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There has been an increased interest on the development of micro/nanostructures with desired radiative
properties for energy conversion systems and radiative cooling devices. A detailed experimental study is
reported on the spatial and temporal coherence of thermal radiation in asymmetric Fabry–Perot reso-
nance cavities. The reflectance of the fabricated samples was measured for both polarizations using a
Fourier-transform infrared spectrometer, at several incident angles in the near-infrared region, and a
laser scatterometer at the wavelength of 891 nm. The spectral measurement demonstrates sharp reflec-
tance dips, while narrow angular lobes are observed in the angle-resolved measurement. Experimental
results suggest strong spectral and directional selectivity in thermal emission, which is related to the
reflection by Kirchhoff’s law since the samples are opaque. Theoretical calculations with the fitting geo-
metric parameters agree well with the measurement results. This easy-to-fabricate structure has poten-
tial applications in solar cells, thermophotovoltaic devices, and radiation emitters.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal sources are commonly considered to be incoherent in
the sense that the emissivity exhibits broad spectral and quasi-iso-
tropic angular distributions, since the thermally excited charged
particles generate randomly oriented dipoles in the medium. How-
ever, much attention has been drawn on tailoring thermal emis-
sion after the observation of directional emission in doped-Si
gratings that support the organ-pipe modes [1]. The spectral and
directional selectivity of thermal emission can be used for radia-
tion filters, absorbers, and emitters, which are essential for applica-
tions such as solar cells, thermophotovoltaic systems, radiation
detectors, and radiative cooling devices [2].

Recently, there has been increased interest in developing micro/
nanostructures to achieve coherent thermal emission. Laroche
et al. [3] reported that surface relief grating constructed with tung-
sten could generate highly directional emission (spatial coherence)
in the near infrared. The basic mechanism is that gratings enable
the coupling between surface plasmons and propagation waves.
Two-dimensional tungsten gratings were also shown to exhibit
spectral selectivity (temporal coherence) for thermal radiation
[4], and the confined modes in the microcavities were responsible
for the strong emission peaks. A recent study also showed that the
excitation of magnetic polaritons between periodic gratings and a
ll rights reserved.
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metallic film enabled coherent emission for transverse magnetic
(TM) waves [5]. Furthermore, surface waves have been demon-
strated in multilayer structures, such as one-dimensional (1D)
photonic crystals (PC) with an attenuated total reflection configu-
ration [6,7] and a metallic thin film deposited on a semi-infinite
1D PC [8]. Researchers also suggested spectral and directional
selectivity in thermal radiation of a PC-on-SiC structure for both
polarizations [9,10]. The spatial and temporal coherence of a trun-
cated PC atop a Ag film was experimentally investigated for both
polarizations in the near-infrared (IR) region, and the existence
of surface wave at the interface was validated by observation with
reflectance spectroscopy [11,12].

Besides excitation of surface plasmons and/or magnetic polari-
tons, interference effects in planar structures can also be utilized to
achieve coherent emission, such as in a resonance cavity with
highly reflective coatings [13–15]. The reflector can be made of a
metallic layer, doped Si, or Bragg mirrors. Fabry–Perot resonators
have been applied to build transmission filters and high-resolution
spectrometry [16,17]. More recently, it has been shown that an
asymmetric Fabry–Perot resonator made of a SiO2 cavity, sand-
wiched between coated a thin Ag film and an opaque Ag film,
exhibits spectral selectivity with deep reflectance valleys at near
normal incidence, suggesting that sharp emissivity peaks can be
achieved. Further research is needed on the angular and polariza-
tion dependence of these structures.

This paper describes a detailed experimental study on the spa-
tial and temporal coherence of thermal emission from asymmetric
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Nomenclature

d film thickness (m)
i

ffiffiffiffiffiffiffi

�1
p

n refractive index
R reflectance
r reflection coefficient
T transmittance
t transmission coefficient

Greek symbols
a absorptance
b phase shift in the thin film (rad)
ek;h spectral–directional emissivity
f |tatb � rarb|
h polar angle (�)
h0 polar angle at the resonance (�)
k wavelength in vacuum (lm)
m wavenumber (cm�1)

Dm free spectral range (cm�1)
dm full width at half maximum (or minimum) (cm�1)
q magnitude of the reflection coefficient, q = |r|
s magnitude square of the transmission coefficient, s = |t|2

u phase angle of the reflection coefficient (rad)
w phase shift (rad)

