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detection,[9,10] sensing,[11–14] and so on. Spe-
cifically, to process polarization-encoded 
information in PICs, controlling of the 
polarization states is necessary, which 
requires the combinations of polarization 
isolator, polarization rotator, polarizer 
retarder, and so on.[15–18] In free space, 
there are already many examples of imple-
menting polarization manipulation.[19–21] 
Recently, metamaterials also allow polari-
zation conversion with near-perfect con-
version efficiency.[22,23] However, we focus 
on the on-chip polarization conversion 
using integrated waveguides. So far, the 
methods for manipulating the polariza-
tion states of photons in PICs can be 
roughly classified into three categories: 

I) The most common one is to make the waveguide cross-sec-
tion asymmetric, so that the horizontal and vertical polariza-
tion modes are no longer orthogonal and interfere with each 
other.[24,25] This type of devices requires high accuracy in fab-
rication and is usually sensitive to wavelength. II) The second 
one is based on the mode evolution, where the polarization of 
the photon changes as the waveguide geometry is slowly engi-
neered. Since the waveguide cross sections usually vary in the 
vertical direction, this type of devices is difficult to fabricate 
with the top-down process.[26,27] III) The third type relies on 
surface plasmon polaritons, which are excited selectively by per-
pendicular polarization of photons.[28,29] In 2015, Zhu’s group 
has demonstrated a plasmonic polarization generator that can 
reconfigure an input polarization to all types of polarization 
states simultaneously.[8] Although these plasmonic devices can 
be made very small (several micrometers), their performance is 
severely encumbered by the absorption of the metal.

For type-II polarization rotators, they have a lot of advan-
tages. For example, their broad bandwidth benefits the opera-
tions involving pulsed lasers. And unlike the type-I ones, 
their requirement on fabrication accuracy is relaxed due to 
the nature of adiabatic mode evolution.[30,31] Although the 
top-down lithography techniques are restricted in their fab-
rication, people have developed many other techniques that 
can deal with 3D nanostructures, such as self-assembly and 
3D printing.[32,33] Femtosecond direct laser writing (fs-DLW) 
is also one of them, which uses tightly focused ultrashort (fs 
scale) pulsed laser and changes the optical properties of mate-
rials via nonlinear multiphoton absorption.[34] Depending on 
the different materials and the applied laser power, the mate-
rial properties may change because of polymerization, reduc-
tion, bond cleavage, phase change, and ablation.[35–38] Due to 
the small multiphoton absorption cross section and the short 
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Polarization Router

1. Introduction

Photonic integrated circuits (PICs) with functional compo-
nents enable information processing within one single chip.[1,2] 
Compared to conventional free-space optics, they are compact, 
scalable, stable to environment, and possess low power con-
sumption. A vast spectrum of progress has been facilitated, 
including communication,[3–5] information processing,[6–8] 
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light–matter interaction time, fs-DLW has higher resolution 
and lower thermal damage. Besides, it provides higher design-
ability of the composites and does not require high-vacuum or 
low-temperature condition.[39,40]

In this paper, we fabricate twisted waveguides with precisely 
controlled 3D feature using fs-DLW technique. Based on adi-
abatic mode evolution, the twisted waveguides enable conver-
sion of incident light to its orthogonal polarization during its 
transmission. The on-chip polarization conversion efficiency is 
measured as >90% at 1550  nm and ≈80% at 646  nm, which 
are in good agreement with the finite-difference time-domain 
(FDTD) simulations. The polarization rotators maintain high 
conversion efficiency for a broad bandwidth (wavelength of 
1400–1700  nm) without extra insertion loss (0.096  dB). More 
importantly, an arbitrary polarization state can be realized by 
simply choosing the twisting angle of waveguides. As a proof of 
concept, we demonstrate a polarization router using four wave-
guides with different twisting angles (0°, 30°, 60°, and 90°). The 
polarization conversion efficiencies of the four channels are all 
greater than 85%, showing the potential of twisted waveguides 
for polarization-encoded information processing.

