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Abstract: The use of integrated heaters is widespread in silicon photonics for waveguide temperature
control. The dynamical behavior of the heaters is important for determining their usefulness for
certain applications. There exists ambiguity in the literature when it comes to reporting the thermo-
optic time constants of Si photonic devices. Many studies report devices with different heating and
cooling times without providing an explanation to this phenomenon. In this paper, a comprehen-
sive theoretical framework is developed for interpreting experimental results. This framework is
developed for interferometric devices (Mach–Zehnder-based) and resonant devices (rings). With this
framework, the impact of measurement conditions on the obtained thermo-optic time constant can
be simulated, and we provide an explanation to the observed difference between heating and cooling
time constants. We also provide guidelines on how to disentangle optical non-linearities from the
pure thermal response, which should be useful in for future reporting of thermo-optic time constants.

Keywords: thermo-optic; time constant; Si photonics

1. Introduction

In the digital age, characterized by an ever-expanding web of interconnected devices
and online services, the increase in internet data traffic has become a well-established trend.
The exploration of energy-efficient connections emerges as a critical facet of mitigating the
ecological impact of the data explosion. Both short- and long-reach connections inside data
centers favor optical connections through optic fibers, due to their improved performance
when compared with classical electrical input/output (I/O). To facilitate this optical I/O,
silicon photonic (SiPho) transceivers are used to convert electrical data to optical data and
vice versa [1–3].

1.1. Silicon Photonic Heaters

Silicon photonics leverages decades of technological developments of classical CMOS
processing to fabricate optical transceivers [4]. Silicon has many favorable optical properties,
such as transparency in the telecom wavelength range and the plasma dispersion effect,
which enables fast electro-optic actuation. Silicon also has a strong thermo-optic coefficient
(1.8 · 10−4K−1), causing its refractive index to increase with temperature. This effect is
much slower (µs) compared to electro-optic effects (ps), but also stronger, allowing for a
wide range of phase controls in Si waveguides. Thermo-optic actuation is achieved with
integrated heaters, which are typically metallic (W, TiN [5]) or doped Si [6]. Describing the
time dynamics of a thermo-optic response in a SiPho device is important. For example, in
interferometric devices (Mach–Zehnder-based, MZI [7]), heaters can be used to create a
thermo-optic switch for optical routing and, in this case, a fast thermal response is preferred.
Another example are ring heaters used in resonant devices such as ring modulators or
filters. These heaters are used for thermal tuning (i.e., ring waveguide temperature control)
such that the device’s resonance wavelength stays locked to the input light wavelength.
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Also for these devices, fast thermal response is preferred, such that the temperature control
loop can actively stabilize the device temperature.

In the literature, there have been numerous studies reporting different heating and cooling
time constants for SiPho devices. In Figure 1, a survey of published data for MZI time constants
is shown. In some cases, it appears that heating is faster than cooling, but the opposite can also
be true in other cases. The data are plotted for standard MZIs (Figure 1, left) and for devices
with substrate undercut (i.e., UCUT) (Figure 1, right). UCUT is a design feature where part of
the Si substrate is removed below the waveguide to improve the thermal isolation (Figure 2).
None of the cited works provide an explanation as to where this hysteresis comes from.
The objective of this paper is to explain the observations and provide a framework and
guidelines for a more standardized way of doing thermo-optic characterization.

Figure 1. The literature data for SiPho thermo-optic phase shifters without UCUT (left) and with
UCUT (right). Orange data shows the heating time constant, and blue data shows the cooling time
constant. A. Masood [6], S. Liu [8], Q. Fang [9], Z. Lu [10], D. Celo [11], K. Murray [12]. More
examples are available in [13–15].

Figure 2. (A) Sketch of waveguide with electro/thermo-optic modulation, and substrate undercut
(UCUT). (B) shows the cross-section of the Si photonic die, with the thermal parts of interest: metal
heater (MHD), Si waveguide (WG), UCUT and trench.

