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We realize low loss, single-mode polymer waveguides and microring resonators in SU-8 (MichroChem) using direct E-beam lithography. We
also present and demonstrate a novel and simple approach for accurately extracting the propagation loss in the waveguides as well as the
coupling between the waveguide and the microring. The demonstrated approach is insensitive to the 1/0 coupling efficiency to the optical
chip and does not require any pre-calibration of the experimental setup. [DOI: 10.2971/j€05.2006.06007]
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1 Introduction

The transition from the contemporary low scale integration
of optical devices to future highly-integrated photonic proces-
sors requires new high-quality materials on one hand and in-
expensive mass-production methods on the other. In this con-
text, polymeric materials have interesting optical and mechan-
ical properties, making them an attractive choice for future
photonic systems. Compared with other materials, polymeric
materials have several inherent advantages:

1. The properties of polymers can be widely tuned by
chemically modifying the structure of the monomer,
the functional groups or chromophores, or the polymer
backbones [1].

2. Their relatively low refractive index results in lower
surface-roughness scattering loss and higher coupling
efficiency to optical fibers.

3. Polymeric materials can be easily manipulated by sev-
eral conventional and unconventional fabrication tech-
niques such as dry etching, wet etching, embossing, and
soft lithography [1].

4. Compared to fragile glass fiber and expensive semicon-
ductor chips, polymeric materials provide for easy, low-
cost, and reliable fabrication of optical devices. In addi-
tion, they may serve for rapid prototyping allowing to
inexpensive and fast examination of new concepts and
devices.

5. Functional polymeric materials also provide an excel-
lent platform for integrating numerous materials with
different functions. This ability to dope polymers with
diverse molecules, exhibiting large electro-optic coeffi-
cient, nonlinear response or optical gain, paves the way
to all-polymer integrated optical circuits that include
on-chip sources, processors and detectors [2, 3].
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6. Polymers have also interesting mechanical properties
— after curing they are flexible and can, therefore, be
bent and attached to non-planar surfaces [4]. In addi-
tion, they can be readily integrated with microfluidic
structures, shown to be useful for diverse applications
such as sensing, imaging, lab-on-a-chip and more [5].

A key ingredient for the realization of polymer-based optical
devices and circuitry is the ability to construct and character-
ize low-loss single-mode waveguides. As a matter of fact, ac-
curate estimation of waveguide propagation loss is a challeng-
ing task by itself, especially for low losses.

The most common method to characterize waveguide losses
is to measure the transmitted power of a known input af-
ter propagating through identical waveguides with different
lengths. Alternatively, a single waveguide can be used by
sequentially cutting it to shorter lengths and measuring its
transmittance (the cutback method). Both configurations suf-
fer from inherent drawbacks — for the first one, it must be
assumed that all the measured waveguide are identical and
the second one is susceptible to variations of the I/O coupling
losses.

Although low-loss polymer waveguides exhibiting propaga-
tion losses as low as 0.1dB/cm have been demonstrated before
[6]-[12], the waveguides structures described in these studies
utilized low index contrast between the core and the cladding
(< 1.6%) and, therefore, unsuitable for compact, densely
packed integrated optical components. Here, we demonstrate
the realization of low loss polymer waveguides and present a
simple though accurate characterization method. The charac-
terization method is based on measuring the spectral proper-
ties of micro-ring resonators that are coupled to two straight
waveguides (see Figure 1B). The relatively high index contrast
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of the waveguide structure (5 — 6%) allows for the realization
of low-loss, small-radius bends that are required for dense in-
tegration of optical components. In the second section, we dis-
cuss the theoretical background of microring resonators and
present the extraction method. In the third section we describe
the fabrication of low-loss polymer-based waveguides and
microrings, in the forth section we describe the experimental
characterization of the microrings and waveguides and in the
last section we conclude.

WAVEGUIDE-
PARAMETERS =

2 EXTRACTING
MICRORING
THEORY

The spectral properties of a coupled waveguide-microring
system are completely determined by several parame-
ters: 1) the optical length and dispersion of the waveg-
uide/microring; 2) The waveguide-microring coupling; and
3) The propagation loss in the microring. Therefore, by mea-
suring the spectral properties of such system it is possible to
extract these parameters. It should be noted that not every
coupled waveguide-microring system is suitable for the ex-
traction of the loss and coupling parameters.
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FIG. 1 Single (A) and double (B) side coupled ring resonators

For example, in the all-pass configuration (Figure 1A) the
transmission spectrum is determined symmetrically by the
coupling coefficient and the loss per revolution and thus its
measurement cannot distinguish between the two parame-
ters. On the other hand, the double sided coupled waveguide
micro-ring system (Figure 1B) does provide enough informa-
tion to completely characterize the coupling and the loss coef-
ficients and, thus, provides a suitable platform for the charac-
terization of waveguides and microrings.