Subscripts
a incidence from air to SiO2 through the thin Au film
b incidence from SiO2 to air through the thin Au film
c dielectric cavity (SiO2 film)
f Au film
i incidence
s bottom Au layer

L.P. Wang et al. / International Journal of Heat and Mass Transfer 52 (2009) 3024–3031 3025
Fabry–Perot resonators. The structures are composed of a SiO2

optical cavity with a thin Au film (less than 30 nm) and a
200-nm Au film deposited on a Si substrate. Three samples with
different metal and dielectric film thicknesses were fabricated.
The spectral reflectance was measured with a Fourier-transform
infrared (FTIR) spectrometer at incidence angles of 10�, 30�, and
45�, respectively, for both transverse electric (TE) and TM waves.
Angle-resolved reflectance measurements were performed with a
custom-designed three-axis automated scatterometer (TAAS) at
the wavelength of 891 nm using a diode laser source. The measure-
ment results clearly show the spectral and directional selectivity in
thermal emission of the fabricated samples, which can be well ex-
plained by theoretical calculations using the fitting geometric
parameters and the published optical constants of the metal and
dielectric materials.
Fig. 1. Schematic of the asymmetric Fabry–Perot resonance cavity, with illustration
of the reflection and transmission coefficients at the boundaries.
2. Radiative properties of the asymmetric Fabry–Perot
resonator

The proposed Fabry–Perot resonance cavity is schematically
shown in Fig. 1. It is different from the conventional Fabry–Perot
resonator made of two parallel reflectors separated at a finite dis-
tance, because the bottom metal layer can be treated as semi-infi-
nite and is opaque to incident radiation. In other words, the
geometry of proposed structure is asymmetric with respect to
the dielectric cavity. In general, high reflection from the boundaries
of the resonance cavity is essential for the sharp spectral peak at
the resonance condition [17]. In the present study, we employed
SiO2 to form the optical cavity and Au as the reflective coating on
both sides of the dielectric cavity. Fig. 1 also illustrates the reflec-
tion and transmission coefficients at the boundaries of the Fabry–
Perot resonator. It should be noted that ta and ra are, respectively,
the transmission and reflection coefficients from air to SiO2, and tb

and rb are, respectively, the transmission and reflection coefficients
from SiO2 to air, assuming that SiO2 is semi-infinite. These coeffi-
cients depend on the complex refractive index and the thickness
of Au, according to Airy’s formulae. Furthermore, ts and rs are the
Fresnel transmission and reflection coefficients at the interface be-
tween SiO2 and Au. All the transmission and reflection coefficients
are polarization dependent and the expressions can be found from
Refs. [2,18] for either TE wave or TM wave. According to Airy’s for-
mulae, the reflection and transmission coefficients of the Fabry–
Perot resonator can be expressed after superposition as follows
[17]
r ¼ ra þ
tatbrsei2b

1� rbrsei2b
ð1Þ

and

t ¼ tatseib

1� rbrsei2b
ð2Þ

where b ¼ 2pncdc cos hc=k is the phase shift upon traveling inside
the cavity with the refractive index nc and the thickness dc. As
shown in Fig. 1, hc is the refraction angle in the dielectric cavity.
The spectral–directional reflectance and transmittance of the
Fabry–Perot cavity can be calculated from the reflection and trans-
mission coefficients as

R ¼ rr� ð3Þ

and

T ¼ Reðcos hs=nsÞ
Reðcos hi=niÞ

tt� for TM waves ð4aÞ

or

T ¼ Reðns cos hsÞ
Reðni cos hiÞ

tt� for TE waves ð4bÞ

where Re() indicates the real part of a complex quantity, the aster-
isk denotes the complex conjugate, and ni and ns are the complex
refractive indices of air and Au, respectively. The square of the
reflection and transmission coefficients can be simplified using
Eqs. (1) and (2) as follows:
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rr� ¼ ðqa þ qsfÞ
2 � 4qaqsf sin2 w1

