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Polymer waveguides useful over a very wide wavelength range
from the ultraviolet to infrared
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We have designed and fabricated polymer waveguides using the glassy polymers Cytop™~a
fluorinated polyether!, PMMA C6 @poly~methyl methacrylate!#, and Cyclotene™ 3022-35
~bisbenzocyclobutane!. Since these materials exhibit excellent transparency over a wide wavelength
range, and since the refractive index difference of Cytop™ and Cyclotene™ or Cytop™ and PMMA
is greater than 0.19, both Cytop™/Cyclotene™/Cytop™ and Cytop™/PMMA/Cytop™ waveguide
structures can be employed over a very wide wavelength range from the ultraviolet to the infrared.
Efficient waveguiding is achieved for different light sources with 390, 633, 1064, 1310, and 1550
nm wavelengths. ©2000 American Institute of Physics.@S0003-6951~00!01145-1#
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A myriad of passive and active guided-wave devices
been successfully demonstrated using polymers. These
clude high-density linear and curved channel wavegu
arrays,1 electro-optic modulators and modulator array2

highly multiplexed waveguide holograms for wavelength
vision demultiplexing and optical interconnects,3,4 microcav-
ity lasers,5,6 optical matrix switches,7 TE–TM mode
converters,8 etc. However, most of these applications ma
use of the polymer properties in;600– 1550 nm wavelength
range. In recent years, great progress has been achiev
the fabrication of blue lasers based on GaN materials.9 Be-
cause of the potential application of blue lasers in opti
storage and optical communications, there is increasing
terest in studying the integration of semiconductor-ba
light sources with different wavelengths for the realization
full-color displays and advanced printing applications. Wh
traditional III–V semiconductor materials such as GaAs, In
and related compounds cannot be used to fabric
waveguides for blue wavelengths due to band-gap lim
tions, the use of the polymer waveguides for ultravio
wavelength applications is attractive, but virtually une
plored. It is, therefore, necessary to design, fabricate,
characterize polymer waveguides which can be employe
the blue-light wavelengths for full-color integration. If sui
able polymeric materials can be developed for fabricat
waveguides operable over a very wide wavelength ra
from the ultraviolet to the infrared, this will considerab
enhance the efficiency and economy of the design and fa
cation of such waveguides.

In this letter, we report the design and fabrication o
waveguide geometry in which polymers are used to fo
both guiding and cladding layers. We show that su
waveguides can be employed over a very wide wavelen
range, and that such structures are promising for sh
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wavelength interconnects as well as for full-color or ve
wide wavelength integration.

The device structure is shown schematically in Fig.
and has a triple-layer stack geometry. The commercia
available polymer Cytop™~a fluorinated polyether! was
used for the cladding layers. This polymer has a relativ
low refractive index and high optical transparency. In ad
tion, it also has excellent chemical, thermal, electrical, a
surface properties. PMMA C6 @poly~methyl methacrylate!# or
Cyclotene™ 3022-35~bisbenzocyclobutane! having high re-
fractive indices were used as the guiding layer. All thr
polymer layers were spin coated onto a Si substrate.
spinning speed and concentrations of the polymer soluti
were calibrated for the desired film thickness. In our fabric
tion processes, the spinning conditions were adjusted fo
cladding layer thickness of;3 mm, and guiding layer thick-
ness of;2 mm. To form uniform films, each layer wa

FIG. 1. Schematic cross section of the polymer waveguide.
1 © 2000 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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baked in an oven after spin coating. Photolithography a
reactive ion etching~RIE! were used for the fabrication o
the waveguide. After the channel waveguide patterns w
formed by conventional photolithography, CF4, Ar, and O2

RIE procedures were carried out to form the wavegu
structure. In order to protect the waveguide from moistu
dust, or other physical damage, and to improve the long-t
stability, the addition of a cladding layer is essential.

For acceptable waveguiding in a wide wavelength ran
the materials of the guiding and cladding layers should
transparent in the desired wavelength ranges, and
refractive-index difference between the guiding and cladd
layers should also be large enough to confine most of
light within the guiding layer. Figure 2 shows the transm
sion spectra of individual Cytop™, Cyclotene™, and PMM
films with thicknesses over;1.5 mm. From 350 to 1550 nm
Cytop™ exhibits excellent transparency. PMMA has be
transparency in the shorter-wavelength range than Cy
tene™ While, Cyclotene™ also exhibits good transpare
from 390 to 1550 nm. We have used the following steps
determine the refractive indices of Cytop™, PMMA, an
Cyclotene™ films as a function of wavelength. First, t
refractive indices and thicknesses of the films were ac
rately measured at a 633 nm wavelength with a prism c
pler ~Metricon 2010!. With the reference data at 633 nm,
Filmetrics F50 advanced thin-film measurement system
then employed to measure the reflective indices of the fi
as a function of wavelength from 390 to 1700 nm. Spec
cally, in the Fimetrics F50 measurement, light reflected fr

