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Abstract: We demonstrate a process to fabricate silicon photonic devices 
directly on a plastic film which is both flexible and transparent. This 
process allows the integration of complex structures on plastic films 
without the need of transferring from another substrate. Waveguides, 
grating couplers, and microring resonators are fabricated and optically 
characterized. An optical strain sensor is shown as an application using 5 
μm-radius microring resonators on the flexible substrate. When strain is 
applied, resonance wavelength shifts of the microring resonators are 
observed. Contributions of different effects are analyzed and evaluated. 
Finally, we measure the influence of residual strain and confirm the 
material undergoes elastic deformation within the applied strain range. 
©2012 Optical Society of America 
OCIS codes: (220.4000) Microstructure fabrication; (220.4241) Nanostructure fabrication; 
(130.3120) Integrated optics devices; (280.4788) Optical sensing and sensors; (160.1050) 
Acousto-optical materials; (120.4880) Optomechanics. 
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1. Introduction 

Integrated silicon photonics is an emerging field that aims to miniaturize optical devices and 
systems, as well as to take advantage of low-cost manufacturing through well-established 
fabrication technology of complementary metal-oxide-semiconductor (CMOS) devices. It is a 
promising solution to ultra-broad bandwidth interconnects required in future electronic 
systems, and can also provide various sensing and transmission functionalities [1, 2]. 
Photonic devices such as waveguides, resonator cavities, grating couplers, etc. are normally 
realized on rigid platform such as a silicon wafer. Recent studies on semiconductor 
nanomembranes show that when material dimensions are shrunk to nanometer scale, it is 
possible to transform brittle semiconductors into “soft” flexible materials, while maintaining 
its bulk properties [3–6].The demonstration of a variety of flexible integrated circuits in the 
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past few years further intrigues the realization of flexible silicon photonic devices for 
practical applications. 

Organic polymer, with its intrinsic characteristic to deform under stress and other 
properties such as low refractive index and tailorable thickness, provides a good substrate for 
flexible photonic devices [7]. Polymers have also been used to guide light and functional 
optical sensing devices such as strain sensor, accelerometer and ultrasound detector have been 
realized [8–11]. However, inorganic materials such as silicon, metal and III-V semiconductor 
materials have unique optical properties which cannot be replaced by polymers. For example, 
most semiconductor materials have a very high refractive index compared to polymeric 
materials, which helps to make devices with a much smaller footprint. Moreover, 
semiconductors are generally more robust in harsh operating environments. 

How to integrate inorganic and rigid materials on a flexible substrate is of critical 
importance to realize practical functional devices. Currently, the method used by several 
groups is to pattern devices on a solid substrate and then transfer the patterned devices to a 
flexible substrate in the last step [12–15]. The advantage of this strategy is that it allows the 
fabrication of devices on platforms that have been well understood. However, the transferring 
step can have limitations such as restricted device area and geometry, sensitivity to bonding 
surface and usage of sacrificial substrates. Moreover, it introduces additional processing 
steps, and in some cases specialized techniques or setups are required to achieve good 
alignment or large-area devices transfer [16]. 

In this work, we develop a process to directly fabricate amorphous silicon photonic 
devices on a flexible and transparent plastic substrate. It has the advantage of having fast turn-
around time and requiring no special setups. Although electron beam lithography (EBL) is 
used here, it can be replaced by more cost-effective lithography methods such as deep-UV 
stepper [17, 18] or nanoimprint lithography [19] (under the thermal budget) in order to 
achieve low-cost fabrication. Various silicon photonic devices such as microring resonators 
and grating couplers are fabricated and optically characterized. 

An optical based strain sensor is also demonstrated by utilizing the mechanical flexibility 
of the substrate. We are able to induce strain by bending the plastic film. Compared to long 
racetracks fabricated on rigid silicon substrates reported [20, 21], we choose 5 μm-radius ring 
resonators not only because of its smaller footprint, but also because it is circular shape makes 
it isotropic in detecting strain from any directions on the surface. In situ wavelength shifts of 
microrings under bending stress are characterized. A mechanical model is built to calculate 
the ring deformation during bending. We then analyze the effects contributing to the 
resonance wavelength shift under strain. Finally, to our knowledge, the influence of residual 
strain is evaluated for the first time and results show that the silicon waveguide is elastic 
within the applied strain range. 

