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We demonstrate the design, fabrication, and characterization
of a polycrystalline-silicon-based photonic crystal Fabry—
Perot etalon, which is aimed to work in the mid-infrared
wavelengths. The highly reflective mirrors required in a
Fabry—Perot etalon are realized by freestanding polycrystal-
line-silicon-based photonic crystal membranes with etched
circular air holes. A peak reflection of 96.4% is observed
at 3.60 pm. We propose a monolithic CMOS-compatible
fabrication process to configure two such photonic crystal
mirrors to be in parallel to form a Fabry—Perot etalon; a fil-
tered transmission centered at 3.51 pm is observed. The
quality factor measured is around 300, which is significantly
higher than in existing works. This creates the possibility of
using such devices for high-resolution applications such as
gas sensing and hyperspectral imaging. © 2015 Optical
Society of America

OCIS codes: (230.5298) Photonic crystals; (050.2230) Fabry-Perot;
(160.5293) Photonic bandgap materials; (310.6860) Thin films, optical
properties.
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Optical reflectors play an important role in the realization of
many optoelectronic devices and photonic elements such as
mirrors, sensors, and interferometers. Due to its small size
and excellent optical performance [1,2], photonic crystal
(PhC)-based mirrors have proven to be an attractive design
for a reflective mirror. In particular, 2D PhC has been shown
to display extremely high reflection with only a single layer of
dielectric [3—5]. With proper designed parameters, high reflec-
tion can practically be achieved across different frequency
regions, including mid-infrared (MIR) regions.

By placing two such PhC mirrors in parallel to each other, a
Fabry—Perot etalon (FPE) can be realized. With the inclusion of
microelectromechanical systems (MEMS) technology, the gap
between the mirrors can be tuned. The use of PhC mirrors also
provides a much higher-quality (Q) factor. In this work, we will
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demonstrate the design, fabrication, and characterization of a
freestanding PhC-based mirror. Subsequently, the PhC-based
mirrors are used in the FPE, which is fabricated using a
CMOS-compatible monolithic fabrication process that is
highly desirable [6]. This is in contrast to existing works that
typically involve bonding of the mirrors or the use of non-
CMOS compatible materials such as polyimide as sacrificial
material to define the cavity length [7-11]. In our previous
works [12,13], where we fabricated only the PhC mirror,
the process used involved a high-temperature anneal of
1000°C. Such an approach is not adopted in this Letter due
to the increase in the number of polycrystalline silicon (Si)
and silicon dioxide (SiO,) layers in the FPE. The annealing
step induces very high thermal stress, which causes cracking
of the silicon layers and wafer breakage. In this Letter, we will
alleviate this issue through the use of low-stress epitaxial poly-
crystalline Si, which is deposited at a lower temperature of
610°C. The fabricated FPE shows a transmission peak centered
at 3.51 pm with a Q factor of around 300. While this is lower
than simulations, it is still significantly higher than in existing
works, which typically have a Q factor of a few tens [8—10].
This opens the possibility of utilizing such PhC FPE for
high-resolution applications like gas sensing [14,15] and hyper-
spectral imaging [7,8].

The PhC mirror is defined by having circular air holes etched
from polycrystalline Si slab. The band structure of the PhC
structure can be calculated based on plane wave expansion
method, as shown in Fig. 1.

The frequency of the bandgap (shaded in red) corresponds to
the wavelength region where high reflection is expected. Based
on the designed parameters of 7/« and #/a being 0.395 and
0.513, respectively, where 7 is the radius of the air hole, 7 is
the thickness of the Si slab, and « is the periodicity, the bandgap
is from 0.528 (27/a) to 0.586(27/a). When the periodicity is
set to be 1.95 pm, the wavelength region of high reflection is
from 3.33 to 3.69 pm. Optimization of the parameters is then
performed through the use of commercially available software
from Lumerical Solutions Inc. [16], which is based on the
three-dimensional (3-D) finite difference time domain
(FDTD) method. The unit cell consists of the Si slab with
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Fig. 1. Band structure of the PhC mirror.

a length of 1.95 pm, and the refractive index of Si is set to
3.464. A cylinder of air hole with a height similar to the Si slab
is then defined concentrically. The boundary conditions at the
sides of the unit cell are set to a periodic boundary condition,
and perfectly matched layers are included to prevent unwanted
reflection off the simulation boundaries. When the air hole
radius and the Si slab thickness are fixed at 0.77 and 1 pm,
the maximum simulated reflection is at 3.60 pm.

