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Abstract: Dynamic control of radiative heat transfer is of fundamental interest as well as for
applications in thermal management and energy conversion. However, realizing high contrast
control of heat flow without moving parts and with high temporal frequencies remains a challenge.
Here, we propose a thermal modulation scheme based on optical pumping of semiconductors
in near-field radiative contact. External photo-excitation of the semiconductor emitters leads to
increases in the free carrier concentration that in turn alters the plasma frequency, resulting in
modulation of near-field thermal radiation. The temporal frequency of the modulation can reach
hundreds of kHz limited only by the recombination lifetime, greatly exceeding the bandwidth of
methods based on temperature modulation. Calculations based on fluctuational electrodynamics
show that the heat transfer coefficient between two silicon films can be tuned from near zero to
600 Wm−2 K−1 with a gap distance of 100 nm at room temperature.
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1.

Introduction

Active control of heat flow has long been of interest in various fields [1–13]. The possibility to
modulate radiative transfer is especially interesting due to its noncontact nature. The simplest
mechanism to actively control radiative transfer by modulating the temperature of the emitter is
limited to relatively low frequencies [14]. More quantitatively, consider the use of an optical beam
to modulate the temperature of a radiative emitter. Assuming the light is absorbed near
√ the sample
surface, the amplitude of the temperature change of the film is given by ∆T = Q0 / κCω, where
Q0 is the input power density, κ is the thermal conductivity, C is the volumetric heat capacity and
ω is the external modulation angular frequency [15]. Let us take the input power density Q0 =
102 Wcm−2 , κ = 1 Wm−1 K−1 , C = 106 Jm−3 K−1 and ω = 2π×105 rad/s. The amplitude of the
temperature oscillation of the films is only about 1.3 K corresponding to a small heat transfer
modulation of 8.0×10−4 Wcm−2 despite the large input power density. Thus simply modulating
the temperature of a radiative emitter does not result in substantial radiative flux modulation as
frequency increases.
Prior works aimed to overcome this limitation by, for example, altering emissivity with
temperature-dependent phase-change materials [7, 8], carrier-injection-induced modification of
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band structure in quantum wells [1], and electrostatic gating of graphene plasmonic resonators
[9], among other schemes. However, these schemes modulated the far-field radiation which
significantly limits the maximum heat flux. Further, the broadband nature of thermal radiation
imposes stringent requirements on any method as a wide spectrum of electromagnetic waves
must be manipulated.
On the other hand, near-field radiative transfer is capable of supporting heat fluxes that are orders
of magnitude larger than that in the far-field [16–20] through a relatively narrow bandwidth [21].
These properties have been exploited in various applications, including thermophotovoltaics
[22–25], solid-state cooling [4], thermal rectification [2,26], and active extraction of bound surface
waves [5], among others. A method that is capable of dynamically modulating near-field radiative
heat transfer would be of great interest. As doped semiconductors possess surface resonance
frequencies in the infrared that vary with carrier concentration [27], actively altering carrier
concentration could provide a mechanism to modulate radiative transfer. However, although
optical pumping has been used for tuning the permittivity of different materials via carrier
photoinjection with high speed [28–30], the effects on radiative transfer have not yet been studied.
Here, we propose a scheme for dynamically controlling near-field radiative transfer between
semiconductors by external optical illumination with hundreds of kHz. A change of carrier
concentration induced by the optical pumping shifts the plasma frequency of the semiconductor,
altering the near-field radiative heat transfer coefficient. Our results show that heat transfer
coefficient can be tuned from near zero to 600 Wm−2 K−1 at room temperature with a bandwidth
on the order of hundreds of kHz. Our work introduces a promising method to realize dynamic
external control of heat flow.
2.