2. Fabrication process 

There are several challenges in directly integrating silicon devices on flexible substrates. 
First, the mechanical properties of most conventional polymers depend strongly on 
temperature and undergo dramatic changes at high temperature. Hydrogenated amorphous 
silicon with low optical losses is normally deposited at 300°C to 400°C using plasma 
enhanced chemical vapor deposition (PECVD) [22–25], at which polydimethylsiloxane 
(PDMS), a substrate widely adopted for flexible applications, will deform and crack. Second, 
viscoelastic polymers such as PDMS can have minor variations on surface height due to the 
polymerization and cross-linking process, which leads to stitching errors in EBL and can 
result in device failures. Third, it is difficult to handle thin and flexible polymer samples 
during processing. Solutions to overcome these challenges are presented below in our 
process. 
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Fig. 1. Direct fabrication process flow. (a) A flexible plastic film is thoroughly cleaned. (b) 
Amorphous silicon is deposited on top surface using PECVD. (c-d) Sample is sandwiched 
between two rigid holders. One of them is a silicon wafer, and the other is a silicon wafer with 
a through-the-wafer opening. (e) Resist is spun over the surface of the sandwiched structure. 
(f-g) Pattern is written with EBL and etched into silicon with reactive-ion etching (RIE). (h) 
Surface is overcladded with an index-matching layer and the holders are removed. (i) Free-
standing devices without the frame outline. 

The direct fabrication process flow is shown in Fig. 1. First, to overcome the thermal 
budget limitation, we choose a heat stabilized polyester film (Melinex®, DuPont Teijin 
Films). With a thickness of ~110 μm, the plastic film is transparent, flexible yet not 
stretchable. The refractive index of the plastic film is ~1.7 and allows the light to be confined 
strongly inside the top silicon layer. These attributes make the plastic film a good substrate 
candidate for silicon photonic devices. To remove particles and organics on the surface, the 
original film goes through a cleaning process, including solvent clean and piranha (a mixture 
of sulfuric acid and hydrogen peroxide) clean. The surface has a roughness of about 1.5 nm, 
measured by atomic force microscopy (AFM), and provides a smooth platform for the 
material deposition in the next step. Next, we deposit ~270 nm of amorphous silicon on top of 
the plastic film using a PECVD tool. Unlike a low pressure chemical vapor deposition tool 
that deposits amorphous silicon by using decomposing silane to silicon and hydrogen at 
temperatures above 550 °C, a PECVD tool can deposit amorphous silicon at temperatures 
below 400 °C. Since the plastic has a thermal budget of ~250 °C, we used a temperature of 
200 °C during deposition which slightly compromises the quality of the silicon film. 
Nevertheless, relatively smooth films are obtained with a silane flow of 100 sccm (5% diluted 
in nitrogen) at a pressure of 400 mtorr and an RF power of 25W. The RF power was kept low 
in order to reduce plasma damage to the film. 

The surface roughness of the deposited amorphous silicon is characterized to be about 2.2 
nm, which is critical to optical devices so as to minimize the scattering loss caused by surface 
roughness [26]. After deposition, the sample is sandwiched between two Si substrates with a 
small window on the top to access the device region (Fig. 1(c) and Fig. 1(d)). This step 
ensures easy handling of the plastic substrate and also the flatness of the surface over a wide 
area. Patterns are written by EBL on hydrogen silsesquioxane (HSQ) resist and then 
transferred to amorphous silicon by reactive ion etching (RIE) (Fig. 1(e) to Fig. 1(g)). After 
that, a 3 μm-thick layer of polymethyl methacrylate (PMMA) is spun over the whole chip to 
protect the devices and provide index matching for the grating couplers (Fig. 1(h)). Finally, 
the plastic film is removed from the silicon holder to be free-standing (Fig. 1(i)). 
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Fig. 2. Optical images of fabricated devices. (a) The plastic sample is held between two fingers 
to show its mechanical flexibility. (b) The sample is highly transparent in visible spectrum. (c) 
Amorphous silicon devices under optical microscope. (d) Zoomed-in view of a 5 μm-radius 
microring resonator. 

The fabricated sample (before PMMA overcladding) is shown in Fig. 2(a) and 2(b). It 
appears flexible and transparent. A number of devices are fabricated on the film and they are 
nearly invisible to the naked eye. Microscopic image of a typical set of devices is shown in 
Fig. 2(c). Neighboring grating couplers are separated by about 250 μm. Figure 2(d) shows a 
zoomed-in view of a 5 μm-radius microring resonator and its coupling waveguides with a gap 
of 200 nm on both sides. There is no size or shape limit on the patterns that can be realized 
using the direct fabrication process. Although not shown here, multiple fabrication steps with 
good alignment can also be accomplished using this process. 