2. Device Fabrication

The polarization rotator based on mode evolution is shown in 
Figure 1, which consists of the twisted part (blue) and input/
output coupling parts (gray). The waveguide is made of SU-8 
and sits on silica substrate. Details on the fabrication process 
are provided in the Supporting Information. We define the 

angle that output part is rotated with respect to the input part 
as twisting angle θ, and the length of twisted part as twisting 
length l. In our experiments, the twisting length l ranges from 
50 to 500 µm. We also performed numerical simulations with 
Lumerical FDTD for a twisted waveguide with θ  =  90° and 
l = 200 µm. At the input port, the waveguide has a cross section 
of 2  ×  4  µm2 and supports the fundamental mode as shown 
in Figure  1b. This fundamental mode is polarized vertically, 
denoted as transverse-magnetic (TM) mode. As the TM mode 
propagates along the twisted waveguide, it gradually converts 
to transverse-electric (TE) mode as shown in Figure 1d. In the 
middle of propagation, the electric field distribution in twisted 
waveguide is displayed in Figure  1c, which remains as well-
confined waveguide mode. These results show that the optical 
field maintains its alignment with the waveguide geometry 
during propagation, thus facilitating the polarization manip-
ulation.[41] According to the adiabatic theorem, the twisted 
waveguide remains in its instantaneous eigenstate (the fun-
damental mode) if a given perturbation (the twisting) is acting 
on it slowly enough.[42] It implies that a longer waveguide with 
slower twisting is favorable, which is also the prerequisite for 
perfect polarization conversion.[43]

Now, we show some scanning electron microscope (SEM) 
images of different samples. Figure 2a shows the twisted wave-
guides, with θ = 90° and twisting length of 150, 100, and 50 µm, 
respectively. For the waveguide with l = 150 µm, a 90° smooth 
rotation of the waveguide orientation is clearly shown in 
Figure 2b. The cross bars on top of the waveguides are markers 
to denote the cut-off of twisted part. Thanks to the high preci-
sion of fs-DLW processing, a waveguide with arbitrary twisting 
angle can be fabricated. In Figure 2c, we show several twisted 
segments with θ = 30°-360° with exaggerated size, just to show-
case the arbitrary twisting angles. Experimentally, the samples 
that we measured are twisted much more slowly to fulfill  
adiabatic condition.

3. Polarization Rotators for Telecom  
and Visible light

For a twisted waveguide with θ = 90°, a TM input can be con-
verted to TE output, as we have shown in Figure 1. This type of 
waveguide is also called polarization rotator. In the following, 
we will demonstrate the polarization rotators at both telecom 
and visible wavelengths.

The experimental setup to characterize the polarization 
rotators is displayed in Figure  3a. The laser (λ  =  1550  nm or 
646  nm) is coupled into the sample with single-mode fiber 
(SMF). Before injected into the sample, the light is tuned as 
TM polarization by passing through the half-wave plate (HWP) 
and quarter-wave plate (QWP). The output from the sample is 
collected with lens and directed into two paths with polarization 
beam splitter (PBS). Two power meters (D1 and D2) are used 
to record the TE and TM components of waveguide output, 
respectively. Denoting the counts of D1 and D2 as PTE and PTM, 
we obtain the polarization conversion efficiency expressed as

η =
+→TM TE
TE

TM TE

P

P P
� (1)
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Figure  1.  a) Schematic representation of the twisted waveguide based 
on adiabatic mode conversion. The hollow rectangles represent the cross 
sections at the input (red), middle (yellow), and output (green) of the 
polarization rotator. b–d) The simulated electric field distributions at the 
b) input, c) middle, and d) output of the twisted waveguide, with θ = 90° 
and l = 200 µm. White arrows in the center denote the polarization of the 
optical field. Scale bars: 1 µm.
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Before measuring our samples, we cou-
pled SMF directly to the PBS and tuned the 
HWP and QWP to have zero count in D1, so 
that the injected light is purely TM polarized. 
To facilitate coupling, the coupling parts of 
all samples are 500  µm in length, and we 
cleaved the samples to assure smooth end 
facets.[44]

The polarization conversion efficiency for 
polarization rotators with different twisting 
length is shown in Figure 3b. The efficiency 
ηTM→TE increases as the twisting length 
increases from l  =  50  µm to l  =  170  µm. 
For l  >  170  µm, the average efficiency 
maintains above 80%, with the maximum 
ηTM→TE = 92.1% at l = 200 µm. The efficiency 
for longer twisting length saturates, since 
the adiabatic condition has been satisfied. 
The trend of experimental results agrees well 
with the simulations. The small discrepancy 
between them may be due to the imperfect 
fabrications. As for the spectral response 
of the polarization rotator (see Supporting 
Information), it maintains high polariza-
tion conversion efficiency >84% within the 
spectral range of 1400–1700  nm, which is 
favorable for pulse operation.

We also simulated the polarization conver-
sion efficiency ηTE→TM when TE polarization 
is injected from the same port (cross sec-
tion of 2  ×  4  µm2). The result is plotted in 
the inset of Figure 3b together with ηTM→TE. 
As can be seen, ηTE→TM ≈ ηTM→TE. It implies 
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Figure 2.  a) SEM image of the polarization rotators with twisting lengths of 150, 100, and 50 µm (from left to right). Scale bar: 100 µm. b) Enlarged 
view of the sample selected as green rectangle in panel (a) with twisting length of 150 µm. Insets: zoom-in of the coupling parts. Scale bars: 10 µm. 
c) SEM images of twisted segments with different twisting angles. Scale bars: 10 µm.

