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Abstract A novel main-chain azo polyurethane-urea (MCAPUU) was prepared

with chromophore molecule 1,10-azobisformamide (ABFA), polyether polyol (NJ-

220) and isophorone diisocyanate (IPDI). The chemical structures of ABFA

monomer and MCAPUU were characterized by the FT-IR and UV–Visible spec-

troscopy. The thermal and mechanical properties of MCAPUU film were investi-

gated. The refractive index and transmission loss of MCAPUU film were measured

at different temperature and different laser wavelength by attenuated total reflection

(ATR) technique and the CCD digital imaging devices. The thermo-optic coeffi-

cients (dn/dT) of MCAPUU are -4.5429 9 10-4 �C-1 (532 nm), -5.7943 9

10-4 �C-1 (650 nm) and -6.6057 9 10-4 �C-1 (850 nm), respectively. A

Y-branch switch and Mach–Zehnder interferometer (MZI) thermo-optic switches

based on thermo-optic effect were proposed and the performances of switches were

simulated. The results showed that the power consumption of the Y-branch thermo-

optic switch is only 0.74 mW. The rising and falling times of Y-branch and MZI

switches are 12.0 and 1.8 ms, respectively. The results indicate that the prepared

MCAPUU has high potential for the applications of the Y-branch digital optical

switch (DOS), MZI thermo-optic switch, directional coupler (DC) switch and

optical modulators.
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Introduction

In recent years, polymeric materials containing azo chromophore have gained a

great deal of attention due to their unique optical property. These azo polymers can

be potentially applied in fascinating photo-responsive variations, such as liquid

crystal displays [1], optical information data storage [2, 3], optical switching [4, 5],

nonlinear optical materials [6, 7], holographic surface relief gratings (SRGs) [8],

holographic memories [9, 10] and so on. The azo chromophore can be incorporated

into polymers and become side chains [11, 12] or parts of the polymer main chains

[13] via chemical reaction. Compared with the side-chain polymer, main-chain azo

polymers showed good thermal stability (high glass-transition temperature (Tg) and

thermal decomposition temperature (Td) [14]).

Optical switches and related arrays play an important role in optical commu-

nication networks. Compared to the micro-optoelectronic mechanical switches and

liquid–crystal switches, the waveguide switches show wide potential application for

their high reliability. Waveguide optical devices [15–17] have attracted a lot of

research interest recently, not only because of their small device sizes, but also

because of the possibility of achieving reconfigurable functionality as well as large

scale integration. Among various optical waveguide devices that have been studied,

the thermo-optic waveguide switch is one of the fundamental device structures that

are essential for achieving reconfigurable functionality through their optical

switching function. The thermo-optic effect within polymer optical waveguides is

useful for realizing integrated optic components with optical switching and tuning

capability. Various polymeric thermo-optic switches have been reported including

digital optical switches (DOS), Mach–Zehnder interferometer switches, directional

coupler switches, multimode interference/vertical coupler switches and thermo-

optic total-internal-reflection switches [18–20]. These devices show great promise

in low-speed fiber-optic communication systems and have been successively

implemented in commercially integrated devices.

Yulianti et al. [21] reported a digital optical switch (DOS) with different

branching angle and short device length based on UV curable fluorinated resin. The

thermo-optic coefficient (TOC) and thermal conductivity of material were

-1.7 9 10-4 �C-1 and 0.17 W/(mK), respectively. The Y-branch shape was

optimized by introducing constant effective refractive index difference between

branches along the propagation direction through beam propagation method (BPM)

scheme. With branching angle of 0.299� and device length of only 5 mm, the

simulation result showed that the device could exhibit crosstalk of -33 dB at

calculated required power of only 26 mW. Cao et al. [22] proposed a Mach–

Zehnder interferometer thermo-optic switch based on DR1/PMMA. The total length

of the device is 3.5 cm including the 1.5-cm heater. The extinction ratio, the power

consumption and switching time are 21 dB, 13 mW and 0.9 ms, respectively. Lee
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et al. [23] reported a fully packaged polymeric four arrayed 2 9 2 digital optical

switch with crosslinkable fluorinated polymers. The crosstalks were less than

-30 dB for all four 2 9 2 digital optical switch elements with each total electrical

power of 250 mW. The fall and rise times were less than 5 ms. In this paper, a

Y-branch and Mach–Zehnder interferometer (MZI) switch with two rib waveguides,

dual driving electrodes and two critical 3-dB couplers polymeric thermo-optic

switches based on thermo-optic effect of prepared MCAPUU were designed and

simulation. This work exhibits thermo-optic device based on novel main-chain azo

polymer. To the best our knowledge, this is the first time that the prepared main-

chain azo polyurethane-urea (MCAPUU) is reported.

