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Measurement of near-field thermal emission spectra using an internal reflection element
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We describe a simple and robust method using an internal reflection element to measure the spectra of
near-field thermal emission. We experimentally demonstrate the spectrally narrow peaks of near-field thermal
emission by isotropic media due to the excitation of surface phonon polaritons in quartz and amorphous
silica and due to the frustrated total-internal-reflection modes in amorphous silica and polytetrafluoroethylene.
Additionally, we demonstrate the broadband near-field thermal emission of hyperbolic modes in hexagonal
boron nitride, which is an anisotropic uniaxial medium. We also present a theoretical approach based on the
fluctuational electrodynamics and dyadic Green’s functions for one-dimensional layered media for accurately
modeling the measured spectra.
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I. INTRODUCTION

Many near-field applications, such as nanogap thermopho-
tovoltaic power generation [1–8] and thermal rectification
[9–21], rely on spectrally selective thermal emission in the
near field. Most of the experimental studies on near-field ther-
mal radiation have measured the total (spectrally integrated)
heat transfer which does not provide information about the
spectrum of heat transfer [7,22–49]. Narrow peaks can be
observed in the near-field thermal emission by isotropic media
due to the excitation of surface phonon and plasmon polari-
tons (SPhPs and SPPs, respectively) as well as frustrated total-
internal-reflection modes. In addition to surface and frustrated
modes, anisotropic media can support hyperbolic modes that
enhance near-field thermal emission in a broadband manner.
Measuring the spectrum of near-field thermal emission is
challenging because the evanescent waves in the near-field
need to be converted to propagating waves to reach a Fourier-
transform infrared (FTIR) spectrometer located in the far
zone. So far, the SPhP modes of near-field thermal emission
have been measured for silica [50,51], quartz [52], silicon
carbide (SiC) [50,52–54], and for a thin film of hexagonal
boron nitride (hBN) on gold and silica substrates [54]. The
frustrated total-internal-reflection modes thermally emitted
by polytetrafluoroethylene (PTFE) have also been measured
[52,54]. However, the broadband near-field thermal emission
due to hyperbolic modes has not been experimentally ob-
served.

Most of the measured near-field spectra are obtained using
scanning optical microscopes [50,52–54]. In this spectro-
scopic technique, the thermal near field of an emitting sample
is scattered to the far zone by bringing the sharp tip of the
microscope to a sub-wavelength distance from the sample.
The measured peaks using this technique are redshifted (from
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3 to 63 cm−1) and broadened relative to the theoretical pre-
dictions using the fluctuational electrodynamics [50–56]. It
is shown experimentally [53], and theoretically [56], that the
spectral redshift and broadening of the peaks are strongly
dependent on the geometry of the probe. For example, three
different values of 898, 923, and 943 cm−1 were obtained
for the SPhP resonance of SiC when different probes were
used in the same experimental setup [53]. The reason for the
three different values for the resonance arises from the diffi-
culty in precisely controlling and measuring the geometry of
the probe. Furthermore, computationally expensive numerical
models are required for relating the measured signal to the
near-field thermal emission by the sample.

In this study, we present a simple and robust spectroscopy
technique which does not involve multiscale, complex-shape
probes and specialized optical instruments. In addition to
SPhP and frustrated modes for quartz, silica and PTFE, we
experimentally demonstrate broadband hyperbolic thermal
emission for hBN. The measured spectra are reproducible,
and the redshift and broadening of the peaks can accurately be
predicted using a theoretical model based on the fluctuational
electrodynamics and dyadic Green’s functions (DGFs) for
one-dimensional layered media.

