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Near-field thermal radiation has received increased attention due to the performance of efficient energy conversion.
In this study, the vacuum gap distance between two objects, separated by 1 um polystyrene particles, is investigated. The
entire experimental device is installed in a highly vacuumed environment to ensure that the radiative heat flux dominates
the main mode of heat transfer. Compared with the measurement of near-field thermal radiation of flat glasses, it is found
that coating SiC film on the hot side of optical glass can reduce heat transfer. However, through theoretical analysis, it is
shown that there is an optimal thickness of SiC film of around 1 um. In addition, the experimental data and theoretical
analysis results are consistent. The experiment demonstrates that the regulation of radiative heat flux can be achieved by
coating. As the thickness of SiC film on the hot side increases, the radiative heat flux decreases.

Keywords: near-field thermal radiation, radiative heat flux, optical glasses, SiC film
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1. Introduction

The increasing demand for sustainable energy motivates
many researchers to investigate the various energy harvest-
ing methods. When the gap distance between two objects
is smaller than the characteristic wavelength of thermal ra-
diation, Wien’s displacement law!!! applies. As a result, the
evanescent waves start to dominate, making the radiative en-
ergy transfer exceed the black-body limit.[>* Near-field ther-
mal radiation has attracted intensive attention with the de-
velopment nanotechnology and micro-processing technology
due to its great energy transport rate.>°! This phenomenon
has been demonstrated both theoretically and experimen-
tally. It shows that photon tunneling can travel through mi-
cro/nanoscale distance.”~'¥ This has recently aroused signifi-

1516 such as thermophoto-

21]

cant interest in some applications,|
voltaic (TPV) energy conversion,[!”-2%] near-field imaging,|
near-field thermal switch>>?3! and nano-lithography. >*!
Based on the fluctuation electrodynamics theory pro-
posed by Rytov et al. and Polder and van Hove, most of the
theoretical studies focus on the near-field radiative flux.[>>:26]
In addition, experimental research on near-field thermal radi-
ation has so far been focused on different geometric objects.
The experimental shapes of tip—plane and sphere—plane have
been reported, which have advantages and drawbacks.[>7-3!]
As mentioned above, the geometries easily precisely control
the gap distance, but it is difficult to analyze the complicated

data. There are also various studies on plane—plane experi-
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ments with near-field radiative heat flux. Great progress has
been achieved in the plane—plane experiments, but the most
difficult issue is how to control the gap distance and sample
flatness. In Ref. [32], the measurement of near-field ther-
mal radiation between two glass samples was carried out, and
1 um polystyrene particles of a certain scale were used as
supporting pillars to keep a micron-size gap distance. The
near-field radiative heat flux of doped-Si parallel plates is re-
ported by Zhang et al., and the array of SiO, posts which
was fabricated on the sample through ultraviolet photolithog-
raphy is used to maintain the desired gap distance./'!! The dy-
namic measurement of near-field radiative flux between the
glasses is presented in Ref. [13], and the gap distance is sep-
arated by micro/nano particle spacers. The precise measure-
ment of the near-field thermal radiation between macroscale
single-crystalline quartz plates is proposed by Park et al., and
a nanopositioning platform was used to control the gap dis-
tance down to 200 nm. 2]

Although the near-field thermal radiation has been con-
firmed by many researchers, thermal radiation regulation after
coating has not been investigated by experiments. In this pa-
per, we present the measurement of SiC thin film and optical
glass heat radiative flux. As demonstrated in this study, the ra-
diative flux decreases with increasing thickness of the SiC film
on the hot side. The optimal thickness of the SiC film is about
1 um. We use small polystyrene particles to maintain the gap
distance, which is the same as mentioned in Refs. [8,13]. To
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the best of our knowledge, the experimental measurement of
validation of coating-regulated radiative heat flux is reported
for the first time.

