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avelength response of waveguide volume
rating couplers for optical interconnects

icardo A. Villalaz, Elias N. Glytsis, Thomas K. Gaylord, and Tsuyoshi Nakai

The wavelength response of a waveguide volume grating coupler �WVGC� is analyzed for coupling light
from a slab waveguide into the superstrate. A leaky-mode approach is used in conjunction with rigorous
coupled-wave analysis. A quantitative theoretical study of the effect of index modulation, waveguide
index, and grating thickness on the wavelength bandpass of a WVGC is also presented. The FWHM
wavelength bandpasses found for high-efficiency couplers range from 173 to 525 nm. The various Bragg
conditions that can be used in designing a WVGC are also presented and compared. The use of the
propagation constant of the mode being outcoupled as the incident wave vector in the Bragg condition is
shown to produce the highest coupling efficiency. © 2004 Optical Society of America

OCIS codes: 050.0050, 050.1950, 090.7330, 130.0130, 130.3120, 130.0250.
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. Introduction

aveguide volume grating couplers �WVGCs� have
hown promise as efficient input�output couplers for
hin-film guided-wave optical interconnects.1–3 Re-
ent efforts have been aimed at quantifying the per-
ormance of WVGCs as a function of the polarization
f the incident light.4 It is equally important to un-
erstand the wavelength response of WVGCs. The
mergence of coarse wavelength division multiplex-
ng �CWDM� in optical communications and the ever-
ncreasing bandwidth demands of gigascale
ntegration interconnects have sparked interest in
he implementation of CWDM in optical intercon-
ects. The use of WVGCs in CWDM-enabled optical

nterconnects requires a solid understanding of their
avelength response. In order for the wavelength

hannels to be accommodated in CWDM systems, a
uitably broad wavelength response is needed. Sim-
larly, for high-data-rate, single-wavelength-channel
nterconnects, it is required that WVGCs have suffi-
iently broad wavelength responses to be able to ac-
ommodate broadband signals. Furthermore, light
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ources for high-speed optical interconnects such
s vertical-cavity surface-emitting lasers have
emperature-dependent variations in their center
avelength,5–7 and a sufficiently broad wavelength

esponse is needed to tolerate such variations. Al-
hough the wavelength response of bulk volume grat-
ngs is well known,8,9 to the authors’ knowledge the
avelength response of WVGCs has not previously
een reported. Since their outcoupling configura-
ion is such that the interaction between the grating
nd the light being diffracted produces a varying in-
ensity along the length of the waveguide grating
oupler, their wavelength response is quite different
rom that of the bulk volume gratings.

In this paper, we quantitatively investigate the
avelength response of WVGCs for the outcoupling of

ight from a slab waveguide into the superstrate.
e present the calculated performance values for

epresentative cases of WVGCs as well as a quanti-
ative study of the effects of the physical parameters
hat can be modified to broaden or narrow the wave-
ength bandpass of WVGCs. We also discuss the
ole of the polarization of the light being outcoupled
n the wavelength response of the coupler. In Sec-
ion 2 we present the wavelength response of repre-
entative WVGCs that have been presented in earlier
esearch.4 In Section 3, we discuss the effects of the
ndex modulation, the waveguide index, and the grat-
ng thickness on the wavelength response of WVGCs
nd the limitations of these effects. We conclude
ith a short summary and discussion. In the ap-
endix, we present and compare the various Bragg
onditions that can be used in designing a WVGC.
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. Wavelength-Dependent Performance of Example
ases

n this paper, the two WVGC structures shown in
igs. 1�a� and 1�b� are analyzed for a range of wave-

engths around their design wavelength of �o � 1 �m.
oth structures are based on a glass substrate and an
ir superstrate. In both cases, light in the funda-
ental waveguide mode is assumed to be incident

from the left� on the grating coupler. In the config-
ration of Fig. 1�a�, the volume grating is located in a

