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thermal tuning as other index modulation methods like free carrier plasma modulator becomes

non-trivial to be implemented for ultra-long waveguides. Then the heater to drive those ultra-long

waveguides would become non-trivial to design because it is unfeasible to make the heater follow

the same routine as the waveguide otherwise the heater would end up with huge resistance and the

total footprint would be unacceptably large. Moreover, the metric for characterizing performance

of short heater mainly lies in the power efficiency Pπ , namely how much power is needed to

get a phase change of π. While for ultra-long heaters, depending on speciĄc applications, the

requirement on the heater performance might be varying. For instance, for applications like

spectrometer, the primary concern is the maximum phase change that could be achieved within

certain voltage, as for such a device, the spectral resolution directly depends on the maximum

achieved phase change and typically the associated power source to drive the heater has a limit on

the max output voltage. While for other applications like microwave Ąlters, the power efficiency

might go with higher priority. WhatŠs more, the modeling for short and long heater also shows a

discrepancy: for short heater and waveguide, where both have the same length, the temperature

change ∆T is simply modelled to be proportional to the power dissipation of the heater P and

power efficiency Pπ is believed to be independent on waveguide and heater length. While for

long heater, we will show later that the model becomes inaccurate and needs to be modiĄed to

take heater geometry and waveguide length into consideration.

In this paper, we provide a simple theoretical model to describe the performance of ultra-long

heaters and experimentally characterize a method to design heaters for 10 cm long waveguide

that maintains compact footprint, full coverage of waveguide, low resistance, moderate power

efficiency and fast response time. We also compare the performance of varying heaters using

the same design method with focus on power efficiency, maximum phase change under constant

voltage source, thermal nonlinearities and time response, respectively. Note that, there are

various materials for thermal tuning such as metal, graphene, doped silicon and polysilicon

[12,20Ű22]. But the model presented below is independent on the material as long as correct

material constants are considered in the model.

2. Design and model

When the waveguide is longer than 1∼mm, itŠs beneĄcial to have a serpentine shape that drastically

reduces the footprint as shown in Fig. 1(a). For such a waveguide, the heater could not simply

propagate along the waveguide as it would end up with huge resistance that is hard to be driven

by common dc source and a considerable footprint due to the large metal wire width and large

minimum gap between adjacent parallel metal wires. A design that allows the heater to have

compact footprint, low total resistance, full coverage of the waveguide as well as high power

efficiency is needed. So we propose to design heater in the way shown in Fig. 1(b). The heater is

broadened to cover multiple waveguide cores to ensure full coverage of the waveguide as well

as retain compact footprint. With increasing heater width, the length of the heater would also

decrease accordingly for a given waveguide. The border-to-border gap between two waveguides

should be at least 2 um to avoid unwanted cross-talk. Then the main design freedom for such a

structure is the number of waveguide cores N to be covered by one heater. And we will show

later than varying N would lead to very different heater performance.

An analytic model is developed to predict the heater performance. Take a cubic heater with

unit length dL as an example (shown in Fig. 2), according to FourierŠs Law for heat conduction

[23,24], the temperature change ∆T induced by the amount of power dissipation P through a

resistive element with absolute thermal resistance Rh is:

∆T = RhP, Rh =
hrh

WdL
=

h

khWdL
(1)
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Fig. 1. Schematics of the serpentine waveguide alone colored in green (a) and waveguide

with top heater plotted in grey (b). (c) shows the zoomed top-view of the heater covering

a couple of waveguide cores. (d) presents an extreme case where the entire serpentine

waveguide is covered by a rectangular heater.

where rh and kh refer to the thermal resistivity and thermal conductivity respectively and they

are material constants that are independent of the heater geometry. The thickness is usually

pre-deĄned by the foundry as well and thus doesnŠt belong to geometric design of the heater.

Then deĄne the sheet resistance of a heater R■, which is another material constant of the heater.

The unit-length resistance dR and total resistance R is:

dR = R■

dL

W
, R = R■

L

W
(2)

where L and W represents the heater length and width, respectively. A voltage V is applied to

the heater and the current Ćowing through each unit-length is I = V
R
=

VW
LR■

. Then the power

dissipation by the unit-length heater is dP = I2dR = V2W
R■L

dL. The local temperature change

caused by power dissipation of the unit-length heater is deĄned as:

∆T =
hrh

WdL
dP =

hrh

R■

V2

L2
= hrh

P

WL
(3)

Here, P is the total power dissipation of the entire heater. These equations suggest that the

temperature change drops with the square of heater length when we consider constant voltage

and drops with the product of width and length if we consider constant total power consumption.

Then the total phase change along the waveguide is:

∆ϕ ∝ Lwkn∆T =
knhrh

R■

Lw

L2
V2
= knhrh

Lw

WL
P (4)

where Lw is the waveguide length and kn =
∂n
∂T

is a coefficient relating waveguide index change

with temperature change, which is another constant depending on the waveguide material. For

silicon it could be approximated to 1.8× 10−4 . This equation shows the maximum phase change

as a function of voltage and total power consumption, respectively. In the case of Ąxed waveguide
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length Lw, if the primary concern is the largest achievable phase change within certain voltage,

then the term 1
L2 should be maximized. The heater width doesnŠt play a role here. This could be

done by increasing N. While if the power efficiency comes with higher priority, then the term 1
WL

should be increased accordingly. Now both the heater width and length should be reduced in

order for higher power efficiency, this is difficult to achieve as we still need full coverage of the

waveguide by the heater. Increasing N would lead to an increase of W and decrease of L, but

generally speaking, it would lead to a larger product of WL as now the heater covers more area.

If the waveguide length Lw is also a design freedom, then it suggests this device could lead to

higher power efficiency than conventional design, where the waveguide and heater have the same

length as
Lw

L
could be much larger than 1.

