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Graphene oxide (GO) ultrathin film can be wafer-scale
deposited by spin coating, can be patterned by laser inter-
ference lithography and oxygen plasma etching, can be
thinned atomically (0.26 nm/min) and oxidized by ozone
treatment, and is a relatively transparent and low-refractive-
index material compared to pristine graphene. All those uni-
que properties prompt us to realize a low-loss (∼5 dB∕cm),
high-extinction-ratio (19 dB), and narrowband (0.425 nm)
GO/silicon hybrid waveguide Bragg reflector by transfer-
ring 7-nm-thick GO gratings (n � 1.58) atop a silicon strip
waveguide. Unlike a sidewall-corrugated strip waveguide
Bragg reflector that generally exhibits distorted corrugation
profiles and is sensitive to fabrication errors, the as-realized
GO-grating-covered strip waveguide Bragg reflector exhi-
bits a stable reflecting wavelength and controllable reflec-
tion bandwidth that can be well predicted by numerical
simulations. © 2017 Optical Society of America
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The implementation of integrated waveguide gratings on a
silicon-on-insulator (SOI) substrate to provide a flexible and
narrowband spectral response is of vital importance for a wide
range of sensing and filtering applications [1–3]. However, due
to the small waveguide dimensions for single-mode light propa-
gation in a silicon strip waveguide, any small perturbations on
the sidewall corrugations can greatly alter the grating coupling
strength and its effective index. This makes it difficult to obtain
narrowband reflection from strip silicon waveguide gratings
[4,5]. This issue could be mitigated by using a cladding-
modulated waveguide grating design on SOI to allow flexible
control of the grating coupling strength, thus enabling narrow-
band reflection [6]. Nevertheless, precise definition of sidewall
gratings that are tens of nanometers wide is still challenging
by deep ultraviolet (DUV) lithography. The sidewall gratings
actually fabricated are severely rounded and distorted, and thus

is difficult to control the amplitude and phase of their spectral
response [7,8]. Hybrid integration of a thin grating layer made
of a transparent and low-index material atop the silicon strip
waveguide is an alternative approach to overcome this issue.
Graphene oxide (GO) is an oxidized form of 2D graphene
material consisting of hydrophilic oxygenated functional groups
decorated either on their basal planes or at the edges. Compared
to pristine graphene, a controlled quantity of the oxygenated
functional groups in GO is advantageous to achieve the desired
properties of colloidal stability, transparency, conductivity, cata-
lytic activities, and refractive index [9–12]. Intrinsic negative
charges of GO after deprotonation make it capable of being
homogeneously dispersed in an aqueous medium for easy device
engineering and low environmental impacts, superior to related
materials of carbon nanotubes or fullerene-C60. In our previous
work, we have developed a reliable chemical oxidation procedure
capable of producing significantly oxidized GO capable for large-
scale grating [10]. Moreover, the electronic and optical properties
of GO can also be chemically reduced to restore its conjugated
sp2-hybridized domains, making it an emerging versatile plat-
form for integrated photonic applications [13].

The complex refractive index of GO is determined by its
permittivity and conductivity, which could be changed via volt-
age modulation and molecule adsorption. Therefore, GO has
been widely applied for various sensors combined with a nar-
rowband filter enabled by an optical fiber Bragg grating or a
silicon photonic crystal cavity [14,15]. Nevertheless, to our
knowledge none of the prior works are focused on the direct
patterning of GO thin film into periodic strips to achieve on-
chip narrowband reflection. In this Letter, we transfer holo-
graphically defined GO gratings onto a silicon strip waveguide
to realize a GO/Si hybrid waveguide Bragg reflector that pro-
vides a reflection bandwidth of 0.425 nm and an extinction
ratio of 19 dB with a low propagation loss of ∼5 dB∕cm.

According to the coupled-mode theory, the reflection band-
width of a grating structure is defined as [16]
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2 � �π∕L�2

q
; κ � Γ�n21 − n22�

λ0neff
; (1)

4768 Vol. 42, No. 22 / November 15 2017 / Optics Letters Letter

0146-9592/17/224768-04 Journal © 2017 Optical Society of America

Corrected 17 November 2017

mailto:yungjr@mail.nsysu.edu.tw
mailto:yungjr@mail.nsysu.edu.tw
mailto:yungjr@mail.nsysu.edu.tw
mailto:yungjr@mail.nsysu.edu.tw
mailto:chunhu.chen@mail.nsysu.edu.tw
mailto:chunhu.chen@mail.nsysu.edu.tw
mailto:chunhu.chen@mail.nsysu.edu.tw
mailto:chunhu.chen@mail.nsysu.edu.tw
mailto:chunhu.chen@mail.nsysu.edu.tw
https://doi.org/10.1364/OL.42.004768