ð1� qbqsÞ
2 þ 4qbqs sin2 w2

ð5Þ

and

tt� ¼ sass

ð1� qbqsÞ
2 þ 4qbqs sin2 w2

ð6Þ

where q = |rj| and s ¼ tjt�j with j representing a, b, or s as the corre-
sponding subscript, f = |tatb – rarb|, w1 = (2b � ua + us + uf)/2, and
w2 = (2b + ub + us)/2, with uj = arg(rj) and uf = arg(tatb � rarb). In
the proposed structure, the thickness of bottom Au layer is set to
be much greater than the radiation penetration depth (i.e., photon
mean free path); thus the bottom Au layer can be assumed semi-
infinite. Note that T represents the fraction of energy transmitted
into the Au layer and will eventually be absorbed. Since the bottom
Au layer is opaque, the spectral-directional emissivity of the Fabry–
Perot cavity can be obtained as ek;h ¼ 1� R according to Kirchhoff’s
law [2], where R is calculated from Eq. (5). However, the thickness
of the top Au film should be on the order of the radiation penetra-
tion depth to enable resonance inside the cavity.
3. Sample fabrication and measurements

3.1. Sample fabrication

To experimentally demonstrate that the proposed structure can
be used as a coherent emission source, several samples were fabri-
cated on Si substrates and their spectral and directional radiative
properties were measured. The Si wafers are of 100 mm in diame-
ter and 500 lm in thickness. A thin Ti film and a 200-nm Au film
were subsequently deposited on the polished side of the Si sub-
strate, after proper surface cleaning, using an e-beam evaporator
without breaking its vacuum environment. A quartz crystal micro-
balance monitored the deposition thickness. The thin Ti film (about
20 nm) serves as an adhesive layer to prevent the Au film from
peeling off. As long as the thickness is much greater than the pen-
etration depth, this Au film can be treated as an opaque layer or a
semi-infinite medium. Thus, the exact thicknesses of these bottom
layers are not important. After the sample was cooled down in the
e-beam evaporator, it was taken out and placed into a plasma-en-
hanced chemical vapor deposition (PECVD) chamber. SiO2 thin film
was deposited at 250 �C on the sample and on a bare Si piece as
well. The thickness of the dielectric layer was measured from the
reference Si piece using a reflectometer (Nanospec Film Analyzer
3000). The measurements indicate that the SiO2 layer has less than
5% variation in thickness relative to the designed value. After-
wards, the sample was placed back into the e-beam evaporator
and coated with a thin Au film (less than 30 nm). Because the
quartz crystal monitor could not precisely determine the deposited
thickness for very thin Au films, several trial-and-error tests were
made in order to find the appropriate Au thickness for the
Fabry–Perot resonance cavities. Because the resonance frequency
and the minimum reflectance value are very sensitive to the thick-
nesses of the SiO2 cavity and top Au film, the exact thicknesses of
dielectric layer and Au film are determined later by fitting the
reflectance measured by the FTIR spectrometer. Three samples
(1, 2, and 3) with different SiO2 cavity thicknesses and Au film
thickness were fabricated to study the thicknesses effect. The sam-
ples were diced into 25 mm � 25 mm square pieces for measure-
ments of the radiative properties.

3.2. Spectral radiative property measurement

An FTIR spectrometer was used to measure the spectral reflec-
tance of the samples at near normal incidence (10�), as well as inci-
dence angles of 30� and 45� using suitable specular reflectance
accessories. The near-IR source, a quartz–halogen lamp with a
tungsten filament, was used with a pyroelectric detector, which
has an excellent linearity up to 13,000 cm�1 in wavenumber. At
10� incidence, the difference between TE and TM waves is negligi-
bly small and the beam from the FTIR source is assumed to be
unpolarized (i.e., average of the two polarizations). A wire-grid IR
polarizer was used to measure the reflectance for TE and TM waves
at 30� and 45� angles of incidence. In the measurements, the pola-
rizer was intentionally tilted to eliminate multiple reflections [19].
Before the measurement, the near-IR source was turned on for
more than 1 h, and the background signal was examined to be sta-
ble with less than 1% of fluctuation. The wavenumber range of the
reflectance spectra was taken from 3000 to 13,000 cm�1, with a
resolution of 4 cm�1. A sample holder with an aperture of 9 mm
diameter limited the beam size on the sample. A mirror was fabri-
cated by evaporating 200-nm Au film on a Si substrate and used as
the reference. The background signal was measured without plac-
ing any sample (open aperture), and the signal was less than 0.5%
of that with the mirror. The measurement of each sample was re-
peated eight times for both the sample spectrum and the reference
spectrum. Each spectrum was actually the average of 64 scans. The
spectral reflectance of the fabricated Fabry–Perot resonance cavi-
ties can be obtained by correcting the average over eight measure-
ments with the mirror reflectance, which was calculated using the
optical constants of gold from Ref. [20] for the corresponding inci-
dence angle and polarization. The overall uncertainty of the mea-
sured reflectance was estimated to be 0.02, considering various
possible sources of error, such as beam divergence, misalignment
of sample, mirror reflectance, background signal, and repeatability.