Experimental

Materials

1,10-Azobisformamide (ABFA), N,N-dimethylformamide (DMF) and dibutylbis

(lauroyloxy) tin (T-12) were supplied from Sinopharm Chemical Reagent Co., Ltd.

in Shanghai, China. Polyether polyols (NJ-220, Mn = 2,000 g/mol) was produced

by Ningwu Chemical CO., Ltd. in Jurong, Jiangsu, China. Isophorone diisocyanate

(IPDI) was supplied by Rongrong Chemical Co., Ltd. in Shanghai, China.

Characterizations and performance measurements

Structure characterization

FT-IR spectra of samples were recorded between 4,000 and 400 cm-1 on a KBr

pellet with an FTIR spectrometer (AVATAR 360, Madison, Nicolet). A minimum

of 32 scans was signal-averaged with a resolution of 2 cm-1 in the 4,000–500 cm-1

ranges. Ultraviolet–visible (UV–Vis) spectra of samples were recorded with a

Shimadzu (Japan) UV-2450 spectrometer at 25 �C. The contents of ABFA and

prepared MCAPUU were 3.0 mg/L.

Thermal property

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

were performed on a Netzsch (Germany) STA 449C instrument. The programmed

heating range was from room temperature to 1,000 �C at a heating rate of 10 �C/min

under a nitrogen atmosphere. The measurement was taken with 6–10 mg samples.

Mechanical property

The tensile strength and elongation at break testing for polymer film were carried

out on a tensile tester (KY-8000A, Jiangdu Kaiyuan Test Machine, Jiangdu, China)

at room temperature at a speed of 50 mm min-1. All measurements had an average

of three runs. The dumbbell-type specimen was of 30 mm length at two ends,
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0.2 mm thick and 4 mm wide at the neck. The hardness was measured with a

sclerometer (KYLX-A, Jiangdu Kaiyuan Test Machine) (Jiangdu, China); mea-

surements were done three times for the polymer sample, and the average value was

calculated.

Physical property

The thermal conductivity, thermal diffusion coefficient and specific heat capacity of

polymer film were obtained from a thermal conductivity detector (TC3010, Xi’an

Xiaxi Electronic Technology Co., Ltd, Xi’an, China) at room temperature.

Measurement of refractive index of MCAPUU film

Measurement of refractive index was preformed using attenuated total reflection

(ATR) technique. The dielectric planar waveguide is a three-tier. The waveguide

layer is between the substrate and cover layer. The refractive indices of substrate-

based, guided-wave layer and cover layer are assumed to be n2, n1 and n0,

respectively. The guided-wave thickness is assumed to be h. For the TM

polarization mode, dispersion equation can be expressed as follows:

jh ¼ mpþ tan�1 n2
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where k0 ¼ 2p=k is the wave vector (vacuum), k is the wavelength of the laser and

m is mode order number. b is the propagation constant for guided-mode, K is the

wave vector of the z-component, j is the x-component of the wave vector K,

K = k0n1.

The effective refractive index of guided mode is defined N ¼ b=k0. The effective

refractive index can be calculated by measuring the angle of sample and the guided-

mode propagation constant b was also obtained.

For multi-mode waveguide, if propagation constants (bm�1, bm and bmþ1) of the

three modes are obtained, the transcendental equations can be expressed:
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From these equations, refractive index n1 of MCAPUU at different temperature

can be obtained.
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Measurement of Transmission loss of MCAPUU film

Transmission loss of optical waveguide devices is produced mainly by the following

factors: waveguide material loss caused by scattering and absorption; substrate

surface finish by polishing process constraints, irregular interface leading coupling

loss between guided mode and radiation mode; curved waveguide surface, causing

the loss caused by energy radiation. The digital imaging device charge coupled

device (CCD) was used to record the scattered light intensity of points on the

transmission line and transfer it into an internal light intensity.

After spatial average filter, a transmission attenuation curve can be obtained. The

attenuation loss of the guided mode power with propagation distance can be

expressed as follows:

PZ ¼ P0eð�a�ZÞ; ð3Þ

where P0 is initial incident light intensity of Z = 0, PZ is transmission light intensity

of Z = z and the attenuation coefficient is defined as:

a ¼ 1

z2 � z1

ln
Pz

1

Pz
2

 !
ð4Þ

L ¼ �10aðlg eÞ ð5Þ

L is the transmission loss of optical waveguide.