2. Experimental preparation
2.1. Experiment design

A schematic diagram of the experimental setup is shown
in Fig. 1(a).

the stack of layers of a copper base station, and almost one-

A copper weight of 67.8 g is pressed onto

dimension heat transfer can be assumed. A resistance heater
(in red color online) with a size of 1 cm x 1 cm is laid on the
top stack of layers, and there is a 2 mm thick, 1 cm X 1 cm
copper plate (in orange) on the bottom of the heater. The sam-
ple (in transparent color) is sandwiched between two copper
plates to homogenize the temperature over the sample surface.
To ensure good thermal contact, we use thermal grease be-
tween the copper and the sample to reduce the thermal contact
resistance. A heat flux meter (HFM) is laid on the very bot-
tom stack of layers, and it is positioned between the copper
plate and the copper base. The heat-flow contact area of the
heat flux meter is square, with a side length of 10 mm. In or-
der to allow a thermocouple to measure the temperature, we
drilled a tiny halfway-drilled hole in the side of two pieces of
copper. After that, the thermocouple is inserted into the hole
to measure the temperature of the sample on the hot side and

(a) (b)

Enlarged
partial view

T, receiver

cold side, T and 7>, respectively. When DC power is applied
to the heater, a temperature difference (AT} = 71 — 1) is gen-
erated between two identical copper plates. To obtain the ab-
solute temperature of copper base Tp, a thermistor is mounted
on the heat sink, which is a copper plate. The thermocou-
ple wires measure the temperature difference, AT, = T, — Ty.
When we measure the temperature of heat sink 7j, the hot side
and cold side temperature, 71 and 7>, can respectively be de-
termined. From the temperature 77 and 7>, the temperature of
the hot and cold surfaces can be derived by solving the one-
dimensional conduction problem. The emitter temperature of
the hot surface is given by T, = Ti — qdglass/ Aglass, Where ¢
is measured by heat meter flux, and Agjass and dgiags are the
thermal conductivity and thickness of the optical glass, respec-
tively. Similarly, the receiver temperature of the cold surface
is given by 7 = T» + qdjass / Aglass- It is worth noting that the
thermal resistance of copper plates is negligible. In addition,
the temperature differences ATy and AT, have an uncertainty

of 1 K. The near-field radiative flux can be quantified by
Or = Or — Op, ey

where QF is the measured energy and Qp is the heat con-
duction energy of polystyrene, Agjass = 0.18 W-m~1.K~1.133]
Here, the polystyrene particles are assumed to be cylindrical
in order to calculate the thermal conduction.

T, emitter

Qr
Heat pad (c)
T
Copper heat spread
Qr
Ty
® B—s Polystyrene microspheres
Qpr2@r
TC
Copper heat spread
Qr
T,

Fig. 1. (a) Schematic diagram of the experimental device. (b) Magnified view of the region within the dashed-line box in panel (a). (c) Network

diagram of heat flow paths.
2.2. Sample preparation

The two identical precision optical glasses (Edmund
product) are used as the sample with 10 mm diameter and
3 mm thickness. The optical flats are provided by the man-
ufacturers as follows: the glasses with /10 (A = 633 nm)
peak-to-valley for smaller gaps, and the parallelism is 5 arc-
seconds. For the surface flatness of the glass measurements,
we used an optical microscope to verify the accuracy of the
number. The flatness of optical glass, as shown in Fig. 2, and
the three directions on its surface were scanned on a piece of

glass. Figure 2 shows that the optical glasses fully meet the

measurement requirements.

