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Abstract: A chalcogenide-assisted silicon waveguide is realized by
depositing a thin layer of A2S3 glass onto a conventional silicon on insulator
optical waveguide. The photosensitivity of the chalcogenide is exploited to
locally change the optical properties of the waveguide through exposure to
visible light radiation. Waveguide trimming is experimentally demonstrated
by permanently shifting the resonant wavelength of a microring resonator by
6.7 nm, corresponding to an effective index increase of 1.6 ·10−2. Saturation
effects, trimming range, velocity and temporal stability of the process are
discussed in details. Results demonstrate that photo-induced treatments can
be exploited for a post-fabrication compensation of fabrication tolerances,
as well as to set and reconfigure the circuit response.

© 2012 Optical Society of America
OCIS codes: (130.3120) Integrated optics devices; (130.3130) Integrated optics materials;
(160.5335) Photosensitive materials; (230.1150) All-optical devices; (250.5300) Photonic inte-
grated circuits.
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1. Introduction

Silicon-on-insulator (SOI) is emerging as the leading material system to realize on-chip densely
integrated photonic circuits with advanced functionalities [1–3]. A wide set of both passive and
active devices, working in linear and nonlinear regimes, have recently been demonstrated [4–
10], showing the potential of this technology for optical processing, sensing and interconnects.

Besides the intrinsic compatibility with devices and manufacturing processes of microelec-
tronics, the main advantage of silicon photonics is the strong light confinement offered by the
high refractive index contrast, that enables photonic integrated circuits (PICs) with large band-
width, high selectivity and ultra-small footprint.

However, the high index contrast and the sub-micrometer waveguide dimensions are also
responsible for a strong sensitivity to fabrication tolerances, currently representing the main
constraint of SOI PICs. Considering for example a typical single-mode waveguide, a width
deviation of only 1 nm causes an effective index variation of 2·10−3, producing a frequency
shift of about 100 GHz in the spectral response of any interferometric device [11,12]. Even for
most advanced and highly accurate fabrication processes, these figures pose huge technological
challenges and severe design constraints, especially for resonant, multi-stages or high-quality-
factor devices [11, 13–15].

Post-fabrication treatments, able to finely tailor the local properties of SOI PICs, are there-
fore mandatory to compensate for unavoidable fabrication inaccuracies in order to recover the
desired specifications and functionalities. Moreover, they also open the way to the realization
of PICs with reconfigurable transfer function. Active tuning techniques, such as local heating
through thermo-optic actuators [6] or carrier injection through p-i-n junctions [5], are com-
monly used. Nevertheless they require complex additional fabrication steps and, being based
on “always-on” mechanisms, are inherently power-hungry and poorly efficient when continu-
ous and fast reconfiguration is not required.

Permanent trimming techniques, where the induced refractive index change does not disap-
pear when the applied trimming source is switched off, have recently attracted great interest.
The trimming of SOI microring resonators has been demonstrated by exploiting the oxide com-
paction induced by electron beam exposure [16] or the silicon oxidation induced by the tip
of an atomic force microscope [17]. Although large (up to 1.3 · 10−2) effective index varia-
tions can be achieved, these techniques require sophisticated, expensive and power-consuming
equipment, that is hardly in line with low-cost manufacturing and makes real-time monitoring
of the process difficult. A more flexible solution, successfully applied to both SOI photonic
crystal cavities [18] and microring resonators [19], is the use of a highly localized laser beam to
selectively induce oxidation, amorphization or nanomilling of the silicon surface. Nevertheless
it needs very high energy density (in the order of 108 and 1015 mW/cm2, respectively) and is
affected by transient thermo-optic and surface chemistry effects. Alternative techniques, used
on different high index contrast technological platforms, employ UV sensitive polymer films as
waveguide cladding [20, 21], whose refractive index is tailored by local UV exposure. Besides
requiring a UV-source for the trimming, most polymers suffer from poor temporal stability and
optical degradation at relatively low temperatures.

