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Abstract. We present a reliable, nondestructive, and real-time tech-
nique for characterization of propagation properties of planar optical
waveguides based on accurately imaging the scattered light from the
optical waveguide using a sensitive charge-coupled device �CCD� cam-
era with built-in integration functionality. This technique can be used for
real-time investigation of the propagation properties �loss, mode profile,
bending properties, etc.� as well as the fabrication quality of planar opti-
cal waveguides. With this technique, we evaluate high-definition polymer
optical waveguides on printed circuit board �PCB� substrates with a very
low loss of 0.065 dB/cm at a wavelength of 850 nm, and measurement
accuracy is less than 0.01 dB/cm. We expect this technique with the
given CCD camera to be suitable for reliably measuring loss coefficients
well below 0.1 dB/cm. © 2008 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.2842390�

Subject terms: integrated optics; photopolymers; scattering; optical
interconnects.
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The ever-increasing need for higher bandwidth is one of
he motivations for extensive research on planar optoelec-
ronic structures.1 Among many applications, optical
nterconnects2 have received considerable attention in the
ast decade. In all planar optoelectronic systems, optical
aveguides are crucial elements that facilitate signal root-

ng. The development of optical structures like waveguides
n high-density organic printed circuit boards �PCBs� has
een a major focus of research on board-level interconnec-
ion. Low propagation loss, high optical quality, the possi-
ility of bending without excessive loss, and manufactur-
bility are among the requirements of polymer optical
aveguides on PCB substrates for practical applications.
Besides fabrication requirements, reliable characteriza-

ion tools are needed for the accurate and nondestructive
easurement of important guiding properties like propaga-

ion loss in such waveguides. Several techniques, such as
he cutback method,3 sliding prism technique,4,5 multiple
eflections method,6 and photographic approach,7–9 have
een studied and used to measure the propagation loss of
lanar waveguides. The widely used cutback method re-
uires the long waveguide sample, especially for low-loss
i.e., less than 0.1 dB /cm� waveguides. Furthermore, the
echnique is destructive, time consuming, and hard to
mplement for waveguides integrated on PCB substrates,
hich are difficult to cleave. The sliding prism method, in
hich a prism is moving along the light propagation direc-

ion, is also widely employed, but it is hard to maintain the
oupling efficiency constant, especially for the polymer
aveguides on PCB substrates. The multiple reflection
ethod provides a nondestructive means for loss measure-
091-3286/2008/$25.00 © 2008 SPIE
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ment; however, it involves a complicated reflectometer
alignment and it is not suitable for studying the local propa-
gation properties in details.

The photographic method is a simple and accurate way
to characterize the properties of planar waveguides, such as
waveguide propagation loss, bending behavior, and cross
talk among adjacent waveguide channels. In this technique,
a video camera is used to record the entire streak of light
scattered from the waveguide, and then a computer was
employed to analyze the power of the scattered light. How-
ever, this method is hard to use for the loss measurement in
a waveguide with small scattering, due to the low sensitiv-
ity of the video camera.7 The method was improved later
by coating the waveguide with a fluorescent layer to en-
hance the detection of the scattered light.8 Strasser and
Gupta9 used photographic films with high sensitivity to
record the image of the low-intensity scattered light. Al-
though this method has high sensitivity, it is not a real-time
measurement.

We recently demonstrated a new fabrication technique
for forming low-loss capped polymer waveguides using
contact photolithography.10 In this work, we present a
simple, real-time, accurate, and nondestructive technique
for the characterization of loss in optical waveguides that
have low scattering losses, such that the application of
other loss measurement techniques for the study of these
waveguides is not possible.

