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Abstract

Fourier transform (FT) spectroscopy is a versatile technique for studying the infrared (IR) optical response of solid-, liquid-,
and gas-phase samples. In standard Fourier transform infrared (FT-IR) spectrometers, a light beam passing through a
Michelson interferometer is focused onto a sample with condenser optics. This design enables us to examine relatively
small samples, but the large solid angle of the focused infrared beam makes it difficult to analyze angle-dependent char-
acteristics. Here, we design and construct a high-precision angle-resolved reflection setup compatible with a commercial
FT-IR spectrometer. Our setup converts the focused beam into an achromatically collimated beam with an angle dispersion
as high as 0.25°. The setup also permits us to scan the incident angle over ~8° across zero (normal incidence). The beam
diameter can be reduced to ~| mm, which is limited by the sensitivity of an HgCdTe detector. The small-footprint
apparatus is easily installed in an FT-IR sample compartment. As a demonstration of the capability of our reflection
setup, we measure the angle-dependent mid-infrared reflectance of two-dimensional photonic crystal slabs and determine
the in-plane dispersion relation in the vicinity of the I" point in momentum space. We observe the formation of photonic
Dirac cones, i.e., linear dispersions with an accidental degeneracy at I', in an ideally designed sample. Our apparatus is
useful for characterizing various systems that have a strong in-plane anisotropy, including photonic crystal waveguides,
plasmonic metasurfaces, and molecular crystalline films.
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Introduction , . .
resolution techniques, however, could fail to analyze the

The Fourier transform infrared (FT-IR) spectrometer is a
ubiquitous spectroscopic tool used in a wide range of
material research.'? Standard FT-IR spectrometers have
two optical configurations: transmission and reflection.
Reflection measurement allows us to study optically thick
and highly absorbing samples whose transmission spectra
are difficult to obtain. Nevertheless, a rigorous Kramers—
Kronig analysis of specular reflection spectra provides both
the real and imaginary refractive indices of materials,>™ the
same information gained by transmission measurements of
carefully prepared optically thin samples. Moreover, attenu-
ated total reflection (ATR) techniques are used to measure
the spectra of small amounts of samples.*® The combin-
ation of an FT-IR with a Cassegrain-type objective lens or
tip-enhanced near-field optic is capable of infrared imaging
with a sub-micrometer resolution.”™"" Such spatial

angular-dependent optical response inherent in anisotropic
samples.

The loss of angular resolution is also a problem with
standard FT-IR architecture, where a thick beam from a
Michelson interferometer is tightly focused on a sample.
The angle of view at the sample position can reach
20 ~20° (numerical aperture (NA) of ~0.17), which thus
easily masks (or even eliminates) the angle-dependent fine
resonance in infrared spectra. The optical design differs
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from that of ultraviolet—visible (UV-Vis) spectrometers,
where a roughly collimated (unfocused) beam is trans-
mitted through the sample. Thanks to the availability of
large-area photodetectors in the UV-Vis wavelength
regions, a collimated beam passing through the sample
compartment is directly coupled to the detector. In con-
trast, infrared detectors have much smaller apertures and
thus require a focusing design for FT-IR.

Two kinds of commercial products are currently avail-
able that make it possible to measure angle-resolved infra-
red spectra. Variable angle reflection attachments are useful
FT-IR accessories.* They can be operated over broad inci-
dent angles while preserving optical alignment. However,
the incident beam is designed to focus on the sample pos-
ition, and the dispersion of the incident angles often
exceeds 10°. Hence, it is difficult to study samples that
have a strong angular dependence, as the spectral signa-
tures are masked due to the convolution of different
angle-dependent spectra. To achieve sub-1° angle reso-
lution, we developed an alternative setup that converts
the focused infrared beam (inside an FT-IR sample compart-
ment) into a collimated beam using parabolic collimators.
Spectroscopic ellipsometers are also devices that take
advantage of angle-resolved reflection. Some advanced sys-
tems are combined with FT-IR.'Z"3T However, ellips-
ometers generally use a strongly oblique incidence and
prevent us from measuring normal incidence spectra.