In this work we propose an innovative approach to realize trimmable silicon PICs.
Chalcogenide-assisted silicon waveguides are made by depositing As2S3 glass as upper
cladding in an otherwise standard SOI process. The photosensitivity of chalcogenide glass
(ChGs) materials is then exploited to selectively tailor the local optical properties of the waveg-
uides, by using nothing more than a low-intensity visible-light source. The trimming technique
is simple, accurate, low-cost, and permanent, enabling compensation for fabrication tolerances
and reconfiguration of the circuit transfer function. We investigate in detail its performance
by trimming the resonance frequency of a silicon micro-ring resonator: saturation effects, ve-

#167026 - $15.00 USD Received 18 Apr 2012; revised 28 May 2012; accepted 31 May 2012; published 27 Jun 2012
(C) 2012 OSA 2 July 2012 / Vol. 20,  No. 14 / OPTICS EXPRESS  15809



locity and temporal stability of the process are characterized and the optimum design of the
ChG-assisted SOI waveguide is discussed.

2. Chalcogenide-assisted silicon waveguide

ChGs are a class of amorphous semiconductor compounds that are emerging as promising
materials for PICs [22, 23]. Their photosensitivity in the visible region of the spectrum is well
known [24]: band gap illumination is able to modify the chemical bonds and the local atomic
structure of the material, originating the photo-darkening effect [22, 25]. Besides a red-shift of
the absorption edge toward the visible wavelength region, this phenomenon produces also an
increasing of the refractive index in the transparent wavelength region (near IR). This property
has been used not only to directly write optical waveguides [26] and Bragg gratings [27] on a
ChG platform, but, more recently, also to adjust the optical properties of ChG devices, such as
photonic crystal cavities [28] and complex ring resonator based structures [29,30]. In particular,
we experimentally demonstrated that the effective index of an As2S3 waveguide can be changed
up to Δne f f = 3.2 ·10−2, without any saturation effect [30]. This means that the refractive index
of the ChG core can be varied through exposure to visible light by at least ΔnAs2S3 = 4 · 10−2.
This value is assumed in the following numerical investigations.

As2S3 glass is used here to realize ChG-assisted silicon waveguides with a cross section that
is depicted schematically in Fig. 1(a). A typical SOI single-mode channel waveguide, optimized
for TE polarization propagation, with height h = 220 nm and width w = 500 nm [31,32], is cov-
ered by an upper cladding layer of As2S3, with refractive index nAs2S3 = 2.4 at a wavelength of
1550 nm. A photo-induced refractive index change of the As2S3 cladding results in a permanent
variation of the effective index Δne f f of the waveguide modes, making the optical properties
of silicon structures easily trimmable. Moreover this Δne f f produces, in any interferometric

Fig. 1. ChG-assisted silicon waveguides: (a) schematic view of the waveguide cross section;
(b)-(c) numerical simulations of the effects of ChG photosensitivity (for ΔnAs2S3 = 4 ·10−2):
effective index variation (b) and corresponding wavelength shift (c) versus ChG thickness
t, for TE (blue circles) and TM (red squares) polarizations. Green dashed line corresponds
to the value selected for device fabrication (t = 420 nm).
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device, a wavelength shift of the transfer function equal to Δλ = λ0Δne f f /ng , where λ0 is the
central wavelength and ng is the group refractive index.

The effects of ChG photosensitivity on the waveguide propagation have been investigated
through numerical electromagnetic simulations, assuming a ΔnAs2S3 equal to 4 ·10−2 (as above
derived from [30]). Figures 1(b) and 1(c) show, respectively, the behaviour of Δne f f and Δλ
as a function of the ChG cladding thickness t, for both TE (blue circles) and TM (red squares)
polarizations.