Polymer waveguide circuits investigated in this work are
fabricated and integrated on a PCB substrate using the stan-
dard low-cost PCB facilities and processes in the Georgia
Institute of Technology Packaging Research Center’s Next-
Generation Substrate Laboratory. High density intercon-

nects with multiple wire layers are fabricated, and then
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ultimode polymeric waveguides are formed on the wire
ayers. The polysiloxane-based material LightLink,11 devel-
ped by Rohm and Haas Electronic Materials, is employed
n this research. This is a negative acting photoimaging
olymeric system based on an inorganic-organic hybrid
latform. This material has the advantages of excellent
anufacturability, high-definition photoimaging properties,

nd excellent optical quality. The LightLink consists of two
ifferent �but similar� materials with �n=0.03 difference in
he refractive index that can be used as the waveguide clad-
ing and core separately. The waveguides were formed us-
ng spin coating of the polymers. To improve the surface
uality of these waveguides, we used a new technique in
hich the core and top cladding layer of the waveguide are
atterned together. The details of fabrication were already
eported10 and are not repeated here. Figure 1 shows the
icroscope image of a high-definition and defect-free poly-
er capped waveguide with a core 50 �m wide and 50 �m

hick and a 10-�m-thick top cladding on an organic pack-
ge substrate. In the remainder of this work, we show that
his waveguide has very low propagation loss in the wave-
ength range of 850 to 1000 nm, which is rather difficult to
easure by using the cutback method as explained earlier.
Propagation loss in optical waveguides is primarily due

o material absorption, scattering, and radiation. The scat-
ered and radiated light can be observed from the top as a
treak of light in the waveguide. The intensity of the ob-
erved light above the waveguide is directly proportional to
he intensity of the guided light inside the waveguide.
herefore, the propagation loss of the optical waveguide
an be nondestructively measured by monitoring the inten-
ity of the scattered light I along the propagation direction
nd fitting this variation with a monoexponential formula:

= Io exp�− �x� , �1�

ith Io being the incident intensity at the waveguide input
t x=0, x being the coordinate along the propagation direc-
ion, and � being the loss coefficient.

Equation �1� can be rewritten �by taking the logarithm of
oth sides� as:

n I = ln Io − �x . �2�

he loss coefficient � of the waveguide is then calculated
s the slope of the linear function of ln I, which can be
btained by simply fitting the data with a linear function.

Figure 2 shows the experimental setup used to charac-
erize the propagation properties of our polymer
aveguides. A single-mode bare fiber is used as the facet

ig. 1 Microscope image of a polymer-capped waveguide with core
nd top cladding simultaneously formed. The multimode waveguide
as a 50�50 ��m�2 core covered by a 10-�m cap cladding.
oupler to excite the waveguide modes �a prism-film cou-

ptical Engineering 024602-
pler can also be used to couple light into the waveguide;
however, an extra stop must be used to block the scattered
light from the edge of the input prism�. The polymer wave-
guide is mounted on a five-axis precision stage. A highly
sensitive commercial charge-coupled device �CCD� camera
�model SBIG ST-7XME� with a built-in integration func-
tion is utilized to observe the light streak in two dimensions
through a two-lens imaging system with a numerical aper-
ture of 0.15. By changing the magnification ratio of the
imaging system, we can study the scattered light to obtain
detailed information about waveguide propagation proper-
ties such as guided mode profiles, defect distributions,
bending behavior, etc. The imaging system along with the
CCD camera is mounted on a 2-D large-range translation
stage, which enables the investigation of different locations
of the waveguide structure. The output data of the CCD
camera are sent to a computer through an analog-to-digital
converter to characterize the propagation properties of the
waveguide structure. The high sensitivity and built-in inte-
gration function of the CCD camera with a dark current of
1 e /pixel /sec, 765�560 pixel array �with 9�9-�m pixel
size�, and a 6�104 dynamic range enables the system to
detect low-intensity scattering light, and thus to measure
the low-loss coefficients. This technique has the advantages
of being nondestructive, requiring low guided power, being
readily automated, independent of the coupling efficiency
and facet reflectivity, and being applicable to complex
waveguide circuits.

By adjusting the imaging system, a clear image, as
shown in Fig. 3�a�, of the light from the waveguide is cap-
tured by the CCD camera with 10-sec integration time. The
length of the measured waveguide is 1.7 cm. The variations
of the scattered light with propagation length detected by
the camera at two different wavelengths �850 and 980 nm�
are illustrated in Fig. 3�b�.