1.2. Heat Equation and Its Solution

Before starting any thermal simulations, we briefly study the analytical solution to the
standard heat equation. This will provide valuable insight in the physics for later in the
paper. The partial differential equation (PDE) that describes the rate of temperature change
in a control volume is given by (adapted from [16]):

∂T(t)
∂t

= α

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
+

q̇
cρ

− hA
cρV

(T − T∞) (1)

where α is the thermal diffusivity, q̇ internal heat generation, c is the specific heat, ρ is the
density, h is the convective heat transfer coefficient, A is the convective cooling area, V is
the volume and T∞ is the ambient temperature. Equation (1) is a more elaborate form of
the basic first order ordinary differential equation, given by:



Photonics 2024, 11, 603 3 of 17

τ
dT(t)

dt
+ T(t) = f (t) (2)

where T(t) represents the heat transfer term (conduction and convection) and f (t) is an
externally applied term (e.g., heat generation). The time constant τ is related to the physical
properties of the system:

τ =
ρVc
hA

(3)

The solution to Equation (2), given an initial condition T0 and no external function
f (t) = 0 is:

T(t) = T0e−t/τ (4)

which describes the cooling response using an exponential temperature decay with time
constant τ. Now, for initial condition T0 = 0, and with applied power ( f (0) ̸= 0), we obtain:

T(t) = f (0)
(

1 − e−t/τ
)

(5)

which describes the heating response to a power step function, with the same time constant
τ. Theoretically, the time constant for heating and cooling is identical in a linear, time
invariant (LTI) system and determined by physical properties (Equation (3)). This means
that the reported difference in heating and cooling times in the literature is a measurement
artifact, caused by non-linearities in the system. This should, in fact, be avoided, as there
currently is no consensus on how to report the thermo-optic time constants.

This paper is structured as follows: In Section 2 an in-depth analysis is performed
for interferometric devices with linear heaters. In Section 3, the analysis is repeated for
resonsant devices with ring heaters. In each section, first a theoretical description is given
on the thermo-optic response, which is followed up by an analysis of the typical dynamic
characterization methods. Here, we provide guidelines on how to perform characterization
without non-linearities. Then, we also show how to convert measurement results that
contain non-linearities into ’correct’ results, where the unwanted effects are filtered out.

2. Interferometric Devices
2.1. Theoretical Description

A schematic of one MZI arm with a thermo-optic phase shifter is shown in Figure 2A,
and a Si photonic die cross-section is shown in Figure 2B, highlighting the thermal parts of
interest: the Si waveguide (WG) where the light is contained, the W metallic heater (MHD),
the substrate undercut (UCUT), and the insulation trench. The waveguide temperature T(x)
is linked to the optical phase shift ϕ [13] which, in turn, determines the optical transmission
Tn of the MZI [17,18]:

∆ϕ =
∫ L

0

2π

λ0

dne f f

dT
∆T(x) dx (6)

Tn(ϕ) = 10 · log(cos2(ϕ/2)) (7)

where λ0 is the light wavelength, L the device length and dne f f /dT the thermo-optic
coefficient of the effective refractive index. The dynamic performance of the device, also
referred to as a thermo-optic (TO) phase shifter, is characterized by applying a step function
of heater power. From the analytical solution of the heat equation, it is known that the
temperature response to such a step function is described by an exponential function:

∆Theating(t) = Rth,wg · Pth · (1 − e−t/τth) (8)

where Rth,wg · Pth is the waveguide thermal resistance–power product, representing the
steady-state temperature. Note that a realistic thermal step response will contain multiple
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time constants, each representing different parts of the die heating up sequentially. Here, we
simplify the analysis and lump the dynamic response in a single time constant. When the
steady-state is reached, the power can be switched off to cool down the waveguide again:

∆Tcooling(t) = Rth,wg · Pth · (e−t/τth) (9)

Both analytical solutions contain the same time constant τth. Hence, one would
expect that τth = τheating = τcooling, given that no thermal non-linearities are present,
e.g., temperature-dependent thermal conductivity. However, in numerous other works,
there have been reports of large discrepancies between heating and cooling time con-
stants. The hypothesis is that the asymmetry between heating and cooling is caused
by the non-linear optical transmission. The pure thermal time constant (as shown in
Equations (8) and (9)) will be referred to as τth, while the thermo-optic time constant
will be referred to as τTO. Note that in the literature, there exists no distinction between
either metric.

