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Abstract : The f abrication of Bragg gratings on silicon2on2insulat or (SOI) rib waveguides using elect ron2beam li2
t hograp hy is p resented. The grating waveguide is op timally designed f or actual p hot onic integration. Experimental

and t heoretical evaluations of t he B ragg grating are demonst rated. By t hinning t he SOI device layer and deeply

etching t he Bragg grating , a la rge grating coupling coeff icient of 30cm - 1 is obtained.
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1 　Introduction

Bragg gratings are essential component s in op2
tical communication systems and have found many
applications in reflectors , wavelength filters , dis2
persion compensators ,and other devices. Much re2
search on fabricating Bragg gratings by p hysically
corrugating t he waveguide surface in such materi2
als as InP/ In GaAsP , silica , and polymer has been
reported. However , lit tle has been reported on
grating fabrication on silicon2on2insulator ( SOI)

wafers , even t hough SO I has become a pop ular
subst rate for use in p hotonic integration[1 ] .

Rib waveguides on SO I wafers have at t racted
significant at tention due to their design flexibility ,
lower t ransmission loss , low polarization depend2
ence , and high tolerance for fabrication errors[2 ] .
Furt hermore ,a rib waveguide can support a single2
mode operation even if it has a large cross sec2
tion[3 ] . Much research on silicon rib waveguides has
been reported[4～6 ] . Murp hy et al . p resented the
first experimental demonst ration of a narrow2band
Bragg2reflection filter in SO I rib waveguides using
interference lit hograp hy[4 ] .

Here we report anot her met hod for forming
Bragg gratings on SOI rib waveguides using elec2
t ron2beam ( EB) lit hograp hy. Compared wit h con2
ventional interference lit hograp hy , direct2write EB
lit hograp hy has many advantages in grating fabri2
cation[7 ] . For example ,it is easy to form a very nar2
row pitch grating , a chirped Bragg grating , and a
p hase shif t grating. The grating waveguide is opti2
mally designed for the actual p hotonic integra2
tion[8 ] .

As an important evaluation parameter of
Bragg grating performance ,the coupling coefficient
is basically determined by the spatial periodic index
perturbation. In order to obtain a large index per2
t urbation , we t hinned t he SOI device layer and
deeply etched the grating. The deep etching of a
silicon grating is technically challenging because a
silicon grating has a smaller grating period due to a
larger ref ractive index t han other materials such as
SiO2 and polymer . In order to implement deep etch2
ing ,we selected chromium ( Cr) as a mask to etch
t he SOI device layer because t here is a larger selec2
tive etching ratio . The Cr grating pattern was
formed by a lif t2off p rocess ,as using EB lithogra2
p hy to define t he grating pattern ensures good pat2
tern t ransference f rom t he resist to t he Cr layer .
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Wit h t hese technical considerations ,we obtained a
large grating coupling coefficient of 30cm - 1 ,which
is t he largest to date among works on SOI rib
waveguides.

2 　Design and fabrication

The SOI wafers we used were prepared by the
bond and etch back technique (B ESOI) . The thick2
ness of t he buried SiO2 was 110μm ,and t hat of the
silicon device layer was 211μm. The design of the
rib waveguide is a natural t radeoff between
waveguide single2mode conditions , t ransmission
loss and bending loss of curved waveguides. The
t ransmission loss is mainly f rom t he roughness in
t he etched waveguide surface[9 ] ,so a rib waveguide
with a large cross section has less t ransmission loss
under t he same level of the surface roughness.
However , t here is a large bending loss for a rib
waveguide wit h such a large cro ss section because
of t he weak confinement of t he p ropagating modes.
Wit h a judicious choice of these dimensions ,a rea2
sonable compromise can be obtained.

The consideration of SOI device layer thick2
ness is critical in designing the rib waveguide , as
shown in Fig. 1 , where the waveguide widt h , and
t he thicknesses inside and out side of t he waveguide
are denoted by W , H and h ,respectively. In the cal2

Fig. 1 　Dependence of ref ractive index difference (Δ)

and waveguide widt h ( W) on subst rate t hickness ( H)

f or h/ H = 2/ 3

culations of Fig. 1 ,a condition of h/ H = 2/ 3 is as2
sumed ,and it is used in t he following discussions.
Plot a shows t he dependence of t he relative ref rac2
tive index difference (Δ) on device layer thickness.
Δ is defined as ( nco - ncl ) / nco ,where nco and ncl are
t he effective ref ractive indexes in t he core and the

clad of the waveguide ,and it relates directly to t he
bending loss of t he curved waveguides. Therefore a
t hinner device layer leads to less bending loss un2
der t he same widt hs of t he waveguide. Also , a
st rong grating coupling can be easily obtained for a
t hin device layer . However , a t hin device layer
would lead to a narrow waveguide width according
to t he single2mode conditions of rib waveguides ,as
shown by plot b. The area below plot b is a single2
mode zone. U sually ,a narrow waveguide is difficult
to fabricate. In t his work , considering t hat t he
waveguide is pat terned by standard p hotolit hogra2
p hy ,we first selected a waveguide widt h of 2μm.
Based on the result s in Fig. 1 ,t he SO I device layer
was t hinned to 116μm by a wet oxidation step wit h
H2 O and O2 at 1000 ℃, and the etched dept h was
selected to be 0153μm.