ayer adjacent to the high-index waveguide layer �the
VG in cover layer” configuration�. In the configu-
ation of Fig. 1�b�, the volume grating is embedded in
he waveguide layer �the “VG in waveguide” config-
ration�. Guided modes supported by the coupler
tructure are typically diffraction-induced leaky
odes that radiate power away from the structure.
his radiation constitutes the mechanism by which

ight is coupled out of the waveguide. The structure
n Fig. 1�a� can be designed to support several
iffraction-induced leaky modes, with only one con-
ned to the waveguide region, whereas the structure

n Fig. 1�b� can be designed to support only the fun-
amental diffraction-induced leaky mode at the de-
ign wavelength �o. Mathematically, the radiation
an be represented by a complex propagation con-
tant for each diffraction-induced leaky mode. The
omplex propagation constant �̃ � � � j�, where �
nd � are both real, is calculated by use of rigorous
oupled-wave analysis–leaky mode �RCWA-LM�10–13

n the same manner used in Ref. 4. The quantity �
s the coupling coefficient and represents the spatial
ate at which light is coupled out of the structure. �̃,
nce determined, may be used to calculate the power
istribution of the radiation diffracted outside the
oupler system.4 The coupling efficiency �CE�,i�, de-
ned as the fraction of the incident guided power Po
t the entrance to the coupler region that is diffracted
nto the desired order after a coupler length L, can be
alculated after �̃ and the power distribution are
nown. The CE is given by1

CE � 	 
1 � exp��2�L��, (1)

ig. 1. Diagrams of the two WVGC configurations discussed in
his paper: �a� volume grating in the cover layer and �b� volume
rating in the waveguide. The grating vector K as well as the
eriod � and slant angle � are shown. The outcoupling angle is
c. The thickness of the grating layer is tg, and the thickness of
he waveguide layer is tw.
�,i �,i

20
here 	�,i is the preferential coupling ratio, that is,
he fraction of the outcoupled power that is directed
nto the desired order, with � being either the super-
trate �sup� or the substrate �sub�, and i is the dif-
racted order.

The waveguide material is Ultradel 9020D �Amoro,
hicago, Illinois�, a polyimide, with n � 1.56. The
rating material is a HRF600X photopolymer �Du-
ont, Wilmington, Delaware�, with n � 1.50 and an

ndex modulation of �n � 0.02. Both structures
ave a glass substrate with n � 1.4567 and air su-
erstrate �n � 1�. The structure with a “VG in the
over layer” 
Fig. 1�a�� has a grating layer thickness
g � 10 �m and a waveguide thickness tw � 0.4 �m.
he structure with a “VG in the waveguide” 
Fig.
�b�� has tg � tw � 1.8 �m, and its waveguide�grating
aterial is the DuPont HRF600X photopolymer. In

oth cases, the waveguide thicknesses �tw� have been
hosen so that the structures will support only one
aveguide mode.

. Design of Waveguide Volume Grating Coupler

or a given set of refractive indices, thicknesses, and
odulations of the waveguides and gratings, the pri-
ary design variable remaining is the grating vector
m � Kxx̂ 
 Km,zẑ. This grating vector determines

he period and the slant angle of the grating. The
utcoupling angle of the WVGC for a mode of propa-
ation constant � is given by

�c � sin�1�� � Kx

ko nsup
� . (2)

ince the Kx component is used to fix the outcoupling
ngle for the mode, only the Kz component remains to
e varied to optimize the outcoupling efficiency. As
n bulk diffraction, this variable is optimized by

atching the Bragg condition, with the distinction
hat in this case the incident wave is a guided wave,
ather than a freespace wave. Thus

Kz � �ko ng�
2 � �� � Kx�

2�1�2, (3)

n which the propagation constant � of the guided
ode is considered to be the incident wave. In this

aper, we will consider outcoupling at 0° and at 45°
or TE- and TM-polarized light for each of the two
tructures described above. The design of the grat-
ngs will be based on the fundamental TE mode of
ach waveguide, and we will describe the resulting
iffraction performance for the fundamental TE and
M modes.