Theory

The system we consider is shown in Fig. 1. Two parallel porous silicon films (denoted as Region 1
and 2) are put in close proximity to each other with a vacuum gap distance d (denoted as Region
3). The two films are supported by two substrates in contact with separate thermal reservoirs.
We choose porous silicon rather than fully dense silicon to enable the formation of surface
plasmon polaritons (SPPs) with high near-field energy density as discussed in the next section.
Optical elements composed of porous silicon have been fabricated for gradient refractive index
devices [31] and distributed Bragg reflectors [32] in the visible regime. These two films are
optically pumped by two laser beams with wavelength 400 nm corresponding to an absorption
coefficient of 1.06×105 cm−1 . Although the absorption depth is around 100 nm, smaller than
the thickness of the films (1 µm), the fast carrier diffusion process on the order of 1 ns leads
to a nearly uniform free carrier concentration in the film during modulation with period over 1
µs. The background doping concentration is taken to be 1015 cm−3 . We assume that the steady
power of the lasers and the temperatures of the thermal reservoirs are chosen so that each film
is at a specified temperature. For the purpose of calculating the heat transfer coefficient, the
temperatures of the two films are taken to be T1 = 300 K and T2 = 299 K, but in an actual
application the temperature difference could be much larger. Under external optical pumping,
excited free carriers result in the change of its relative permittivity, leading to an increase of
near-field radiative heat transfer. Moreover, when the pumping is off, carriers recombine and
the radiative heat transfer decreases to near zero, providing a mechanism to rapidly modulate
near-field radiative transfer.
We calculate the near-field radiative heat transfer coefficient for this scheme using the standard
formalism of fluctuational electrodynamics [33]. The heat transfer coefficient (h) is given as:
∫ ∞
∫
1
∂Θ(ω, T) ∞
h= 2
dω
dβ[Γs (ω, β) + Γp (ω, β)].
(1)
∂T
π 0
0
where Θ(ω, T) = ~ω/[exp(~ω/k B T) − 1] is the mean energy of a harmonic oscillator, ~ is the
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Fig. 1. Schematic of the configuration for near-field radiative transfer dynamically controlled
by external optical excitation. The two porous semiconductor films of thickness t on two
substrates are maintained at constant temperature of T1 and T2 (T1 > T2 ) with a vacuum gap
distance of d. Free carriers are excited by the external illumination from both sides, leading
to the formation of surface plasmons and resulting in a modulation of near-field radiative
heat transfer.

reduced Planck constant, k B is the Boltzmann constant, β is the wave vector in the x-y plane
and T is the absolute temperature. The exchange function Γ for the s and p modes in the second
integral is expressed as:

Γα=s, p (ω, β) =


(1 − |Rα1 | 2 )(1 − |Rα2 | 2 )



β
,


 4|1 − Rα1 Rα2 ei2βz d | 2

for β < ω/c;


Im[Rα1 ]Im[Rα2 ]ei2βz d


β
,


|1 − Rα1 Rα2 ei2βz d | 2


for β > ω/c.

(2)

Here, Rαi is the reflection coefficient of the multilayer system as seen from inside the vacuum
gap, where i denotes the domain with i = 1, 2 and α denotes the polarization. We neglect the
difference of electromagnetic properties with temperature, leading to Rα1 = Rα2 . βz is the wave
vector along the z-direction inside vacuum. The contribution of both propagating (β < ω/c) and
evanescent waves (β > ω/c) to the radiative transfer are included.
The effective permittivity of the porous silicon films is obtained using the Maxwell-Garnett
equation [34]:
2 f (i − m ) + i + 2m
1 = 2 = e f f = m
.
(3)
2m + i + f (m − i )
where m = ∞ − ω2p /(ω2 + iγω) is the relative permittivity of the matrix medium (silicon) [27]
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and i is the relative permittivity of the inclusions (vacuum, i = 3 = 1), and f is the porosity
or the volume fraction of the inclusions. The plasma frequency (ω p ) is directly related to the
carrier concentration which is controlled by the external illumination intensity. The effect of
illumination is thus modeled simply as an altered permittivity of the porous silicon matrix.
The external optical power needed to create a steady state concentration of photoexcited carriers
depends on the relevant carrier recombination mechanisms of silicon. A Shockley-Read-Hall
(SRH) model is used for the trap-assisted recombination as shown in the following equation. The
electron and hole lifetime parameters are assumed to be τn = τp = 10 µs with a trap density of
5×1013 cm−3 [35].
RSRH =

np − ni2
V
τp (n + ni ) + τn (p + ni )

(4)

with n and p being the concentrations of electrons and holes, ni being the intrinsic carrier
concentration and V being the volume of the solid portion of the porous medium. Auger
recombination is also included as:
R Auger = (Cn n + Cp p)(np − ni2 )V

(5)

where the factor Cn = Cp = 2×10−32 cm6 s−1 [36].
Surface recombination is included using:
RSur f ace = S(p − p0 )As

(6)

with S being the surface recombination velocity, p0 being the initial concentration of holes and
As being the surface area. The surface recombination velocity is obtained from Ref. [37]. To
account for the large surface area of porous materials, we assume that the pores are spheres
with radius r arranged in period of a with porosity f = 4πr 3 /3a3 which leads to a large surface
to volume ratio As /V = 4πr 2 /a3 . Although the large surface area leads to appreciable surface
recombination, we note that even if the surface recombination velocity is an order of magnitude
larger than the value chosen here, the required optical power to achieve a given modulation only
increases by a factor of two due to the influence of Auger recombination. Therefore, our scheme
is still applicable even for less ideal surfaces.
3.