FIG. 2. Room-temperature transmission spectra of the waveguide pol
components, Cyclotene™, Cytop™, and PMMA.
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the top and bottom interfaces of the films produced char
teristic intensity oscillations in the reflective spectra. The
sults were analyzed with computer simulation routines
calculate the wavelength dependence of refractive indic
The measurement precision is better than 1%, and the re
are plotted in Fig. 3.

The refractive-index difference of Cytop™ and Cycl
tene™ is greater than 0.2 in the 400–2200 nm wavelen
range. The refractive index of Cyclotene™ is larger than t
of PMMA, and decreases slightly with increasing wav
length, which is similar to those of Cytop™ and PMMA. Th
refractive-index difference of Cytop™ and PMMA remain
larger than;0.19 in the 400–2200-nm-wavelength rang
All of these data indicate that both Cytop™/Cyclotene™
Cytop™ and Cytop™/PMMA/Cytop™ geometries are p
tentially excellent structures from which to fabrica
waveguides for use in the very wide wavelength range fr
the ultraviolet to infrared.

Generally, the method of measuring waveguide loss is
focus light of the desired wavelength directly onto a polish
or cleaved input face of a waveguide; then measure the t
power transmitted. The measurement is normally repea
for a relatively large number of waveguide samples hav
different lengths. In our case, since the top cladding laye
Cytop™, which is transparent, it is most convenient to m
sure the light intensity along the waveguide from the top
the sample. In the present study, a 633 nm light source
directed into the waveguide and a vidicon camera used
take images of the waveguide from the sample top. T
change of the image intensity was measured versus
length of the waveguide. The results are shown in Fig. 4
different waveguide structures A: Cytop™/Cyclotene™
Cytop™, and B: Cytop™/PMMA/Cytop™ with a core siz
of 2.0mm35.0mm. The propagation losses of the straig
waveguides were determined from Fig. 4 to be 0.51 and 0
dB/cm for Cytop™/Cyclotene™/Cytop™ and Cytop™
PMMA/Cytop™ structures, respectively. To reduce the
fluence of the nonlinear sensitivity of the vidicon camera

er

FIG. 3. Wavelength dependence of the refractive indices of Cycloten
PMMA, and Cytop™.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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the measurement results, the data were only taken ov
small range along the waveguide. In that range, the vidi
camera response is linear.

To determine the wavelength dependence of loss, l
beams with wavelengths of 390, 633, 1064, 1310, and 1
nm were coupled through the waveguides, respectively.
input and output powers of the waveguides were measu
for different light sources. It is found that the ratio of th
output to input power increases with increasing waveleng
The loss at 390 nm is approximately three times that at 1
nm. This result shows that the scattering loss probably p
a dominant role in determining the propagation loss of
waveguides. We find that the surface scattering due to s
wall roughness~vertical striations! is the most significant

FIG. 4. Measured image intensity as a function of waveguide length
different waveguide structures A: Cytop™/Cyclotene™/Cytop™, and
Cytop™/PMMA/Cytop™.
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contribution to the propagation loss in the waveguides.
The refractive-index difference of Cyclotene™ an

PMMA is about;0.02. Therefore, it is also possible to fab
ricate waveguides using PMMA/Cyclotene™/PMMA geom
etry with a relatively thicker guiding layer.

In summary, the wide transparency wavelength range
Cytop™, Cyclotene™, and PMMA, combined the larg
refractive-index differences between Cytop™ and Cyc
tene™ or Cytop™ and PMMA allows the fabrication o
Cytop™/Cyclotene™/Cytop™ or Cytop™/PMMA/Cytop™
waveguide structures, which can be employed over a v
wide wavelength range from the ultraviolet to infrared. W
have demonstrated the fabrication of the waveguide st
tures Cytop™/Cyclotene™/Cytop™ and Cytop™/PMMA
Cytop™ with propagation losses of 0.51 and 0.65 dB/cm a
633 nm wavelength. This waveguide is, therefore, a go
candidate for use in full-color or very wide wavelength o
tical integration.

This work was supported by the MRSEC program of t
National Foundation~DMR-9632472! at the Materials Re-
search Center of Northwestern University.
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