The PhC mirror is suspended in order to make it compatible
with subsequent fabrication of the FPE and also to enhance its
performance by reducing leakage through the underlying SiO,.
The schematic of the device is shown in Fig. 2(a). Fabrication
of the PhC mirror starts by growing a 1 pm thermal SiO, on a
bare 8-in. Si wafer. The device layer of 1 pm thick polycrystal-
line Si is then deposited by using epitaxy. The air holes are
patterned using deep UV lithography and etched using deep
reactive ion etching (DRIE). DRIE is then used to etch the
Si substrate, and the whole PhC mirror is released using vapor
hydrofluoric acid (VHF). The scanning electron microscope
(SEM) of the fabricated PhC membrane is shown in Fig. 2(b),
and it is found that the fabricated parameters are highly
matched with the designed parameters. Measurement of the
PhC mirror is done using an Agilent Cary 620 FTIR micro-
scope from 2 to 8 pm. Due to the experimental setup, the angle
of incidence for the reflection measurement is limited to 45°. As
the subsequent measurement of the FPE is based on transmis-
sion, which has an angle of incidence fixed to normal incidence,
the dependence of the performance of the PhC mirror with
incident angle is investigated. Based on 3D FDTD simulations
of the PhC mirror, the wavelength of high reflection when the
input IR light is incidence at 45° and normal incidence remains
the same at 3.60 pm. The size of the PhC mirror membrane is
designed to be 200 pm x 200 pm, while the spot size of the

Fig. 2. (a) Schematic of PhC mirror. (b) SEM of fabricated chip.
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MIR input is set to be 100 pm x 100 pm in order to ensure
that the input beam is illuminated only on the PhC patterns.
The reflection measurement of the PhC mirror is shown in
Fig. 3. A high reflection of 96.4% is measured at 3.60 pm with
a bandwidth of 160 nm for wavelengths that have reflection of
more than 90%. The dips in reflection observed at 3.29 and
3.43 pm were looked into in our previous work [13], where we
attributed them to the 45° angle of incidence.

The work is extended to form a PhC FPE, as mentioned
above. This is done by placing two PhC mirrors in parallel with
each other. We propose a monolithic approach to the fabrica-
tion process in order to avoid any physical bonding of the mir-
rors, which is usually used in existing works. Such a monolithic
fabrication approach provides simplicity and low-risk fabrica-
tion, which can be achieved across the whole wafer. Based
on the measurement results from the PhC mirror where the
peak reflection is at 3.60 pm, the cavity gap between the mir-
rors is designed to be around 1.80 pm, which is half of the peak
reflection wavelength. The schematic of the PhC FPE is shown
in Fig. 4(a).

Fabrication of the FPE starts with a 1 pm PECVD SiO; on a
bare Si wafer, as shown in Fig. 5(a). The device layer of 1 pm
thick polycrystalline Si of the bottom PhC mirror is then de-
posited using epitaxy [Fig. 5(b)]. Photolithography followed by
DRIE of the polycrystalline Si layer to form the air holes is
then performed to define the bottom PhC mirror [Fig. 5(c)].
A 2 pm PECVD SiO; is deposited [Fig. 5(d)] before chemical
mechanical polishing (CMP) of 0.2 pm of SiO, is done to re-
move topology issues and also to define the cavity length of the
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Fig. 3. Reflection measurement of the fabricated PhC mirror.
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Fig. 4. (a) Schematic of PhC FPE, SEM of the (b) top and (c) cross-
sectional view of the fabricated FPE before VHF release.
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Fig. 5. Fabrication process of the FPE.

FPE [Fig. 5(¢)]. The 1 pm Si device layer of the top PhC mirror
is then deposited using epitaxy [Fig. 5(f)], and the air holes are
defined through photolithography and DRIE [Fig. 5(g)].
Finally, the FPE is released by using VHF [Fig. 5(h)]. The fab-
ricated device is shown in Fig. 4(b). The device is cleaved in
order to reveal the bottom PhC mirror. The cross-sectional
view of the FPE before release is shown in Fig. 4(c). Due to
thickness variation by the CMP process, the cavity length is
measured to be only 1.70 pm.