To verify the accuracy of the experimental setup, the near-
field thermal radiation between the two samples was mea-
sured. First, we measured the glass-glass near-field thermal ra-
diation. Second, 50 nm and 100 nm SiC films were coated on
the hot side of the optical glass by a coating machine. We then
measured the near-field thermal radiation flux between the op-
tical glass coated with a 50 nm SiC film and the flat glass. The
gap distance was created by the following procedure. First, the
optical glasses are ultrasonically cleaned with acetone, after
ultrasonication in ethanol, and then deionized water. Second,

the glasses are blown dry with nitrogen or left to dry naturally
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in a clean room. An aqueous suspension is then prepared by
diluting the polystyrene particles in deionized water. To en-
sure the consistency of the size of polystyrene spheres, we had
the supplier provide high-quality products. Meanwhile, we
also selected a small number of samples and observed them
under an electron microscope. As shown in Figs. 3(b) and
3(c), the particle sizes have very little difference, being ap-
proximately 1 um. Using a small pipette, three small droplets

are placed on the cold side. After the water is evaporated, only
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the polystyrene particles remain over the surface of the cold
side. Finally, the emitter is carefully placed on top of the re-
ceiver. Note that we conducted the operations in a clean room
to eliminate dust particles. In addition, the total number of
polystyrene particles, which is an estimated value, is placed at
multiple positions between the receiver and emitter. As shown
in Fig. 3(a), the black dots are the particles. In order to obtain
a uniform distribution of the polystyrene particles, there are

three small droplets on the receiver.
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Fig. 2. Roughness and surface flatness obtained by scanning the surface of the optical-glass sample in three directions with an optical microscope.
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Fig. 3. (a) Distribution of polystyrene particles on the sample under a
100 % optical microscope. Panels (b) and (c) respectively show the parti-
cle consistency in the sampling inspection of polystyrene spheres under
an electron microscope.

2.3. Uncertainty analysis

Since any experiment has uncertainty, it is necessary to
quantify the errors and uncertainties. In this paper, the un-
certainty of the device measurements and the errors of each
device are discussed. As shown in formula (1), the uncertainty
of the measured radiative flux depends on the total heat flux
and the estimated heat conduction energy of polystyrene. The
error transfer formula was used to evaluate the effect of uncer-
tainty on heat transfer. Here, the uncertainty of the heat flow
meter is about 5%, and the uncertainty of the thermocouple is
1 K. In addition, the uncertainty of the number of polystyrene
particles is 300, and the uncertainty of the thermistor is ig-
nored. The measured radiative flux is obtained by excluding

the heat conduction of polystyrene from the total heat flux. It

can be expressed by

Or = Or—0p

AT ndz
- QF - )L'psi

Th— ]ﬂ'd

= Or— )Vps 4 —N
nd nglass nglass
= Qp— Ay —N {T - - < +T:
F )“ps 4 ! Afglass )Lglass g
nd 2Qnglass
= —Aps— N | AT} — ———— 2
QF )“ps 4 < 1 A A«g]ass > 3 ( )

where A is the thermal conductivity of polystyrene, d is the
diameter of the polystyrene particles, N is the estimated num-
ber of polystyrene particles spread on the optical glass sample
and A is the area of the optical glass. According to formula (2),
the value of independent measurement is Qp, N, and AT.

Because the uncertainty value of the near-field heat radi-
ation is roughly calculated and analyzed according to the error
transfer formula, it is assumed that a measured value is ob-
tained through the indirect measurement y = f(x1,x2,...,X,),
where x1,x7,...,x, are the measured values that are indepen-
dent of each other, and £ is the spreading factor. The approxi-
mate calculation of the error transfer formula can be expressed
as

2f
oh

Ah. (3)

8x2

Ay—‘ 'AXH-‘ pp
n

s

x| 5

Therefore, the uncertainty value of the measured near-field

thermal radiation can be expressed as

AQr = (AQF) + 2135

A&p nd 2dgla%s
) 4 A}“glass

(AQF). “

It is worth noting that we have only roughly calculated the
uncertainty value of the near-field thermal radiation measure-
ment. The errors caused by the inconsistency of particle size,
the thermal conductivity of polystyrene particles, glass size,
glass thermal conductivity and the influence of the parallelism
between samples were not considered, etc. The polystyrene
particle was calculated as a 1 um cylinder. It is worth not-
ing that when polystyrene particles are calculated as cylin-
ders, the cross-sectional area for heat conduction is assumed
to be md? /4. However, in reality, the heat-conduction cross-
sectional area is much smaller than £d? /4 because the contact
between the sphere and the surface is point contact.!*?! The
size of the glass and each thermal conductivity were calculated
according to the determined value, and the impact of contact

resistance and heat loss through the side was not considered.
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3. Results and discussion