Attenuated total reflection FT-IR spectroscopic imaging
techniques are capable of increasing spatial resolutions
beyond free-space diffraction limited values thanks to the
use of high index materials for internal reflection elements.
In addition, ATR imaging with variable angles of incidence
makes it possible to obtain depth profiles, where the angles
of incidence are restricted and controlled by inserting care-
fully designed apertures in commercially available macro
ATR accessories'*'¢ and Cassegrain micro-objectives.'”'®
However, these imaging techniques essentially require the
finite distributions of wavevectors (angles of incidence), and
the severe light blocking (the use of small apertures) would
be needed to achieve sub-1° angle resolution. To obtain a
good angle resolution with sufficient throughput, we adopt
a design that uses a collimated beam rather than a focused
beam, although the imaging capability is lost.

In this work, we develop an angle-resolved mid-infrared
reflection setup with two design objectives. The first
objective is to achieve a good collimation for the incident
beam whose incident angle is tunable across zero, i.e., the
normal incidence angle. The setup thus utilizes a parabolic
collimator/condenser pair, and an infrared compatible
beamsplitter, which transmits the beam to the sample and
reflects it to the detector. The beam shift associated with
sample rotation is fully compensated for the setup. The
second design objective is a small footprint, which means
that the setup can smoothly be installed in the sample com-
partment of a standard FT-IR system. The modular design
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Figure 1. Optical diagram of the angle-resolved reflection
setup. M1, M2, M4, and M5 plane mirrors, PM| parabolic colli-
mator, BS beam splitter, S rotatable sample holder, M3 movable
plane mirror, and PM2 parabolic condenser (identical to PMI).
The (blue) dash dotted line indicates the optical axis. All the
optics are arranged on a 150 mm x 250 mm breadboard depicted
by the rectangular frame.

facilitates the flexibility of entire FT-IR systems in labora-
tories. As a demonstration of the capability of the reflection
setup, we measure the angle-dependent mid-infrared reflec-
tion spectra of two-dimensional photonic crystal (PC) slabs,
which are fabricated on silicon-on-insulator (SOI)
substrates.'”

Design and Installation

We used an FT/IR6800 (Jasco), which has a maximum reso-
lution of 0.07 cm™', as a base FT-IR spectrometer. It incorp-
orates a liquid nitrogen cooled mercury cadmium telluride
(MCT) detector, which has good sensitivity from 650 to
12000 cm™".

Figure | is an optical diagram of the reflection setup.
Infrared light from the spectrometer is reflected by a flat
steering mirror M| to an off-axial parabolic mirror PMI
that has a focal length of 25.4mm (Thorlabs MPDOI9-
MOI1). PMI collimates the beam and sends it to another
steering mirror M2. The beam is then directed to a 50:50
calcium fluoride beamsplitter (BS; Thorlabs BSW510 for
A =2-8pum). The beam transmitted through the BS is inci-
dent on a sample, which is mounted on a rotary stage. The
sample reflects the beam and returns it to the BS, which
reflects it to a movable mirror M3. The motion of M3 fully
compensates for the beam shift with changing the incident
angle. When the sample is rotated by 6, M3 is rotated by —0,
and translated along the optical axis so that the beam fol-
lows the same path. Then, the beam passes through M4,
PM2 (identical to PMI), and M5 to the instrument detector.

An iris pair is inserted in between M2 and BS to reduce
the beam diameter down to | mm, which is limited by the
MCT sensitivity. All the optics are assembled on a
150 mm x 250 mm aluminum breadboard, which can be
placed directly in the FT-IR sample compartment (see the
setup image in Fig. 2).
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Figure 2. Photograph of the angle-resolved reflection setup,
which is installed in FT/IR6800 (Jasco). The red line highlights the
infrared beam path.