Fig. 2. Cross-section of the structure and a graphic model for the heater with unit length dL.

The number of waveguide cores that are covered by a heater (N) is the design freedom weŠd

like to investigate. The thickness of the heater is noted with h and the cross-section that is

perpendicular to the heat Ćow has an area of WdL.

To verify this, we design and fabricated 6 MZIs that have balanced serpentine waveguides

with different N. The Ąrst 5 have N= 2,3,4,6,12, respectively, while the 6th MZI is an extreme

case that the entire serpentine waveguide is simply covered by a rectangular heater (N= 49, as

plotted in Fig. 1(d)) is also fabricated. For all devices, the waveguide has a length of 87.3 mm,

width of 0.5um and a border-to-border gap between adjacent waveguides of 3um, thus they have

the same footprint.

3. Experimental results

The devices were fabricated on a 220 nm thick silicon-on-insulator wafer with 1.6 um top oxide

cladding at Applied Nanotools. The lithography is done using electron beam thus introduce

negligible fabrication variation between two arms and heaters. Grating couplers with center

wavelength at 1540∼nm are employed for the Ąber/chip coupling. The resistive element of the

heater is 200 nm thick titanium-tungsten alloy with sheet resistance of R■=4W/sq. There is

another protection layer of silicon dioxide on top of the heater. The dimensions and measured

resistance of the 6 different heaters are given in Fig. 3. To study the heater performance, we Ąx the

input wavelength@1540 nm (peak wavelength of our grating couplers) and measure the device

output by sweeping power injection to the heaters. The results are plotted in Fig. 4 with x-axis

being electrical power and voltage respectively. For the plots showing output vs voltage applied

to the heater, it is quite clear that increasing N would efficiently lead to more phase change within

same amount of voltage. The way we compare them is to check the required voltage for ten 2π

phase change (10 periods). When N= 49, it only requires less than 3 V to get this amount of

phase change, while the value grows to 12 V for N= 12, 22 V when N= 6, and as large as 90 V

when N= 2. Therefore, for applications that requires large phase change within limited voltage

source, like Fourier transform spectrometer [8], itŠs desired to design the heater with large N.



Research Article Vol. 1, No. 9 / 15 Sep 2022 / Optics Continuum 2073

Fig. 3. Dimensions and measured resistance of these heaters with different N.

Fig. 4. Measured optical output at 1540 for all the devices by sweeping voltage applied to

the heaters. Top panel shows the results with x-axis being the voltage while bottom panel

plots with x-axis being power.
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While on the other hand, the power efficiency shows a more complicated trend as a function of

N. To characterize the power efficiency, we Ąt the results using following equations:

I = Acos(∆ϕ + φ0) = Acos

(︃

2π

λ0

knhrh

Lw

WL
P + φ0

)︃

= Acos

(︃

2π

λ0

κP + φ0

)︃ (5)

where λ0 is the operation wavelength and κ = knhrh
Lw

WL
= η

Lw

WL
is the core coefficient that

describes how the output intensity responds with power injection to the heater and η = knhrh is a

notation for all the other geometry-independent constants. We will show later that, some heaters

exhibit strong thermal nonlinearities at high power injection regime, then κ should be modiĄed

to include higher order Taylor terms:

κ = κ 0 + κ 1P (6)

The commonly used term to characterize power efficiency Pπ is now related with κ through

following equation:

Pπ =

λ0

κ
=

λ0WL

ηLw

(7)

One might feel strange at the Ąrst sight of this equation, as usually Pπ should be independent on

waveguide length. This is true when Lw = L, which is the common case for short waveguides

and heaters.

Before Ątting, we notice that the measured interferograms usually exhibit distortions instead of

being smooth sinusoidal curve due to many reasons like mechanical instability of the setup, drift

of the Ąbers, thermal expansion of the silicon chip as well as inaccuracy of the dc source. Thus,

it is not wise to Ąt all the data (over hundreds of periods) simultaneously using equations Eq. (5)

Fig. 5. An example of how we Ąt the measured results and the table with the extracted

values of κ 0, κ 1 and initial Pπ =
λ0

κ 0
for each heater.
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and Eq. (6). Instead, we use a moving window to Ąt a few periods each time using Eq. (5) and

extract κ for each window. Then Ąt the collected series of κ using equation Eq. (6). A Ątting

example as well as the table containing extracted information of each heater are plotted in Fig. 5.

There are a couple of issues to be discussed. First of all, it is quite clear that increasing N would

lead to a drop of the power efficiency. But there is room for further optimization at large N. As in

current design, the width of the center line of the heater (Fig. 1(b)) also increases with increasing

N, which is unnecessary and would lead to a waste of power. For applications that require both

high power efficiency and large phase change, there exists a tradeoff in the choice of N. Secondly,

all heaters exhibit certain thermal nonlinearities with similar value except for N= 49, which

shows minimal nonlinearities. Thermal nonlinearity has both advantages and disadvantages

based on speciĄc applications. On one hand, it would result in more phase change at high power

level, which is beneĄcial for applications like spectrometers. On the other hand, it has to be

carefully addressed for applications like tunable delay line and phase modulators. Thirdly, the

coefficient η of each heater that combines all the material constants that are independent on the

heater geometry have similar value, which is in consistent with the theory.

4. Conclusion

In this paper, we characterize ultra-long integrated heaters through both theoretical modelling

and experimental results. We propose a new design method for ultra-long heaters to retain

compact footprint and achieve full-coverage of the waveguide. Our characterization provide

design guidelines for applications with focus on maximum phase change with certain voltage

and power consumption respectively. Moreover, the results conĄrm the existence of thermal

nonlinearities of heaters.
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