To measure the near-field radiative heat transfer, the ther-
mal radiation should be a dominant transfer mode in this ex-
periment. The whole device is installed in a vacuum chamber
below 3 x 10~* Pa, which eliminates the effect of air con-
duction across the sample. The measured thermal radiation
between optical glasses is presented in Fig. 4. Figure 4 illus-
trates the variation of the heat flux with the temperature of the
hot side for four different values. The line marked with red
solid-circle symbols represents the measured values, and the
error bars show their uncertainties. The black line with quad-
rangle symbols represents the theoretical calculated value for
a 1 wm gap. The blue line marked with solid oblique triangles
represents the black-body heat flux, and the green line marked
with solid downward-pointing triangles represents the heat
flux of polystyrene spheres. As shown in Fig. 4, the near-field
heat flux exceeds the black-body limit. These data have been
adjusted by taking into account a heat-spreading factor of 4/
between the circular optical flat and the square flux meter. 3!
Although it clearly demonstrates the near-field thermal radia-
tion phenomenon, and the measured value is far greater than
the black-body radiation heat flux, the measured data do not

(a) 60 T T T T T
—#— Theory (1 pm) -
—®— Measured data
50F _a— Theory (blackbody) l ]
—v— Heat flux of 1
g 40F polystyrene spheres ]
g ]
_— 4 _
& . /
5 20f t ;
91
10 -.// ]

v

A/

0 W T Y Y 1
300 310 320 330 340
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T T T
(b) —#8— Theory (1 pm)
30} —® Measured data i
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0 A'——./‘V 1 v 1

290 300 310 320
Hot surface temperature (K)
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Fig. 4. Experimental measurement of near-field thermal radiation between
optical glass samples. (a) Number of polystyrene particles is approximately
500. (b) Number of polystyrene particles is approximately 750.
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Fig. 5. Heat flux varying with the different thicknesses of SiC film on the

hot side.
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Fig. 6. Experimental measurement of near-field thermal radiation be-
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(c) measured radiative heat flux at different thicknesses of SiC film ver-
sus temperature differences.
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fully coincide with the theoretical values. This is caused by
factors such as the inconsistency of particle size and the pres-
ence of dust particles. Here, calculations were done using the
theoretical value of 1 um. However, under actual conditions,
the presence of dust particles larger than 1 um in the environ-
ment leads to incomplete agreement between the measurement
results and the experimental results. Nevertheless, these data
can fully reflect the existence of the near-field thermal radia-
tion phenomenon and that it is far higher than the black-body
radiation heat flux.

Assuming the emitter side and receiver side temperatures
are 310 K and 290 K, respectively, and the gap distance is
1 um, we coat the SiC film on the hot side as the emitter and
the optical glass as the receiver. As shown in Fig. 5, the ra-
diative fluxes at different thicknesses of SiC film, which range
from 10 nm to 100 um, are used to illustrate the regulation of
the heat flux by coating the SiC film. There exists an optimal-
thickness film of about 1 pm. In this case, for a fixed gap, the
radiative flux reaches the minimum value.

(a) 6 T T T T

Plate (SiO,—Si0,)

5L e 50 nm SiC (hot-side) E
—— 100 nm SiC (hot-side)

Spectral flux (10712 W-m~2)

0 1 2 3 4 5
Frequency w (10 rad-s™1)

—~
=
=

ot

50 nm SiC (hot-side)
——1 pm SiC (hot-side)
4 —=—10 pm SiC (hot-side)

Spectral flux (1072 W-m~2)
o

0 1 2 3 4 5
Frequency w (10 rad-s™1)

Fig. 7. Spectral energy diagrams when the temperature of the hot side
and the cold side are 310 K and 290 K, respectively, and the vacuum gap
is 1 pm.