Proper optics alignment is essential to obtain a good
angular resolution. The use of a visible light guide makes
the alignment rather easy. In particular, we use a fiber
coupled semiconductor laser as a point light source, and a
fiber coupled photodiode as a small aperture detector.
Before placing the optics, we carefully construct an align-
ment configuration with a visible light path (from source to
detector), which imitates the infrared light path in FT-IR.
Note that we prepare this alignment configuration outside
the FT-IR system. We install the breadboard there and adjust
all the optics positions using visible light. After achieving a
good condition, we move the breadboard (with all the
optics in the correct place) to FT-IR and carry out experi-
ments. Note that the reflection setup reported in our ear-
lier work utilized plano-concave lenses as a collimator/
condenser pair‘.I9 Here, we replace the concave lenses
with parabolic mirrors (PM| and PM2) and remove chro-
matic aberrations. Hence, optical alignment using a visible
laser, which has a wavelength far from that of IR light, is an
efficient way to achieve optimal conditions.

Performance Test
Estimation of Angle Resolution

Figure 3 shows the reflection intensity of a silver mirror
mounted on the sample holder as a function of rotation
angle. Here, we use the mirror as a reflection standard
and define the intensity as the spectrally integrated
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Figure 3. Mirror reflection intensity as a function of rotation
angle. For the red circles, we rotate the mirror holder, but we do
not move the compensator (M3). For the blue diamonds, we
move the compensator while simultaneously rotating the mirror.

intensity of the FT-IR output. The red circles show the
intensity variation when the compensation optic (M3)
does not move. The intensity peaks at zero, and then
suddenly decreases when the mirror is rotated. Hence,
the reflection setup is highly sensitive to the rotation
(i.e., incident) angle. The full width half-maximum of the
measured peak is evaluated to be 0.25°, which thus indi-
cates the angle resolution of the setup. The blue diamonds
show the intensity variation while we adequately move M3
to compensate for the beam shift associated with mirror
rotation. The measured intensity remains almost constant
even when the incident angle is changed, which ensures
the stability of the setup. Currently, the tunable range of
the incident angle is ~8°, which is limited by the BS size
(254mm in diameter) and the M3 translator travel
(25mm). The tunable range could be extended by
making minor changes.

The top panel in Fig. 4 shows the reflection spectrum of
a bulk polymethyl methacrylate (PMMA) at normal inci-
dence (0 =0°). The spectrum indicates a variety of reson-
ance peaks, which resemble the first derivative curves of
symmetric absorption peaks assigned to different vibra-
tional modes. The bottom panel shows the spectrum of
the same PMMA measured using a commercially available
variable-angle reflection accessory (Harrick Scientific,
Seagull) at near normal incidence (6 =4°). The two spectra
are almost identical thanks to the optical isotropy of
PMMA. The homogeneous sample exhibits a spectrum
that is not very sensitive to the incident angles.
Nevertheless, the measured spectral reproducibility
ensures the accuracy of our hand-made setup.

Mid-IR Characterization of Photonic Crystal Slabs

We apply the angle-resolved reflection setup to the char-
acterization of PC slab waveguides based on an SOI, which
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Figure 4. Reflection spectra of a bulk PMMA measured using
our reflection setup at normal incidence (top), and a commerecially
available variable-angle reflection attachment, where the incident
angle is set at 4° (bottom). Spectral noises associated with the
absorption of CO, are indicated by the arrows. The assignments
of several vibrational modes in PMMA are also indicated.
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Figure 5. Mid-IR reflectance of an SOI PC slab (R =530 nm and
d=210nm) at normal incidence. The spectrum of an unprocessed
SOl is also shown at the bottom.

contains a top silicon layer with a thickness of 400 nm. The
target PC design is a square lattice of air holes with a lattice
constant of 2.27 um, a hole radius (R) of 526 nm, and a
depth (d) of 216 nm. These PC parameters lead to the
formation of photonic Dirac cones, i.e., accidental degen-
eracy in the waveguide modes at the I point in momentum
space.”®?! The samples are fabricated using a combination
of electron beam lithography and reactive ion beam etching
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techniques. The design and fabrication are detailed
elsewhere. '’

Figure 5 shows the normal incidence reflection spectrum
of a PC sample together with that of an unprocessed SOI.
Both spectra exhibit a slowly varying profile similar to a
modulated sinusoid. Additionally, the PC sample spectrum
has various small peaks. Thus, the slowly varying compo-
nents appear due to Fabry—Perot interference occurring in
the SOI, and the additional peaks arise due to resonant
coupling between the incident light and the waveguide
modes. Since the wavevector of light at normal incidence
does not have a projection onto the slab layer, the incident
light is only coupled to the waveguide mode at the I" point
(k;; =0). Consequently, the ensemble of sharp spectral lines
represents the mode distribution at I" as a function of
frequency.

