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Abstract: In this paper, athermal silicon waveguides using bridged
subwavelength grating (BSWGQG) structures are proposed and investigated.
The realization of temperature-independent BSWG waveguides for both
polarizations is demonstrated numerically and experimentally. SU-8
polymer is used as the cladding material to compensate for the positive
thermo-optic (TO) coefficient (dn/dT) of silicon. We investigate the
dependence of the effective TO coefficient of BSWG waveguides on both
the bridge width and grating duty cycle. The BSWG waveguides have a
width of 490 nm, a height of 260 nm, and a grating pitch of 250 nm.
Athermal behavior is achieved for both the transverse-magnetic (TM) and
the transverse-electric (TE) polarized light for a variety of bridge width and
duty cycle combinations. Furthermore, the BSWGs can be designed to be
athermal for both TE and TM polarization simultaneously.
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1. Introduction

Subwavelength grating waveguides (SWGs) have been proven to be an interesting alternative
to conventional photonic wire (PW) waveguides [1]. The SWG is a new type of
microphotonic waveguide which provides an extra degree of freedom in the design of
photonic circuits since the refractive index of the waveguide core can be controlled by
changing the grating duty cycle [1, 2]. The SWG waveguide structure is shown schematically
in Fig. 1(a), where the duty cycle (DC) is defined as a/A. In order to suppress diffraction
effects, the grating period is chosen smaller than half of the operating wavelength of light
inside the medium. In such case, photonic bandgap opening is avoided and light propagation
through the periodic structure resembles that in a homogeneous effective medium.
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Fig. 1. a) Schematic of a subwavelength grating (SWG) waveguide core: W is the waveguide
width, H is the waveguide height, a is the length of a silicon core segment, A is the grating
pitch (period), k is the wavevector, and n; and n, are the core and cladding indices,
respectively. b) Schematic of an athermal SWG waveguide.

Subwavelength high-index contrast gratings were first proposed as high-reflectivity
mirrors [3], antireflective layers [4], fiber-chip couplers [2, 5, 6], lenses [7], terahertz optical
switches [8] and more recently also as athermal waveguides [9—12]. The latter (shown in Fig.
1(b)) are technologically important because the strong temperature dependence of
conventional silicon waveguides imposes stringent temperature control requirements for
practical applications. The realization of temperature-independent waveguides, i.e. with an
effective thermo-optic coefficient dn./dT =0, has been made possible by combining two
materials with opposite thermo-optic (TO) coefficients [12, 13]. This was achieved for the
first time in conventional strip waveguide geometry [12] and recently also in an SWG
waveguide [13]. SU-8 polymer was used as the cladding material [13] since its negative TO
coefficient (dn/dT =-1.1 x 10 K™') can compensate for the positive TO coefficient of silicon
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(1.9 x 107* K™"). Athermal operation was achieved by changing the waveguide width and the
SWG duty cycle to vary the effective mode overlap with the Si and SU-8 materials [13].

Simulations and measurements of the effective TO coefficient of different SWG
waveguide configurations have been reported in [9] and [13]. The effective waveguide TO
coefficient was estimated by measuring the spectral transmittance of unbalanced Mach-
Zehnder interferometers with arms comprising SWG waveguides of varying duty cycles, at
different temperatures. In the MZIs, conventional photonic wire (PW) waveguides were used
for Y splitters and waveguide bends, and high-efficiency mode transformers [2] were used to
connect the PW waveguides with the SWG waveguides. Athermal behavior was achieved for
various geometries either for TE or for TM polarization, as summarized in Table 1.

Table 1. Some SWG waveguide geometries yielding athermal operation

Waveguide Width Waveguide Height Grating Pitch Polarization Duty Cycle
(W) (H) (A) (DC =alA)
(nm) (nm) (nm) (%)

TE 79

350 260 300 ™ 90

TE 61

450 260 300 ™ 83

TE 60

70 260 250 ™ g4

In practice, however, waveguides with such high grating duty cycles are difficult to realize
in fabrication since impractically small gaps are required, particularly for TM polarization
(~50 nm). In order to circumvent this problem, here we demonstrate a new athermal
waveguide configuration, namely a bridged subwavelength grating (BSWG) waveguide.

