spectrum
(normalized by the far-field blackbody spectrum) from a
Si grating (a = 0.5um, t = 0.5 um, w = 0.25 um) to a Si
plane (r = 0.5 um) with that from the Si plane to the Si
grating. The obtained results are the same as shown in
Figs. 9(c) and 9(d), indicating the validity of our simulation
method.
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FIG. 10. Wavenumber-resolved near-field thermal radiation
transfer spectrum between a Si PC emitter (1, = 2 um and p = 0.9)
and a GaSb absorber (f, =2 pum) at the gap d = 0.1 um. The
lattice constant of the PC is (a) a = 0.2 um and (b) a = 0.4 um.
(c) Difference between (b) and (a) in the wavenumber range of
0 < k. < 2.57 um~'. The band-folding effect selectively enhances
the thermal radiation transfer in the above-bandgap energy.

APPENDIX B: SELECTIVE NEAR-FIELD THERMAL
RADIATION TRANSFER USING THE BAND-FOLDING
EFFECT IN PC SLABS

In this appendix, we show additional calculation results
in order to quantitatively affirm the mechanism of selective
near-field thermal radiation transfer in PCs. Figure 10 shows
the wavenumber-resolved near-field thermal radiation transfer
spectrum between a Si PC emitter (r; = 2 um and p = 0.9)
and a GaSb absorber (f; =2 pum) at the gap d = 0.1 um
[corresponding to Figs. 6(a) and 6(b)]. The lattice constant
of the PC is set to a = O um in Fig. 10(a) (calculated by the
EMT) and a = 0.4 um in Fig. 10(b). In Fig. 10(a), the modes
far away from the light line (k, > 2.5 um™") contribute less
to the near-field thermal radiation transfer. When the PC is
introduced [Fig. 10(b)], the above-bandgap thermal radiation
in the range of the first Brillouin zone (0 < k, < 2.57 um™")
is drastically enhanced. The difference between (b) and (a)
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in the wavenumber range of 0 < k, < 2.57 um~! is shown
in Fig. 10(c), which clearly indicates that the folding of the

PHYSICAL REVIEW B 95, 125307 (2017)

photonic band is the key to realize selective enhancement of
the thermal radiation transfer in the above-bandgap energy.
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