Results

We first examine the heat transfer coefficient versus porosity for a specific carrier concentration
in Fig. 2(a). For these calculations, the carrier concentration and film thickness are chosen to be
1019 cm−3 and 1 µm, respectively. The maximum heat transfer coefficient of 640 Wm−2 K−1 is
achieved at f = 0.87. Previously, porous silicon with porosity of 0.85 has been experimentally
realized [31]. Here, we set f = 0.80 for future calculations. As shown in Figure 2(b), lower values
of f lead to a decrease of the overall spectral heat flux value and shifts the peak of the spectral
heat flux to higher frequency for which the thermal occupancy is smaller, leading to a lower heat
transfer coefficient according to Equation 1. On the other hand, a higher value of f indicates
less silicon and more vacuum, resulting in lower spectral heat flux, decreasing the heat transfer
coefficient. We note that the optimal value of f for maximum heat transfer coefficient depends on
temperature and carrier concentration.
Figure 2(c) plots the heat transfer coefficient versus thickness of the films. With a film thickness
larger than 1 µm, the heat transfer coefficient remains almost constant at 600 Wm−2 K−1 . For
subsequent calculations, we assume the thickness of the films to be 1 µm unless specifically
specified.
External optical pumping leads to the excitation of free carriers inside the films. The curve
in Fig. 2(d) depicts the carrier concentration as a result of external pumping. At low input
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Fig. 2. (a) Heat transfer coefficient versus porosity. (b) Spectral heat flux versus frequency
for different porosities. (c) Heat transfer coefficient versus film thickness at f = 0.80. The
heat transfer coefficient remains almost constant beyond 1 µm. (d) Carrier concentration
versus input power density. The black and red dashed lines are the asymptotes considering
only trap-assisted/surface recombination mechanism and Auger recombination mechanisms,
respectively. All the calculations in (a), (b) and (c) are performed with a carrier concentration
of 1019 cm−3
.

power, the carrier concentration remains at 1015 cm−3 because of background doping. An
increase in the optical excitation power leads to an increase in free carrier concentration with
the steady-state value determined by the recombination mechanisms. The required input power
density first increases linearly with the carrier concentration in the region from 1×1016 to 1×1018
cm−3 where the trap-assisted recombination and surface recombination dominates at lower
carrier concentrations. However, for carrier concentrations beyond 5×1018 cm−3 , a dramatic
increase of input power density is needed to maintain the carrier concentration because the Auger
recombination becomes the dominant recombination mechanism.
The heat transfer coefficient versus external optical power is shown in Fig. 3(a). A large
variation in heat transfer coefficient is observed as the pumping power is varied. Without pumping,
the heat transfer coefficient is near zero. This low heat transfer coefficient results from the absolute
positive value of the silicon permittivity with negligible imaginary part for the background
doping of 1015 cm−3 , resulting in little emission or absorption in the infrared wavelengths. As
the carrier concentration increases due to the increased optical pumping, the real part of the
silicon permittivity at low frequency becomes negative while the imaginary part increases. The
material is able to support surface plasmons which contribute to the near-field radiative transfer.
The maximum heat transfer coefficient is 600 Wm−2 K−1 for the considered input powers occurs
at an input power density of 2.3×103 Wcm−2 .
We now compare the modulation depth of our scheme to those in prior reports. Previously,
dynamic tuning of emissivity was reported with modulation of emissivity from 0.24 to 0.74 through
intersubband absorption [1] and from 0.5 to 0.95 with reconfigurable microelectromechanical
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Fig. 3. (a) Heat transfer coefficient versus input power density with f = 0.80. The heat
transfer coefficient is nearly zero at low optical pumping and increases to 600 Wm−2 K−1
with power density of 2.3×103 Wcm−2 . (b) and (c) Normalized exchange function versus
angular frequency and wave vector. The carrier concentration is set at (b) 1016 cm−3 , (c)
1019 cm−3 with f = 0.80. The black solid curve in (c) denotes the dispersion relation of the
SPP mode where the real part of 1 is negative. The white dashed line is the light line in
vacuum. Significant enhancement of heat transfer coefficient results from the increase of
exchange function in (c) compared with (b).