The top panel in Fig. 6a shows an expanded view of the
normal incident spectrum at wavenumbers around
2750 cm™', i.e., the low frequency side of the spectrum in
Fig. 5. Four resonant peaks are found in this spectral range
(highlighted by the vertical lines), and Dirac cones are
expected to appear at the second lowest energy peak, as
discussed later. The bottom panel in Fig. 6a shows the finite
element calculation result, which perfectly reproduces the
measured spectrum. Figure 6b shows the spectra measured
using common reflection accessories of FT-IR: In the top
panel, we use an infrared microscope with a Cassegrain
optic with NA=0.45 (x 10 magnification, finite conjugate
design), and in the bottom panel we use a standard variable-
angle reflection attachment (Harrick Scientific, Seagull).
Neither spectrum exhibits clear resonance peaks, as they
are masked due to the convolution of different spectra with
distributed incident angles. The correct spectra are thus
available for a sufficiently high angle resolution, which we
have successfully achieved in this work.

Figures 7a and 7b show the reflection spectra with dif-
ferent incident angles 0 for samples with different hole radii.
Here, the incident beam is tilted in the incident plane
towards the [l00] axis of the square PC lattice.
Accordingly, the wavevector is moved between I'" and X
in the first Brillouin zone. The sample with R=530nm
(Fig. 7a) shows that the single peak at 6 =0 splits into
two peaks almost linearly with |6]. This is the signature of
Dirac cones formed at I'. In contrast, the sample with
R =440 nm (Fig. 7b) exhibits a roughly parabolic energy
shift in the vicinity of 6 =0. In parallel, another new peak
appears at finite 0 values. The absence of the new peak at
0 =0 reflects the optical selection rule of the PC mode.'’
Hence, no degeneracy is observed at 8 =0 in this sample.
Thus, we confirm the formation of Dirac cones in a sample
that has a PC parameter close to the theoretically pre-
dicted value (R=526 nm).
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Figure 6. (a) Comparison of measured (top) and calculated (bottom) reflection spectra at normal incidence. We assume R =526 nm
and d =216 nm for our calculation. Spectral noises associated with the absorption of CO, are indicated by the arrows. (b) Reflection
spectra measured using a Cassegrain objective (top), and a commercial variable-angle reflection attachment, where the incident angle is
set to 4° (bottom).
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Figure 7. Incident angle dependent reflection spectra for PC slabs with (a) R =530nm and (b) R =440 nm. The spectra are arranged
from bottom to top, 6 =0 to 4.38° in 0.292° steps. The incident beam is p-polarized and tilted towards the [100] in-plane axis of the
square lattice sample.
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Conclusion

We developed an angle-resolved reflection setup compat-
ible with a standard FT-IR spectrometer. The angle reso-
lution reached 0.25°, which is not available with
commercial products. The setup makes it possible to
measure normal incidence spectra and to clarify the in-
plane band dispersion of PC waveguides in the vicinity of
the I" point. Thus, one potential application of the setup is
the study of PC surface-emitting lasers, which employ
laser action at the I" point. Photonic band characterization
has already been realized by using angle-dependent sub-
threshold luminescence measurement.”>>* However, the
technique cannot be applied to mid-infrared lasers due
to the limited sensitivity of infrared detectors. Our
setup is expected to serve as a tool with which to clarify
the in-plane waveguide dispersion and confirm vertical
emission even in mid-infrared regions.
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Notes

*Examples for variable angle reflection attachments to FT-IR:
Seagull (Harrick Scientific Products) or VeeMAX Ill (Pike
Technologies).

tExamples for infrared spectroscopic ellipsometers: IR-VASE
Mark Il (J.A. Woolam) or Sendira (Sentech).
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