Preparation of main-chain azo polyurethane-urea (MCAPUU)

The polyether polyol (NJ-220, 20 g), IPDI (5.6 g) and DMF (15 mL) were added

into a 250 mL three-neck round-bottom flask equipped with a mechanical stirrer,

thermometer and reflux condenser. The dibutylbis (lauroyloxy)tin (T-12, 1.0 mL) as

a catalyst was added to the solution and maintained at 80 �C for 3 h to prepare the

–NCO terminated prepolymer. Then the chromophore molecule 1,10-azobisforma-

mide (ABFA, 2.4 g) dissolved in DMF (12 mL) was dropped into the mixture. The

reactant refluxed for 3 h at 80 �C. The product was purified on a silica gel column

with the eluate DMF. The synthetic route of main-chain azo polyurethane-urea

(MCAPUU) is shown in Scheme 1.

Results and discussion

Structure characterization

The UV–Vis absorption spectra of ABFA monomer and the prepared main-chain

azo polyurethane-urea MCAPUU are shown in Supplementary information

Figure S1. It can be seen that the maximum absorption peaks of the ABFA and
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MCAPUU are observed at 270 and 251 nm, respectively. The peaks are mainly due

to by the p� p� transitions of the absorption peak (–N=N– groups).

The FT-IR spectra of the ABFA monomer and main-chain azo polyurethane-urea

MCAPUU are shown in Supplementary information Figure S2. From the FT-IR

spectrum of ABFA, the absorption band at 3,500–3,580 cm-1 is assigned to the

stretching vibration of free and hydrogen-bonded –NH groups. It can be seen the

absorption peak of 2,928 cm-1 corresponds to the stretch vibration of Ar–H bond.

The band at 1,259 cm-1 is assigned to the stretch vibration of C–N bond. A broad

band at 1,680 cm-1 is assigned to the carbonyl of –NHCONH– groups. The band

located at 1,505 cm-1 is attributed to the symmetrical vibration of –N=N– group,

indicating that the –N=N– group existed. From the FT-IR spectrum of MCAPUU,

the band at 1,256 cm-1 is assigned to the stretch vibration of C–N bond. In addition,

the absorption band at 1,675 cm-1 is attributed to the carbonyl of urethane bond,

showing that the MCAPUU contained the –NHCOO– group. It also shows that the

absorption band at 1,658 cm-1 is assigned to the carbonyl of urea bond, indicating

the existence of –NHCONH– groups. The disappearance of the peak at 2,273 cm-1,

which corresponded to the –NCO group, indicated that the –NCO had reacted with

–NH2 completely.

Thermal, mechanical and physical properties of MCAPUU film

The film was prepared by casting onto a poly (tetrafluoroethylene) at 60 �C for 48 h.

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

were performed and the curves were shown in Supplementary information

Figure S3. It can be seen that the glass transition temperature (Tg) of hard segment

and the decomposition temperature (Td) at 5 % mass loss of MCAPUU are 136 and

276 �C, respectively.

The mechanical properties such as tensile strength, elongation at break and

hardness of MCAPUU film were measured and the results are 2.97 MPa, 967.61 %

and 65, respectively.

The thermal conductivity, thermal diffusion coefficient, density and specific heat

capacity of MCAPUU film were obtained from a thermal conductivity detector

Scheme 1 The synthetic route of main-chain azo polyurethane-urea (MCAPUU)
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(TC3010, Xi’an Xiaxi Electronic Technology Co., Ltd, Xi’an, China) at room

temperature and the results are 0.17374 W/(m K), 1.33 9 10-8 m2/s, 1,356 kg/m3

and 5.826 kJ/(kg K), respectively.

