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Abstract—Resonant filters in waveguides with vertical gratings
have been realized on a silicon-on-insulator wafer. Two identical
uniformly distributed Bragg reflectors with vertical gratings are
separated by a quarter wavelength phase offset. Experimental
studies show a broad stopband and a narrow transmission band
which shifts with changing substrate temperature that is also illuminated by an external laser pump beam at 514-nm wavelength.
Experimental results on a low-frequency thermal modulation
using an external light source are also presented.
Index Terms—Distributed Bragg reflector (DBR), optical filters,
silicon-on-insulator (SOI) technology, thermooptic effects.

I. I NTRODUCTION

S

PATIALLY corrugated reflectors, which are employed in
distributed feedback lasers in active waveguides and in
distributed Bragg reflectors (DBR) in passive waveguides, have
been used in various optical devices, including single-mode
semiconductor lasers, passive optical filters, modulators, beam
couplers, and sensors [1]–[5]. Passive optical filters made up
of a periodic structure possess a stopband in their transmission
spectra. Moreover, when a pair of such periodic structures is
separated by a quarter wavelength phase offset, a narrow resonant transmission mode appears in the center of the stopband
[2], [4], [5]. Advances in device fabrication technology enabled
the definition of periodic structures on sidewalls of a high mesa
waveguide first developed for a single-mode operation of high
index contrast laser devices on InP [6]–[8]. In this paper, we
apply a vertical grating approach to implement a resonant filter
and a resonant modulator using a silicon-on-insulator (SOI)
material system.
II. T HEORY
We exploit a resonant transmission filter consisting of a pair
of periodic structures separated by a quarter wavelength phase
offset. The top view of the device is shown schematically in
Fig. 1(a). Here, WS is the average width of the waveguide,
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Fig. 1. (a) Schematic diagram of the top view of quarter wavelength shifted
transmission resonant filter with vertical gratings, where WS is the average
width of the waveguide, ∆WS is the full depth of a single side of the vertical
grating, and L and Λ are the total length and the period of a single Bragg
reflector, respectively. (b) Cross section of the transmission resonant filter.

∆WS is the full depth of single side of the vertical grating, and
L and Λ are the length and the period of a single Bragg reflector,
respectively. The separation between the two Bragg reflectors
is set to a quarter wavelength phase offset that is also equal to
a half period (Λ/2) of the Bragg reflectors. The latter creates
a longitudinal single mode cavity to introduce a narrow transmission band in the wide stopband of the Bragg reflector. The
coupling coefficient (κ) of a fundamental lateral-mode firstorder Bragg reflector for transverse electric (TE) field, where
electric field is parallel to the wafer surface, is given by [3]


π ∆WS n2S − n2
κ=Γ
λ Weﬀ
nq




n2
n2
− 2
+1
n2S
nSiO2

(1)

where q ≡ (n/nS )2 + (n/nSiO2 )2 − 1, Weﬀ ≡ WS + 2/(qγ),
γ ≡ (β 2 − k 2 n2SiO2 )1/2 , and n ≡ β/k. Here, Γ is a power
fraction confined in the silicon core for TE polarization (∼85%)
[9]. β, k(= 2π/λ), and λ are the propagation constant, wavenumber, and wavelength in a vacuum, respectively. A cross
section of the device is shown in Fig. 1(b). nS is the effective
index of a three layer slab waveguide consisting of a silicon
core layer and two silicon dioxide cladding layers, calculated
using Newton’s method [10]. Here, the refractive indexes of
silicon and silicon dioxide nSiO2 are assumed to be 3.5 and
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Fig. 2. (a) Calculated coupling coefficient (κ) and corresponding Bragg length (LB = 1/κ) versus ∆WS . (b) Simulated transmission power versus (λ − λB ).