where λB , ng , and L are the Bragg wavelength, the group index,
and the total grating length, respectively. Grating coupling
strength κ is proportional to the optical overlap factor Γ, the
high/low index difference (Δn � n1 − n2), and is inverse pro-
portional to the wavelength in vacuum λ0 and the effective in-
dex neff of the waveguides. The optical overlap factor is a measure
of the fraction of the mode power flux located in the grating
region and is calculated using a commercial mode solver
FimmWAVE from Photon Design. A fine reflection bandwidth
can be obtained by using a long grating structure with a weak
grating coupling strength. To achieve this target, a few tens of
nanometers corrugation width is typically utilized in sidewall-
corrugated strip waveguide gratings, as depicted in Fig. 1(a).
In this work, we deposit a thin layer of GO atop a pure silicon
strip waveguide, as depicted in Fig. 1(b), to investigate the addi-
tional waveguide propagation loss arising from the GO thin film.
We also replace the sidewall corrugations on a silicon strip wave-
guide with a thin GO grating overlay to produce narrowband
Bragg reflection on a SOI substrate, as depicted in Fig. 1(c).

The advantages of GO gratings over sidewall corrugations
on Si strip waveguides for achieving narrowband reflection
are displayed in their respective optical overlap factors shown
in Fig. 2. The optical overlap factor to the sidewall corrugations
of strip waveguide Bragg reflector is proportional to its corru-
gation width. Nanometer-scale resolution for the grating def-
inition is therefore required to accurately control the grating
coupling strength, which is challenging for the ArF 193-nm
lithography widely used for silicon photonics. The rounded
sidewall corrugation profiles shown in Fig. 2 reveal the diffi-
culty to precisely control the corrugation width and grating
duty cycle. On the other hand, due to the low refractive index
of GO material, the optical overlap factor of the GO grating
is lower compared to that of the sidewall gratings in strip

waveguides. We also demonstrated that isotropic ozone treat-
ment slows to a 0.26 nm/min etch rate of periodic GO struc-
tures, equivalent to ∼1∕3 of the GO monolayer per minute
[10]. This provides flexible and precise thickness determination
of the resulting GO gratings. Their x-ray photoelectron spec-
troscopy (XPS) spectra reveal that the GO material can be fur-
ther oxidized by post-isotropic ozone treatment. The fraction
of the oxygenated carbon in GO is increased from 50.1% to
54.15% after 19 min of ozonation [10].

The fabrication of pure silicon strip waveguides and side-
wall-corrugated waveguide Bragg reflectors on SOI were per-
formed at IMEC using a CMOS-compatible process with
193-nm DUV lithography. As-realized 220-nm-thick and
500-nm-wide silicon strip waveguides are sandwiched by a
3-μm-thick bottom thermal oxide cladding, a 220-nm-thick
side oxide cladding, and an air top cladding. The height differ-
ence between the silicon strip waveguide and side oxide clad-
ding is less than 16 nm. A pair of concentrated surface grating
couplers is utilized for optical I/O between the single-mode fi-
ber and silicon strip waveguide with an efficiency of ∼38% [6].
The procedures to fabricate GO gratings are disclosed as fol-
lows. We utilize a preformed acidic oxidizing medium as a
modified Hummers’ method for fast and reliable graphite ox-
idation to generate highly oxidized GO suspension [10]. A thin
GO film is deposited on a TiO2-covered silicon substrate by
spin coating. The thickness of the GO film can be controlled
by the concentrations of aqueous GO suspension solutions or
by post-ozone treatment. After baking, a 70-nm-thick bottom
antireflection coating (BARC) layer and a 120-nm-thick pos-
itive photoresist layer (AllResist AR-P3170) are sequentially de-
posited atop the GO film. The samples are then transferred to
the laser interference lithography system [17] and exposed to in-
terference fringes with a predefined grating periodicity. Finally,
the samples are immersed in a diluted 2.38% tetramethylam-
monium hydroxide (TMAH) photoresist developer to produce
the grating structures. Transferring the resist grating pattern
into the GO thin film is conducted by anisotropic oxygen
plasma etching to fully etch through the GO film, followed
by the removal of residual BARC via isotropic ozone treatment
under a lifted temperature of 135°C. After spin-coating a thick
polymethyl methacrylate (PMMA) resist atop the GO gratings,
the samples are immersed in a buff hydrogen fluoride (HF)
solution to etch the underlying TiO2 layer and to float the
PMMA/GO grating film to be transferred onto silicon strip
waveguides. The protecting PMMA resist is finally removed
by acetone. Figure 3 shows the scanning emission microscope
(SEM) and atomic force microscope (AFM) views of an as-
realized GO-grating-covered silicon strip waveguide and its
Raman spectrum. The well-defined GO gratings sitting atop
a silicon strip waveguide have a periodicity of 330 nm and a
thickness of 10 nm characterized by AFM. The Raman spectrum
reveals that GO gratings still exhibit the signature D (1350–
1360 cm−1) and G bands (1592–1608 cm−1), showing that the
GO natures can be well preserved after all the fabrication proc-
esses [10]. The slightly higher intensity of D to G bands further
suggests the high oxidation degrees in the GO grating. The lack
of 2D band implicates the destruction of the planar sp2 carbon
network resulting from oxidation of the material [11].