3. Measurement setup 

Light is coupled in and out of the chip via grating couplers [27]. The grating coupler is 
designed to have polarization dependent transmission so that majority of the light coupled 
into the tapered waveguide is of TM polarization [28]. Moreover, the etch depth of the 
gratings is designed to be the same as the thickness of the amorphous silicon layer so that it 
can be patterned together with waveguides and rings, without the need for a second 
lithography and etching step. The coupling loss of the grating coupler is about 8.5 dB per 
coupler at a wavelength of 1550 nm. 

Figure 3(a) shows the setup we designed for optical measurement and strain application. 
A fiber array with 250 μm spaced fibers is placed ~8 degrees to surface normal. They are 
mounted on a 5-axis stage so that the relative distance from the sample can be adjusted. This 
allows us to measure the in situ response of the optical devices on the plastic film during 
bending. A continuous-wave tunable laser source with a wavelength range of 1520 nm to 
1620 nm is used as the input. Both edges of the film are taped on a micrometer positioning 
stage, so that the distance between the two edges of the film can be adjusted quantitatively to 
induce strain in the silicon microring as it is bent. Figure 3(b) is a picture of the real 
measurement setup. The device region is transparent, while the brown area is the remaining 
amorphous silicon that was not etched, outlining the window (Fig. 1(d)) used in the 
fabrication. 
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Fig. 3. Measurement setup, strain estimation, and transmission spectrum of a microring device 
on a flexible substrate. (a) Illustration of the optical measurement setup. Micrometer stages 
introduce controlled strain onto the sample by bending it upward or downward. (b) Photograph 
of the real setup. (c) Transmission spectrum of the grating coupler with dips corresponding to 
the resonance of a 5 μm-radius microring resonator. The inset shows the transmission 
spectrum (blue) and Lorentzian fitting (red) of the resonance dip near 1550 nm. 

To induce strain in the silicon ring, we move the micrometer stage holding the plastic film 
gradually inwards by a step of 0.25 mm every time and the ring response is recorded each 
time. The plastic is then allowed to return to its original state by the same stepped movement 
and the data for the return direction is also recorded. 

4. Results and discussion 

4.1 Performance of fabricated devices 

Figure 3(c) shows a typical transmission spectrum of a device consisting of two grating 
couplers and a microring resonator. The fabricated grating coupler shows a coupling loss of 
about 8.5 dB per coupler. The average quality factor of the ring resonators is about 2,000. For 
comparison, devices of the same parameters are also fabricated on an oxide substrate going 
through the same process. It is found that the quality factor of the amorphous silicon 
microring resonators on oxide is about 7000. Compared to reported quality factor of 10,000 
for an amorphous silicon racetrack resonator of radius of 4 μm and 180 nm coupling gap on 
oxide substrate [23], the quality factor of our device on oxide substrate is a little lower 
probably due to material losses introduced by the low temperature deposition process. The 
degradation of quality factor for devices on plastic substrate is probably caused by the 
flexibility of the substrate and the processing condition. Further process optimization will be 
necessary in order to achieve high quality resonators in the future. 

4.2 In situ strain measurement 

To understand the strain applied to the microring, let us first analyze the strain on a blanket 
plastic film during bending. When the plastic is bent up, its top surface experiences tensile 
stress while its bottom surface experiences compressive stress. The strain on the top surface 
approximately equals to the distance from the top surface to the midsurface of the film (where 
there is no strain) divided by the radius of curvature. For a plastic of thickness d and bending 
radius of R, the strain on the top surface is d⁄(2R). Bending radius R is calculated from 
measuring the sample geometry in the experiment. Strain has no unit and is generally stated in 
micro epsilon (με). 

Transmissions at different values of strain are measured for microrings on the plastic film. 
The transmission of one FSR at different surface strain is plotted in Fig. 4(a). The resonance 
dip of the microring shifts gradually to a longer wavelength with increasing strain. Lorentzian 
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fitting for each resonance dip is done to accurately locate the resonance wavelength, and the 
change of resonance wavelength versus strain is plotted in Fig. 4(b). The relationship between 
resonance wavelength shift and strain is almost linear and a linear fitting shows that the 
resonance wavelength shift per strain is 0.22 ± 0.015 pm/με. Our value is on the same level 
compared with work reported by Westerveld et al., where a crystalline silicon racetrack on 
SOI substrate with a length of 1040 μm and a radius of 25 μm shows a resonance wavelength 
shift per strain of 0.47 ± 0.04 pm/με for 400nm wide waveguide and 0.63 ± 0.08 pm/με for 
1000nm wide waveguide [20]. The change in quality factor and extinction ratio at different 
strain is also plotted in Fig. 5(a) and 5(b) for a typical device. It is clear that neither quality 
factor or extinction ratio significantly changes under strain. 