Thermo-optical coefficient, dispersion property and transmission loss

of MCAPUU film

Thermo-optic coefficient (dn/dT) is the variation of refractive index depending on

the temperature and is the main factor to affect the driver power and response speed

of the optical switch [24, 25]. In the experiment, the prepared MCAPUU solution,

which was filtered through a syringe with a 0.45 lm Teflon filter before it was

applied, was spin-coated onto the hypotenuse face of a prism and dried in vacuum

overnight at room temperature to evaporate traces of the solvents. Then, a laser

beam (k = 532, 650 or 850 nm) passed through a polarizer, then reached

the interface between the prism and the gold film with an appropriate angle. The

reflected light was detected by a photodiode and averaged to reduce the noise. The

prism–waveguide coupling system and detector were mounted on a high-precision

h=2h computer-controlled goniometer and a series of dips in reflectivity due to

resonant transfer of energy into guide modes were generated on a computer screen

and saved in a data file. The various synchronization angles of the attenuated total

reflection (ATR) spectra at different temperature and laser beam (k = 532, 650

or 850 nm) were measured. The refractive indices of TE (transversal electric)

polarization at different temperature and different single wavelength (532, 650

or 850 nm) were calculated and listed in Table 1. From the Table 1, the refractive

index of MCAPUU gradually decreased as the temperature increases at different

single wavelength. The thermo-optic coefficients of MCAPUU film are -4.5429 9

10-4 �C-1 (532 nm), -5.7943 9 10-4 �C-1 (650 nm) and -6.6057 9 10-4 �C-1

(850 nm), respectively.

The dispersion relation between refractive index and wavelength is expressed by

Sellmeyer dispersion equation:

n ¼ Aþ B

k2
þ C

k4
ð6Þ

where k is the incident laser wavelength (vacuum), and A, B and C are the coef-

ficients of Sellmeyer dispersion equation. The coefficients A, B and C of MCAPUU

film at different temperature are shown in Table 2.

Table 1 The refractive index of MCAPUU film

Wavelength (nm) T (�C) dn/dT (910-4 �C-1)

15 20 25 30 35 40

532 1.4739 1.4695 1.4673 1.4650 1.4641 1.4617 -4.5429

650 1.4672 1.4660 1.4618 1.4585 1.4563 1.4534 -5.7943

850 1.4644 1.4633 1.4592 1.4552 1.4521 1.4488 -6.6057

Polym. Bull. (2015) 72:323–337 329

123



The charge coupled device (CCD) digital imaging devices are used to measure

the scattered relative light intensity distribution of optical polymer. The measured

curve of transmission loss for MCAPUU film is shown in Supplementary

information Figure S4. The transmission loss value is 0.130 dB/cm.

Design and simulation of Y-branch thermo-optic switch

In this work, the sketch (a) and cross section (b) structures of a polymeric thermo-

optic digital optical switch (Y-branch) based on silicon substrate by etching out the

Fig. 1 The sketch (a) and cross section (b) structures of a polymeric thermo-optic DOS

Table 2 The Sellmeyer coefficient of MCAPUU film

Coefficient T (�C)

15 20 25 30 35 40

A 1.4649 1.4599 1.4587 1.4539 1.4499 1.4526

B (nm)2 (9103) -2.2037 -2.3051 -0.9968 -0.5077 -0.0611 -4.3184

C (nm)4 (9109) 1.3471 0.1179 0.9631 1.0306 1.1204 1.9380
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air channel between branches were designed and shown in Fig. 1. The MCAPUU

thin-film waveguide was determined to be buried square waveguide (BSC) with a

3 9 3 lm2 cross section. The BSC waveguides have the advantage of good fiber-to-

waveguide coupling and little polarization dependency compared with the

rectangular waveguide. When the heater is turned on, the refractive index under

the heater decreases due to the thermo-optic characteristics of the polymer material.

The upper cladding thickness was determined to be 5 lm to avoid mode

attenuation to the heater. The refractive indices of core and cladding are 1.4608 and

1.4508 (1,550 nm), respectively. The thermo-optic coefficient of MCAPUU film at

1,550 nm is -5.8700 9 10-4 �C-1 according to Table 2. The other used param-

eters for the MCAPUU film such as the thermal conductivity, density and specific

heat capacity are given in ‘‘Thermal, mechanical and physical properties of

MCAPUU film’’. With these parameters and the branching angle of 0.143�, the

thermo-optic switch was analyzed using finite difference beam propagation method

(FD-BPM) by introducing constant refractive index difference (Dn) between

branches along propagation distance which led to the difference in effective

refractive index (DNeff).

The field distribution at the output waveguides with heating of MCAPUU is

shown in Supplementary information Figure S5. It can be seen that the thermo-optic

effect could influence the optical field. The optical power of the output terminal was

calculated when two branches had different refractive indices. The output power

dependence on Dn is shown in Fig. 2. From the Fig. 2, the thermo-optic switches all

are turned off when the Dn is 5.5 9 10-4.