The optical transmission spectra of baseline and GO-film-
covered glasses are measured using an UV/VIS spectrophotom-
eter, as shown in the inset of Fig. 4. The propagation loss of

Fig. 1. Schematic diagrams of (a) a sidewall-corrugated silicon strip
waveguide grating, (b) a GO-film-covered Si strip waveguide, and (c) a
GO-grating-covered silicon strip waveguide grating.

Fig. 2. Calculated optical overlap factors of sidewall-corrugated and
GO-grating-covered Si strip waveguide Bragg reflectors, respectively. The
figure to the right is the top SEM view of a sidewall-corrugated silicon
strip waveguide Bragg reflector with a sidewall corrugation of 30 nm.
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planar, GO-film-covered and GO-grating-covered silicon strip
waveguides are measured by the cutback method [18]. About
99.96% optical transmission is observed for a 28-nm-thick
planar GO film over the entire C+L wavelength bands under
normal incidence. However, when the light propagates in a
GO-film-covered silicon strip waveguide, a 28-nm-thick planar
GO film atop the silicon strip waveguide produces a huge op-
tical propagation loss of up to 60 dB/cm. Nevertheless, this is
still one order of magnitude lower than the propagation loss of
silicon strip waveguides covered with a pristine monolayer gra-
phene (∼540 dB∕cm) [19]. When 28-nm-thick continuous
GO film is patterned into periodic strips with a duty cycle of
0.35 and the same thickness, the propagation loss is decreased
to 20 dB/cm. The loss can be further reduced by ozone treat-
ment with a rate of around 0.7 dB/cm/min and 0.28 dB/cm/min
for GO-film-covered and GO-grating-covered silicon strip wave-
guides, respectively. This is attributed to the fact that ozone treat-
ment further oxidizes the GO films to decrease the thickness
and break down the optical-absorbing pi-conjugation network
(C═C) atop the strip waveguide. After 60 min ozone treat-
ment, the propagation loss of the GO-grating-covered silicon
strip waveguide is reduced to only 5 dB/cm. Figure 5 shows
the measured transmission spectra of sidewall-corrugated and
GO-grating-covered silicon strip waveguide Bragg reflectors
with different grating widths/thicknesses. The device length of
the waveguide Bragg reflectors shown in Fig. 5 is fixed to 0.44mm.

The measured reflection bandwidth of sidewall-corrugated sil-
icon strip waveguide Bragg reflectors ranges from 1.5 to 5.7 nm
depending on the grating widths W g (10–40 nm), corres-
ponding to a grating-width-dependent reflection bandwidth
δ�Δλ�∕δW g of 0.14. With a fixed strip waveguide width,
the increase of sidewall grating width leads to the decrease in
waveguide effective index. This results in the blueshift of the
Bragg wavelength with a rate δ�λB�∕δ�W g� of −0.59, as shown
in Fig. 5(a). Note that we obtain a narrower reflection band-
width from as-fabricated sidewall-corrugated silicon strip wave-
guide Bragg reflectors than expected in the calculations due to
the smoothing of the corrugations caused by the insufficient
resolution of DUV lithography. On the other hand, the mea-
sured reflection bandwidth of GO-grating-covered silicon strip
waveguide Bragg reflector ranges from 0.59 to 1.6 nm depend-
ing on the GO grating thickness TGO (13–28 nm), corre-
sponding to a grating-thickness-dependent reflection bandwidth
δ�Δλ�∕δT GO of only 0.05. With a fixed strip waveguide width,
the increase of GO grating thickness leads to the slight increase of
waveguide effective index. This results in the redshift of the
Bragg wavelength with a rate δ�λB�∕δ�T GO� of only 0.06, as
shown in Fig. 5(b). The refractive index of GO thin film is char-
acterized to be around 1.58 at 1550 nm of wavelength by
spectroscopic ellipsometry (J. A. Woolam, M2000-DI). Figure 5
also reveals that sidewall-corrugated (W g � 10 nm) and GO-
grating-covered (T GO � 28 nm) silicon strip waveguides have
a similar reflection bandwidth, which agrees well with the theo-
retical prediction in Fig. 2. However, a GO-grating-covered
silicon strip waveguide has a lower extinction ratio of only
12 dB due to its high propagation loss of 20 dB/cm, whereas
a sidewall-corrugated silicon strip waveguide enables a propa-
gation loss of ∼2.8 dB∕cm and thus an extinction ratio of
17 dB. An even narrower reflection bandwidth and higher ex-
tinction ratio can be pursued by deposing a thinner GO grating
on a longer silicon strip waveguide. Since the root-mean-square
surface roughness of as-deposited GO film is only 0.59 nm, the
thinnest GO grating we have achieved is 4 nm uniformly over
the entire 2-in. wafer [10]. In this work we successfully transfer
ultrathin GO gratings onto 3.48-mm-long silicon strip wave-
guides, and their measured transmission spectra are shown in
Fig. 6. Only one steep dip exists at the Bragg wavelength of
GO-grating-covered silicon strip waveguide Bragg reflectors
over the entire 140-nm wavelength range, indicating that