1.4, respectively. Fig. 2(a) shows the calculated κ and its
inverse corresponding to the Bragg length (LB = 1/κ) with
WS = 500 nm and λ = 1550 nm. The value of ∆WS = 50 nm
yields κ ∼ 600 cm−1 and the corresponding LB ∼ 16.6 µm.
Next, we calculate the transmission amplitude of the resonant
filter (tRF ) as a function of the wavelength (λ), assuming
Bragg reflectors with field reflectivity (r) and transmission (t),
and a phase shift (φ) introduced by the length of the spacer (d)
between the two Bragg reflectors by
tRF =

t2 exp(iφ)
1 − r2 exp(2iφ)

(2)

where t = 1/(cosh(µL) − (iδ − α/2) sinh(µL)/µ), r =
−iκ sinh(µL)t/µ, µ2 ≡ κ2 + (iδ − α/2)2 with detuning parameter δ ≡ β − βB ∼ (dβ/dω)(ω − ωB ) = (ω − ωB )/νg , α
is the loss of Bragg reflector, ω is the angular frequency,
ωB (≡ 2πc/λB ) is the Bragg angular frequency, νg (≡ c/ng )
is the group velocity of the waveguide, c is the speed of
light in a vacuum, λB (= 2nΛ) is the Bragg wavelength, and
ng (= n − λB (∆n/∆λ) = 3.8) is the group index of the
waveguide [2], [5]. In (2), we assume that κ is a constant over
the wavelength of interest [2], which can be confirmed by (1)
and enables efficient calculation. |tRF |2 is periodic in φ with
period π, supporting the transmission resonances occurring in
the center of the stopband in odd multiples of π/2. However,
this resonance can be tuned by varying the length of the spacer
(d). Fig. 2(b) shows a plot of |tRF |2 , assuming values of
κ = 600 cm−1 , α = 10 cm−1 , λB = 1550 nm, d = λB /(4n),
φ = βB × d = π/2, L = 2.1 × LB , and ng = 3.8.
III. F ABRICATION
The designed devices are fabricated on a small piece
(∼0.5 cm2 ) taken from a 15.24-cm SOI wafer consisting of
a silicon top layer with a mean thickness of 252.2 nm, with a
distribution of 6σ ∼ 18.3 nm on a ∼ 3-µm-thick silicon dioxide
layer which, in turn, is on a 100 p-type silicon substrate with
a resistivity of 14–22 Ω · cm. A scanning electron microscope
(SEM) with a pattern generation software is used to pattern
the whole structure on an area of ∼150 × 300 µm2 . Following
a standard liftoff process to transfer the pattern to a nickel

Fig. 3. Scanning electron micrographs of a dry etched device sample. (a) Top
view. (b) Tilted view.

mask, the silicon layer is selectively etched in a reactive ion
etcher using a mixture of BCl3 /Ar with gas flow rates of
BCl3 /Ar = 10/10 sccm, pressure of ∼30 mtorr, power density
of ∼ 0.1 W/cm2 , and temperature of ∼ 20 ◦ C. It results in an
etching rate of ∼75 nm/min for a sample size of ∼ 0.5 cm2 .
Fig. 3(a) and (b) shows the top and tilted SEM images of the
etched structures, respectively. After removing the nickel, a
buffer layer of silicon dioxide that is ∼1-µm thick is sputtered
to obtain a symmetry in the vertical direction, and the silicon
substrate is polished down to ∼ 50 µm to facilitate the cleaving. In addition, a single-step antireflection coating (Si3 N4 )
was sputtered on the cleaved facets of the device to reduce
the Fabry–Pérot (FP) resonance at the air-silicon interfaces.
Samples were suspended on a carbon tape using a glass plate
for fiber couplings.
IV. R ESULTS AND D ISCUSSION
A broadband source centered at 1.56 µm is coupled into a
fiber-optic polarizer, followed by a polarization maintaining
(PM) tapered fiber with an output spot diameter of ∼ 2.5 µm,
producing ∼20-dB polarization extinction. A pair of such PM
tapered fibers is used to couple light into and out of the fabricated devices. We used a 2-µm-wide waveguide on the chip
for fiber coupling, in which case, ∼1% power from the input
PM fiber is delivered to the output PM fiber. The measurements are performed using TE-polarized input light and optical
spectrum analyzer. After measuring both transmission spectra
from the device and broadband source with the same resolution
and wavelength range, each data measured from the device is

KIM et al.: TUNABLE TRANSMISSION RESONANT FILTER AND MODULATOR WITH VERTICAL GRATINGS

Fig. 4.

