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Abstract: In this paper, crossed polymer waveguides with graded-index (GI) square cores are 
fabricated using the soft-lithography method. We experimentally demonstrate that the 
fabricated GI-core crossed waveguides exhibit a much lower insertion loss than conventional 
step index (SI)-core counterparts, which is almost independent of the cross angle. We also 
show in this paper that the crossed waveguides fabricated applying organic-inorganic hybrid 
resins show remarkably high thermal resistance compared to the waveguides fabricated 
utilizing an acrylate resin and a dopant system we previously reported. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

The trends in cloud computing technologies have accelerated the growth of the data rates for 
datacenter networks and high-performance computing (HPC) systems over the last couple of 
years [1]. To sustain the capacity of the datacenters, the data processing speed in the servers is 
required to increase continuously while maintaining low power consumption. Therefore, 
optical interconnect technologies have drawn much attention because they can realize high 
bandwidth density data transmission with low-power consumption [2]. Currently, in many 
HPCs and datacenter networks, optical links composed of glass multimode fibers (MMFs) 
with a 50-µm diameter core have been already deployed, particularly in the rack-to-rack 
connections (less than 100 m). In these MMF links, the electrical signals are converted to 
optical signals at the board edges, while legacy copper wiring remains for on-board 
interconnections. Therefore, the next step and current research trends are in on-board optical 
interconnects, and thus, polymeric optical waveguides have been drawing much attention 
because of the ease of fabrication, good compatibility with printed circuit boards (PCBs), and 
low cost [3–5]. In order to meet the demand for complicated on-board wiring patterns, the 
ability to design wide variety of optical circuit patterns, such as core-crossing structures just 
in a single layer, is very important [6]. 

Over the last couple of years, extensive research has been done on multimode polymer 
optical waveguides with step-index (SI) cores [7–9]. Meanwhile, we have reported the 
advantages of graded-index (GI) core polymer waveguides for on-board interconnects: low 
propagation loss and low interchannel crosstalk. Furthermore, we have demonstrated that 
crossed polymer waveguides with multimode GI cores exhibit much lower loss at the 
intersections (crossings) than the conventional SI core counterpart [10]. In GI cores, the 
signal light is tightly confined near the core center due to the GI profile, so light leakage at 
the intersection is quite low compared to SI-core crossed waveguides. 

Therefore, over the last a few years, several trials to fabricate GI core crossed polymer 
waveguides applying conventional photo-lithography techniques have been reported [11]. 
However, the refractive index profiles are not completely symmetrically parabolic forms, 
which is called semi-GI, so the crossing loss may not be reduced sufficiently. In addition, the 
photo-addressing method [12], the Mosquito method [13], and the laser writing method [14] 
have all been reported as methods for fabricating GI core multimode polymer optical 
waveguides. However, for the photo-addressing method, the applicable materials have been 
limited to poly norbornene. In the Mosquito method, it is difficult to form the core-crossing 
structures in just a single layer, and the laser writing method could have difficulty in 
achieving low loss and sufficiently high index contrast between the core and cladding. 

In order to address these problems in fabricating low-loss crossed polymer waveguides, 
we have focused on the imprint method. In our previous results, the polymer optical 
waveguides with GI cores were fabricated by applying a UV curable acrylic resin with a low 
molecular-weight dopant [15]. In this case, although the acrylate resin had a three-
dimensionally cross-linked structure to have a high thermal stability, the fabricated 
waveguides showed an index profile degradation even at room temperature in a couple of 
months. Even if a polymer matrix with high thermal stability were applied, we found such a 
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small molecular-weight (molecular size) dopant migrated, which degraded its concentration 
distribution [16]. Hence, the previous waveguides did not satisfy the solder-reflow resistance 
and reliability required for real applications of optical PCBs (O-PCBs). 

Therefore, in this paper, a series of organic-inorganic hybrid resins whose high thermal 
resistance was already verified [17, 18] is applied to the imprint method. We expect no 
degradation in the GI profile after the monomers are cured, because the core and cladding 
monomers copolymerize to have rigid covalent bonds. In the following sections, we 
investigate the applicability of the organic-inorganic hybrid resin to the imprint method for 
low loss GI core polymer waveguides. Furthermore, we fabricate GI core optical waveguides 
with core-crossing structures, to experimentally confirm the great benefit of GI cores. 