In order to extract all the parameters of the system it is re-
quired to measure the following spectra (see Figure 1B):

1. The reflected signal in port 2 for input in port 1 (or vice
versa) — D1 (w).

2. The transmitted signal in port 3 for input in port 1 —
T1 (CL))

3. The transmitted signal in port 4 for input in port 2 -
Tz ((U)

These spectra are given by [12]:
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where ki and k; are the coupling coefficients at the upper and
lower couplers, « is the propagation loss coefficient, L is the
ring circumference, ¢ = Aw/FSR and the FSR (free spec-
tral range) is the spectral separation between successive res-
onances of the microrong. Aw = w — wy is the frequency de-
tuning from the nearest resonance frequency (wp). It should
be noted that the spectral response of the Drop port is inde-
pendent of the input/output port (1 — 2 or 2 — 1) while
the spectral response of the two Through ports may differ if
k1 # k. This could be due to fabrication errors or even de-
liberate, especially if it is desired to achieve critical coupling
[13].
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FIG. 2 Theoretically calculated spectral response of the through (blue and green) and

drop (red) ports for an asymmetric double side coupled ring resonator.

Figure 2 shows a theoretically calculated Dy, T; and T» spec-
tra for ky = 0.2, ko = 04, « = 10dB/cm and L = 125.66um
(corresponding to ring radius of 20pum). Note that the spec-
tral responses of T7 and T, differ because of the different cou-
pling coefficients between the microring and the upper/lower
waveguides. One of the important, and relatively difficult to
characterize, parameter of any experimental setup involving a
microchip is the I/O coupling loss. This loss is determined by
the overlap between input/output spots and the mode pro-
file of the characterized waveguide, the quality of the align-
ment and the facet, etc. The coupling loss affects the overall
intensity measured in the output ports and, therefore, with-
out knowing its value it is difficult to compare measurements
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of the signals in different ports. This is because they are not
necessarily normalized to the same intensity. Moreover, the
I/0 coupling loss could also be wavelength dependent, thus
adding undesired spectral features to the measured signal.

Thus, in order to provide accurate analysis and parameter
evaluation, the extraction of the parameters should not re-
quire comparison between signals emerging from different
ports (e.g., the through to drop loss) and should be limited
to a relatively narrow spectral band. Referring to Egs.(1a-1c),
under the abovementioned restrictions, the following quanti-
ties can be simply determined:

1. The FSR.

2. Half width half maximum (HWHM) of a resonance
drop peak.

3. Tmax /Tmin for hoth port 3 and 4.

Note, that each one these values are extracted from a single
port, within a spectral bandwidth of less than a free spec-
tral range. Nevertheless, it is required that the parameters
determining the spectral response (I/O coupling loss, k1, k2,
and «) remain relatively unchanged within this bandwidth.
This, however, is a reasonable requirement which is satis-
fied in most common material systems and waveguide struc-
tures. The abovementioned quantities satisfy the following re-
lations:

cos AW :71+A2—4A 2a)
FSR 2A

T (s, 4+ A)(1-A) .

LIS i ci=1,2 2b

T (s - A) (14 A) 20

wheres; = 1—k; and A = /5155 exp (1/2aL). Egs.(2a), (2b)
can now be used to determine s pand A and, correspondingly,
the coupling and the propagation loss coefficients:
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Egs.(3a)-(3c) allow extracting the parameters of the system
from relatively simple measurements such as the width of the
drop peak and the ratio between the maximal and minimal
signal levels at each through port. Note that no numerical fit-
ting is required although such fitting might be useful for ob-
taining a more accurate estimation of the HWHM.

Few remarks regarding the practical implementation of
Egs.(3a-3¢) for waveguide characterization:

1. The propagation loss coefficient, , is actually composed
of two contributions — the waveguide propagation loss
and the bending losses [14]. Moreover, in most cases

the waveguide loss is dominated by the scattering loss
which is affected by the intensity of the modal field
at the interface between the core and the cladding. At
small radii the bending losses become more important
and the mode profile deviates significantly from that of
a straight waveguide, thus modifying the propagation
loss [15]. Therefore, to obtain an accurate estimation of
the losses of a straight waveguide it is desired to charac-
terize microrings with increasing radii until the propa-
gation loss becomes independent of the radii. This value
is the propagation loss of a straight waveguide.

2. The described method allows also extracting the depen-
dence of the coupling and loss coefficients on the wave-
length. Since the determination of the parameters re-
quires only narrow-bandwidth data near a resonance
frequency, the procedure can be repeated at each reso-
nance thus sampling the wavelength dependence of the
parameters. Larger microrings allow for denser sam-
pling, thus providing more accurate results.

3. The described procedure separates between the 1/O
coupling loss and the loss in the microchip thus allow-
ing to estimate the overall I/O coupling loss if the input
power is know. It also enables comparing between the
I/0 coupling losses of different ports.