2.2. Dynamic Characterization Method
2.2.1. Analytical Model

The typical experimental procedure for extracting the thermo-optic time constant is
explained using Figure 3. The optical transmission is shown on a logarithmic scale on the
left, and on a linear scale on the right. First, a center point with phase ϕ0 is chosen. In this
example, ϕ0 = 3/2π is used, as it is exactly in the middle point of the optical transmission:
Tn(3/2π) = 0.5. A square wave of power is applied to the heater, which results in ∆ϕ. The
frequency of the square wave should be sufficiently low, such that thermal steady-state can
be reached before each state transition. The optical response ∆Tn of the MZI is measured
over time, and this time trace is used to calculate the thermal time constant, which is
defined as the time required to reach (1 − 1/e) ≈ 0.63 times the steady-state temperature.

Figure 3. Left: MZI transmission Tn on a logarithmic scale. Right: transmission on a linear scale,
zoomed-in between ϕ = π and ϕ = 2π. The input for the thermal characterization is the applied
square wave ∆ϕ power to the heater, which is centered around ϕ0. The resulting transmission ∆Tn is
measured optically.

The optical transmission during the heating (Equation (10)) and cooling (Equation (11))
step response can be simulated by adapting Equation (7) and filling in the center phase ϕ0
and phase difference ∆ϕ between the on- and off-states:

Tn(t) = cos2
[
(ϕ0 − ∆ϕ/2) + ∆ϕ(t)

2

]
(10)

Tn(t) = cos2
[
(ϕ0 + ∆ϕ/2)− ∆ϕ(t)

2

]
(11)

In Equations (10) and (11) the time-dependent phase ∆ϕ(t) can be substituted using
the expression for phase in Equation (6) in the function of temperature. Furthermore, the
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time-dependent temperature can be substituted by the steady-state temperature multiplied
with an exponential time dependence (see Equation (8)). Combining all these results, the
full expression of optical transmission in function of time and temperature is obtained:

Tn(T(x, t)) = 10 · log

cos2

 (ϕ0 − ∆ϕ/2) +
∫ L

0
2π
λ0

dne f f
dT T(x, t)dx · (1 − e−t/τ)

2

 (12)

2.2.2. Impact of ∆ϕ and ϕ0 on τTO

The analytical dynamic thermo-optic model is used to simulate the impact of mea-
surement conditions ϕ0, ∆ϕ on the extracted time constant. To filter out optical non-
linearities, small-signal analysis can be performed by choosing a small ∆ϕ, and center
phase ϕ0 = 3/2π, with the goal of staying in the linear part of the optical transmission
curve. The transient response to heating and cooling step functions is now simulated for
π/10 < ∆ϕ < π, and the results are shown in Figure 4. Heating (a) and cooling (b) curves
are symmetrical: they exhibit the same time constant. However, the time constant for the
different curves is not the same. In Figure 4c, the simulated time constants are shown in
function of ∆ϕ: by increasing ∆ϕ, the time constants decrease monotonously: τTO ∝ (∆ϕ)−1.
The difference between the pure thermal time constant τth and the thermo-optic time con-
stant τTO is indicated as well (green, ϵ). This result highlights the importance of a small ∆ϕ
during the experimental characterization, as the value of τTO converges to the value of τth.
Also, because the measurement result itself depends on the measurement conditions, it is
of the utmost importance to report all properties of the applied square wave (frequency
and amplitude) when discussing dynamic performance and time constants.

Figure 4. Simulated transient optical transmission with the model in Equation (12), for ϕ0 = 3/2π

and ∆ϕ = [π/10 : 10 : π]. (a) Heating response and (b) cooling response. (c) Extracted thermo-optic
time constant τTO and pure thermal time constant τth.