Measured transmission spectrum of the device at TE polarization.

divided by the one from the broadband source. Fig. 4 shows
a typical measured device spectrum. Oscillatory behavior
outside of the stopband and a slight asymmetry of the resonant
transmission band are most likely due to residual reflections on
the two Si3 N4 coated facets. The measured spectrum shown
in Fig. 4 is in good agreement with the calculated prediction
in Fig. 2(b). Next, we investigate the thermal tuning of the
resonant transmittance by mounting the fabricated device on
a thermoelectric cooler. Fig. 5(a) shows that resonant transmittance shifts by ∼4 nm when the temperature is increased by
50 K. Although the temperature dependence of the refractive
index of silicon dioxide is one order of magnitude weaker
than the refractive index for silicon and ∼20% of the guided
mode power is present in silicon dioxide, calculations reveal
that the effective index change (∆n) is nearly proportional to
the index change of the silicon core at a fixed wavelength for
the wavelength range of interest. Provided that the resonant
transmittance band wavelength mainly depends on the index
change ∆λB /∆T ∼ 2(∆n/∆T )Λ ∼ 2(∆nSi /∆T )Λ, where
∆n and ∆nSi are the effective index changes of the guided
mode and the silicon core as a function of T , and Λ = 305 nm,
∆nSi /∆T is estimated to be ∼1.3 × 10−4 K−1 . This value
is smaller than those reported by other research groups [11],
[12]. For example, Li searched, compiled, and analyzed
various measured refractive index data for silicon and recommended its temperature derivative value of ∆nSi /∆T ∼
(1.8 ± 0.15) × 10−4 K−1 at λ = 1550 nm and T = 293 K [11].
Della Corte et al. measured and modeled ∆nSi /∆T ∼ 1.76 ×
10−4 K−1 at λ = 1550 nm and T = 300 K with an error of
6.5% [12]. However, material dispersion of the silicon core
and structural dispersion over the tuning spectral range should
be additionally considered in this paper. The latter is one
order of magnitude larger than the former, while both effects
decrease the effective index and are included in the equation
∆λB / ∆T ∼ 2(∆n / ∆T + (∆n / ∆λ) × (∆λB / ∆T ))Λ +
2n(∆Λ / ∆T ) ∼ 2(∆nSi / ∆T + (∆n / ∆λB ) × (∆λB /
∆T ))Λ + 2n(∆Λ/∆T ) ∼ (∆nSi /∆T )λB /ng + 2n2 (∆Λ/
∆T )/ng , where all derivatives of n are evaluated at λ = λB and
T = 20 ◦ C. The last term explains the linear thermal expansion
of the period and is estimated to ∆Λ(T )/∆T ∼ 0.8 ×
10−3 nm/K [13]. ∆nSi /∆T is interpreted as real refractive
index increment of the silicon core over temperature and
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corresponds to ∆nSi /∆T ∼ (0.08 − 0.0027) × (3.8/1550) ∼
1.9 × 10−4 K−1 with a value of ng = 3.8. This value of
∆nSi /∆T can be compared with the previously reported values, and the contribution of thermal expansion of Λ to ∆λB is
estimated to ∼5%. Here, we determined the value of ng =
3.8 ± 0.1 by measuring the FP resonant mode spacing of a
straight waveguide with WS = 500 nm at λ = 1550 nm.
Next, we focused a continuous wave (CW) Ar-laser at a
wavelength of 514 nm onto the center region of the device using
a microscope objective with NA = 0.4, producing a minimum
spot size of ∼1.6 µm. The distance from the device to the beam
waist was adjusted to assure illumination of the center of the
device. Fig. 5(b) shows the shift of the resonant transmission
versus the CW power of the pump. Lateral chip dimension used
to measure the spectra in Fig. 5(b) is 400 × 700 µm2 , and the
thickness of the chip is ∼ 50 µm. The pump power of 10 mW
measured at the output of the microscope objective causes
a shift in the resonant transmission wavelength of ∼2 nm.
It should be noted that the silicon core overcoated by the silicon
dioxide layer is resting on an optically and thermally isolating