Fig. 3. Raman spectrum and SEM/AFM views of GO-grating-
covered silicon strip waveguide Bragg reflector (P � 330 nm and
T GO � 10 nm).

Fig. 4. Measured waveguide in-plane propagation loss of GO-film-
covered and GO-grating-covered silicon strip waveguides, respectively,
against the ozone treatment time. The inset figure shows the optical
transmission spectra of baseline and GO-film-covered glasses, respec-
tively, under normal incidence.

Fig. 5. Measured transmission spectra of (a) sidewall-corrugated
Si strip waveguide filters with different grating widths W g and
(b) GO-grating-covered Si strip waveguide filters with different grating
thicknesses T GO. The device length is 0.44 mm. The grating perio-
dicity is 320 nm. For clarity, the curves are offset in each plot.
The vertical scales on (a) and (b) are the same for comparison.

4770 Vol. 42, No. 22 / November 15 2017 / Optics Letters Letter



the higher-order leaky modes can be ignored. Such a sharp dip
corresponds to a reflection bandwidth of 0.425 nm and an ex-
tinction ratio of 19 dB for the case of 7-nm-thick GO gratings.
This corresponds to a grating coupling strength of 23 cm−1.
Further reducing the thickness of the GO grating to 4 nm leads
to a reflection bandwidth of only 0.26 nm and an equivalent
grating coupling strength of 14.2 cm−1. Its low 8-dB extinction
ratio indicates the need for an even longer waveguide, but be
aware that 500-nm-wide silicon strip waveguide has a phase co-
herent length of only 4.17 mm [20]. This is attributed to the
fabrication nonuniformity that causes fluctuations in waveguide
effective index and thus large phase uncertainty. This issue limits
the minimum reflection bandwidth achievable in all kinds of
waveguide Bragg reflectors on SOI.

Figure 7 shows the simulated and measured reflection band-
widths of sidewall-corrugated and GO-grating-covered silicon
strip waveguide Bragg reflectors versus grating width/GO grating
thickness. The narrower reflection bandwidth in the as-fabricated
devices than simulated values shown in Fig. 7(a) is mainly due to
the fact that the simulations were conducted on a square-wave
modulation while the actual corrugation profile turned out to
be a rounded periodic modulation. The discrepancy between
the simulation and experimental results could be substantially
reduced by introducing a rounded corrugation profile in the sim-
ulation model. On the contrary, depositing well-defined GO gra-
tings atop a silicon strip waveguide enables narrowband reflection

with a controllable reflection bandwidth that agrees well with the
theoretical predictions based on square-wave modulation.

In summary, the proposed GO/Si hybrid approach leverages
from the nature of GO material that enables a transparent,
continuous, and ultrathin film by low-cost spin coating. The
resulting GO film is patterned into periodic strips by laser in-
terference lithography and anisotropic oxygen plasma and is
slowly thinned and oxidized by ozone treatment. By trans-
ferring 7-nm-thick and low-refractive-index (n � 1.58) GO
gratings atop a silicon strip waveguide, the as-realized GO/Si
hybrid waveguide Bragg reflector demonstrates a reflection
bandwidth of 0.425 nm and an extinction ratio of 19 dB. For
practical applications, wafer-scale definition of GO gratings can
be conducted directly on top of silicon waveguides without re-
quiring a film transfer process, and thus is compatible with the
existing semiconductor manufacturing processes. We anticipate
that the proposed GO/Si hybrid waveguide filter is promising
for not only a variety of sensor applications but also the appli-
cations that utilize gratings for on-chip signal processing and
photonic generation of arbitrary microwave waveforms [21].
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