2. Fabrication for polymer optical waveguides using the imprint method 

In Fig. 1, the fabrication procedure of the imprint method is schematically illustrated. The 
required properties for the materials in order to fabricate waveguides with GI cores using the 
imprint method are as follows: (1) monomers should be liquid and miscible so as not to cause 
phase separation after the mutual diffusion: (2) monomers for the core and cladding should 
copolymerize to have a strong chemical bonding and exhibit high heat resistance: (3) after 
curing, the core polymer should have a higher refractive index than the cladding by 0.01 to 
0.03: (4) monomers should be photocurable: (5) the viscosity of the core material should be 
lower than 10,000 cP so as to fill the narrow grooves for the core easily. Organic-inorganic 
hybrid resins, SUNCONNECT®, supplied by Nissan Chemical Ind., Ltd. (core: NP-001, 
cladding: NP-208) are applied to the waveguides. The refractive index of the cladding 
material is 1.570, while 1.600 for the core material at 589.3-nm wavelength. The high thermal 
stability of the materials themselves is already reported by the material suppliers. Since the 
materials are three-dimensionally cross-linking, no glass transition temperature is observed. 
In addition, the TGA data shows that the temperature at which the degradation of the material 
begins is as high as 400 °C [17]. 

At first, the monomer for cladding is coated on a glass substrate, and the grooves for the 
core are formed on the under cladding by pressing a stamp mold made of poly dimethyl 
siloxane (PDMS) to the under-cladding monomer during UV curing. [Figs. 1(a) and 1(b)] The 
fabrication method for the PDMS mold, which has already been described in our previous 
article [15], is briefly introduced as follows: the PDMS mold is fabricated by replicating the 
relief pattern on a master mold (a rigid photo-resist on a silicon wafer substrate). Here, a 
negative photo-resist, TMMF S-2000 supplied by Tokyo Ohka Kogyo Co., Ltd. is used. 
Subsequently, a mixture of PDMS monomer and catalyst for cross-linking is casted over the 
master mold, followed by thermal curing to obtain the mold. After the under-cladding is 
cured, the PDMS mold is peeled off, and the grooves on the under cladding are filled with the 
liquid core monomer using a scalpel and UV cured. [Figs. 1(c) and 1(d)] Because of this 
procedure, a thin layer of the core could remain on the under-cladding, even if the excess core 
monomer is carefully eliminated. The residual core monomer makes a cross-linking of 
multiple cores aligned in parallel. However, we have already demonstrated in our previous 
article [15] that the core cross-linking structure shows small influence on the interchannel 
crosstalk in the case of GI core waveguides. Finally, the cladding monomer is coated over 
both the core and under-cladding to form the over-cladding. [Fig. 1(e)] 

Here, the under-cladding and core are not completely cured at the steps of Figs. 1(b) and 
1(d) before the over-cladding is coated and cured [Fig. 1(e)], during which the liquid state 
monomers can mutually diffuse to form concentration distributions. Similar diffusion takes 
place during the over-cladding formation, resulting in forming a symmetric GI profile. This 
monomer diffusion is a key process to control the GI profile. Furthermore, in order to take a 
sufficient diffusion time for monomers, an interim time is applied. The interim time is the 
time just after the over-cladding monomer is coated to the instant when the UV curing starts. 
During this procedure, if the under-cladding and cores are completely cured with a sufficient 
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UV curing time and no interim time, an SI profile could be formed using the same method 
and the same polymer materials. 

Core 

Over-cladding PDMS Mold

UV exposure UV exposure UV exposure

Under-cladding 
Glass substrate 

(a) (b) (c) (d) (e)
 

Fig. 1. Fabrication procedure of the imprint method. 

Figure 2 shows the cross-sections of SI and GI core straight waveguides (no crossing 
structure) fabricated applying the imprint method. From Fig. 2, it is confirmed that a desired 
cores size of 40 × 40 µm are certainly formed with a 125-µm interchannel pitch in both SI 
and GI waveguides. Figure 3 shows the refractive index profile of the fabricated GI core 
measured using a two-beam interference microscope (Mizojiri Optics). From Fig. 3, gradual 
refractive index variation is observed, and its top is located at almost the core center. So, it is 
confirmed that the waveguide with an almost symmetric GI profile is fabricated by the 
imprint method, although there is a slight index bump at the boundary between over- and 
under-claddings. This index bump could be formed when the core monomer is coated on the 
under-cladding before it is completely cured. Because of the fabrication procedure particular 
to the imprint method, such a thin layer with an index bump between over- and under-
claddings is likely to remain even in SI core waveguides, which is found in the cross-sections 
in Fig. 2. Since this bump has a higher index than the cladding, an excess interchannel 
crosstalk due to the cross-linking by the high-index layer is a concern. However, in our 
previous report [12], we already confirmed that such a cross-linking structure showed little 
effect on the crosstalk in GI core waveguides because of the tight light confinement effect of 
GI profiles, which is one of the advantages of GI core waveguides fabricated using the 
imprint method. 