To examine the heat-flux control effect, the upper optical
glass is coated with 50 nm and 100 nm silicon carbide (SiC)
films as heat emitters, and the lower optical glass is used as
a receiver. By measuring the near-field thermal radiation data
between the SiC films and the optical glass, it is found that

near-field thermal radiation can also be observed. Figure 6
shows the near-field thermal radiation data between the SiC
films and the glass. It can be seen from the figure that when
the glass is coated with SiC films, the near-field thermal radi-
ation effect exceeds the black-body radiation limit, and as the
thickness of the SiC films increases, the heat flux decreases.
However, when a 1 um SiC film is coated, the surface flatness
cannot be guaranteed. Since the coating thickness and the gap
are of the same order of magnitude at this time, a more pre-
cise nanometer-scale moving platform is required to adjust the
gap. This experiment verifies the influence of the gap between
glasses and the 50 nm and 100 nm coatings on the heat flux.
It can also be seen from the figure that when the SiC films are
coated, the radiative heat flux decreases, which also verifies
the previous theory.

(a) 5 _
4
3
2
0 2 4 6 8 10

Dimensionless wavevector 3/k

5
4 .
3 .
2

0 2 4 6 8 10

Dimensionless wavevector 3/kg

f—y

Angular frequency w (10 rad-s™1)

(b)

Angular frequency w (10 rad-s™1)
—

(c)

Angular frequency w (10 rad-s™1)

0 2 4 6 8 10
Dimensionless wavevector 3/kg

Fig. 8. Transmission coefficient versus angular frequency and dimension-
less wavevector. (a) 50 nm SiC-SiO;, (b) 1 pm SiC-SiO; and (c) 10 um
SiC-Si0,.
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To analyze the variation characteristics of the spectrum
after coating SiC film on the glass, figure 7(a) presents the cal-
culated spectral radiative heat fluxes between the two surfaces
of the glass and two SiC films with different thicknesses. As
mentioned previously, the gap distance is 1 um, and the tem-
peratures of the emitter side and the receiver side are 310 K
and 290 K, respectively. It can be observed from Fig. 7 that
when the SiC film is thin, the peak position of the spectral
heat flux is approximately at a frequency of 1 x 10'* rad/s. As
the thickness of the SiC film increases, the spectral heat flux at
the peak position decreases. In addition, figure 7(b) shows the
spectral radiative heat fluxes of three SiC films with different
thicknesses. When the film thickness increases from 50 nm to
1 pm, the heat flux decreases with the increase in the SiC film
thickness. However, if the film thickness is further increased,
the heat flux will increase.

In order to understand this peak, it is necessary to explore
the transmission coefficient versus angular frequency and di-
mensionless wavevector. This is shown in Fig. 8 where the
dimensionless wavevector decreases with the increase in the
thickness of the SiC film on the hot side. When the dimen-
sionless wavevector declines, the evanescent wave propagat-
ing decreases. Because the evanescent wave received by the
cold side is reduced, the radiative heat flux is decreased. This
is exactly the same as the experimental data.

4. Conclusion

In summary, first, the experimental results demonstrated
the near-field thermal radiation phenomenon between the flat
glasses. Second, we conducted an experiment in which dif-
ferent thicknesses of SiC films were coated on one side of the
hot optical glass. It was demonstrated that the increase in the
thickness of the SiC film reduced the radiative heat flux, thus
achieving the effect of regulating the radiative heat flux. Com-
pared with the experiment of near-field radiation data, the the-
oretical results were in high agreement with the experimental
data. Through theoretical analysis, it was found that there ex-
ists an optimal film thickness.
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