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We demonstrate, by experiment and numerical calculations, temperature-independent subwavelength grating
waveguides with a periodic composite core composed of alternating regions of silicon and SU-8 polymer. The poly-
mer has a negative thermo-optic (TO) material coefficient that cancels the large positive TO effect of the silicon.
Measurements and Bloch mode calculations were carried out over a range of silicon—polymer duty ratios. The
lowest measured TO coefficient at a wavelength of 1550 nm is 1.8 x 10® K~!; 2 orders of magnitude smaller than
a conventional silicon photonic wire waveguide. Calculations predict the possibility of complete cancellation of

the silicon waveguide temperature dependence.
OCIS codes: 130.3120, 050.6624, 130.3130.

In recent years, much progress has been reported in the
development of integrated silicon photonic devices and
circuits, which are expected to have a major impact on
optical interconnects and data transport applications.
High index contrast silicon microphotonic waveguides
are also used in emerging new applications in biosensing
[1] and spectroscopy [2]. An important issue with silicon
photonic circuits is the temperature dependence of their
optical output signals, which is caused by the compara-
tively high thermo-optic (TO) material coefficient of
silicon (dng;/dT = 1.8 x 10~* K™1). Precise external tem-
perature control is, therefore, often required for silicon
photonic devices, especially those incorporating inter-
ferometers, resonators, and wavelength dispersive ele-
ments. The temperature dependence of silicon wire
waveguides can be reduced by using a polymer overclad-
ding with a negative TO coefficient to compensate for the
silicon TO effect [3,4]. Athermal operation of wave-
guides, i.e., dn.¢/dT = 0, where n. is the mode effective
index and 7 is the ambient temperature, is achieved if
waveguide dimensions are chosen such that the relative
overlap of the mode with the silicon core and the poly-
mer cladding results in a cancellation of their respective
contributions to the waveguide effective TO coefficient.
This can be accomplished in narrow silicon wires with a
fairly delocalized mode [5], or with slot waveguides, in
which a large fraction of the modal field is confined to
a narrow gap filled with the low-index polymer [6].
Here we suggest a new principle for making athermal
silicon waveguides, using the subwavelength grating
(SWG) effect. We have recently demonstrated that silicon
photonic wire waveguides with periodic gaps, of a period
smaller than one-half of the effective operating wave-
length, act as low-loss waveguides with a spatially aver-
aged core index [7]. A schematic illustration of a SWG
waveguide is shown in Fig. 1(a). In short, SWG wave-
guides operate in the long wavelength regime of the dis-
persion diagram, well below the frequency of the first
stop band. Their fundamental mode is a bound Bloch
mode, which is, in principle, lossless. Since the period
of the grating etched into the waveguide is well below
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the operating wavelength, its fine structure is not re-
solved by the light and diffraction is suppressed. There-
fore, the optical properties of the SWG waveguide
resemble those of a channel waveguide with a spatially
averaged core index. Spatial index averaging offers the
opportunity of mitigating the silicon TO effect by filling
the gaps with polymer material of negative TO coefficient
for an appropriate grating duty ratio. The polymer used in
our work is SU-8, which has a refractive index of ngyg ~
1.58 at 2 = 1.65 ym and a TO coefficient of dngyg/dT =
-1.1x 104K [8].

In Figs. 1(b)-1(d), we show scanning electron micro-
scope images of three fabricated SWG waveguides of
470 nm width, 250 nm grating pitch, and duty cycles of
(b) 46%, (c) 56%, and (d) 66%. These waveguides were
fabricated from commercial silicon-on-insulator sub-
strates with 0.26 ym thick silicon and 2 ym thick buried
oxide layers. We used electron beam lithography to de-
fine the waveguides and transferred the pattern into the
silicon layer by inductively coupled plasma reactive ion
etching using a mixture of SFy and C,Fg gases. The sam-
ples were coated with a 2-uym-thick SU-8 polymer layer by
a standard spin and bake procedure. To measure the TO
coefficient of the composite silicon—polymer SWG wave-
guides, the structures were incorporated in unbalanced
Mach—Zehnder interferometer (MZI) devices, as shown
in Fig. 1(d). Standard photonic wire waveguides are used
for the Y splitters, and the waveguide bends while each
arm of the MZI includes two straight SWG sections. Wire
waveguides are adiabatically transformed to SWG wave-
guides at the positions indicated by arrows in Fig. 1(e),
with coupler structures similar to the one described in
[9]. The combination of wire and SWG waveguides in
the same device demonstrates the compatibility of the
two waveguide types. SWG waveguide propagation loss
has previously been found to be of comparable magni-
tude to our photonic wires [7]. The two arms of the
MZI are identical except for the additional SWG
section length of AL = 3mm inserted into the upper
arm. The transmitted intensity of the MZI interfero-
meters will, therefore, have the usual sinusoidal form
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Fig. 1. (Color online) (a) Schematic of an SU-8 clad silicon
SWG waveguide. (b)-(d) SEM micrographs of SWG waveguides
with duty cycles of 46%, 56%, and 66%. (e) Optical micrograph of
an unbalanced MZI device with SWG sections. Arrows indicate
the positions of wire-to-SWG waveguide couplers. The conti-
nuation of the device beyond the field of view is indicated sche-
matically on the right-hand side of the picture for clarity.

I = cos?(ky/2 ne AL), where ne is the effective index
of the silicon—polymer composite SWG section.