II. EXPERIMENTAL SETUP

A schematic of the experimental setup for near-field ther-
mal emission spectroscopy is shown in Fig. 1(a). An internal
reflection element (IRE) which has low infrared losses is
brought into contact with an emitting sample. Due to sur-
face roughness, several sub-wavelength air gaps are formed
between the two surfaces. The air gap due to surface rough-
ness is represented by d in Fig. 1(b) where a close-up view
of the sample-IRE interface is shown. The emitted evanes-
cent waves with parallel component of the wave vector, kρ ,
between k0 and nI k0 (k0 and nI are vacuum wave vector
and IRE refractive index, respectively) are converted into
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FIG. 1. (a) A schematic of the experimental setup for near-field thermal emission spectroscopy. (b) A close-up view of the sample-IRE
interface. The distance d represents the air gap between the sample and the IRE due to surface roughness. Thermally emitted evanescent waves
with kρ between k0 and sin(90◦ − α + θcr )nI k0 exit the IRE’s beveled ends after several total internal reflections, and are collected using an
FTIR spectrometer.

propagating waves in the IRE due to the increase of the
wave vector [Fig. 1(b)]. These propagating waves cannot
escape the parallel surfaces of the IRE as they experience
total internal reflections. Instead, these modes travel through
the IRE toward its beveled ends which make an angle of α

with the surface normal. The coupled modes with kρ between
k0 and sin(90◦ − α + θcr )nI k0, where θcr = sin−1(1/nI ) is the
critical angle for the IRE-air interface, hit the IRE beveled
ends with an angle smaller than the critical angle (see Sec. I of
the Supplemental Material [57]). These modes exit from IRE’s
beveled ends and are sent to an FTIR spectrometer where their
spectrum is recorded. The higher the refractive index and the
bevel angle of the IRE, the larger the number of evanescent
modes that can couple to the IRE. Since the IRE is transparent
in the infrared, its thermal emission is negligible compared to
the sample. The arrangement shown in Fig. 1(b) is similar to
the inverse of the Kretschmann configuration used for exciting
SPPs at the interface of a metallic thin film and the free space
using an external illumination [58].

The sample is mounted on a metal ceramic heater with
an output of 24 W at 24 V (Thorlabs, HT24S), which is
connected to a power supply (KEPCO, ABC 36-3DM) with
a maximum voltage of 36 V. The sample temperature is
measured using a K-type thermocouple and is read using a
digital thermometer (OMEGA, HH-52). The sample-heater
assembly is adhered to a ceramic base using a nickel-base
metallic adhesive (Cotronics Corp., Durabond 952 FS). A
zinc selenide (ZnSe) IRE with a trapezoidal cross section
and a bevel angle of α = 45◦ is selected for the experiment
(Harrick, EM2122). The IRE dimensions are 50 (length) ×
10 (width) × 2 (thickness) mm. ZnSe has a refractive index of
nI ≈ 2.4 and is transparent between 700 and 15000 cm−1. The
IRE is placed on the sampling surface of a multiple-reflection
horizontal Attenuated Total Reflection (ATR) accessory (Har-
rick, HorizonTM). The base-heater-sample assembly is put
in contact with the IRE while two elastic posts made of
0.005"-thick stainless-steel plates acting as a spring are placed
between the base and the sampling plate of the ATR accessory.

A pressure applicator is used to press the base toward the
IRE for near-field measurements. For far-field measurements,
the pressure is released from the base such that the elastic
posts push the sample away and keep it at a 1-mm distance
from the IRE. The signal exiting one of the IRE beveled ends
is collected by the ATR accessory and transferred into the
emission port of an FTIR spectrometer using an f /4 parabolic
mirror. The FTIR is an ABB-Bomem MB1552E equipped
with a broadband mercury-cadmium-telluride detector (In-
fraRed Associates Inc.).