The grating fabrication on t he SOI rib
waveguide comp rised two step s. First was the grat2
ing fabrication on the SOI surface , as shown in
Figs. 2 (a) and ( b) . Second was the formation of
t he waveguide on t he grating patterns ,as shown in
Figs. 2 (c) ～ (f ) . In order to form a Bragg grating
on the SO I wafer , t he wafer was coated by an EB
resist ,ZEP520 ,and pat terned by EB exposure. Af2
ter develop ment , a Cr2layer wit h a t hickness of

Fig. 2 　Fabrication process of Bragg gratings on rib

waveguides

60nm was deposited on t he wafer ,and a grating Cr
pattern was formed by a lift2off process. Then a silicon
grating was formed by etching the SOI device layer to a
depth of 200nm in an inductively coupled plasma2reac2
tive ion etching ( ICP2RIE) process ,where the Cr pat2
tern served as a mask. The length ,period and the duty
circle of the silicon Bragg grating are 500μm ,230nm ,
and 40 % ,respectively. A gas mixture of C3 F8 ,O2 and
Ar in a ratio of 5 ∶1 ∶20 was used in the RIE process.
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The ICP power and the bias were 600W and 250W ,re2
spectively. Under the RIE conditions ,the etching ratio
of Cr and Si is about 1 ∶415.

Forming the grating waveguide is a very im2
portant p rocess. In t he p rocess , we aimed at two
t hings. One was not to damage t he fine grating pat2
tern ,and t he ot her was to make a smoot h ,vertical2
ly2etched wall of t he grating waveguide. U sing a
two2step2etching met hod , we formed t he grating
waveguide. In t he first etching step ,a SiO2 pat tern
was formed. Then t he SiO2 pat tern served as mask ,
and t he silicon waveguide was formed in t he second
etching process. The fabrication details are as fol2
lows. First ,t he wafer with grating pat terns was de2
posited wit h a layer of SiO2 as shown in Fig. 2 (c) .
After t he deposition , the wafer was coated by a
p hotoresist , TSMR ,and was exposed by a standard
p hotolit hograp hy process as shown in Fig. 2 ( d) .
Then t he p hoto2mask pat tern was t ransferred to
t he SiO2 layer by t he first RIE step utilizing a
C3 F82O22Ar gas mixt ure as shown in Fig. 2 ( e ) .
Next we etched t he SOI device layer in t he second
RIE step ,utilizing a Cl22Ar gas mixt ure to form the
silicon waveguide , as shown in Fig. 2 (f ) . A SEM
pict ure of a waveguide wit h a Bragg grating is
shown in Fig. 3. Then , we deposited a t hick SiO2

layer on t he SOI wafer to p rotect t he silicon pat2
terns. Finally ,t he SOI wafer was cleaved for meas2
urement af ter lapping by chemical mechanical pol2
ishing (CMP) .

Fig. 3 　Bragg grating on an SOI rib waveguide

3 　Results and discussion

The measurement was carried out as follows.
An amplified spontaneous emission ( ASE) source
was inp ut into a polarization cont roller , and the

outp ut of the polarization cont roller was launched
into t he grating waveguide by lensed2fiber . The
waveguide outp ut was collected by lensed2fiber
t hat connected wit h an optical spect rum analyzer .
The reflection from the grating waveguide was received
by an optical circulator. The measured transmission and
reflection of a Bragg grating for the TE mode are
shown by the solid lines in Figs. 4 (a) and (b) ,respec2
tively. Figure 4 (a) shows that there are some resonant
peaks on the right side of the center wavelength ,which
is likely due to the poor uniformity of the EB resist
pattern. For example ,if a resist defect were transferred
into a grating pattern ,it would lead to grating spec2
trum asymmetry because of local resonant modes[10 ] .

Fig. 4 　Measurement and simulated result s of t rans2
mission (a) and reflection (b) for TE mode of a Bragg

grating

U sing coupled mode t heory ,we simulated t he
t ransmission and reflection of t he grating. The re2
sult s are shown by t he dot ted lines in Figs. 4 (a)

and (b) . From Fig. 4 (a) ,we know t hat t he calcu2
lated result s basically agree wit h t he experimental
data , t hough t here is a disagreement around t he
center wavelengt h. This is mainly f rom t he grating
scat tering loss due to t he surface roughness of t he
etched grating teet h. In Fig. 4 ( b) , t he spect rum a2
way from the peak is inconsistent between the experi2
ment and simulation results because we did not consid2
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er the measurement background , the reflected light
from the input facet of the grating waveguide ,in the
theoretical simulation. From the measured grating
spectra ,the grating coupling coefficient is theoretically
evaluated to be about 30cm - 1 .

The propagation loss of the grating waveguide
is about 3dB/ cm for t he TE mode ,as measured by
t he cut2back method. The coupling loss between a
fiber and t he grating waveguide was evaluated to
be about 4dB/ facet .

4 　Conclusion

We have presented a new method for fabrica2
ting Bragg gratings on SO I rib waveguides using
EB lit hograp hy. A grating waveguide was optimally
designed for act ual p hotonic integration. By
t hinning t he SO I device layer and deeply etching
t he grating ,a grating coupling coefficient as large
as 30cm - 1 was obtained.
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用电子束曝光方法在优化设计的绝缘体上硅脊状波导上
实现布拉格光栅的制作和评价 3

武志刚1 ,2 　张伟刚1 　王 　志1 　开桂云1 　袁树中1 　董孝义1 , 　宇高胜之2 　和田恭雄2

(1 南开大学现代光学研究所 , 天津　300071)

(2 早稻田大学理工学部 , 东京　16928555 , 日本)

摘要 : 报道了一种用电子束曝光的方法在绝缘体上硅的脊状光波导上制做布拉格光栅的技术. 考虑到实际的光子
学集成的应用 ,讨论了这个带有布拉格光栅的脊状光波导的优化设计 ,给出了该布拉格光栅的测试和理论模拟结
果.通过薄化绝缘体上硅的波导层的厚度和光栅的深腐蚀加工 ,获得了高达 30cm - 1的光栅耦合系数.
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