3.3. Angle-resolved reflectance measurement

To experimentally study the directional radiative properties of
the constructed Fabry–Perot resonance cavities, the laser scatter-
ometer (TAAS) [21,22] was used to measure the specular reflec-
tance of Sample 1 at different incidence angles for each
polarization. TAAS has three movable stages to change the inci-
dence and observation directions, which can be automatically con-
trolled by a computer under the LabVIEW environment. A
thermoelectric-cooled diode laser system was employed using a la-
ser diode at the wavelength of 891 nm with a full width at half
maximum (FWHM) bandwidth of 3 nm. A lock-in amplifier con-
nected with a diode laser controller modulates the output power
at 400 Hz. The output laser power is approximately 1 mW with a
stability of a few tenths of a percent. The laser beam passed
through a small iris and was collimated through a pair of lenses be-
fore going through a near-IR polarizer. A beamsplitter divided the
ray into two beams: a transmitted beam that was in the same
direction as the incidence and a reflected beam that was in the hor-
izontal plane but perpendicular to the incidence. The transmitted
beam was incident on the sample and the signal reflected by the
sample was received by a movable Si detector. The reflected beam
from the beamsplitter was sent to a stationary reference Si detec-
tor. The majority of the laser power is transmitted with a transmit-
tance of about 85% for the TE wave and 95% for the TM wave. The
synchronous voltage signals from the two detectors were collected
by the lock-in amplifier through a trans-impedance preamplifier.
The effect of background radiation (i.e., stray light) can be elimi-
nated by only picking up the phase-locked signals at 400 Hz. In
the present study, the specular reflectance of Sample 1 was mea-
sured at the incidence angles from 2� to 75� with 1� increment, ex-
cept that in the range between 32� and 50�, where the increment
was set at 0.2� in order to resolve the reflectance valley (emissivity
peak). The uncertainty of the angle-resolved reflectance
measurement was estimated to be 0.02 by calibration using a bare
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Si sample and by evaluation of the standard deviation of repeated
measurements.

4. Results and discussion

The measured reflectance spectra of the three samples at near
normal incidence (hi = 10�) are shown in Fig. 2. At this incidence
angle, polarization effect is negligible. In the frequency range from
3000 to 13,000 cm�1 (the frequency unit is expressed in terms of
wavenumber in the present study), there are two sharp reflectance
dips arising from resonances in the dielectric cavity. It should be
noted that due to the low signal-to-noise ratio at high frequencies,
the spectra beyond 11,000 cm�1 exhibit large fluctuations. To fur-
ther reduce the measurement noise, the reflectance at frequencies
above the second valley was averaged over 21 consecutive data
points (i.e., 10 points on the left and 10 points on the right) with
respect to their central frequency. The plots shown in Fig. 2 are
the spectra after the noise reduction. In order to determine the
dielectric and Au film thicknesses of each sample, Eq. (5) was used
to calculate the spectral reflectance at hi = 10� with dc and df as the
adjustable parameters. In the calculation, the optical constants of
Au and SiO2 were taken from Palik [20]. The initial values were ob-
tained from the measured film thicknesses. The location of the res-
onance frequency is more sensitive to the SiO2 thickness, while the
magnitude of the reflectance minimum is more sensitive to the Au
film thickness. The best fitting results can be obtained by itera-
Fig. 2. Spectral reflectance of the fabricated Fabry–Perot resonators in the nea
tively modifying dc and df and comparing the calculated spectra
with that measured. The fitting parameters are tabulated in Table
1 for each sample, along with the free spectral range and the qual-
ity factor of the resonance as discussed in the following.