Even a thin layer of ChG is able to provide a large trimmability of the circuits: for TE mode,
for example, t = 20 nm enables a Δλ as large as 1 nm, i.e. 125 GHz. For t > 400 nm, the
effects of photosensitivity become poorly dependent on t. Figure 1 also shows that, given the
same index change of ChG cladding, the TM-polarized fundamental mode of the waveguide is
twice as sensitive as the TE-polarized fundamental mode, because of its weaker confinement
factor. Therefore, depending on the specific application, the optimum polarization can be used
to maximize either the trimmability of the circuits or the bandwidth and compactness of the
devices.

In agreement with these considerations, ChG-assisted silicon waveguides were fabricated
with an optimum As2S3 thickness value of t = 420 nm (green dashed line in Fig. 1(b) and
(c)), from which we expect a waveguide sensitivity of ∂ne f f /∂nAs2S3 = 0.33, resulting in
Δne f f = 1.3 · 10−2 and Δλ = 5.6 nm (i.e. 700 GHz). The silicon core waveguide was pat-
terned through electron-beam lithography and inductively coupled plasma reactive ion etching,
according to the process described in [31]. In order to improve the fiber-to-waveguide coupling
efficiency, the waveguide is widened up to 5 μm approaching the chip end-facets. The As2S3

glass cladding layer was thermally evaporated on top of the waveguide according to the process
described in [33]. Figure 2(a) reports an SEM (Scanning Electron Microscope) photomicro-
graph of the realized waveguide cross-section at the chip end-facet, showing good uniformity
and conformity of the deposition process. The 70-nm-thick layer between the silicon core and
the ChG upper cladding is the HSQ (hydrogen silsesquioxane) resist used for e-beam lithogra-
phy, that is not removed, since it does not significantly affect the waveguide properties.

3. Trimming of a silicon microring resonator

The trimmability of ChG-assisted silicon waveguides and circuits and the performance of the
trimming technique were experimentally investigated by observing the photo-induced reso-
nance frequency shift of a resonator. The waveguide and the fabrication process described
above were used to realize the micro-ring depicted in the top view photomicrograph of Fig.
2(b). The filter has a coupling gap between the ring and the bus waveguide of 300 nm, a bend-
ing radius of 40 μm and a free spectral range (FSR) of 2.48 nm (310 GHz). Both the ring and
the coupled bus waveguide are covered with 420 nm of As2S3 and, after fabrication, the device
was stored in the dark in order to avoid any spurious light exposure. The experimental spectral

Fig. 2. Photomicrographs of the fabricated ChG-assisted silicon devices: (a) SEM image of
the waveguide cross section; (b) optical microscope top view of a micro-ring resonator.
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Fig. 3. (a) Schematic view of the trimming process of a ChG-assisted SOI micro-ring. (b)
Normalized optical spectral density of the visible light source used for the trimming. (c)
Experimental spectral response of the micro-ring: progressive photoinduced red-shift from
the as-fabricated condition (blue dashed line) to 1 FSR shift (brown line).

response of the as-fabricated ring resonator (for a TE-polarized input light) is reported as the
dashed blue line in Fig. 3(c), showing good filtering performance, with a -3 dB stop band of 19
GHz (0.15 nm) and an extinction ratio of 11 dB.

In order to modify the transfer function of the resonator, we locally and selectively trim the
ne f f of the waveguide forming the ring, by using nothing more than a visible-light source and
an optical fiber. According to the schematic view in Fig. 3(a), a multimode fiber with 30 μm
mode field diameter was coupled to a halogen lamp and vertically positioned on top of the chip,
the position of its end-facet being controlled by a micro-positioning stage in order to expose
only the desired portion of the PIC. The spectral emission of the lamp, reported in Fig. 3(b),
ranges from 450 nm to 650 nm wavelength and the light intensity at the fiber output can be
varied from 0.3 mW/cm2 to 10 mW/cm2.