Simulation of the FPE is done using 3D FDTD as well,
where two identical 1 pm thick Si slabs with an air hole radius
of 0.77 pm are drawn with a separation defined by the cavity
length. Similar to the PhC mirror simulation, the unit cell con-
sists of the Si slabs with a length of 1.95 pm on each side, and
the refractive index of Si is set to 3.464. The boundary con-
ditions are also set to periodic boundary conditions with per-
fectly matched layers. In order to obtain the theoretical Q
factor of the FPE, unlike the PhC mirror, the expected high
Q factor is determined by the slope of the envelope of the
decaying signal in the simulation. This is because the energy
within the cavity cannot completely decay in a time that
can be simulated reasonably, and the maximum Q factor that
can be simulated scales with the simulation time. The simu-
lated Q factor in an optimized case of a cavity length of
1.80 pm is found to be in excess of 45,000 at a wavelength
0f 3.59 pm (ideal case), as show in Fig. 6. However, after taking
fabrication variations into account, the simulated Q factor
drops to around 540 at 3.52 pm (nonideal case). The enhanced
Q factor over existing works is attributed to the additional
filtering effects of the PhC mirror. The first filtering effect is
within the Fabry—Perot cavity, where the undesired wave-
lengths are attenuated due to destructive interference. The sec-
ond filtering effect is due to the intrinsic wavelength selective
reflectivity of the PhC mirror, which has a bandwidth of
around 160 nm and more than 90% reflection. In contrast,
a multilayer Bragg reflector has a bandwidth of more than
3 pm in the MIR wavelengths for reflection of more than

90% [17-19]. This makes the PhC mirror able to filter
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Fig. 6. Simulation of ideal and nonideal case of the FPE and
measurement of the fabricated FPE.
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unwanted wavelengths more efficiently than the multilayer
Bragg reflector, hence resulting in a higher Q factor.

Measurement of the FPE is also done by an Agilent Cary 620
FTIR microscope from 2 to 8 pm. Similarly, the size of the FPE
is designed to be 200 pm x 200 pm. In the case of transmission
measurement, the incidence angle is normal to the sample. The
measurement result is also shown in Fig. 6. Measurement of the
fabricated device reveals a Q factor of around 300 at a wave-
length of 3.51 pm. The lower transmission intensity for a wave-
length range below 3.35 pm and above 3.55 pm in the
simulations can be attributed to the simulation methods
adopted for the high Q-factor simulations, as the transmission
intensity of wavelengths, where there are no resonances, are
suppressed. While the measured Q factor is lower than the
simulated Q factor, it is still around an order of magnitude
higher than existing works where the Q factor is typically a
few tens. The shift in the transmission wavelength and the drop
in Q factor can be attributed to the variation in the cavity
length. When the cavity length is not at the optimal distance,
the MIR light is unable to be confined within the cavity due to
higher transmission. This reduces the efficiency of the con-
structive interference of the desired wavelength, which causes
a drop in output intensity as well as broadening of the trans-
mission peak. Both of these factors result in a much lower Q
factor. In addition, the presence of the Si substrate in the FPE
causes a drop in the transmitted intensity. Based on measure-
ment of bare Si, the transmitted intensity is reduced to around
60% for wavelengths around 3.60 pm. The effect of the Si sub-
strate will be removed in future iterations by performing a
DRIE etch of the Si substrate. In order to alleviate the fabri-
cation variations introduced by the CMP process on the cavity
length, MEMS technology can be incorporated in the design.
With MEMS technology, it will enable actuation of the PhC
mirrors and, hence, achieve tunability of the cavity length.
This not only reduces the impact of cavity length variation
in fabrication process, it also offers the possibility of realizing
a tunable Fabry—Perot interferometer.

In conclusion, we have demonstrated the development of
polycrystalline-silicon-based PhC mirror and extended the
work to realize a PhC FPE aiming to work in the mid-infrared
wavelengths. The highly reflective PhC mirrors are realized
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by fabricating freestanding polycrystalline Si membranes
with etched circular air holes. We have proposed a monolithic
approach in the fabrication in order to achieve simplicity and
low risk. We observed a peak reflection of 96.4% at 3.60 pm
through measurement. We have also fabricated and character-
ized a PhC FPE based on knowledge obtained from the PhC
mirror. With a high reflection at 3.60 pm, the cavity length of
the cavity is designed to be around 1.80 pm. From simulations,
the Q factor in an ideal scenario, where the optimized cavity
length is 1.80 pm, is found to be in excess of 45,000. After
taking fabrication variations into account, the simulated Q fac-
tor is around 540. Measurement of the fabricated device reveals
a Q factor of around 300, which is around an order of magni-
tude higher than in existing works. Coupled with MEMS
technology to help achieve tunability and also to alleviate fab-
rication variations, this work offers great possibility of utilizing
such PhC FPE for high-resolution applications such as gas sens-
ing and hyperspectral imaging.
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