 
Fig. 4. Resonance wavelength shift under strain. (a) The transmission spectra of a microring 
resonator at increasing strain are plotted with an offset in y axis. (b) Average and standard 
deviation of the resonance wavelength shift verses strain. The error bar at each data point is the 
standard deviation from measuring different samples. 

 
Fig. 5. Change of quality factor and extinction ratio under strain. (a) The quality factor versus 
strain. (b) The extinction ratio versus strain. Both (a) and (b) are taken at the FSR near 1550 
nm for a typical microring device. Linear fittings are plotted to reflect the trend. 

The effect of the strain direction is also considered in the experiment. Two identical 
microring resonators with coupling waveguides in perpendicular directions are made in 
neighboring positions on the sample. When the same strain is applied, it is along the coupling 
direction of one ring (inset of Fig. 6(a)) and parallel to the coupling direction of the other ring 
(inset of Fig. 6(b)). We also measured the cases of increasing strain (bending up) and 
decreasing strain (bending down), as illustrated in Fig. 6(c). The ring in Fig. 6(a) shows a 
resonance wavelength shift versus strain of 0.24 pm/με when the plastic is bent up and 0.21 
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pm/με when the plastic is bent down. With a standard deviation of ± 0.015 pm/με from Fig. 4, 
the two values for bending up and down are within the error of the measurement. The ring in 
Fig. 6(b) shows a shift versus strain of 0.21 pm/με when bent up and 0.20 pm/με when bent 
down. Similarly, the two values are comparable. Moreover, when comparing Fig. 6(a) and 
Fig. 6(b), the two strain directions have a similar amount of resonance wavelength shift. It is 
expected because the circular microring resonator is symmetric for both directions, unlike a 
racetrack, and hence it responds the same way to strain applied in both cases. 

 
Fig. 6. Effects of strain direction and bending direction. (a) The wavelength shift vs. strain of 
the microring when strain is applied in the direction along its coupling. (b) The wavelength 
shift vs. strain when the strain is applied in the perpendicular direction. The insets in (a) and 
(b) illustrate the direction of applied strain with regard to the device. Circles are measured data 
points and lines are linear fittings. Red denotes increasing strain (sample bending up) while 
blue denotes decreasing strain (sample bending down). (c) Side-view illustrations of the 
sample undergoing bending up and bending down measurements. 

4.3 Mechanical deformation of the microring resonator under strain 

The geometry change of the device under strain is of critical concern in the analysis. When 
the plastic film is bent, its surface is under uniaxial tensile strain. The microring deforms not 
only in the direction along the uniaxial strain but also in the direction perpendicular to the 
strain axis. Numerical simulations of the three-dimensional deformation of the ring on a 
bending plastic surface are carried out using Solid Mechanics module by COMSOL 
Multiphysics. Since the plastic substrate is much larger than the device, only 1 mm by 1 mm 
size substrate is used in the modeling. The microring dimensions and the plastic thickness are 
used from the experiment. The material properties for amorphous silicon used in simulation 
are taken from literature: Young’s modulus is 80 GPa [29]; Poisson’s ratio is 0.22 [29]; mass 
density is 2210 kg/m3 [30]. For the plastic, we use Young’s modulus of 4.5 GPa, Poisson’s 
ratio of 0.37 and mass density of 2210 kg/m3 in the simulation [31]. Figure 7(a) shows the 
deformation of the system when a force is applied underneath the substrate and causes the 
plastic to bend up. 
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Fig. 7. COMSOL simulation on the deformation of the microring waveguide under strain. (a) 
The displacement of the substrate under strain. The plastic substrate bends upward and causes 
deformation of the ring. (b) The strain distribution for the microring and the surrounding area 
along the uniaxial strain direction (x-direction) obtained from simulation. The calculation 
shown in the plot corresponds to a surface strain of ~6000 με. The four waveguide cross-
sections that are parallel to the strain direction (labeled as 1 in the graph) and perpendicular to 
the strain direction (labeled as 2 in the graph) are of particular interest. The changes in their 
dimensions (area, height, weight) are examined at different strain values and plotted in (c-f) 
respectively. (f) Increment of the microring circumference versus strain. 