In a BSWG waveguide, the silicon segments of a conventional SWG waveguide are
“bridged” together with silicon segments of a narrower width, as it is schematically shown in
Fig. 2(a). The SEM images of two fabricated BSWG waveguides are shown in Fig. 2(b) and
2(c).

(b)
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Fig. 2. (a) A schematic top view of the athermal BSWG waveguide. W, is the width of the
wider silicon core segments, W- is the width of the bridging silicon segments, a is the length of
the wider segments, and A is the grating pitch. The grating duty cycle (DC) is defined as a/A.
(b, ¢) SEM images of fabricated BSWG waveguides. These waveguides were designed with
W; =450 nm, H = 260 nm, and A = 250 nm: (b) with DC = 50% and W, = 140 nm; (c) with
DC = 65% and W, = 80 nm.

2. Simulations and design

We studied various waveguide geometries using the MIT Photonic Band (MPB) software
[14], which numerically solves Maxwell’s equations for periodic structures. The effective
mode index (n.g) of the BSWG waveguide is calculated for different temperatures, using the
TO coefficients of silicon and SU-8. Since the TO coefficient of the buried oxide layer is
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much smaller (dn/dT = 9.33x107° K™' for vitreous silica, or silica glass) compared to Si and
SU-8, its effect is assumed to be negligible in our simulations [15].

The waveguide width, height, and grating pitch were 450 nm, 260 nm, and 250 nm,
respectively. The required duty cycle for athermal condition at a wavelength of A = 1550 nm
is dependent on the light polarization and waveguide geometry. We first investigated the
influence of the bridge width (W) and the duty cycle (DC) on the effective TO coefficient of
the waveguide.

For a given DC, the athermal condition can be fulfilled by judiciously choosing the bridge
widths W,. Nevertheless, the optimal value of W, is polarization dependent. For example, at a
35% duty cycle, the athermal condition requires bridge widths of 200 nm and 190 nm, for TE
and TM polarizations, respectively. As the duty cycle increases, for example, to 50%, the
athermal condition is achieved for W, = 135 nm (TE) and W, = 160 nm (TM).
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Fig. 3. The bridge width (W) dependence on the duty cycle (DC) in athermal BSWG
waveguides with W = 450 nm, H = 260 nm, and A = 250 nm. The operating wavelength is
1550 nm.

Figure 3 presents the bridge width (W,) dependence on the grating duty cycle (DC) for
athermal conditions in BSWG waveguides. It is observed that, unlike in the previously
reported athermal SWG waveguides [13], temperature-independent operation can be achieved
for either TE or TM polarizations with readily manufacturable minimum feature sizes. In
addition, athermal behavior for both TE and TM polarizations is predicted for DC = 44% and
W, = 175 nm. For this specific geometry, the mode effective indices as calculated by MPB
are ntg = 1.87 and nqy = 1.77. This advantage of achieving a single athermal design for both
TE and TM polarizations is a significant advance relevant for practical applications of silicon
microphotonic devices.

3. Experimental results

The effective TO coefficient was measured using the methodology reported in [9]. An
unbalanced Mach-Zehnder interferometers with arms comprising BSWG waveguides of
varying duty cycles and bridge widths were manufactured by e-beam lithography, followed by
reactive ion etching (RIE). The geometrical imbalance (length difference) between the two
arms is AL = 3 mm. For the Y splitters and waveguide bends, standard photonic wire (PW)
waveguides are used, being connected with the SWG waveguides with high-efficiency mode
transformers [2].

In Fig. 4, the transmission spectra for TM polarization are shown at different temperatures
for a MZI device comprising photonic wire waveguides (Fig. 4(a)) and are compared with the
spectra of a MZI with BSWG waveguides (Fig. 4(b)). It can be observed that the temperature-
induced wavelength shift is substantially reduced for the BSWG device. Compared to a
photonic wire waveguide with the measured TO coefficient dn./dT = 8.5 x 107° K, a near
athermal operation with dn./dT = -6 x 107® K™ was achieved for BSWG waveguides. The
TO coefficient was calculated from the measured temperature induced wavelength shift as:
dne/dT = (ng/A)(dA/dT) [13, 16]. The group index n§ was calculated from the free spectral
range A\ of the Mach-Zehnder interferometer: n, = A”/(AMAL) [13, 17]. We were not able to
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determine the numerical value of the waveguide propagation loss with sufficient accuracy
from our data but it appears to be in the same range or slightly greater than the loss of PW and
SWG waveguides, i.e. on the order of several dB/cm.
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Fig. 4. The spectral transmittance of MZI with (a) photonic wire waveguides and (b) near
athermal BSWGs. A wavelength shift d/dT ~35 pm/°C is observed in (a). dA/dT =-2.5 pm/°C
is observed in (b). Waveguide dimensions are: (a) W = 490 nm and H = 260 nm; (b) W, = 490
nm, H =260 nm, A =250 nm, DC =42%, and W, = 220 nm.