These results still do not provide an explanation for the asymmetry between heat-
ing and cooling reported in the literature. So, as a next step, ϕ0 is swept between
3/2π < ϕ0 < 9/5 π. The optical transmission is normalized and plotted in Figure 5
for two specific cases: ϕ0 = 3/2π (left) and ϕ0 = 9/5π (right). On the left figure, the
aforementioned symmetry between heating and cooling is clearly illustrated (see results
in Figure 4). Also, after normalizing the curves, it becomes apparent that the curves for
different ∆ϕ do not coincide, hence their different time constants. The results in Figure 5
(right) show clear asymmetry between heating and cooling response, caused by the optical
non-linearity in the transmission behavior close to ϕ0 = 9/5π.
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Figure 5. Simulated transient optical transmission with the model in Equation (12), for ϕ0 = 3/2π

(left) and ϕ0 = 9/5π (right) and ∆ϕ = [π/10 : 10 : π]. The amplitude of the optical response is
normalized. The results on the left show symmetry between heating and cooling, while the right
results show asymmetry.

The time constants for heating and cooling are plotted in function of ∆ϕ with ϕ0
as parameter in Figure 6. As we move away from the center phase ϕ0 = 3/2π, more
asymmetry between heating and cooling is introduced. To illustrate this, the difference in
time constant ∆τTO = τheating − τcooling is shown in Figure 6 (right). The simulated cooling
time constant is up to 200 µs larger compared to the heating time constant, validating the
theory that the asymmetry between heating and cooling in the literature is caused by the
optical non-linearity of the transmission.

Figure 6. Simulated time constants τTO of optical transmission with the model in Equation (12),
in function of ∆ϕ, with ϕ0 = [3/2π : 10 : 9/5π] as parameter. Left: heating response; middle:
cooling. By increasing ∆ϕ and moving ϕ0 towards 2π, increasing levels of asymmetry are introduced.
This is visualized in the right figure, which shows the difference between heating and cooling
∆τTO = τheating − τcooling. For reference, the pure thermal time constant τth is also plotted (red).

The results in Figure 6 show that the measured cooling time constant can become
larger than the heating time constant. However, from the literature review (Figure 1), it is
also observed that, in some cases, the opposite is true. To investigate why this happens,
simulations are performed for more values ϕ0. The optical response is plotted in Figure 7
(right): the heating response is indicated with solid lines and the cooling response with
dashed lines. Depending on the interval in which ϕ0 is located, either heating or cooling
can have a larger time constant. These interval are color-coded in Figure 7 (left), green
intervals exhibit larger heating time constants. There is a periodicity of π visible. The
extracted time constants are plotted in Figure 8. At ϕ0 = π/2 + nπ, heating and cooling
show identical time constants, at these points Tn(ϕ0) = 0.5. At ϕ0 = π the simulations
reveal a discontinuity, so it is not advisable to use this value for characterization.
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Figure 7. Left: optical transmission. The color code is used to indicate which time constant is the
largest: in the red interval, cooling is the slowest; in the green interval, heating is the slowest. Four
ϕ0 points are indicated, and the transient optical response at these points for π/20 < ∆ϕ < π/2 is
simulated (right). Solid lines are the heating response, dashed lines the cooling response.

Figure 8. Simulated time constant for heating (solid) and cooling (dashed). In the green interval,
heating is slower than cooling, and vice versa in the red interval.

2.3. Problem Inversion

In the final part of the interferometric devices section, problem inversion is discussed.
By this, we mean the following: The forward problem is, given ϕ0 and ∆ϕ, calculating the
optical response Tn(t). For the inverse problem, we take a measured or simulated Tn(t),
and try to extract the thermal time constant, even in the presence of optical non-linearity.
This is useful, as it allows to reverse-engineer a thermal time constant from a ’bad’ set of
measurements. Because the forward problem was solved using an analytical expression,
the inverse problem is simply solved by taking Equation (7) and rewriting it in function
of ∆ϕ(t):

∆ϕ(t) = 2 · arccos
(√

10Tn(t)/10
)

(13)

Multiple heating optical transmission curves are simulated in Figure 9, for increasing
non-linearity. The inverse model in Equation (13) is used to calculate the time dependent
phase (which is directly proportional to waveguide temperature), and the results are shown
as dashed lines. It is clear that independent of the choice of ϕ0, the inverted thermal
response remains constant.
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Figure 9. Simulated optical response (solid) for ϕ0 = [1.8π, 1.85π, 1.9π], for π/20 < ∆ϕ < π/2,
plotted for the left y-axis. The dashed lines represent the MZI phase ∆ϕ(t), calculated with the
inverted model in Equation (13), plotted for the right y-axis.