III. RESULTS AND DISCUSSION

Near-field and far-field thermal spectra are measured for
quartz, silica, PTFE, and hBN at a temperature of approxi-
mately 160 °C (see Sec. II of the Supplemental Material [57]).
The silica, hBN, and PTFE samples are 1-mm thick, while
the thicknesses of the quartz sample is 0.5 mm. It is verified
experimentally and theoretically that all samples are optically
thick. A spectral resolution of 4 cm−1 is selected for the FTIR
spectrometer. The background thermal emission is measured
by blocking the sample emission from reaching the FTIR via
placing a thick film of stainless steel (which is opaque in the
infrared) at the exit of the ATR accessory. The background
thermal emission is subtracted from the measured signals.
The near-field spectra are normalized by the far-field ther-
mal emission to compensate for the wave-number-dependent
responsivity of the photodetector, absorption by the internal
parts of the ATR accessory and ambient gases, as well as
modulation efficiency of the FTIR spectrometer (see Sec. III
of the Supplemental Material [57]). The normalized near-field
spectra are shown in Figs. 2(a)–2(d). To ensure that the ex-
periments are reproducible, the measurements were repeated
three times for each sample. In each repetition, the IRE, the
sample, and the heater are disassembled and reinstalled. As an
example, the three measured spectra for the quartz sample are
plotted in Fig. 2(a). This level of repeatability was observed
for all samples.
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FIG. 2. The near-field thermal emission spectra normalized by the far-field value for quartz, silica, PTFE, and hBN. Panels (a)–(d) show
the measured spectra, while Panels (e)–(h) display theoretically predicted spectra. In Panels (e)–(h), red dashed lines show the energy density
at distance d in the free space, while the solid blue lines show the energy density at distance � in the IRE due to the modes with kρ between
sin(20.4◦)nI k0 and sin(69.6◦)nI k0.
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To compare measurements with theory, the energy density
emitted by the samples in free space (integrated over kρ

from 0 to infinity) is calculated using the fluctuational elec-
trodynamics and the DGFs for a semi-infinite bulk [59–62].
The near-field and far-field energy densities are calculated
at 200 nm (approximately equal to the surface flatness of
the samples) and 1 mm above the samples, respectively.
The dielectric functions of quartz, silica, PTFE, and hBN
are obtained from literature [63–65] and are plotted in Sec.
IV of the Supplemental Material [57]. It should be noted
that hBN is an anisotropic uniaxial medium and is described
using a parallel and a perpendicular (to the optical axis)
dielectric function. The calculated near-field spectra normal-
ized by their far-field value are plotted in Figs. 2(e)–2(h).
Peaks in near-field thermal spectra occur when εs + 1 → 0
(due to the excitation of SPhPs) and Im[εs] → ∞ (due to
the contribution of frustrated total-internal-reflection modes),
where εs = ns

2 is the dielectric function of the sample [66].
Additionally, thermal emission by uniaxial media can be
enhanced in a broadband manner when Re[εs,‖]Re[εs,⊥] <

0 (εs,‖ and εs,⊥ are the dielectric functions of the sample
in the parallel and perpendicular directions relative to the
optical axis, respectively) due to the excitation of hyperbolic
modes.

The near-field energy density for quartz [Fig. 2(e)] has
three peaks at 806, 1155, and 1189 cm−1 due to the ex-
citation of surface phonon polaritons (Re[εs] = −0.5,−1.4,
and −1.0, respectively). The three SPhP resonances are cap-
tured in the measured quartz spectrum [Fig. 2(a)]. The SPhP
resonances are redshifted and broadened in the experiments
compared to the theoretical predictions. The origin of the
redshift and broadening of the peaks will be discussed later
using a theoretical model. The theoretical energy density for
silica [Fig. 2(f)] shows two peaks at 809 and 1149 cm−1 which
both are measured [Fig. 2(b)]. The low-wave-number peak

is due to the symmetric Si-O-Si stretching vibrations (frus-
trated modes), while the high-wave-number peak is because
of the excitation of SPhPs (Re[εs] = −1.2). The theoretical
spectrum for PTFE [Fig. 2(g)] has two peaks at 1163 and
1225 cm−1, which are due to the symmetric and asymmetric
C-F stretching vibrations (frustrated modes). These peaks
are also captured in the measured spectrum [Fig. 2(c)]. The
experimental and theoretical spectra of near-field thermal
emission by hBN are shown in Figs. 2(d) and 2(h), respec-
tively. Hexagonal boron nitride has two hyperbolic bands at
780–835 cm−1 and 1400–1600 cm−1. These two hyperbolic
bands are captured in the measured spectrum of hBN in
Fig. 2(d). The increase of the measured signal near 700 cm−1

is due to thermal emission by ZnSe which becomes opaque
around this wave number.