Figure 3.  a) Experimental setup to measure the polarization rotators. HWP: half-wave plate; 
QWP: quarter-wave plate; PBS: polarization beam splitter; D: detector. b) The polarization 
conversion efficiency ηTM→TE for polarization rotators at λ = 1550 nm with different twisting 
length. Inset: The polarization conversion efficiency with either TM or TE polarization input 
from the same input port.
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that for any arbitrary input polarized at φ, after passing through 
the polarization rotator (θ = 90°), it exits as photons polarized at 
(φ + 90°). Additionally, if the input is a left circular polarization 
TE +iTM, the output becomes TM +  ieiΔϕTE; thus, a right cir-
cularly polarized light is readily achieved. Here, the phase dif-
ference Δφ comes from the different wavevectors between the 
orthogonal polarization components and can be compensated 
by engineering the waveguide length.”

Besides, we characterized the propagation loss for straight 
waveguide with no twisting (see Supporting Information). A 
loss of 7.5  dB  cm−1 is measured, which is a little high. This 
might originate from the nonuniform polymerization of SU-8 
during laser exposure and can be further improved by opti-
mizing the fabrication procedure. For example, a lower pro-
cessing speed and better laser power might help. As for the 
insertion loss induced by the twisting, we measured a loss 
of 0.096  dB for polarization rotator with l  =  500  µm, which 
is negligible. Similar to the polarization rotators at telecom 
wavelength, a polarization rotator at visible wavelength also 
plays an important role in information processing.[45,46] How-
ever, the reduction in wavelength means a reduction in the 
waveguide size as well, which imposes higher demands on 
the fabrication precision. So far, there is little study on the 
polarization rotator for visible light. Here, we extended our 
study to polarization devices at visible wavelength and demon-
strated a polarization rotator at λ = 646 nm. As shown in the 
inset of Figure 4, the device has a cross section of 1 × 2 µm2 
on the left and 2  ×  1  µm2 on the right. Similar to the case 
at telecom wavelength, ηTM→TE increases at first and main-
tains an average value >80% for l  >  125  µm. Experimentally, 
we measured both the conversion efficiency of ηTM→TE and 
ηTE→TM. Different from the previous ηTE→TM, here we meas-
ured ηTE→TM by using the cross section of 2  ×  1  µm2 as the 
input port. The consistence of ηTE→TM with ηTM→TE proves the 

time-reversal symmetry of our device, which is also known as 
reciprocity.

Power Pm accumulated in mode m is[43]

τ
δβ

δβ( )( ) ( )= − τ2 0 1 cos
2

2

P z b zm � (2)

where mode τ is the initially excited mode, β is the local propa-
gation constant of mode m, and δβ is the difference between 
the propagation constants of modes m and τ. According to 
Equation  (2), the power lost to mode m can be minimized by 
maximizing the ratio of δβ to τ, in effect allowing modes to 
dephase before substantial power exchange takes place. In our 
case, both modes m and τ are in the same polarization, and 
we target to minimize/maximize the coupling into the same/
orthogonal polarization. On one hand, use of a large aspect 
ratio waveguide ensures greatly differing rates of propagation. 
For example, in our experiment, a waveguide with cross section 
of 2 × 4 µm2 results in a large modal refractive index difference 
between TM and TE modes, which facilitates the dephasing 
between incident TM wave and converted TE wave. On the 
other hand, for an achievable δβ, the ratio of δβ to τ can always 
be increased through a longer transition. This is because the 
coupling coefficient between modes m and τ is proportional to 
the rate of change of the waveguide, and a longer transition 
corresponds to a lower change rate. As for the preparation of 
arbitrary polarization state, it is equivalent to the condition that 
controls the mode coupling, by tuning the twisting angle of the 
waveguides when transition length is fixed.