. “VG in the Cover Layer” Configuration

or this configuration, the fundamental TE mode has
� 9.46 �m�1. From Eq. �2�, we obtain Kx � 9.46
m�1 for �c � 0°, and Kx � 5.01 �m�1 for �c � 45°.
ith these values, Kz � 9.42 �m�1 and Kz � 7.97

m�1 are determined for �c � 0° and �c � 45°, re-
pectively, with use of Eq. �3�. The same Kx and Kz
re used for the TM mode, since its � � 9.44 �m�1 is
ery similar.
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5163
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Figure 2 shows the CE versus � for TE- and TM-
olarized light for the “VG in the cover layer” config-
ration with �c � 0° and coupler lengths L � 100 �m
nd L � 500 �m. The L � 100 �m length was
hosen to illustrate partial outcoupling of the light,
nd L � 500 �m was chosen to illustrate nearly
omplete outcoupling of the light. For L � 100 �m,
he magnitude of the wavelength response for TM-
olarized light is relatively small, owing to the small
oupling angles.4 For L � 500 �m, the magnitude of
he TM response is larger, although still weaker than
he corresponding TE response. Figure 3 shows the
E versus � with �c � 45° for the same configuration
nd the same two lengths. The cutoff in the wave-
ength response seen close to � � 0.64 �m for both
olarizations is due to the fact that for this and
horter wavelengths, the resulting diffracted beam

ig. 3. Coupling efficiency versus wavelength for TE- and TM-
olarized light in the “VG in the cover layer” structure, with out-
oupling at 45° for the design wavelength � � 1 �m.
o

164 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
as a wave-vector magnitude larger than the allowed
ave-vector magnitude in the superstrate 
���� �

x � konc�, and the beam is therefore totally inter-
ally reflected at the superstrate�grating interface.
he magnitude of the wavelength response for TM-
olarized light is comparable with that for TE-
olarized light in this case, as is expected for large
oupling angles.4 It must be noted that in both cases
he WVGC exhibits a very wide wavelength response,
ith a FWHM �in the case of �c � 0°, L � 500 �m, and
E polarization� of 305 nm. The length of the device
as a significant effect on the width of the bandpass.
or �c � 0°, L � 100 �m, and TE polarization, the
WHM is 178 nm. For a similar grating, but with
ulk diffraction, the FWHM of the wavelength band-
ass would be much narrower, less than 10 nm. The
uch wider wavelength bandpass in the case of the
VGC configuration illustrates the difference be-

ween the diffraction-induced-leaky-mode interaction
f the WVGC and the bulk diffraction of an incident
ave by a volume grating.

. “VG in the Waveguide” Configuration

or this configuration, the fundamental TE mode has
� 9.33 �m�1. From Eq. �2�, we obtain Kx � 9.33
m�1 for �c � 0°, and Kx � 4.89 �m�1 for �c � 45°.
ith these values, Kz � 9.42 �m�1 and Kz � 8.06

m�1 are determined for �c � 0° and �c � 45°, re-
pectively, with use of Eq. �3�. The same Kx and Kz
re used for the TM mode, since its � � 9.33 �m�1 is
ery similar. Figure 4 shows the CE versus � for
E- and TM-polarized light for the “VG in the
aveguide” configuration with �c � 0° and coupler

engths L � 100 �m and L � 500 �m. The TM
haracteristic has two peaks in this case, owing to the
rade off between the proximity to the Bragg condi-
ion and the angular distance between the incident
nd diffracted waves in the WVGC, both of which are
ajor determinants of its strength. Figure 5 shows
ig. 2. Coupling efficiency versus wavelength for TE- and TM-
olarized light in the “VG in the cover layer” structure, with nor-
ig. 4. Coupling efficiency versus wavelength for TE- and TM-
olarized light in the “VG in the waveguide” structure, with nor-
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he CE versus � with �c � 45° for the same polariza-
ions and lengths. The cutoff in the wavelength re-
ponse seen close to � � 0.64 �m for both
olarizations is the result of the same conditions de-
cribed above for the “VG in the cover layer” config-
ration. It must be noted that in both cases the
VGC exhibits an even wider wavelength bandpass

han in the “VG in the cover layer” configuration,
ith a FWHM �in the case of �c � 0°, L � 500 �m, and
E polarization� of 525 nm.