3. Resonant Devices

In the second part of this work, we discuss the dynamic thermo-optic response for
resonant devices. Ring modulators (RM) or ring wavelength filters fall under this cate-
gory. These devices are ring-based to exploit optical resonance, and are equipped with an
integrated ring heater to control the waveguide temperature and resonance wavelength.
Accurately describing the thermo-optic time constant is important for the design of the
thermal tuning controller. In the present study, we only consider heat generation in the
integrated heater, and ignore any waveguide self-heating due to optical absorption. Any
heat that originates from thermal crosstalk is also ignored. A typical SiPho die cross-section
is shown in Figure 10a, and a basic ring modulator with ring heater in Figure 10b. The
main difference with the interferometric devices from the previous section is the optical
transmission function, which is based on a Lorentzian lineshape for resonant devices.

Figure 10. (a) SiPho die cross-section. (b) Model geometry: ring heater, waveguide and UCUT
are highlighted.

3.1. Theoretical Description

The analytical solution to the heat equation (Equations (4) and (5)) also applies here,
meaning that the same time constant for heating and cooling is expected. This is verified
numerically by conducting a transient finite element (FE) thermal simulation [19] of a
heating step followed up by a cooling step in Figure 11a. More details on FE modeling
is available in [20]. It is also observed that the introduction of UCUT causes a rise in
thermal time constant. Furthermore, if the transient heating response is simulated for
different UCUT sizes between 23 µm and 51 µm, a linear relationship between UCUT size
and thermal time constant is obtained (Figure 11b,c). This can be explained by using the
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definition of the time constant (Equation (3)): τ ∝ ρVc; as the UCUT size increases, heat
conduction is forced around the edges of the UCUT and more material is required to heat
up before steady state is reached.

Figure 11. (a) FE simulation of ring modulator heating and cooling response to a step function in
linear time scale. Simulation shows identical rise and fall time τth. Addition of UCUT increases
time constants. (b) Transient heating response (logarithmic time scale) for increasing UCUT size.
(c) Extracted thermal time constants in function of UCUT size.

The aforementioned results showcase the pure thermal behavior. Now, the waveguide
temperature has to be linked to the optical transmission. To model the optical transmission, a
simplified form of the transmission function is proposed, based on a normalised Lorentzian
lineshape [21] and a fitting parameter β, which is proportional to the ring Q factor [22].

Popt(t) = 1 − 1
1 + β(λr(t))2 (14)

The definition of the heater efficiency is used to relate waveguide temperature to
resonance wavelength [20]:

ηh =
dTwg

dP
=

dλ

dP
λ

FSR · 2πr · dne f f
dT

, (15)

where FSR is the free spectral range, λ is the wavelength, r the RM radius and
dne f f /dT = 1.95 · 10−4 K−1 the thermo-optic coefficient of the effective refractive index
for C-band wavelength (∼1.55 µm) for this modulator. The heater efficiency ηh is either ex-
pressed in units of K/mW or pm/mW, and both figures of merit can be converted into each
other using Equation (15). This equation also shows that there exists a linear relationship
between waveguide temperature and resonance wavelength, which will be utilized later on.
The resonance wavelength shift λr(t) in Equation (14) is substituted with the expression
for average waveguide temperature Twg(t) (Equation (15)):

Popt(t) = 1 − 1

1 + β

Twg(t)×

 FSR·2π

(
∂ne f f

∂T

)
λ

2 (16)

With these expressions for optical power in function of waveguide temperature, both
the heating and cooling response can be simulated by substituting Twg(t) with a thermal
step response obtain from FE simulation [20] (Figure 11). Because of the non-linear optical
transmission, an optical hysteresis is introduced into the system. This hysteresis causes the
heating and cooling curve to have a different time constant τTO.
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3.2. Dynamic Characterization Method

The dynamic characterization method for ring heaters is similar to the method used for
the MZI heater. A square wave of heater power is applied, such that the device alternates
between two states (unheated and heated), and the resulting optical transmission is mea-
sured. This concept is illustrated in Figure 12b. Given the positive thermo-optic coefficient,
a temperature increase will result in a red-shift of the device resonance wavelength.