The experimental results reported in Fig. 3(c) show that the light exposure is responsible for
a progressive red shift of the frequency response of the ring over a whole FSR (solid lines,
from green to brown). In this case, the whole waveguide forming the ring is uniformly exposed,
except the coupling region to avoid coupling coefficient variations. The wavelength shift is
rigid, with neither appreciable changes in the depth nor in the width of the resonant notch, thus
demonstrating the lack of additional losses induced by the trimming process and the ability to
avoid the exposure of the coupler.

These achievements therefore demonstrate the twofold appealing property of ChG-assisted
SOI waveguides: besides enabling easy counteraction of the technological tolerances of SOI
platform and restoration of the desired response of the devices, they also open the way to the
realization of PICs that can be reconfigured after fabrication.

4. Performance of the trimming technique

Once we demonstrated the capability to finely trim the optical properties of ChG-assisted SOI
devices, we investigated the performance of the trimming technique in terms of maximum
achievable index change, saturation effects, photo-writing speed and temporal stability.

The measured wavelength shift Δλ of the ring’s resonance is reported in Fig. 4(a) versus the
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exposure time, when the intensity of the visible light at the fiber output is IT = 1 mW/cm2.
The experimental (blue circles) and interpolated curves (red dashed line) show that the material
photosensitivity moves toward saturation, enabling a maximum achievable Δλ as large as 6.7
nm (i.e. about 2.5 times the FSR of the ring resonator). This corresponds to an average effec-
tive index change of Δne f f = 1.6·10−2, due to an estimated refractive index variation of the
ChG cladding of ΔnAs2S3 = 4.8·10−2. These values are in good agreement with the simulations
reported in Fig. 1, based on experimental results on ChG-based PICs [30].

At IT = 1 mW/cm2 the time constant of the whole trimming process, measured from 10%
to 90% of the maximum Δλ , is about 400 minutes, while the trimming velocity in the linear
region of the curve is about 65 pm/min, i.e. 8 GHz/min. Figures 4(b) and 4(c) compare the
results of Fig. 4(a) (red dashed line) with the Δλ measured over a nominally identical ring
resonator (solid lines with markers), exposed to three different values of light intensity IT : 1
mW/cm2 (black circles), 2 mW/cm2 (blue squares) and 3 mW/cm2 (green triangles).

These experimental results show that the velocity of the trimming process scales linearly with
the intensity of the incident visible light [Fig. 4(b)], since the photo-induced wavelength shift
is proportional only to the exposure energy density [Fig. 4(c)]. In particular, in the unsaturated
region, the resonant wavelength moves with a velocity of about 65 · IT pm/min (IT being the

Fig. 4. Experimental behaviour of the photo-induced resonance wavelength shift of ChG-
assisted SOI micro-rings: (a) versus the exposure time, when IT = 1 mW/cm2 (blue circles);
(b) versus the exposure time and (c) the exposure energy density, for different values of IT :
1 mW/cm2 (black circles), 2 mW/cm2 (blue squares) and 3 mW/cm2 (green triangles).
Red dashed line is the interpolating curve of the experimental data in (a), reported for
comparison also in (b) and (c).
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light intensity in mW/cm2 units), producing a wavelength shift Δλ ≈ 330 ·ET pm (ET being the
light energy density in pJ/μm2 units). This means that a wavelength shift of the ring’s resonance
over an entire FSR, i.e., a complete trimming or reconfiguration of the device transfer function,
is achieved in about 40 minutes at IT = 1 mW/cm2, but requires only 1 minute if a moderately
low intensity of IT = 40 mW/cm2 is used, reaching a tuning speed of 5.2 GHz/s. In both cases
it requires an energy density of only 7.4 pJ/μm2.

To check the temporal stability of the trimming process, the device described above was
stored in the dark for 91 days after light exposure and periodically measured keeping the sam-
ple at the constant temperature of 25 ◦C by means of a thermoelectric cooler. Experimental
results (blue circles) in Fig. 5 reveal a small red-shift of 0.16 nm of the ring’s resonance fre-
quency, corresponding to only 2% of the wavelength shift induced by visible-light trimming.
This wavelength drift is due to the structural relaxation experienced by ChG materials after ex-
posure to light at photon energy above the band gap [27,34]. Its temporal evolution is consistent
with a power-law description (red curve in Fig. 5), that is commonly used in literature to model
the drift of the electrical parameters of ChG materials [35].