 

Fig. 2. Cross-section of the fabricated waveguides. 

(a) (b) (c)

Under-cladding

Over-cladding

Under-cladding

Over-cladding

 

Fig. 3. Observed (a) interference fringe (b) 2D refractive index profile (c) 3D refractive index 
profile in a fabricated GI waveguide. 
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3. Crossed polymer optical waveguides 

3.1 Fabrication for crossed waveguides 

In the imprint method, not only straight wiring patterns but also various patterns such as 
crossing and bending patterns can be formed. Therefore, SI core and GI core crossed 
waveguides are fabricated using the imprint method with the same materials. First, crossing 
patterns are designed. Figure 4 shows a schematic top view of the designed crossed 
waveguide, and Table 1 shows the parameters for the design. In order to investigate the 
dependence of crossing loss on the number of crosses, the number of crossed cores is varied 
from 0 to 50 in increments of 5. In the first several crossings, the high-order modes which 
have strong optical fields near the core-cladding boundary preferentially leak out at the 
intersection, so the loss tends to increase nonlinearly with respect to the number of crossings. 
Therefore, when the number of crossings is small, the loss per crossing is not a robust 
measure. In order to avoid this problem in our measurements, the number of crossings 
involved in the waveguides is as large as 50. Meanwhile, the cross angle varies at 30, 45, 60 
and 90-degrees in order to investigate the cross-angle dependence. The interchannel pitch is 
125-µm in both axial and lateral directions. 

Figure 5 shows the top-views of the fabricated crossed waveguides with various cross 
angles. As shown in Fig. 5, there is no structural defect in all the waveguides, and it is found 
that the waveguides perfectly duplicate the designed patterns. The cross-sections of the SI and 
GI crossed cores with a cross angle of 90 degree under various numbers of crossing are 
shown in Figs. 6 and 7, respectively. Although these cross-sections are just observed by a 
microscope, it is obvious that the SI cores after 50 crossings are remarkably dark in Fig. 6(c), 
from which high crossing loss in SI core waveguides are confirmed visually. 

 

Fig. 4. Schematic top view of a designed crossed pattern. 

Table 1. Designed parameters for crossed waveguide 

Number of crossings 0 - 50 

Cross angle: θcross 30°, 45°, 60°, 90° 

Core size 40 µm × 40 µm 

Interchannel pitch 125 µm 

Refractive index profile SI, GI 
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Fig. 5. Top-views of the fabricated crossed waveguides. 

 

Fig. 6. Cross-sections of the fabricated SI core after (a) no crossing (b) 10 crossings (c) 50 
crossings. 

 

Fig. 7. Cross sections of the fabricated GI cores after (a) no crossing (b) 10 crossings (c) 50 
crossings. 

3.2 Insertion loss of crossed waveguides 

Insertion losses of the crossed waveguides are measured under two different conditions. One 
is using a 1-m long single-mode fiber (SMF) and 200-µm core SI multimode fiber (MMF) as 
the launch and detection probes, respectively, as shown in Fig. 8(a). On the other hand, 1-m 
long 50-µm core GI-MMFs are used for both launch and detection probes, as a more realistic 
condition for on-board applications of waveguides, as shown in Fig. 8(b). Under both 
conditions, a VCSEL emitting at 850-nm wavelength is used as the light source. Figure 9 
shows the near-field pattern (NFP) and calculated encircled flux (EF) of the 50-µm core GI-
MMF probe. The EF satisfies the specification of the MMF link for 10 GB Ethernet 
(10GBASE-SR). Figure 10 shows the NFPs of the fabricated SI and GI core crossed 
waveguides with no core crossings (straight). A 1-m long SMF is used for the launch probe to 
couple the light to the core with a small spot size. In the SI core waveguide, the output optical 
field spreads out to the entire core, while the small spot size of the launch beam is maintained 
in the GI core waveguide, due to strong optical confinement. 