Figure 12. (a) Dynamic measurement of optical response of ring modulator to a square wave heater
power with 10 kHz frequency, without UCUT (red), with small UCUT (black) and large UCUT (grey,
5 kHz square wave is used in this measurement because cooling time did not reach steady state
with 10 kHz heater frequency). Indicated time constants are thermo-optic τTO. (b) Illustration of
the unheated (black) and heated (purple) ring transmission spectrum, and the input wavelength
(dotted line).

The measurement result in Figure 12a shows the optical transmission for a ring with and
without UCUT. The vertical off-set between the curves can be ignored, as the measurement
result is normalized and plotted such that the different curves are visible (not on top of each
other). Interestingly, heating times stay the same for all cases. This is contrary to what is
simulated in the previous section (Figure 11), where the UCUT clearly increased the thermal
time constant of the waveguide. Furthermore, cooling time increases by the introduction of
UCUT; the device with UCUT has a larger cooling time than heating time. Again, this is not in
line with the simulated heating and cooling in Figure 11 which, theoretically, should have the
same time constant. How is it possible that the experiments do not agree with the simulations?

In order to further explore the impact of the non-linear optical transmission, two
different scenarios are compared through simulation. In Figure 13, the two scenarios are
shown: for the first scenario, heating and cooling happens between state 0 and state 1. For
the second scenario, this is between state 0 and state 2. The simulation results for both
scenarios are shown in Figure 14. The first scenario shows that heating and cooling have the
same time constant, and the time constant increases by the addition of UCUT. The reason
for this behavior is that heating and cooling occurs inside the linear part of the transmission
curve. The second scenario falls outside the linear part. This results in different time
constants for heating and cooling: in Figure 14, τ4 ̸= τ5 and furthermore because of the
optical non-linearity, it appears that the heating time constant is identical with and without
UCUT. The simulated time constants are summarized in Table 1. Due to the optical non-
linearity, it appears that cooling is slower. Intuitively, this can be understood by inspecting
the optical transmission curve (Figure 14): when cooling down, the transmission shifts
from point (2) to (0), where the fast initial thermal response mainly covers the flat part of
the transmission curve, so it appears that the device response is delayed. Only close to the
steady-state is there a sudden drop in optical transmission at the resonance peak. For the
heating response, the opposite is true when moving from point (0) to (2).
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Figure 13. Two different scenarios: heating and cooling between 0 and 1, and between 0 and 2.

Figure 14. All indicated time constants are thermo-optic τTO. Left: simulation (Equation (16)) of case
1 (Figure 13): inside the linear part of the transmission curve heating and cooling have the same time
constants. Right: simulation of case 2: heating and cooling have different time constants (τ4 ̸= τ5)
and heating curves coincide; numerical results in Table 1. For case 1, τ1 and τ2 are the same for
heating and cooling.

Table 1. Simulated thermal time constants τTO [µs] for two cases (Figure 14) with model of ring modulator.

Case 1 Case 2

Heating Cooling Heating Cooling

No UCUT 6 6 0.3 4.8
UCUT 28 28 0.6 66.2

It is beneficial to stay within the (approximately) linear part of the optical transmission
when doing the characterization. This way, the experimental result can directly be compared
with simulation results. A criterion for staying in the linear regime (Figure 13, 0–1) is that the
wavelength shift from resonance should be smaller than 50% full width at half maximum
(FWHM). This is explained using Figure 15: FWHM/2 overlaps with the linear part (gray
zone) of the transmission curve (black). The derivative of the transmission is also shown in
red: in the gray zone, the derivative is approximately constant. Because the ring modulator
FWHM is related to its quality factor according to FWHM = λres/Q f ac, the allowed heater
power that can be used during the characterization in order to stay in the linear regime is:
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Pheater <
2λres

Q f acηh
(17)

with ηh being the heater efficiency in units of nm/mW. This rule of thumb is applied, and
the ring modulators are characterized experimentally. The result is shown in Figure 16,
for devices without UCUT (left), small UCUT (16 × 24 µm2, middle) and large UCUT
(34 × 34 µm2, right). By limiting the applied voltage to the heater, operation within the
linear regime is ensured. Note that the heater voltage step is decreased from 0.2 V to
0.1 V for the large UCUT case, because of the increased heater efficiency. The results now
show what is theoretically predicted in Figure 10: a larger UCUT size corresponds to larger
time constants. Furthermore, heating and cooling time constants are the same (within the
accuracy limits of the measurement).