3 FABRICATION OF POLYMERIC
COUPLED WAVEGUIDE-MI-
CRORING SYSTEMS

The waveguides and microrings were fabricated in optical
polymeric materials. A silicon wafer with 5um thermal ox-
ide (n = 1.4455) served as the device substrate and lower
cladding layer. The core polymer SU-8 (n = 1.565, avail-
able from Microchem Corp.) was cross-linked using direct
electron-beam exposure [15]. The waveguides were approxi-
mately 2um in width and 1.8um in thickness. Finally, in order
to reduce the scattering loss, the samples were spin-coated
with a UV curable epoxy UV-15 (n = 1.5, by Microchem).
Finite-difference mode solver calculations showed that the
S5um oxide provides sufficient optical insulation from the Si
substrate and that the waveguides support a single optical
mode in the TE polarization.
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FIG. 3 Optical images of the fabricated polymer devices with p = 200um (A) and
o = 400um (B).

Figure 3 shows an optical images of a typical devices with
microring radii of 200um Eq.(3a), and 400um Eq.(3b). To sim-
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plify the measurement procedure, a unique configuration,
slightly differing than that shown in Figure 1, was adopted.
The device operates as follows: light is launched into the in-
put waveguide and is equally divided between the two arms
of the Y junction. The signal in each arm is filtered by the mi-
croring, reflecting D1 (w) and D, (w) while transmitting T (w)
and T, (w). Finally, the two parts of the filtered signal are com-
bined by the Y splitter to generate the Drop signal. The pur-
pose of the 3 dB coupler (located before the Y splitter) is to
separate between the injected and the reflected signals. Alter-
natively, one can use a circulator to achieve the same result.

4 EXPERIMENTS

Figure 4 depicts a schematic of the experimental setup used
to characterize the devices. TE polarized light from a tunable
laser is coupled into the straight waveguide using a tapered
fiber.

Objective

Polarization
Controller Photo

Detector

Fiber

Tunable
Laser

FIG. 4 Schematic of the experimental setup.

The transmission signal, collected by an objective lens from
the other end facet of the device, is measured using a fem-
towatt infrared photoreceiver. The spectral properties of the
Drop (D;) and the two Through (Ty, Tz) ports are examined
by focusing the light emerging from each port on the detec-
tor and scanning the wavelength of the injected light while
recording the photoreceiver signal.

Figure 5 depicts a representative spectral response of the three
ports for a 300pum radius microring.

1532 1533 1534 1535 1536
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FIG. 5 Measured through and drop transmission function for a p = 300um ring

resonator.

It should be emphasized that although the microring is not
critically coupled (the transmission notches at the through
ports are only -7dB deep), the measured data is enough to ex-
tract all the parameters of the system. Thus, in contrast to the
all-pass configuration, there is no need to tune the waveguide-
microring separation to the critical coupling point. Note, that
the depth of the notches at the two through ports T; and T,
are not identical, thus indicating a difference between the cou-
pling coefficients k1 and k».

To evaluate our waveguides propagation loss, we character-
ized several microrings of various radii. The resulting loss co-
efficients are shown in Figure 6: For each radius we plot the
extracted propagation loss and coupling coefficients.
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FIG. 6 Propagation loss (A) and coupling (B) coefficients as a function of the microring

radius.

The parameters extracted for supposedly identical devices
exhibit non-negligible variance which we attribute primar-
ily to inhomogeneous coating of the waveguides core layer
across the wafer. Referring to Figure 6A, depicting the prop-
agation loss as a function of the microring radius, it is clear
that larger microrings exhibit lower propagation loss. This re-
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sults in not surprising because the bending losses decrease
for larger radii. For the larger microring resonators tested, the
propagation loss coefficient is as low as -3dB/cm. Note that
the expected convergence of the propagation loss to a radius
independent value is not apparent in Figure 6, thus indicating
that the bending losses are a significant part of the microring
losses even at p = 400um, indicating that the propagation loss
of a straight waveguide is even lower.

5 CONCLUSIONS

We present the realization of low-loss polymer waveguides
and microrings using direct E-beam lithography and a novel
method for the characterization of their loss and coupling
coefficients. The extraction method is inherently normalized
and is, therefore, unaffected by the quality of the power cou-
pling into and out of the device. Repeating the measure-
ments for several resonance frequencies of the microrigs al-
lows extracting the wavelength dependence of these coef-
ficients. Waveguides with propagation losses lower than -
3dB/cm are demonstrated. By measuring the input and out-
put powers, it is possible to evaluate also the I/O coupling
losses as a function of the wavelength. The ability to realize
low-loss polymer waveguides and to accurately characterize
them is a major milestone in the route to polymer-based opti-
cal components and circuitry.
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