The distribution of optical field at Dn = 5.5 9 10-4, distribution of temperature

at Z = 4,000 lm and isotherm of temperature field are shown in Figs. 3, 4 and

Supplementary information Figure S6, respectively. According to the thermo-optic

coefficient, when the heat rates of the heating electrodes is 9.2 9 104 W/m2, the

Fig. 2 The relationship between output power and Dn of MCAPUU
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temperature difference of the sandwich layer of MCAPUU in the two branches is

0.77 �C and could meet the requirements. The power consumption of thermo-optic

switch could be only 0.74 mW. The simulated switching behaviors in time (under

the electrode heating) were also performed and are shown in Supplementary

Fig. 3 The distribution of optical field at Dn = 5.5 9 10-4 of MCAPUU

Fig. 4 The distribution of temperature field at Z = 4,000 lm of MCAPUU
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information Figure S7. It can be seen that the stable temperature is 274.49 K and a

12.0-ms switching time can be achieved with the present design. This is a significant

improvement in reducing the power consumption compared with those of the

normal Y-branch polymer thermo-optic switch. This is mainly because the

combination of a large thermo-optic (TO) coefficient with low thermal conductivity

results in low electric switching power at ms-response time.

Design and simulation of Mach–Zehnder interferometer (MZI) thermo-optic

switch

Mach–Zehnder interferometer (MZI) thermo-optic switch with two rib waveguides,

dual driving electrodes and two critical 3-dB couplers based on thermo-optic effect

of prepared MCAPUU was designed and shown in Fig. 5. The length of power

divider, interference arm and arc are 416, 5,000 and 2,000 lm, respectively. The

total length is 15,200 lm. The distance of the input port is 20 lm (center distance).

Fig. 5 Structural schematic of Mach–Zehnder interferometer (MZI) thermo-optic switch

Fig. 6 The relationship between output power and Dn of MCAPUU
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The distance of the narrowest point is 4 lm. The other parameters are the same as

above.

The optical power of the output terminal was calculated when two arms had

different refractive indices. The output power dependence on Dn is shown in Fig. 6.

From Fig. 6, the thermo-optic switches all are turned off when the Dn was

2.2 9 10-4. The distribution of optical field of MCAPUU when the switch is turned

on or off and distribution of temperature field of steady state are shown in Figs. 7

and 8, respectively. According to the thermo-optic coefficient, when the heat rate of

the heating electrodes is 5.0 9 104 W/m2, the temperature difference of the

sandwich layer of MCAPUU in the two branches is 0.4748 �C. The response rising

and falling times of the switches (under the electrode heating) were also performed

Fig. 7 The distribution of optical field of a turned on status and b turned off status
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and are shown in Supplementary information Figure S8. It can be seen that the

rising (trise) and falling (tfall) times are about 1.8 ms.

Conclusion

A novel main-chain azo polyurethane-urea (MCAPUU) was successfully prepared

and the chemical structure was characterized by the FT-IR and UV–Visible

spectroscopy. The glass transition temperature (Tg) and the decomposition

temperature (Td) at 5 % mass loss of MCAPUU were 136 and 276 �C, respectively.

The mechanical properties such as tensile strength, elongation at break and hardness

of MCAPUU film were measured and the results were 2.97 MPa, 967.61 % and 65,

respectively. The thermal conductivity, thermal diffusion coefficient, density and

specific heat capacity of MCAPUU film were 0.17374 W/(mK), 1.33 9 10-8 m2/s,

1,356 kg/m3 and 5.826 kJ/(kg K), respectively. The refractive index was measured

at different temperatures and wavelengths by ATR technique. The thermo-

optic coefficients (dn/dT) of MCAPUU were -4.5429 9 10-4 �C-1 (532 nm),

-5.7943 9 10-4 �C-1 (650 nm) and -6.6057 9 10-4 �C-1 (850 nm), respec-

tively. The results showed that the MCAPUU film has large thermo-optic (TO)

coefficients and low thermal conductivity. The transmission loss of MCAPUU film

was obtained using CCD digital imaging devices and the value 0.130 dB/cm. A

Y-branched switch was simulated, and the results showed that the power

consumption of the thermo-optic switch could be only 0.74 mW, and the response

time of the switch could reach about 12 ms. The MZI switch was simulated and the

Fig. 8 The distribution of temperature field of steady state
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result showed that the response time of the MZI switch is about 1.8 ms. The results

indicated that the prepared MCAPUU has high potential for the applications of the

Y-branch digital optical switch (DOS), MZI thermo-optic switch and other optical

modulators.
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