The loss analysis is performed by sampling the light
intensity in 2-D �both longitudinal and transverse� along the
propagation direction. The relative intensity at each posi-
tion along the propagation direction is then obtained by the
integration of the light intensity perpendicular to the propa-
gation direction within the width of the waveguide. The
logarithm of the relative scattered power versus the propa-

Fig. 2 The experimental setup used to characterize the propagation
of the polymer waveguides. A single-mode bare fiber is used as the
facet coupler to excite the waveguide modes. The polymer wave-
guide is mounted on a five-axis precision stage. The adjustable two-
lens imaging system with numerical aperture of 0.15 along with the
CCD camera is mounted on a 2-D large-range translation stage.
gation position is then plotted. A linear least-square fit of

February 2008/Vol. 47�2�2
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his plot gives the propagation loss coefficient for the wave-
uide under test. Note that this technique is quite general
nd can be used for any waveguide geometry �straight,
ent, etc.�.

From Fig. 3, we measured loss coefficients of �1
0.065 dB /cm at �=850 nm and �2=0.046 dB /cm at �
980 nm for the capped waveguide described in Fig. 1. To
xamine the repeatability of these results, we repeated the
xperiment with different waveguides �with the same fea-
ure size� under different input coupling conditions, and we
btained less than 10% variation in all our measurements.
he accuracy of the measurement can be obtained by ana-

yzing the deviation of the linear fitting. The standard de-
iation of the linear fitting shown in Fig. 3�b� is less than
0.004 dB /cm. We believe this technique with the given
CD camera has accuracy better than 0.01 dB /cm, and

herefore is suitable for reliably measuring loss coefficients
ell below 0.1 dB /cm.
Compared with reported results for similar

aveguides,12 we believe that the losses reported here are
mong the smallest values reported for polymer
aveguides fabricated using the basic contact photolithog-

aphy on a PCB substrate. We think that the lower loss
btained at 980 nm is primarily due to the lower material
bsorption at 980 nm. This small loss makes the presented
aveguides excellent candidates for the implementation of
ptical interconnects on PCB boards.

While the main focus of this work is the loss measure-

ig. 3 �a� The image captured by the CCD camera of the scattered
ntensity of the multimode waveguide shown in Fig. 1. The propaga-
ion length of the waveguide is L=1.7 cm, and the integration time of
he CCD camera is 10 sec. The wavelength of the coupled light is
50 nm. �b� Relative scattered intensity versus the propagation

ength at two different wavelengths �850 and 980 nm� for the wave-
uide shown in Fig. 1. The lines are the least-square fits of the
easured relative scattered intensity with a monoexponential

unction.
ent, the characterization setup described in Fig. 2 can be

ptical Engineering 024602-
used to investigate several other properties of the planar
waveguides. As an example, Fig. 4 shows the 2-D scattered
light intensity from a traditional multimode polymer wave-
guide when an air bubble exists in the waveguide core. This
waveguide is fabricated layer by layer, not with the capped
waveguide technique,10 and it has the same core and clad-
ding dimensions as the waveguide shown in Fig. 1. As
shown in Fig. 4, the air bubble causes a local peak in the
scattered intensity. The spatial extent of the peak is directly
related to the size of the air bubble. Thus, the experimental
setup presented can be used to investigate the fabrication
quality of the waveguides as well.

In summary, we presented a reliable, nondestructive, and
real-time technique for characterization of propagation
properties of planar optical waveguides based on accurately
imaging the scattered light from the waveguide using a sen-
sitive CCD camera with built-in integration functionality.
This technique can be used for real-time investigation of
the propagation properties �loss, mode profile, bending
properties, etc.�, as well as the fabrication quality of planar
waveguides with better sensitivity compared to other tech-
niques. Using this characterization tool, we measured
capped waveguides with loss coefficients of �1
=0.065 dB /cm at �=850 nm, and �2=0.046 dB /cm at �
=980 nm with accuracy of 0.008 dB /cm. To the best of our
knowledge, these data are among the lowest loss coeffi-
cients reported for polymer waveguides on PCB substrates
to date. This makes our capped waveguides excellent can-
didates for board-level optical interconnects.