systems [6] in the far field, corresponding to heat transfer coefficients of 1.5 to 4.5 Wm−2 K−1
and 3.1 to 5.8 Wm−2 K−1 around room temperature. In the near field, Ref. [7] reported dynamic
modulation of radiative heat transfer coefficient from 17 to 30 Wm−2 K−1 via phase-change
material with a gap distance of 370 nm. To compare with this latter result, we recalculated the
maximum variation in heat transfer coefficient for a gap distance of 370 nm. With our scheme, a
modulation of heat transfer coefficient from near zero to 44 Wm−2 K−1 can be achieved for the
same gap distance, substantially larger than that reported earlier.
We investigate the origin of the modulation by calculating the exchange function, Eq. (2), versus
angular frequency and wave vector in Figs. 3(b) and 3(c). For films with carrier concentration of
1016 cm−3 , only propagating waves under the light line contribute to radiative transfer, leading to
negligible heat transfer coefficient. However, for films with carrier concentration of 1019 cm−3 ,
enhanced radiative heat transfer occurs in the near field as a result of the increase in exchange
function appearing above the light line, as pointed out in [27]. Thus, the heat transfer coefficient
increases quickly from 5 Wm−2 K−1 at a carrier concentration of 1016 cm−3 to 600 Wm−2 K−1 at
a carrier concentration of 1019 cm−3 .
To further investigate the origin of the heat transfer coefficient at a carrier concentration
of 1019 cm−3 , we examine the surface mode supported by two infinitely thick porous silicon
slabs. The dispersion relation of the SPPs supported in this geometry can q
be described by
tanh(k3 d/2) = −(k 3 1 )/(k 1 3 ) and tanh(k 3 d/2) = −(k1 3 )/(k3 1 ), where k j = k S2 P P − k 02  j is
the wave vector in z-direction within corresponding medium with j = 1, 3 [38]. In the electrostatic
limit (k S P P  ω/c), the dispersion relation is simplified as follows


1
1 (ω) − 3
k S P P ≈ ln ±
.
(7)
d
1 (ω) + 3

We superimposed the results from the dispersion relation in Fig. 3(c) as the black solid line in
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the region where the real part of 1 is negative. It is clear that the dispersion relation matches
with the peak values of the exchange function, confirming that the broadband SPP mode with
high propagation constant is responsible for the enhanced heat transfer coefficient.
Next, we consider some typical values for relevant parameters for an experimental study. We
take the films to have dimensions 1 cm × 1 cm, separated by a 100 nm gap. The two films are
maintained at temperature of 300 and 500 K, respectively. With a tuning input power from zero
to 2 W, we find that the heat transfer power can be tuned from near zero to 0.8 W. This result is
significantly improved over previous results regarding the modulation depth [1, 6, 7] and exceeds
the blackbody limit for radiative transfer for the same temperatures by nearly a factor of three.
Finally, we consider the maximum bandwidth of modulation of the radiative flux. Modulation
by simply changing the temperature of an emitter with a modulated heat flux becomes increasingly
challenging as frequency increases as discussed in the introduction. In contrast, the bandwidth of
our scheme is limited only by the recombination lifetime. A tradeoff exists between bandwidth
and required optical power as a shorter recombination time implies high bandwidth but requires
more power to maintain a given free carrier concentration. For the parameters chosen here,
at a carrier concentration of 1018 cm−3 , the lifetimes corresponding to trap-assisted, surface
and Auger recombination are around 20, 1.8 and 23 µs, respectively, leading to a modulation
bandwidth of around 600 kHz. Generally, the maximum modulation frequency will be on the
order of hundreds of kHz for typical values of recombination lifetimes, which is faster than or
comparable to previous results [1, 6, 7, 14].
4.

Conclusion

In summary, we have proposed a dynamic modulation scheme for near-field radiative transfer
using free carrier changes induced by external optical pumping. For the materials considered here,
we show that the heat transfer coefficient can be tuned from near zero to around 600 Wm−2 K−1
with bandwidths of hundreds of kHz. Our work introduces a promising method to address the
challenge of dynamic external control of heat flow.
Funding
US Department of Energy, Office of Science, Office of Basic Energy Sciences (DE-SC0001293).