Figure 15. Normalized ring modulator optical transmission (black) and its derivative with respect to
wavelength (red). Full width half maximum (FWHM, green) is indicated, which matches well with
the linear part of the spectrum, i.e., at constant derivative.

Figure 16. Top: dynamic characterization inside linear regime of the optical transmission curve, heater
voltage (x-axis) is limited < 0.3 V. Bottom: measured optical response (black) and model fit (red).
Device without UCUT (left), small UCUT (16 × 24 µm2, middle) and large UCUT (34 × 34 µm², right).

3.3. Problem Inversion

Using the model proposed in Equation (16), the forward problem is solved: a simulated
waveguide temperature can be converted into an optical power change at the device output.
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This is useful for comparing simulations with experimental results, which show signs of
optical hysteresis or non-linearity. Furthermore, experimental characterization according
to the described method is fast and efficient: the experiment is only performed for a
single wavelength.

As a next step, the inverse problem is solved. Can a measured optical response contain-
ing hysteresis (τTO), such as the one in Figure 12, be converted to waveguide temperature
or equivalent resonance wavelength (τth)? To solve this, the model in Equation (16) is
written in function of λr:

λr,heating(t) =

√
1
β

(
1

1 − Popt(t)
− 1

)
(18)

To simplify the equations, they are written in terms of the function of resonance
wavelength (instead of the waveguide temperature). The results are shown in Figure 17.
The experimental results (from Figure 12) are shown in solid lines: they are obtained by
doing characterization outside the linear regime of the optical transmission. The dotted
lines show the simulation according to the model in Equation (18): for cooling, the time
constants are overestimated by the measurements τ2,TO > τ1,th, while for heating, the
opposite is true τ3,TO < τ4,th. These simulated time constants (Table 2), derived from
experiments with hysteresis, are in good agreement with the experimental results without
hysteresis (Figure 16).

Figure 17. Solid: measured optical power (Figure 12) outside of device linear regime. Dashed:
simulated resonance wavelength shift with the inverse model in Equation (18). For cooling (left), the
time constants are overestimated with the measurements: τ2,TO > τ1,th. For heating (right), the time
constants are underestimated: τ3,TO < τ4,th, numerical results in Table 2.

Table 2. Time constants τTO extracted from the profiles in Figure 17. The experiments are carried out
outside of linear regime, but can still be converted using the inverse model (Equation (18)) to obtain
time constants τth [µs], which are in line with the predicted results from FE simulation.

Cooling Heating

Exp. τTO Converted τth Exp. τTO Converted τth

No UCUT 6 5 4 5
Small UCUT 12 9 4 9
Large UCUT 24 18 4 18

3.4. Alternative Dynamic Characterization Method

To conclude the discussion on the thermo-optic time constant in resonant devices, we
propose an alternative characterization method. Instead of measuring the optical transmis-
sion (which can contain non-linear effects), we propose to measure the change in resonance
wavelength, which is linearly proportional to waveguide temperature (Equation (15)).
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The experimental method is explained using the measurement result in Figure 18:
the ring transmission is red-shifted after application of a heater step function (black to
purple in Figure 18, bottom). The input wavelength of the light is chosen to be between
the start and end resonance wavelength of the ring. As the ring resonance passes by
the light input wavelength during heating, one optical power trace is obtained for this
specific wavelength. The shape of the curves can be explained as follows: we are effectively
measuring a convolution of the ring transmission spectrum (Lorentzian) and an exponential
waveguide temperature increase. The wavelengths (colors) in Figure 18, which are close
to the idle ring resonance are passed quickly (<1 µs), resulting in a sharp optical power
trace. The wavelengths that are a further distance away are passed when the ring is
close to thermal steady state, which occurs much slower (<10 µs). This optical power
trace is shown in Figure 18 (top). From the optical power trace, the time required for
reaching the new resonance wavelength can be extracted. Combined with the wavelength
mismatch between the input light and original ring resonance, the time evolution of
the resonance wavelength is found. This measurement is repeated for multiple input
wavelengths (different colors in Figure 18). To calibrate the FE model, it is suggested to
measure at least ten different wavelengths to obtain sufficient resolution in the extracted
wavelength shift over time. In our experiment, a 10 mW heater power step is applied,
which corresponds to an approximately 2.5 nm wavelength shift. This 2.5 nm is divided in
10 steps of 250 pm, and this results in a smooth curve of wavelength vs. time. The most
important drawback of this type of experimental characterization is the larger number
of required measurements for the extraction of a single time constant. The main benefit,
however, is that the pure thermal time constant is obtained, which is unaffected by the
non-linear optical transmission.