The strain distribution in the silicon microring and the surrounding area is shown in Fig. 
7(b) along the x-direction, and corresponds to a surface strain of ~6000 με. The x-direction is 
parallel to the direction of the uniaxial strain. The ring is slightly stretched along the x-
direction and compressed along the y-direction. Figure 7(c) to Fig. 7(e) plots the simulated 
cross-section change at various strain values. The two cross-sections perpendicular to the 
strain, which are labeled as 2 in Fig. 7(b), experience a slight decrease in both height and 
width under strain: At a strain of ~6000 με, the height decreases by ~0.3 nm and the width 
decreases by ~0.4 nm. The two cross-sections along the strain direction, which are labeled as 
1, shrink slightly in height but expand in width: At a strain of ~6000 με, the height decreases 
by ~0.1 nm and the width increases by ~0.2 nm. Cross-sectional areas of both these sections 
decrease when a strain is applied (0.5% for “1” and 0.2% for “2”). The change of the 
circumference of the microring versus strain is plotted in Fig. 7(f), and it follows a linear 
relationship. Fitting of the data shows that the influence of strain S on the ring circumference l 
is ∂l⁄∂S = 11 pm/με. 

4.4 Effects contributing to the resonance wavelength shift 

As discussed in [20], the shift of the resonance wavelength of the microring is mainly due to 
three effects: Change in ring circumference, shrinkage of waveguide cross section due to 
Poisson’s effect and the effective refractive index change of the material due to photoelastic 
effect. For a microring resonator, the condition for resonance is that an integer number of the 
wavelength of the light needs to match the optical length of the ring: 

 1,2,3...res em n l where mλ⋅ = ⋅ =  (1) 

where λres is the resonance wavelength in vacuum, ne is the effective index of the guided 
mode in the microring waveguide and l is the circumference of the microring. 
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When strain S is applied, it directly alters the circumference l, the effective index of the 
resonant mode ne, and the waveguide cross-section dimensions. First, the change of ne and l 
changes λres. Here, the effect of modal dispersion needs to be taken into account because it is 
a submicron waveguide, and therefore the change of λres will in turn alter ne due to the non-
zero slope of ∂ne⁄∂λ. In a first order approximation considering the effect of ne caused by 
environmental change as shown in [32], we can decouple the two effects and consider the 
only first order dispersion. 

Second, the change of cross-section will also affect ne and the group index ng and change 
the modal dispersion. To evaluate the effect, we calculate ne and ng of microring waveguide 
with different cross-section dimensions. The simulation is based on eigenmode expansion 
method, using a freely available software package [33]. It is found that if the cross-section 
width increases by 10% (from 500 nm to 550 nm), ne increases by ~1%, ng increases by 
~0.2% and ne⁄ng increases by ~1%; if the width decreases by 10% (from 500 nm to 450 nm), 
ne decreases by ~3%, ne decreases by ~1% and ne⁄ng decreases by ~2%; if the cross-section 
height decreases from 270 nm to 250 nm, ne decreases by ~4%, ne decreases by ~2% and ne⁄ng 
decreases by ~2%. From the mechanical modeling, at a strain of ~6000 με, the ring 
waveguide cross-section height decreases by less than 0.3 nm (~0.1%) and the width changes 
by less than 0.4 nm (~0.1%). Therefore, change of ne and ng caused by cross-section change is 
minimal, and we neglect this effect in the analysis. 

With these approximations, the effective index is dependent on both the strain S and the 
wavelength λm. And the circumference l has a dependence on strain S. If we take partial 
derivatives of Eq. (1) with regard to S, we can get 

 res e e res
e

res

n n lm l l n
S S S S

λ λ
λ

∂ ∂ ∂ ∂ ∂= + +
∂ ∂ ∂ ∂ ∂

 (2) 

We solve Eq. (2) for ∂λres/∂S at the initial state when l  l0 (the circumference of the ring 
at zero strain) and λres  λ0 (the resonance wavelength at zero strain), and substitute m from 
Eq. (1) and ng as ng  ne – λ(∂ne⁄∂λ). We can get 

 0 0

0

res e e

g g

n nl
S n l S n S

λ λ λ∂ ∂∂= +
∂ ∂ ∂

 (3) 

On the right side of the Eq. (3), the factor ne⁄ng reflects the influence of dispersion, and the 
first term accounts for the contribution of strain-induced circumference change to the 
resonance wavelength shift. The second term λ0⁄ng(∂ne/∂S) reflects the contribution of 
effective index change to the resonance wavelength shift. 