The free spectral range Dm is the frequency interval between the
two consecutive resonance dips. It can be seen that Samples 2 and
3 have similar SiO2 thickness and free spectral range. For a dielec-
tric film inside air, the free spectral range is determined by reso-
nances inside the film and can be calculated from Dm = 1/
(2ncdc coshc), assuming the refractive index of the dielectric is fre-
quency independent [2]. Taking the average refractive index of
SiO2 as 1.44, the above equation gives for Sample 1
Dm = 5623 cm�1, which is more than 10% greater than the actual
Dm of 5050 cm�1. This is caused by the phase shift upon reflection
at the SiO2 cavity boundaries. From Eqs. (5) and (6), the modulation
of the transmittance and reflectance is determined by the modified
phase angles w1 and w2. The maxima of T occur when the denom-
inator of Eq. (6) is at its minima, that is,

2w2 ¼ 2bþ /b þ /s ¼ 2mp ð7Þ

where m is an integer. Eq. (7) states that the resonance occurs if the
total phase shift in the cavity is multiples of 2p, where standing
waves exist in the cavity. As mentioned earlier, the absorptance of
the bottom Au layer is as = T because it is opaque. The multiple
reflections result in strong absorption in the top Au film as well,
though at a nearby frequency. The absorptance of the top Au film
r-IR spectral region at hi = 10�: (a) Sample 1; (b) Sample 2; (c) Sample 3.



Table 1
The measured free spectral range and quality factors, along with the fitted SiO2 and Au film thicknesses based on the measurement results at an angle of incidence of 10�.

Sample No. Free spectral range Dm
(cm�1)

SiO2 thickness dc

(nm)
Au film thickness df

(nm)
Quality factor Q at the 1st
resonance

Quality factor Q at the 2nd
resonance

1 5050 622 21 49.5 21.7
2 5576 553 20 34.4 13.9
3 5587 559 30 53.2 25.3
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is af = 1 � R � T because the SiO2 layer is nonabsorbing in the spec-
tral range of interest. The absorptances of the top Au film and bot-
tom Au layer are shown in Fig. 3, which was calculated based on the
fitting parameters for Sample 1. Interestingly, the absorptance a of
the Fabry–Perot structure has a minimum on the right of the max-
imum, this explains why the reflectance R exhibits a maximum on
the right of the minimum and the reflectance dip is asymmetric,
as can be seen from Fig. 2. One can see from Eq. (3) that the reflec-
tance minimum is determined by its numerator at the frequency
that satisfies w1 = (m + 1/2)p. It can be shown that the phase differ-
ence between w1 and w2 is close to p/2. Hence, the reflectance min-
imum occurs near the resonance condition given in Eq. (7). It should
be noted that while there exist minima in T at frequencies where
w2 = (m + 1/2)p, it does not significantly affect a (or R) as can be
seen from Fig. 3. As a matter of fact, away from the resonance con-
dition, very little of the incident energy can reach the bottom Au
layer; subsequently, the reflectance of the Fabry–Perot resonator
is essentially the same as the reflectance when the SiO2 layer is
semi-infinite; that is, R � Ra ¼ rar�a .

The existence of reflectance dips suggests that the Fabry–Perot
resonators can be used to construct coherent emission sources,
since ek;h ¼ a ¼ 1� R. A measure of the sharpness of the emissivity
peak, or the reflectance dip, is the quality factor defined as Q = Dm/
dm for Fabry–Perot resonance cavities, where dm is the full width at
half maximum, or minimum [17]. The Q factors for 10� angle of
incidence at the two resonance frequencies are tabulated in Table
1 for each sample. Generally speaking, the peak width tends to
broaden towards higher frequencies. This is why the quality factor
at the second resonance frequency is about half of that at the first
resonance frequency. Because Sample 2 has a thinner SiO2 layer,
the resonance frequencies increase, resulting in a lower Q factor
for Sample 2. Samples 2 and 3 have similar SiO2 thickness but Sam-
ple 3 has a thicker Au film. It can be seen that the Q factor is en-
Fig. 3. Absorptance spectra calculated based on the geometric parameters for
Sample 1 (dc = 622 nm and df = 21 nm) for unpolarized waves at hi = 10�.
hanced with increasing Au film thickness. However, the peak
emissivity for Sample 3 at the first resonance frequency is not as
high as can be seen from Fig. 2.