. Effects of Index Modulation, Waveguide Index, and
rating Thickness

o understand how the wavelength response of
VGCs can be made narrower or broader, we have

nalyzed the effects of varying several physical pa-
ameters of the WVGCs discussed above. The wave-
ength sensitivity of WVGCs can be affected by
everal factors: the index modulation of the volume
rating, the relative index of the waveguide and the
rating in the “VG in the cover layer” configuration,
he thickness of the waveguide and of the grating in
he “VG in the cover layer” configuration, and the
hickness of the waveguide�grating layer in the “VG
n the waveguide” configuration. For practical rea-
ons, we have chosen to study the effects of the index
odulation for both configurations, the effect of the
aveguide index for a fixed-grating index for the “VG

n the cover layer” configuration, and the effect of the
hickness of the waveguide�grating layer in the “VG
n the waveguide” configuration. To make meaning-
ul comparisons between couplers, we have chosen to
lot side by side the CEs of couplers of various
engths but with very similar CEs ��90%�.

. Effect of Index Modulation

igure 6 shows plots of CE versus � for WVGCs in the
VG in the cover layer” configuration of coupler
ength L � 500 �m for the original index modulation

ig. 5. Coupling efficiency versus wavelength for TE- and TM-
olarized light in the “VG in the waveguide” structure, with out-
oupling at 45° for the design wavelength �o � 1 �m.
20
n � 0.02 and L � 50 �m for �n � 0.06. The
WHM widths of the two structures are similar, with
he first being 305 nm, and the second one 282 nm
7.5% narrower�. Thus we see that for the “VG in
he cover layer” configuration, the index modulation
as a minor effect on the width of the wavelength
andpass for couplers with similar CEs.
Figure 7 shows plots of CE versus � for WVGCs in

he “VG in the waveguide” configuration of coupler
ength L � 500 �m for �n � 0.02, and L � 50 �m for
n � 0.06. The FWHM bandpass widths of the two
tructures are similar, with the first being 525 nm,
nd the second one being 500 nm �4.8% narrower�.
hus we see that for the “VG in the waveguide” con-

ig. 6. Coupling efficiency versus wavelength for TE-polarized
ight in the “VG in the cover layer” structure, with normal outcou-
ling for the design wavelength �o � 1 �m. The structure with
n � 0.06 has a slightly narrower FWHM bandpass than the
riginal structure with �n � 0.02.

ig. 7. Coupling efficiency versus wavelength for TE-polarized
ight in the “VG in the waveguide” structure, with normal outcou-
ling for the design wavelength �o � 1 �m. The structure with
n � 0.06 has a slightly narrower FWHM bandpass than the
riginal structure with �n � 0.02.
September 2004 � Vol. 43, No. 27 � APPLIED OPTICS 5165
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guration, the effect of the index modulation on the
idth of the wavelength bandpass is small for cou-
lers with similar CEs.

. Effect of Waveguide Index in the “VG in the Cover
ayer” Configuration

igure 8 shows plots of CE versus � for WVGCs in the
VG in the cover layer” configuration of lengths L �
00 �m for the original waveguide index n � 1.56 and
� 300 �m for a waveguide index n � 1.55. The

econd coupler, with a FWHM of 205 nm, has a 33%
arrower bandpass than the original coupler. Al-
hough this is still a considerably wide wavelength
andpass, this indicates that changes in the index of
efraction of the waveguide have a relatively strong
ffect on the wavelength response in the “VG in the
over layer” configuration. This indicates that the
ndex difference between the waveguide and the cou-
ler can be optimized to obtain narrower or wider
avelength responses.