References

1. A. V. Krishnamoorthy and D. A. B. Miller, “Scaling optoelectronic-
VLSI circuits into the 21st century: A technology roadmap,” IEEE J.
Sel. Top. Quantum Electron. 2�1�, 55–76 �1996�.

2. J. W. Goodman, F. J. Leonberger, S. Y. Kung, and R. A. Athale,
“Optical interconnects for VLSI systems,” Proc. IEEE 72�7�, 850–
866 �1984�.

3. R. G. Hunsberger, Integrated Optics Theory and Technology, Chap.

Fig. 4 The 2-D scattered light intensity from a traditional multimode
polymer waveguide when an air bubble exists in the waveguide
core. This waveguide was fabricated layer by layer �not with the
capped waveguide technique�, and has the same core and cladding
dimensions as the capped waveguide in Fig. 1. The air bubble
causes a local peak in the scattered intensity.
5, pp. 83–86, Springer-Verlag, New York �1985�.

February 2008/Vol. 47�2�3



1

1

1

b
c
m
d
e

u
l

Wang et al.: Precision measurements for propagation properties…

O

4. C. Teng, “Precision measurements of the optical attenuation profile
along the propagation path in thin-film waveguides,” Appl. Opt.
32�7�, 1051–1054 �1993�.

5. J. Wei, X. Xu, Y. Ding, Z. Kang, Y. Jiang, and J. Gao, “Improved
method for loss measurements in planar waveguides,” Opt. Lasers
Eng. 45�3�, 419–422 �2007�.

6. S. Chen, Q. Yan, Q. Xu, Z. Fan, and J. Liu, “Measuring mode propa-
gation losses of integrated optical waveguides: a simple method,”
Opt. Commun. 256�1–3�, 68–72 �2005�.

7. Y. Okamura, S. Yoshinaka, and S. Yamamoto, “Measuring mode
propagation losses of integrated optical waveguides: a simple
method,” Appl. Opt. 22�23�, 3892–3894 �1983�.

8. Y. Okamura, S. Sato, and S. Yamamoto, “Simple method of measur-
ing propagation properties of integrated optical waveguides: an im-
provement,” Appl. Opt. 24�1�, 57–60 �1985�.

9. T. A. Strasser and M. C. Gupta, “Optical loss measurement of low-
loss thin-film waveguides by photographic analysis,” Appl. Opt.
31�12�, 2041–2046 �1992�.

0. F. Liu, F. Wang, G. K. Chang, R. Tummala, and A. Adibi, “Capped
optical polymeric waveguide,” Opt. Commun. 28�2�, 127–131 �2007�.

1. M. Moynihan, B. Sicard, T. Ho, L. Little, N. Pugliano, J. Shelnut, H.
B. Zheng, P. Knudsen, D. Lundy, N. Chiarotto, C. Lustig, and C.
Allen, “Progress towards board-level optical interconnect technol-
ogy,” Proc. SPIE 5731�1�, 50–62 �2005�.

2. L. Schares, J. A. Kash, F. E. Doany, C. L. Schow, C. Schuster, D. M.
Kuchta, P. K. Pepeljugoski, J. M. Trewhella, C. W. Baks, R. A. John,
L. Shan, Y. H. Kwark, R. A. Budd, P. Chiniwalla, F. R. Libsch, J.
Rosner, C. K. Tsang, C. S. Patel, J. D. Schaub, R. Dangel, F. Horst,
B. J. Offrein, D. Kucharski, D. Guckenberger, S. Hegde, H. Nyikal,
C. Lin, A. Tandon, G. R. Trott, M. Nystrom, D. P. Bour, M. R. T. Tan,
and D. W. Dolfi, “Terabus: terabit/second-class card-level optical in-
terconnect technologies,” IEEE J. Sel. Top. Quantum Electron. 12�5�,
1032–1044 �2006�.