Figure 18. Dynamic measurement of resonance wavelength. Top: measured optical power over time
after applying a heater power step function, for different input wavelengths which are progressively
further from the ring resonance wavelength. Bottom: normalized optical transmission of ring
modulator (black) and after applying a heater power step function (purple). Dotted lines correspond
to experiments at different wavelengths.
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4. Discussion

The results for both interferometric and resonant devices show that the extracted
thermo-optic time constant depends on the settings of the characterization experiment. The
proposed models allow us to interpret any variations that are measured, for example a
different heating and cooling time constant within the same device. One aspect that was not
touched upon is device-to-device variability. Wafer-level intrinsic or extrinsic variations in
material properties can cause a difference in dynamic thermal responses [23]. For example,
the heat capacity of Si can vary across the wafer which, in turn, influences the thermal
time constant. This analysis is left for future work. In this work, we focused on the optical
non-linearities of the photonic devices. There also exist different types of non-linearities:
thermal non-linearity is caused by the temperature dependent thermal conductivity of the
material. As silicon’s thermal conductivity decreases with temperature, a different thermal
time constant will be obtained at room temperature vs. at 100 ◦C. Electrical non-linearity
can also impact the measurement result: the metallic heaters exhibit a positive temperature
coefficient of resistance (TCR). At elevated temperatures, the electrical resistance will
be increased, resulting in more Joule heat dissipation for the same current. This can
be counteracted by monitoring both heater voltage and current, and carrying out the
experiment at constant power condition.

The MZI is analyzed theoretically; we did not present any new measurement data
that validates our claims. However, the numerical simulations agree well with analytical
predictions using the heat equation. The outlook for this device research is to replicate the
theoretical results from Figures 4 and 5 experimentally, such that the difference between
heating and cooling time constant can be documented. For the ring modulator, we present
a theoretical model and experimental data that validates the model.

5. Conclusions

In the literature, there exist ambiguity on how to measure and report thermo-optic
time constants in silicon photonic devices. In this paper, we propose guidelines for the
dynamic thermo-optic characterization of such devices. The analysis is performed for
a Mach–Zehnder interferometer (MZI) and a ring modulator. If these guidelines are
not followed, the obtained thermo-optic time constant for heating and cooling can be
significantly different. For MZIs, the characterization is to be performed at ϕ0 = π/2 + nπ,
such that balanced transmission is achieved (Tn(ϕ0) = 0.5), and the applied phase shift
∆ϕ < π/10 has to be sufficiently small. This ensures a linear optical transmission response.
For the dynamic characterization of the ring modulator, we show experimentally that
the obtained thermo-optic time constant greatly varies depending on the settings of the
experiment. A maximum allowed heater power to remain in the linear part of the optical
transmission is derived based on device metrics (Pheater < 2λres/(Q f acηh)). Finally, an
alternative method for characterization is proposed for the ring modulator where the
temporal evolution of the ring resonance wavelength is tracked. This is useful, as it is
directly proportional to waveguide temperature, and this type of measurement can be used
to extract a pure thermal time constant.
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Abbreviations

The following abbreviations are used in this manuscript:
SiPho Silicon photonics
I/O Input and output
WDM Wavelength division multiplexing
BOX Buried oxide
SOI Silicon on insulator
RM Ring modulator
TO Thermo-optic
UCUT Undercut
MHD Metal heater
MZI Mach–Zehnder interferometer
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