. Effect of Waveguide�Grating Thickness in the “VG in
he Waveguide” Configuration

o illustrate the effect of the waveguide�grating
hickness in the “VG in the waveguide” configuration,
e have plotted the CE versus � for volume gratings

f various thicknesses. With increasing waveguide�
rating thickness, the structures support multiple
odes. The RCWA-LM approach can be used to find

he CE of each individual mode. However, we main-
ain the assumption that only light from the funda-
ental mode is incident on the structure and restrict

ur analysis to this mode. In the case of the “VG in
he cover layer” configuration, the effect of the thick-
ess is not expected to be as significant, since beyond
given thickness �depending on the thickness and

he index of the waveguide�, the “effective thickness”
166 APPLIED OPTICS � Vol. 43, No. 27 � 20 September 2004
f the grating that interacts evanescently with the
iffraction-induced leaky mode becomes fixed. Fig-
re 9 shows plots of CE versus � for WVGCs in the
VG in the waveguide” configuration of length L �
00 �m for the original waveguide�grating thickness
wg � tg � 1.8 �m, L � 300 �m for twg � tg � 3 �m,
nd L � 150 �m for twg � tg � 6 �m. The respective
WHM bandpasses are 525, 338, �35% lower�, and
73 nm �67% lower�. The wavelength bandpass be-
omes significantly narrower with increasing thick-
ess. This is consistent with the behavior of volume
ratings in bulk diffraction, where thicker gratings
ave a narrower wavelength bandpass.

. Summary

n this paper, we have examined the wavelength re-
ponse of WVGCs using the RCWA-LM approach.
e have calculated the wavelength bandpass of
VGCs in the “VG in the cover layer” and the “VG in

he waveguide” configurations and analyzed the ef-
ects of variations in the index modulation, the
aveguide index, and the grating thickness on the
avelength bandpass of WVGCs. The large width

nherent in the WVGC wavelength bandpass may
ake WVGCs suitable for CWDM applications. The

trong effect of the grating thickness on the width of
he wavelength bandpass provides some flexibility in
he design of the bandpass width. WVGCs are also

robust alternative for use with low-cost sources
usceptible to wavelength variations.

ppendix A: Bragg Condition for Guided Incident
aves

nlike the case of bulk diffraction in which the inci-
ent wave vector is unambiguous, the case of guided-
ave diffraction has three obvious options for the

ncident wave vector to be used in determining the
ig. 8. Coupling efficiency versus wavelength for TE-polarized
ight in the “VG in the cover layer” structure, with normal outcou-
ling for the design wavelength �o � 1 �m. The structure with
wg � 1.55 has a significantly narrower FWHM bandpass than the
ig. 9. Coupling efficiency versus wavelength for TE-polarized
ight in the “VG in the waveguide” structure, with normal outcou-
ling for the design wavelength �o � 1 �m. The structures with

wg � 3 �m and twg � 6 �m have significantly narrower FWHM
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ragg condition. The first is the propagation con-
tant � of the mode being coupled, and the second and
hird options are the upward and downward propa-
ating plane-wave components of the mode. The
hree Bragg conditions for a guided incident wave are
hown in Fig. 10.
Optimum Kzs according to each Bragg condition
ere calculated for the “VG in the cover layer” and

he “VG in the waveguide” configurations, according
o

K � �k n �2 � �k � K �2�1�2 � k , (A1)

ig. 10. Three options for the Bragg condition for a guided inci-
ent wave.

ig. 11. Coupling coefficient versus wavelength for TE-polarized
ight in the “VG in the cover layer” structure, with normal outcou-
ling for the design wavelength �o � 1 �m. The Bragg condition
etermined by use of the propagation constant � results in a higher
oupling coefficient at the design wavelength.
z o g inc, x x inc,z

20
here kinc is the wave vector of the incident wave
eing considered. It was found that the Bragg con-
ition using the propagation constant � of the mode
roduced the most efficient coupler at the design
avelength. Figure 11 shows the coupling coeffi-

ient � versus � for the “VG in the cover layer” con-
guration for each of the three Bragg conditions.
he second and third options produce diffraction
eaks at wavelengths away from the design wave-
ength of the coupler.
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