Measured wavelength dependence of the waveguide TO coefficient is shown in Fig. 5. It
is observed that BSWG waveguides with a grating duty cycle of 58% are temperature
independent for a bridge width of 140 nm, for TM polarization. The waveguide shown in Fig.
5 is near temperature independent over the entire measured wavelength range (1540-1570
nm), with a residual dne/dT from 0 to —1.5 x 107 K™' (dn/dT ~0 at A = 1540 nm).

From our SEM measurements, the fabricated waveguide in Fig. 5 was found to be slightly
wider compared to the nominal design, due to a 40 nm waveguide width fabrication bias. The
measured value of the SU-8 polymer TO coefficient was closer to —1.3 x 10~ K™'. We carried
out additional simulations with the actual waveguide dimensions as measured by SEM in
order to accurately compare the experimental results with the theoretical calculations.

10 . .
& PW

28 © BSWG, TM, DC58%, Bridge 140nm
T 2 _
Z 1.5
é BP0 0
2 A
3]
]
=

-05 ' '
1540 1545 1550 1555 1560 1565 1570
Wavelength {nm;

Fig. 5. The thermo-optic coefficient dependence on the wavelength. The TO coefficient of
athermal BSWG waveguides are compared with the PW waveguide. The BSWG waveguides
were designed nominally athermal at the wavelength A = 1550 nm.

The comparison with the experimental results is presented in Fig. 6, where the TO
coefficients of BSWG waveguides with 42% and 58% grating duty cycles are shown for TE
and TM polarizations as a function of bridge widths. The quoted values for the width and duty
cycle of all experimental structures are the actual values as determined by the SEM images. In
terms of the fabrication tolerance of the BSWG waveguide, we have found by simulations that
the TO effect tolerance due to small changes in the bridge width are not significant. With a
Inm change in bridge width, the TO effect variations are calculated to be approximately
2.6x107 K'/nm and 7.3x10”" K™'/nm for TE and TM polarizations, respectively.
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Fig. 6. BSWG thermo-optic coefficient dependence on the bridge width (W,), for DC = 58%
(a, b) and DC = 42% (c, d) for TE and TM polarizations. Simulation results for waveguide
dimensions measured by SEM are compared with the experimental data. Waveguide
dimensions: W; = 490 nm, H = 260 nm, and A = 250 nm. The operating wavelength is 1550
nm.

The results in Fig. 6 show that the experiments agree well with the theoretical predictions.
Some minor differences are most likely due to uncertainties in the SEM measurement of the
actual waveguide dimensions. It should also be noticed that the critical dimensions of the
athermal BSWG waveguides demonstrated here are larger than 100 nm and therefore can
potentially be fabricated using deep-UV lithography.

4. Conclusion

The temperature-independent bridge subwavelength grating waveguides have been
demonstrated for both TE and TM polarizations. Compared to conventional segmented SWG
waveguides, the bridging segments provide an extra degree of freedom in the design of the
BSWG waveguides, lending to several possible geometries of athermal BSWG waveguides.
For a given range of duty cycles, an athermal condition is achieved by a judicious choice of
the bridge width, for both TE and TM polarizations. Temperature-independent BSWG
waveguides have been demonstrated experimentally for two different duty cycles. Our
athermal BSWG waveguides have critical dimensions larger than 100 nm, and can therefore
potentially be fabricated by the 193 nm deep-UV lithography. We also showed that athermal
operation for both TE and TM polarization is feasible in the same BSWG waveguide, which
is an important step towards the development of silicon photonic devices.
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