The measured near-field peaks are broadened and exhibit
redshifts ranging from 8 to 42 cm−1. Peak broadening and
redshifts up to 105 cm−1 are also observed in previously
measured spectra [50–56]. The redshift and broadening in our
measurements can be predicted by modeling energy density
in the IRE due to thermal emission by the sample. The energy
density at distance � in the IRE due to thermal emission by
an anisotropic uniaxial medium separated by an air gap of size
d from the IRE [see the inset of Fig. 2(e)] is derived in Sec. V
of the Supplemental Material [57]. The energy density in the
IRE is derived using the fluctuational electrodynamics and the
DGFs for a one-dimensional layered media. We have verified
that an air gap exists between the sample and the IRE, and that
the gap can be adjusted by depositing polystyrene nanoparti-
cles on the IRE (see Secs. VI and VII of the Supplemental
Material [57]). The energy density of the modes exiting the
IRE beveled ends, i.e., modes with kρ between sin(20.4◦)nI k0

and sin(69.6◦)nI k0 (see Sec. I of the Supplemental Material
[57]), is derived as

〈u(�,ω)〉 = �(ω, Ts)ω

2c2
0π

2

∫ sin (69.6◦ )nI k0

sin (20.4◦ )nI k0

kρ

∫ ts

0

(
k2

I Trace[ ¯̄gE (kρ,�, z′, ω)Im[εs] ¯̄gE†

(kρ,�, z′, ω)]

+ Trace[ ¯̄gH (kρ,�, z′, ω)Im[εs] ¯̄gH†

(kρ,�, z′, ω)]
)
dz′dkρ. (1)

In Eq. (1), u is the energy density, ω is the angular
frequency, � is the mean energy of an electromagnetic state
[60], 〈 〉 represents ensemble average, c0 is the speed of light
in the free space, Ts is the sample temperature, ts is the
thickness of the sample, kI is the wave vector in the IRE, z′
is the vertical (to the surface) position of a thermally emitting
source in the sample, the superscript † indicates the Hermitian
operator, εs(= diag[εs,⊥; εs,⊥; εs,‖]) is the dielectric-function
tensor for the sample, and ¯̄gE and ¯̄gH are the Weyl components
of the electric (E) and magnetic (H) DGFs for an emitting
anisotropic medium, respectively. The Weyl components of
the DGFs are derived using the scattering matrix method [67]
in Sec. V of the Supplemental Material [57].

The energy density in the middle of the IRE (where
the signal is collected using the ATR accessory)

is calculated in the near and far fields for a sample temperature
of 160 °C. The ratio of the near-field and far-field energy
densities is shown in Figs. 2(e)–2(h) for the four samples.
The calculated spectra are in great agreement with the mea-
surements showing that Eq. (1) can be used for predicting
the redshift and broadening of the near-field peaks. These
redshifts and broadening arise from the multiple reflections of
the thermally emitted waves between the sample and the IRE
as well as the fact that a portion of the near-field evanescent
waves are captured in the measurements. However, all the
SPhP, frustrated, and hyperbolic modes are captured in the
measured spectra. The number of captured modes can be
increased by using an IRE with a higher refractive index or
using a hemispherical IRE (see Sec. I of the Supplemental
Material [57]).
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IV. CONCLUSIONS

In summary, we experimentally demonstrated narrow
peaks of near-field thermal emission due to the excitation
of SPhPs (for quartz and silica) and frustrated total-internal-
reflection modes (for silica and PTFE), as well as the broad-
band thermal emission of hyperbolic modes in the near field
(for hBN). We derived an analytical expression for the en-

ergy density inside the IRE due to thermal emission by an
anisotropic medium that can be used for predicting the redshift
and broadening of the measured near-field peaks.
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