The effect of Au film thickness on the peak emissivity is further
investigated near the resonance frequencies. The absorptances at
the resonance wavenumbers around 5500 and 11,000 cm�1 are cal-
culated for different film thickness df for given dc = 560 nm at
hi = 10�. Note that the exact resonance frequency will vary some-
what with df. As shown in Fig. 4, there exist thickness values where
the absorptance peak is maximized. However, the maxima of af, as,
and a do not occur at the same df. It is interesting to see that more
energy is absorbed by the thin Au film than by the bottom Au layer.
For the first resonance, the spectral–directional emissivity is close to
unity when df = 12.5 nm. In this case, about 80% of the energy is ab-
sorbed by the Au film. For the second resonance near 11,000 cm�1, a
Fig. 4. Absorptances for unpolarized waves at hi = 10�, with respect to the top Au
film thickness df, by the thin Au film and by the opaque Au layer for dc = 560 nm at
the resonance wavenumber: (a) around 5500 cm�1; (b) around 11,000 cm�1.



Table 2
Comparison of the free spectral range Dm (cm�1) obtained from the spectral
reflectance measurement and from the model at hi = 10�, 30� (TE and TM waves),
and 45� (TE and TM waves) for Sample 1.

hi = 10� 30� TE 30� TM 45� TE 45� TM

Experiment Dm (cm�1) 5050 5306 5246 5692 5546
Model Dm (cm�1) 5142 5422 5376 5798 5688
Relative difference 1.8% 2.1% 2.4% 1.8% 2.5%
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close-to-unity emissivity peak is achieved when df = 25 nm. In this
case, about 60% of the energy is absorbed by the Au film. Because
the deposited Au film thickness for the three samples is closer to
25 than 12.5 nm, the first reflectance dip is more sensitive to the
Au film thickness than the second dip as seen from Fig. 2.

The spectral reflectance of the Fabry–Perot resonator at other
incidence angles is also investigated. Fig. 5 shows the measure-
ments of Sample 1 at 30� and 45� angles of incidence for TE and
TM waves, respectively. The model prediction based on the previ-
ously obtained thicknesses dc and df for Sample 1 agrees with the
experiments well. However, the predicted reflectance minima are
much lower than those measured. This may be due to partial
coherence of the FTIR spectrometer caused by beam divergence
[23]. The resonance frequencies shift toward high frequencies for
both polarizations. This is mainly due to the coshc terms in the
phase shift b. The free spectral range Dm is tabulated in Table 2
for both the measurement and prediction for each case. The rela-
tive difference between the measured and predicted Dm is within
2.5%, suggesting that the fitting results are pretty reliable. Similar
to the resonance frequencies, Dm also increases with the angle of
incidence. It can also be seen that toward large incidence angles,
Dm is larger for TE wave than for TM wave; this is due to the phase
shifts associated with the reflection at the cavity boundaries.

Besides temporal coherence demonstrated by the spectral
reflectance measurement, the spatial coherence for Sample 1 is
shown in Fig. 6 by the angle-resolved reflectance measurement
Fig. 5. Spectral reflectance of Sample 1 in the near-IR spectral region at 30� and 45�
incidence, respectively: (a) TE wave; (b) TM wave.
at k = 891 nm. Reflectance dips are clearly observed at the reso-
nance polar angle: h0 = 38.4� for the TE wave and 43.0� for the
TM wave. The polarization-dependent reflection and transmission
coefficients at the boundaries are responsible for the variation of
resonance angle between the two polarizations. The spectral–
directional emissivity, calculated from ek;h ¼ 1� R is shown as in-
sets, where the right side is from the measurement and the left side
is from model calculation using the same fitting parameters for
Sample 1. Contrary to the FTIR measurement at large incidence an-
gles, due to the highly collimated laser beam and the high angular
resolution, the reflectance dips or emissivity peaks match very well
with those predicted. The relative difference between the measure-
ment and model in terms of the resonance angle is within 2%. It can
also be observed that the resonance is much sharper for TE waves
than for TM waves. The narrow angular lobes of the spectral–direc-
tional emissivity shown in the polar plots clearly demonstrate spa-
tial coherence of the considered Fabry–Perot resonance cavity. The
coherence length, defined as Lcoh ¼ k=ðpDh cos hcÞ, is used as a mea-
sure of the spatial coherence [3,23]. Note that Dh is the FWHM of
the emissivity peak, and the estimated Dh from the directional
measurement is 4.8� and 9.8� for TE and TM waves, respectively.
Fig. 6. Spectral reflectance of Sample 1 at k = 891 nm: (a) TE wave; (b) TM wave.
The insets show the polar plots of the spectral emissivity, ek;h ¼ 1� R.
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The calculated coherence length is 4:85k and 2:54k for TE and TM
waves, respectively, suggesting that TE waves have better spatial
coherence than TM waves for the considered Fabry–Perot reso-
nance cavity structure.