Regarding the magnitude of the wavelength drift, preliminary experiments suggest that it
depends on the overall induced wavelength shift. This means that a wavelength shift lower than
a FSR (2.4 nm in the described device) would be followed by a drift significantly lower than
0.16 nm, which would be tolerable with respect to the bandwidth of the device. This perception
is confirmed by previous results obtained on ChG core waveguides [29]: in that experiment
we trimmed the resonant wavelength of a ring resonator by 0.35 nm to restore the spectral
response of a two-ring filter, and a negligible wavelength drift was observed compared to 0.26
nm bandwidth (32.5 GHz) of the filter. To better clarify the relationship between the induced
wavelength shift and the subsequent drift, an extensive investigation is ongoing and results will
be reported in future contributions.

Photosensitivity to high-intensity IR light has been previously observed to occur in ChG-
based waveguides and circuits above a threshold power density of about 0.1 GW/cm2 [36]. We
experimentally verified that this threshold is also valid for ChG-assisted silicon waveguides,
where no IR sensitivity effects were observed up to a propagating optical power of about 250
mW.

Fig. 5. Time stability of the trimming process of a ChG-assisted SOI ring resonator, when
the device is stored in the dark after light exposure: measured (blue circles) resonance
wavelength shift and power-law fitting curve (red solid line).
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5. Waveguide optimization

The trimming performance reported in the previous section refers to the TE-polarized fun-
damental mode of standard SOI channel waveguides covered by As2S3 cladding. According
to numerical simulations of Fig. 1, the maximum effective index change, the corresponding
achievable wavelength shift, and the trimming velocity are all expected to double for the TM-
polarized fundamental mode of the same waveguides. To further speed up the trimming process
and to improve its performance, the waveguide design can be engineered to maximize its sen-
sitivity to light exposure.

To this aim, the effects of photosensitivity on ChG-assisted SOI circuits were numerically in-
vestigated as a function of the waveguide dimensions. Figures 6(a) and 6(b) show, respectively,
the behaviour of Δne f f and Δλ versus the core width w, assuming a ChG thickness t = 420 nm,
as in the fabricated waveguides, and ΔnAs2S3 = 4 ·10−2, as in previous simulations reported in
Fig. 1. Since different silicon waveguide cross-sections with thinner core layer were recently
proposed and successfully applied [12, 37], we also investigated two different values of core
height: h = 220 nm (solid lines), as in the realized waveguides, for both TE (blue circles) and
TM (red squares) polarizations, and h = 150 nm (dashed line), for TE (black circles) polariza-
tion.

From Fig. 6 we observe that, for decreasing values of w, the waveguide photosensitivity in-
creases for both polarizations and for both silicon thicknesses. In particular, for h = 220 nm,
when waveguide width is narrowed from 500 nm (green dashed lines, corresponding to the fab-
ricated waveguides) to 300 nm, the photosensitivity of the TE mode is more than doubled, the
Δne f f rising from 0.13 to 0.27 and the Δλ from 5.7 nm to 12.5 nm. This behaviour is expected:
by decreasing w, the fundamental mode becomes less confined and therefore the same amount
of ChG cladding refractive index change is able to produce a larger variation of the mode ef-
fective index, thus increasing the photosensitivity. However, narrowing the waveguide width
also modifies the mode propagation properties and can significantly change the circuit perfor-
mance. Firstly, the lower confinement factor increases the minimum achievable bending radius
and imposes devices with larger footprint and smaller FSR. Secondly, the stronger interaction
of the mode with waveguide sidewalls produces, in high-index contrast technology and mainly