4. Polarization Router

Similar to polarization rotator, polarization router is also one 
of the building blocks for polarization-encoded information 
processing. For a router, input signals are selectively routed 
to the target output ports with different modes through the 
predesigned architecture. Currently, most of the research on 
optical routers is encoded with wavelength. Few study reports 
on the polarization-encoded router, which directs the input 
signals into different paths with different polarization states. 
Having seen the good performance of twisted waveguide as 
polarization rotators, we designed a four-port polarization-
encoded router based on four twisted waveguides. As an 
example, we selected the device working at telecom wave-
length. In Figure  5a,b, the schematic representation of the 
polarization router and the SEM image of a showcase are dis-
played. It consists of one input port and four output ports, 
where the incident light is coupled into each output port 
through Y-shape coupler. And each output path includes the 
twisted part, with twisting angle θ  =  0°, 30°, 60°, and 90°, 
respectively. The real samples that we measured are shown 
in Figure 5c, which have a cross section of 2 × 4 µm2 at the 
input port, and a twisted part of l = 500 µm. The zoom-in view 
of the Y-shape coupler is displayed in Figure  5d, showing a 
smooth transition from one waveguide to two waveguides.

We tested the performance of twisted waveguides with 
θ  =  0°–180° (see Supporting Information). Results show that, 
with input light polarized at φ, after passing through a twisted 
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Figure 4.  The polarization conversion efficiency for polarization rotators 
at λ = 646 nm with different twisting length. ηTM→TE is obtained when TM 
polarization is input from the port with cross section of 1 × 2 µm2, while 
ηTE→TM corresponds to TE polarization input from the port with cross 
section of 2 ×  1 µm2. Inset: the SEM images of polarization rotator at 
visible wavelength, indicated with the measuring conditions for ηTM→TE 
(red) and ηTE→TM (blue), respectively.
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waveguide with θ, it exits as photons polarized at (φ  +  θ).  
Specially, for a waveguide with θ = 45°, the out signal consists 
of 50/50 TE/TM components, regardless of an input of TE or 
TM polarization.

To characterize the polarization router, we modified the 
experimental setup in Figure  3a. We inserted a polarizer 
behind each output port of the router and used a set of lenses 
to capture the signals passing through polarizers. And each 
lens is followed by a charge coupled device (CCD) camera 
to record the output signals. We denote the different output 
ports with hollow rectangles as illustrated in Figure  6a. 
As shown in Figure  6b, at each port, as we rotated the 
inserted polarizers into different angles (illustrated by black 
arrows), the dark-field images of the output signals change. 
We extracted the gray values of output signals in dark-field 
images and plotted them for the corresponding output ports 
in Figure 6c. The gray values show sinusoidal dependence on 
the rotated angle of the inserted polarizer. When the inserted 
polarizer has the same orientation as the twisted part at each 
output port, the detected signal reaches its maximum, indi-
cating a high rotation efficiency of the incident polarization. 
We do the normalization at each output port as: Is + In  =  1. 
Denote the output component that is polarized at the twisting 
angle θ as signal Is (maximum of the curve), and the other 
component that is orthogonal to θ as noise In (minimum 
of the curve). We obtained the signal addressing efficiency 
ηTM→θ at each output port as

η =
−
+θ→TM

I I

I I
s n

s n

� (3)

From Figure  6c, the efficiencies are extracted as 
ηTM→θ  =  96.55% (red), 91.94% (green), 85.72% (blue), and 
86.51% (magenta), respectively. To further improve the efficien-
cies, increasing the twisting length l and reducing the rough-
ness of the waveguide surface would help. Nevertheless, the 
high addressing efficiency proves that the polarization router 
is able to direct the input polarization into different polariza-
tions. Note that, the data in Figure  6c are normalized so that 
Is  +  In  =  1 at each output port. The four-port output light 
intensity ratio is 11.9: 25.11:42.8: 18.04.

5. Conclusion

In summary, we demonstrate a series of devices for on-chip 
polarization manipulation using fs-DLW. The polarization 
rotators for both telecom and visible wavelengths are fab-
ricated, which show polarization conversion efficiencies of 
>90% at 1550  nm and ≈80% at 646  nm, respectively. Fur-
thermore, a polarization router consisting of multiple twisted 
waveguides with different twisting angles is demonstrated. 
With the polarization router, photons with different polariza-
tions can be directed to different paths. Because of the simple 
design, low insertion loss, and broad bandwidth, the on-chip 
polarization-encoded devices will surely find wide applications 
for compact, scalable, and high-dimensional information tech-
nology. We envision that the demonstrations in this article 
inspire more novel and functional designs of on-chip devices, 
as well as optimization on the current technique for a better 
platform.

Adv. Optical Mater. 2019, 7, 1900129

Figure 5.  a) The schematic diagram of the polarization router. b) SEM image (at 45° view angle) of a showcase of the polarization router. Scale bar: 
10 µm. c) SEM image of the polarization routers we experimentally measured, in which the twisting lengths are 500 µm. Scale bar: 1 mm. d) Zoom-in 
view of the beam splitting part. Scale bar: 10 µm.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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