Figure 2 shows the results for optical transmission of
MZI devices with SWG waveguides of varying duty cycles
at different temperatures. For these measurements, the
chips were mounted on a temperature-controlled copper
heat sink. For waveguides with a duty cycle of 100%,
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Fig. 2. (Color online) Temperature-dependent transmission
spectra of MZI devices for different SWG duty ratios. A sign re-
versal from negative to positive temperature-induced wave-
length shifts is observed for increasing duty cycle.
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Fig. 3. (Color online) Measured TO coefficient of photonic

wire (PW) and SWG waveguides of various duty cycles (d.c.)

indicated in the figure as functions of wavelength with linear

fits (solid lines). (a) TE and (b) TM polarization.

i.e., conventional photonic wire waveguides, a positive
wavelength shift of approximately 70 pm/°C is observed
[Fig. 2(a)]. In comparison, the sign of the shift is reversed
and the magnitude reduced for SWG waveguides with a
duty cycle of 46%, as seen in Fig. 2(b). For the SWG
waveguides with a duty cycle of 66% in Fig. 2(c), the tem-
perature-dependent shift of the transmission spectrum is
minimal, indicating nearly athermal waveguide behavior.
All spectra shown in Fig. 2 are for quasi-TE polarization.

For our configuration of the MZI device, the waveguide
TO coefficient dny/dT can be derived from the wave-
length shift di/dT of the transmission spectra:

dneff :Tﬁﬂ (1)
aT AdT’

where 7, is the group index of the waveguide, which is
related to the period Al of the MZI transmission by
n, = A*/(AAAL). We calculated the TO coefficient as a
function of wavelength from the observed tempera-
ture-induced spectral shifts of the transmission minima.
The results are plotted in Fig. 3 over a 50 nm spectral
range, where each data point corresponds to the mea-
sured shift of one transmission minimum. Solid lines are
linear fits to the data. For TE polarization [Fig. 3(a)], the
TO coefficients of SWG waveguides with duty ratios of
46% and 56% are negative, while the TO coefficient of
the photonic wire is positive, as expected. For a 66% duty
ratio, the SWG waveguide is nearly athermal, consistent
with the small wavelength shifts observed in Fig. 2(c).
For this waveguide, the coefficients of the linear fit
function f = al + b are given by a = -2.95 x 10~"nm!
K!and b = 4.65 x 104 K-, which yields athermal opera-
tion for a wavelength of 1576 nm. For TM polarization
[Fig. 3(b)], a positive TO coefficient is measured for
the photonic wire device, whereas the coefficient is ne-
gative for the segmented SWG waveguides with these
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Fig. 4. (Color online) Experimental and theoretical results for

the effective TO coefficient of SU-8 clad silicon SWG wave-
guides as a function of grating duty cycle.

duty cycles. While none of the measured SWG wave-
guides exhibits athermal behavior for TM polarization,
it is obvious from the observed sign reversal of the TO
coefficient that athermal TM operation exists for a duty
ratio between 66% and 100%.

The values of the linear fits shown in Fig. 3 for the TO
coefficient dn.g;/dT at the wavelength 1 = 1550 nm are
plotted as functions of SWG duty ratio in Fig. 4 for
both TE and TM polarizations (blue diamonds and red
squares). Our full data set plotted in Fig. 4 also includes
a waveguide with duty ratio of 64%, which, for clarity, is
not shown in Fig. 3. The experiment confirms the ex-
pected decrease of the TO coefficient with decreasing
duty ratio, including sign reversal and near athermal be-
havior for TE waveguides with a duty cycle of approxi-
mately 65%. At 4 = 1550 nm, our lowest measured value
for the TO coefficient is 1.8 x 10 K-! for a duty ratio of
64%. The experimental data is compared to calculations
with the MIT photonic bands software [10], which is used
as a mode solver for the periodic waveguides. To find the
TO coefficient numerically, we first calculate the disper-
sion (w-k) diagram of the SWG waveguide using the
room-temperature values of the material refractive in-
dices (nSi = 3476, Nsus = 1.58 and nSiOZ = 1444) The
waveguide effective index at 1 = 1.55 um is obtained di-
rectly from the calculated dispersion, n.; = ck/w, where
cis the speed of light. The calculation is then repeated for
the same structure at a different temperature. The refrac-
tive indices of the constituent materials are changed from
their room-temperature values to reflect a temperature
increase of 20 K according to their respective TO coeffi-
cients. From the results of the two calculations, the de-
rivative dn.g/dT is determined. We overlaid the results
of this calculation with the experimental data in Fig. 4.
For the photonic wire waveguide, we obtain dn.g/dT =
1.8x10*K! and 1.2 x 10*K~! for TE and TM polariza-
tion, respectively, in good agreement with the measured
values. As the duty ratio of the SWG waveguides is low-

ered by increasing the gap size, we observe a transition
from positive to negative TO coefficients for both polar-
izations, as is also observed in the experiment. The zero
crossing, corresponding to an athermal waveguide, oc-
curs for a duty ratio of 61% for TE and 85% for TM.
The higher duty ratio required for athermal operation
for TM polarization is due to the fact that the electromag-
netic boundary conditions cause the TM mode of our thin
SWG waveguide to be more delocalized vertically than
the TE mode, leading to a larger overlap with the SU-8
cladding above the waveguide for all duty ratios. To com-
pensate for this effect, the volume ratio of the silicon ma-
terial inside the composite waveguide core needs to be
increased accordingly. Overall, the match of experimen-
tal data and numerical calculations is excellent and vali-
dates our strategy of mitigating the TO effect in optical
waveguides by subwavelength patterning.

In conclusion, we have demonstrated that the sub-
wavelength grating spatial averaging effect can be used
to make temperature-independent waveguides with a
composite core consisting of silicon and SU-8 polymer,
compatible with standard silicon photonic wire wave-
guides. Athermal behavior can be achieved for both
TE and TM polarization, albeit for different SWG duty ra-
tios. These results on engineering the TO waveguide
properties using subwavelength gratings are thought to
be a significant step forward toward developing tempera-
ture-insensitive silicon photonic circuits.
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