3-µm-thick silicon dioxide cladding layer over the entire silicon
substrate. The pump power is absorbed in the silicon layer,
generating heat and changing the refractive index of the silicon.
The heat generated in the silicon core should be dissipated
into the silicon substrate which has larger thermal capacity.
Although an absolute power absorbed in the device is not well
defined experimentally, the direction of the whole spectrum
movement in Fig. 5(b) indicates that the thermal distribution
across the device may depend on the heat sinking method of the
chip more strongly. If the size of the chip is bigger or the chip is
bonded on heat sink, the heat generated by the incident power
level in Fig. 5(b) will be more strongly distributed around the
illuminated region and may also need more power to achieve
the same movement of the resonant wavelength.
Finally, with the same sample used to measure the condition in Fig. 5(b), experiments using a square wave modulated
CW Ar pump beam are conducted. We use an acousto-optic
modulator driven by the square wave modulating signals at
10 kHz with measured rise and fall times of ∼25 ns [see
Fig. 6(a)]. The measured average modulated argon laser power
at the output of the microscope objective is 1.5 mW. A tunable
laser source is adjusted to the resonant transmission of the
device at λ ∼ 1554.8 nm. When the modulated pump beam is
turned on, the output transmittance of the device is modulated,
producing a modulated output signal, as shown in Fig. 6(b).
An additional modulated response is found by tuning the input
signal wavelength to ∼1555.5 nm. It should be noted that the
spot sizes in Figs. 5(b) and 6(b) are not the same. The measured
values of 10 µs or less for the rise time and fall time [see
Fig. 6(b)] are comparable with the values found in various
devices fabricated on SOI wafers [14]–[17].
V. C ONCLUSION
Transmission resonant filters with vertical gratings have been
realized on the SOI wafer. The resonant filter is constructed in a
500-nm-wide waveguide using a pair of 35-µm-long (2.1 times
Bragg length) DBRs, each implemented using vertical gratings
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Fig. 5. (a) Transmission spectra of the resonant mode for substrate temperature varying in the range of 20 ◦ C–70 ◦ C. (b) Transmission spectra of the resonant
mode for irradiance of the cavity region of the device by the CW argon laser at power levels varying in the range of 0–10 mW.

Fig. 6. (a) Power versus time trace of the modulated argon laser beam used to pump the cavity region of the device. (b) Output power versus time of the device
operating at a wavelength of λ = 1554.8 nm, when the cavity region of the device is modulated by the modulated argon laser with an average power of about
1.5 mW.

with 50-nm depth. These two resonant Bragg reflectors are
separated by a 152-nm-long spacer, realizing a half period of
the Bragg grating and introducing a narrow transmittance band
in the center of the wide stopband of the Bragg reflectors.
The measured linewidth of the resonant transmittance band
and the bandwidth of the stopband are ∼0.6 and ∼19 nm,
respectively. Substrate temperature tuning of the resonant transmission band of ∼0.08 nm/K is found experimentally. A pump
laser with a photon energy larger than the bandgap for silicon
is also used to transfer a thermal energy to the device showing experimentally measured transmittance band tuning versus
optical pump power coefficient of ∼0.2 nm/mW. Finally, by
using this thermal effect of refractive index change, we succeed
in operating the device as a modulator at 1.55 µm using an
optical pump at 514 nm modulated at 10 kHz with ∼3-mW
incident power.
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