Fengtao Wang received his BS �1998� and
MS �2001� from Tsinghua University,
Beijing, China. He moved to the United
States in 2001 and received his MSEE from
the University of Colorado, Boulder, in 2003.
Then he enrolled in the PhD program of the
School of Electrical and Computer Engi-
neering, Georgia Institute of Technology.
His current research projects include optical
interconnects on printed circuit boards, in-
volving free-space optical interconnects,

oard-to-board optical interconnects, thin film guided-wave optical
hip-to-chip interconnects, and the design and fabrication of 45-deg
irror couplers and volume grating couplers, as well as holographic
ata storage. He has authored or coauthored more than 20 confer-
nce and journal publications.

Fuhan Liu is a program manager and re-
search engineer at Microsystems-
Packaging Research Center �PRC� at the
Georgia Institute of Technology. He was an
associate professor in the Department of
Material Science and deputy director of the
High Density Electronic Packaging Labora-
tory at Fudan University in China. Currently,
he focuses on the research and develop-
ment of prototype fabrication of system-on-
a-package �SOP�, fine-line lithography,

ltra-high density, ultra-thin substrates with ultra-low Dk and ultra-
ow Df, and optoelectronic integrations, for next-generation electron-
ptical Engineering 024602-
ics packaging technologies. He graduated from Fudan University in
China, majoring in electron physics. He received the Global Collabo-
ration Award from the NSF-PRC, and Outstanding Contributions and
Service-Award to NSF-PRC Programs. He has published more than
100 papers.

Gee-Kung Chang is the Byers Endowed
Chair Professor in Optical Networking in the
School of Electrical and Computer Engi-
neering of the Georgia Institute of Technol-
ogy. He is an Eminent Scholar of the Geor-
gia Research Alliance. He serves as the
leader and associate director of Optoelec-
tronics Integration and Packaging Alliance
of the NSF-funded ERC Microsystem Pack-
aging Research Center at the Georgia Insti-
tute of Technology. He is also an associate

director of the Georgia Tech Broadband Institute. He received his
bachelor degree in physics from the National Tsinghua University in
Taiwan, and his master and doctoral degrees in physics from the
University of California, Riverside. He has been granted 40 U.S. and
international patents in the areas of optoelectronic devices, high-
speed integrated circuits, optoelectronics switching components for
computing and communication systems, WDM optical networking
elements and systems, multiwavelength optical networks, optical
network security, optical label switching routers, and optical inter-
connects for next-generation servers and computers. He has coau-
thored more than 230 peer-reviewed journal and conference papers.

Ali Adibi is an associate professor in the
School of Electrical and Computer Engi-
neering and the director for the Center for
Advanced Processing Tools for
Electromagnetic/Acoustics Xtals �APEX� at
the Georgia Institute of Technology. He re-
ceived his BSEE from Shiraz University
�Iran� in 1990, and received his MSEE and
PhD degrees from the Georgia Institute of
Technology �1994� and the California Insti-
tute of Technology �1999�, respectively. His

PhD research resulted in a breakthrough in persistent holographic
storage in photorefractive crystals. He was an assistant professor
from 2000 to 2004 in the School of Electrical and Computer Engi-
neering at the Georgia Institute of Technology, where he is now an
associate professor. His research interests include holographic data
storage; holographic optical elements for optical communications;
3-D optical pattern recognition; design, characterization, and appli-
cations of photonic crystals for chip-scale WDM and biosensors;
spectrometers for bio- and environmental sensing; high-resolution
optical imaging for biomedical applications; ultra-dense and ultra-
fast optical interconnects; and optical communication and network-
ing. He is a senior member of IEEE and a member of Sigma Xi,
OSA, SPIE, and ASM.
February 2008/Vol. 47�2�4