The slope of resonance wavelength change versus strain ∂λ0/∂S is measured in the 
experiment as 0.22 ± 0.015 pm/με. The change of circumference versus strain ∂l/∂S is 
obtained by mechanical simulation as ∂l⁄∂S  11 pm/με. ne and ng for the original waveguide 
dimensions are calculated to be 2.12 and 4.34 respectively. Thus, the contribution of 
circumference change to the resonance wavelength shift is ne⁄ng·λres⁄l0·(∂l/∂S)  0.27 pm/ με. 
By subtracting the second term from the left side of Eq. (3), the contribution of the refractive 
index change to the resonance wavelength shift is thus obtained to be λ0⁄ng(∂ne/∂S)  −0.045 
± 0.015 pm/με. 

Comparing the contributions from the two effects, we can see that the strain-induced 
circumference change causes the resonance to shift to the longer wavelength and the index 
change causes the resonance to shift to shorter wavelength. The two effects oppose each 
other, which is consistent with what other works have shown [11, 20, 21]. 

4.5 Residual strain measurement 

Residual strain has never been discussed before, to our best knowledge, either because the 
optical devices are made from soft stretchable polymer or because the strain is too small to 
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cause significant changes for waveguides on rigid silicon-on-insulator (SOI) substrate. In our 
work, the plastic substrate can be easily bent with a bending radius of 5mm. Under such 
strain, whether the silicon optical devices suffer any damage is difficult to conclude from the 
in situ measurements. Thus, another experiment is carried out to measure the influence of 
residual strain. The plastic is bent up, held in the position for 30 seconds and then released to 
its original flat state. The response of a microring is characterized at its original state after 
each bending and its resonance wavelength is compared with the original one. Here, we have 
tested strain from ~3000 με up to ~12000 με, double the maximum amount applied in the in 
situ measurements. 

 

Fig. 8. Effect of residual strain. (a) Resonance wavelength shift with regard to the maximum 
strain the sample has experienced. Red line gives the linear fit of the shift caused by residual 
strain. Data are averaged over all the FSRs and error bars are given. (b) Quality factor versus 
strain. (c) Extinction ratio versus strain. (b) and (c) are taken for a typical device at the FSR 
near 1550 nm. Linear fitting of the data are drawn to reflect the trend. 

The results are shown in Fig. 8. In Fig. 8(a), the resonance shift is smaller than 1% of the 
in situ shifts even with twice as much strain applied to the sample. Linear fitting shows a shift 
versus strain of −0.002 pm/με. This is smaller than the errors between different devices or 
measurements in the in situ case. Figure 8(b) and 8(c) shows that the quality factor and the 
extinction ratio does not change significantly. Hence, we can conclude that the amorphous 
silicon device is highly flexible: it has only undergone elastic deformation even under the 
maximum strain we have applied, and therefore it is safe to neglect the residual strain 
influences in previous in situ experiments. It is found that crystalline silicon nanomembranes 
are highly bendable compared with the bulk silicon. For example, the mechanical flexural 
rigidity of a 200-nm-thick silicon membrane is about 1011 times smaller than that of a bulk 
wafer of 200 μm thick [6]. With regard to amorphous silicon, flexible thin-film amorphous 
silicon transistors have already shown that ~250 nm amorphous silicon can be bent to 
extremely small radii while maintaining its electrical characteristics [34, 35]. Here we 
demonstrate the flexibility of the amorphous silicon at submicron thickness for optical 
applications. 

5. Conclusions 

In summary, we demonstrate a direct fabrication process that can integrate silicon devices 
onto a flexible polymer substrate, with the advantage of being simple and not requiring any 
specialized setup. Using this method, amorphous silicon waveguides and microring resonators 
are successfully fabricated in large numbers on a centimeter-size plastic substrate. Light is 
coupled in and out of the chip through grating couplers which allow compact footprint and 
easy access to multiple devices. 5 μm-radius ring resonators are used to detect the strain in the 
bending sample and microring resonance wavelength shifts at various strains are measured. 
The strain-induced circumference change is calculated based on 3D mechanical modeling 
accounting for the plastic and amorphous silicon’s physical properties. Different effects 
contributing to the resonance wavelength shift is analyzed and contributions from the 
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circumference elongation and refractive index change to the resonance wavelength shift are 
calculated. Finally, the resonance wavelength shift caused by residual strain is found to be 
almost negligible, indicating that the amorphous silicon waveguide is elastic and flexible 
within the strain range. 
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