To further investigate the frequency and directional depen-
dence of the emissivity of the proposed structure, the contour plots
of the calculated emissivity based on the fitting parameters of
Sample 1 are shown in Fig. 7 for TE and TM waves. In Fig. 7, darker
colors represent lower emissivity, whereas brighter colors corre-
spond to higher emissivity. The multiple emissivity peaks due to
the resonance can be clearly seen as the brightest curves called res-
onance bands, which exhibit strong spectral and directional selec-
tivity. For comparison, the measurement results of Sample 1 are
also plotted as triangles (FTIR) and circles (TAAS), and very good
agreement between the measurement and model can be seen.

As the incidence angle increases, the resonance bands are get-
ting narrower for TE waves but wider for TM waves. Besides, there
are regions beyond the resonance bands where the emissivity for
TM waves is noticeably larger, especially at large incident angles.
This is due to polarization-dependent reflectivity at each interface
since larger reflectivities at the cavity boundaries would result in
Fig. 7. Contour plots of the spectral–directional emissivity of the considered Fabry–
Perot resonator with the fitting parameters of Sample 1: (a) TE wave; (b) TM wave.
The triangles represent the reflectance dips measured by the FTIR spectrometer,
while the circles indicate the reflectance dips obtained by the laser scatterometer.
sharper resonance peaks [2,17]. To further explain this, the reflec-
tivities, Ra ¼ rar�a and Rb ¼ rbr�b, are plotted in Fig. 8 as functions of
the incidence angle hi for both polarizations at m = 5000 cm�1 and
m = 10,000 cm�1, respectively. While the reflectivity Rs ¼ rsr�s be-
tween SiO2 and the bottom Au layer is also important, it does not
change very much, since the refraction angle inside SiO2 is limited
to approximately 44� when hi = 90�. At the air–Au film and SiO2–Au
film interfaces, there exist large differences in the reflectivity be-
tween TE and TM waves at incidence angles greater than 60�.
While the reflectance for TE wave increases monotonically with
the incidence angle, the reflectance for TM wave is reduced signif-
icantly as the incidence angle increases. This is why the resonance
bands are much sharper for TE waves than for TM waves. The
broader resonance bands of TM waves result from the lower Rb;
on the other hand, the reduction of Ra of TM waves at large inci-
dence angles is responsible for the increase in the emissivity out-
side the resonance bands. It can be seen by comparing Fig. 8a
with b that the reflectivity (Ra or Rb) for given polarization and inci-
dence angle is relatively larger at lower frequency, which can ex-
plain why the resonance band at the first resonance (lower
frequency) is narrower than that at the second resonance (higher
frequency) shown in Figs. 2, 5, and 7. Since a thicker Au film will
result in higher Ra or Rb, this is why Sample 3 has a smaller dm than
Sample 2.
Fig. 8. Calculated reflectance for each polarization at the interface as a function of
incidence angle for Au film thickness of 21 nm: (a) at 5000 cm�1; (b) at
10,000 cm�1.
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5. Conclusions

This work demonstrates temporal and spatial coherence of ther-
mal radiation of asymmetric Fabry–Perot resonance cavities by
measuring the spectral and angle-resolved reflectance using the
FTIR spectrometer and a laser scatterometer, respectively. Sharp
reflectance dips are observed for both polarizations at several inci-
dence angles. It is found that the resonance frequencies are mainly
determined by the cavity thickness but the phase shift due to
reflection at the boundaries can modify the resonance frequency
to some extend. The top Au film thickness dominantly affects the
minimum reflectance or peak emissivity values. Narrow angular
lobes of the emissivity are also shown by the angle-resolved reflec-
tance measurement at k = 891 nm, which indicates strong direc-
tional selectivity and spatial coherence of the sample. The
measurement results can be well understood by a detailed theoret-
ical model with fitted film thicknesses. The asymmetric Fabry–Per-
ot resonators have a great advantage in terms of the fabrication as
compared with the binary gratings and the truncated photonic
crystal structures. The detailed analysis not only enhances the
understanding of the coherent emission mechanisms of the asym-
metric Fabry–Perot resonators but can also facilitate future design
optimization for practical applications in energy conversion sys-
tems, such as thermophotovoltaic devices, as well as in thermal
management by modifying radiative energy transfer.
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