Waveguide (4.0 cm) 

Single-mode fiber 200-µm core SI-MMF

Power
meter

VCSEL
850 nm

(a)

Waveguide (4.0 cm) 

50-µm core GI-MMF 50-µm core GI-MMF

Power
meter

VCSEL
850 nm

(b)
 

Fig. 8. Schematic diagrams of insertion loss measurement setup (a) condition A (b) condition 
B. 
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Fig. 9. NFP and EF of the 1-m long 50-µm core GI-MMF probe. 

SI GI
 

Fig. 10. NFPs of fabricated waveguides with no core crossing (straight). 

 

Fig. 11. Loss dependence on the crossing number in fabricated crossed waveguides. 

The crossing loss of the waveguides with cross angles from 30 to 90 degrees are shown in 
Fig. 11. The losses shown in this paper are the average values of the 3 channels with the same 
structure, as described in the waveguide design (Fig. 4). The loss values are obtained by 
subtracting the insertion loss of the straight waveguide with the same length from the 
insertion losses of the crossed waveguide. The insertion losses of the SI-core and GI-core 
straight waveguides under measurement condition A are 1.26 dB and 0.546 dB, respectively, 
and 2.95 dB and 1.61 dB, respectively, under measurement condition B. These values are 
used as references to calculate the crossing loss. The insertion loss consists of the coupling 
losses with the probe fibers, the propagation loss of the waveguide, and the crossing loss 
caused by the light leakage to unwanted directions at the intersections. From Fig. 11, it is 
found that the SI-core shows higher loss in all the cross angles and number of crossings. In 
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the SI-core, as the number of crossing increases, the crossing loss increases continuously, up 
to 50 crossings, and when θcross = 90°, the loss per cross estimated from the slope is 0.0254 
dB under condition (A) which could be the mildest condition. In addition, when θcross = 30°, 
the estimated loss per cross increases to 0.3244 dB under condition (B), the most severe 
condition. On the other hand, in the GI-core, the crossing loss increases with a gentle slope 
with respect to the number of crossings, and even when θcross = 90°, the losses per cross under 
conditions (A) and (B) are as low as 0.0063 dB and 0.0078 dB, respectively. Thus, GI-cores 
in crossed waveguides can decrease the crossing loss by almost one fourth of the loss in SI-
core crossed waveguides. Both SI-core and GI-core waveguides show higher loss under 
measurement condition B than under the measurement condition A. This is because the 
optical power is coupled to the high order modes in the waveguides whose optical power 
mainly exists near the core-cladding boundary. Hence, at the intersection, these higher-order 
modes are likely to leak than the lower order modes which are tightly confined near the core 
center. However, in the SI-core, the crossing loss sharply increases under both conditions, 
whereas the GI-core shows a gentle slope of the loss increment with respect to the crossing 
number, even under measurement condition B, due to tight optical confinement. Other 
research group reported that a GI-core cross waveguide with a cross angle of 90° fabricated 
using the photo-addressing method exhibited a loss per cross of 0.0028 dB [12] under 
condition (B). The slightly higher crossing loss observed in GI-core crossed waveguide 
fabricated in this paper could be attributed to the index profile. As we already theoretically 
showed in [10] that the crossing loss is sensitive to the index profile. 

Next, the crossing losses after passing 50 crossings under different cross angles (from 30 
to 90-degrees) are summarized in Fig. 12(a). As shown in Fig. 12(a), the GI-core waveguide 
shows consistently lower loss than the SI-core at all the cross angles. Furthermore, it is found 
that in the GI-core waveguide, the crossing loss is almost independent of the cross angle. This 
is because the light leakage at the intersection is reduced remarkably due to the strong light 
confinement effect of the GI profile. 

On the other hand, in the SI-core, higher crossing loss is observed with decreasing the 
cross angle. This is because the volume of the intersection of two cores increases with 
decreasing the cross angle. Since in SI core waveguides, the light propagates with the total 
internal reflection scheme, the leakage of light also increases as the volume of the intersection 
increases. Under the worst case condition (B), the loss in the SI-core crossed waveguide is as 
high as 14 dB, which is almost five times higher than the loss in the GI-core counterpart 
under the same worst condition. 
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Fig. 12. Cross angle dependence of the loss after 50 crossings (a) in fabricated waveguides and 
(b) comparison with the simulated results [10]. 
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In Fig. 12(b), the measured results are compared to the simulated results we previously 
reported in [10]. In this simulation, we assume a launch condition using a 50-µm GI core 
MMF probe. As mentioned above, the crossing loss is sensitive to the refractive index profile, 
so in the simulation, the index profile dependence of the crossing loss was investigated in 
detail. Here, the refractive index profile was approximated by Eqs. (1)-(4). 