Fig. 6. Numerical simulations of the effects of photosensitivity on ChG-assisted SOI
waveguides (ChG thickness t = 420 nm, ΔnAs2S3 = 4 ·10−2), versus the width w and height
h of the core: (a) effective index variation and (b) corresponding wavelength shift, when
h = 220 nm (solid lines), for TE (blue circles) and TM (red squares) polarizations, and
when h = 150 nm (solid lines), for TE (black circles) polarization. Green dashed line cor-
responds to the value w = 500 nm.
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in SOI, a remarkable increase of roughness-induced propagation losses and backscattering ef-
fects [13]. In contrast, when w is increased above 500 nm, the waveguide loss figure improves,
but the photosensitivity decreases and light propagation moves toward multi-mode regime.

Similar considerations hold even when the variation of the silicon core thickness h is ana-
lyzed: as h decreases from 220 nm (blue solid line) to 150 nm (black dashed line), the confine-
ment factor worsens and the waveguide photosensitivity improves, but the mode propagation
properties change significantly. Assuming, for instance, a waveguide with w = 500 nm (green
dashed line), both Δne f f and Δλ of the TE mode increase by a factor 1.6.

This study proves the general validity and flexibility of the proposed approach, enabling to
obtain efficiently trimmable circuits from any kind of silicon waveguide structure. The engi-
neering of ChG-assisted waveguides has then to be optimized according to the requirements
of each specific application, in order to find the best trade-off between the trimmability of the
circuit and its performance in terms of insertion losses, bandwidth, single-mode propagation,
and footprint.

6. Conclusion

The discussed experimental results demonstrate ChG-assisted SOI waveguides as a powerful
solution to realize easily-, efficiently- and permanently- trimmable PICs.

ChG-assisted SOI circuits can be straightforwardly realized, without additional fabrication
steps with respect to the standard process of SOI PICs, simply by using As2S3 as upper cladding,
rather than SiO2.

Compared to alternative approaches, requiring sophisticated and expensive tools [16, 17],
the visible light sensitivity of ChG allows the realization of an extremely simple and low-cost
trimming technique, employing only a common halogen lamp and an optical fiber. Despite its
simplicity, the trimming is highly selective and accurate, enabling local changes in the optical
properties of the circuit with a resolution of about 30 μm, that can be easily narrowed by one
order of magnitude with a special fiber or a lens. Moreover, it can be easily achieved with
real-time monitoring of its effects on the device response.

The achievable trimming range is quite large, comparable or better than the state of the art in
the field [16–21], and enough to compensate for typical SOI fabrication tolerances and to com-
pletely reconfigure the response of SOI devices over a whole FSR. A photo-induced effective
index change of Δne f f = 1.6·10−2 and a wavelength shift of Δλ = 6.7 nm were experimentally
demonstrated and these values can be at least doubled by waveguide optimization.

The technique is power-effective, requiring an energy density of only 3 pJ/μm2 for every
nanometer of induced wavelength shift. Even a low-intensity light source is therefore able to
produce a fast modification of the circuit: for instance, a wavelength shift of 80 GHz/min can
be achieved with a light intensity of only 10 mW/cm2. This figure corresponds to a power
consumption of only 0.5 μW for each ring resonator that needs to be trimmed. Moreover,
since the trimming velocity is proportional to the light intensity, it can be suitably tailored to
optimize the trade-off between the time required for the trimming and the desired control on
the final circuit performance.

Finally, the induced modifications on the optical properties of the circuits are permanent, en-
abling a trimming process intrinsically more efficient than common “always-on” tuning mech-
anis. Further investigations are ongoing to evaluate under which conditions the small (about
2%) wavelength drift observed after the illumination can be considered negligible or tolerable
for the proper behavior of specific devices, that is to evaluate when the presented technique can
be used for a “set and forget” trimming of photonic integrated circuits.

ChG-assisted SOI PICs therefore enable a twofold achievement: the compensation for SOI
fabrication tolerances to target tight specifications, and the realization of permanently reconfig-
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urable PICs avoiding continuous power consumption.
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