 { }
1

2( , ) 1 2 ( ) ( )con x y n f x g y= − Δ +    (1) 

 
2 2

( ) , ( ) ,
2

qp

co cl

x y co

n nx y
f x g y

a a n

−
= = Δ =  (2) 

 ( ) ( ) 1f x g y+ ≥  (3) 

 ( , ) cln x y n=  (4) 

Here, nco and ncl are the refractive indices at the core center and the cladding, respectively, 
while ax and ay are the half-width and the half-height of the rectangular core, respectively. 
Two index exponents, p and q express the index profiles in the horizontal and vertical 
directions in the core, respectively. All the intersections are assumed to have an SI profile 
with the same refractive index as the core center, which should be the worst case for the GI-
core crossed waveguide [10]. 

In Fig. 12(b), the results when p = q = 2, 3, 5, and 40 are shown to estimate the index 
profiles actually formed in the fabricated waveguides. From the result, the SI core could be 
approximated with p = q = 40 or rather higher value, while the GI core could correspond to p 
= q = 4 to 5. From the measured index profiles using the two-beam interference microscope, 
the index exponents p and q are estimated to 2.4 and 2.2, respectively. It is noted that the 
experimentally measured loss in Fig. 12(b) is less dependent on the cross angle, which is a 
similar tendency to the loss when p = q = 2 to 3. Hence, the excess loss observed in the 
fabricated GI core waveguide compared to the simulated results with p = q = 2 and 3 could be 
caused by a deviation of index profile from the approximated forms by Eqs. (1)-(4). 

4. Thermal resistance of polymer optical waveguides 

4.1 Solder-reflow resistance test 

The thermal resistance of GI core straight waveguides fabricated using the organic-inorganic 
hybrid resin, SUNCONNECT® is investigated. Assuming the solder-reflow process, the 
resistant test is carried out under 250 °C for 1 minute in a heat bath. The insertion loss before 
and after the resistant test is measured and compared using a setup similar to Fig, 8(a). Here, 
previous waveguides composed of an acrylic resin with dopant [12] are also tested for 
comparison. Both waveguide samples are fabricated using the imprint method. Figure 13 
shows the measured insertion loss before and after the test. The insertion loss of the acrylic 
resin based waveguide increases about 1 dB from 0.70 dB to 1. 56 dB after the test, despite 
such a very short waveguide (4-cm long). On the other hand, the insertion loss of the organic-
inorganic hybrid resin based waveguide shows almost no increment. From these results, it is 
confirmed that the waveguide fabricated using the organic-inorganic hybrid resin based 
waveguides has solder-reflow capability. 
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Fig. 13. Insertion losses of straight waveguides fabricated using the imprint method before and 
after thermal resistant test assuming a solder-reflow process. 

4.2 High temperature/high humidity test 

We evaluate the high temperature stability and long-term reliability of the waveguides by 
applying the waveguide samples to aging test. The aging test is carried out under high 
temperature/high humidity atmosphere (85 °C/85%RH) for 1000 hours, and tested sample is 
the GI-core crossed waveguide (cross angle: 90°). The insertion loss of the waveguides before 
and after the aging test is measured using the same setup as Fig. 8(a). Figure 14 shows the 
insertion loss before and after the aging test. From Fig. 14, the estimated loss per cross of 
before and after testing are 0.0063 dB and 0.0064 dB, respectively. Thus, it is confirmed that 
the insertion loss increment is negligible even after 1000−hour aging, and it is obvious that 
the waveguide using the organic-inorganic hybrid resin has high thermal stability and long-
term reliability. 

 

Fig. 14. Insertion losses of a straight GI waveguide before and after heating. 

5. Conclusion 

In this paper, we applied a series of organic-inorganic hybrid resins, SUNCONNECT® with 
thermal resistance to the imprint method and succeeded in fabricating low-loss crossed 
waveguides with GI cores that exhibit solder-reflow capability. The obtained GI crossed 
waveguide shows a crossing loss of 0.0063 dB/cross and it is lower than the results previously 
reported [11], which is achieved by forming asymmetric index profile. Another great 
advantage of these waveguides is to exhibit low crossing losses over a wide range of cross 
angles. Furthermore, high temperature/high humidity test was conducted on the obtained 
waveguides, the insertion loss almost no increase was observed even after 1000 hours, so it 
was confirmed that the waveguide had high reliability. 

It is revealed that GI-core polymer waveguides play a key role for realizing high-density 
O-PCBs just applying the imprint method. 
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