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1 Introduction

Abstract. A three-power-level method for obtaining efficient thermo-
optical modulation in an all-silicon waveguide-integrated Fabry—Perot
thermo-optic modulator is discussed by means of a thermo-optical ana-
lytical model and demonstrated. The thermal system is represented as a
two-pole model where, at every time, the temperature in the waveguide
core is modified by means of a heater. This temperature is calculated
and used in turn for calculating the refractive index. In this way, the
impact of the driving signal shape on the device speed performance is
assessed. Results clearly indicate that the application of a thermal bias
holding the modulator at a higher average temperature with respect to
the substrate heat sink allows increasing the modulator speed. An
application-specific integrated circuit has been designed and developed
in order to test the new modulation logic. The system’s electronics is
implemented in a 0.8 um, 5 V, CMOS process. The experimental results
of this new three-power-level driver method are reported, showing the

shortening of the characteristic transient times. © 2009 Society of Photo-Optical
Instrumentation Engineers. [DOI: 10.1117/1.3183913]

Subject terms: thermo-optical devices; silicon optoelectronics; Fabry—Perot
modulators; thermal transients.
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Treyz’s device with fastest switching times of ~5 us. Bet-
ter results were achieved with a micromachined all-silicon

Silicon is a favorable candidate to meet low-cost photonic
integration requirements.1 The thermo-optic effect, explic-
itly the temperature dependence of the material refractive
index, is an usually exploited phenomenon for designing
thermo-optic devices (i.e., photonic devices that are oper-
ated by inducing temperature changes in the active optical
material). Tunable lasers, filters, switches, and modulators
are well known examples in literature. Treyz,2 for example,
proposed a prototype modulator based on a Mach—Zehnder
silicon-on-insulator (SOI) structure. This first result showed
a low operative speed due to the slowness of the thermal
transients, with a bandwidth of a few tens of kilohertz.
Later on, Mayer et al.’ described a 90-kHz bandwidth
Mach—Zehnder modulator based on a SiGe waveguide
structure, while Fischer et al.* developed an upgrade of
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micromodulator showing a bandwidth beyond 1 MHz.’

More recently, a thermo-optically tuned photonic crystal
device, based on a SOI waveguide was proposed, reaching
20 ws switching time.’ Finally, several optical switching
elements have been demonstrated in polymeric materials,
with characteristic times of a few milliseconds.”®

The cooling time is the true speed limit for all thermally
activated photonic devices. However, the coupling of opti-
cal and thermal simulations of an all-silicon waveguide in-
tegrated thermo-optic Fabry—Perot modulator have permit-
ted to understand more in detail the heat exchange
mechanism, and the target of reducing the cooling time has
been shown to be reachable by using thermal drive schemes
alternative to the classical on-off one. In Iodice et al.,9 for
example, the heat transport rate is enhanced by inducing
wider temperature gradients between the active volume and
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Fig. 1 Cross-sectional view of the waveguide embedding the
thermo-optical modulator.

the surrounding medium of the heat sink. In this work, we
theoretically analyze the effects of this new kind of driving
signal on the speed performances of a waveguide integrated
thermo-optic modulator. The analysis is based on a simple
lumped element thermal model, from which an approxi-
mated transfer function of the system is derived. The ther-
mal model is used for estimating the optical output of the
given Fabry—Perot modulator. Experimental data, obtained
by means of a custom-designed integrated circuit (IC) de-
veloped in a 0.8-pum CMOS process, are also presented for
comparison.

2 Thermo-Optical Modulation

The device considered in this paper for developing the the-
oretical opto-thermal model is ideally a Fabry—Perot cavity
integrated in a rib single-mode silicon waveguide. Vertical
trenches in the silicon allow the device to act as an inter-
ferometric structure, as demonstrated in a previous work."”
In fact, the front and back surfaces delimiting the cavity
play the role of two parallel semireflecting mirrors. When a
light beam impinges on the front mirror of the cavity, the
transmitted intensity /1 can be calculated by the Airy’s for-
mula from the incident intensity I,

1
=] .
o1 + 4(F2/72)sin? ¢

It (1)

The equation is valid for an ideal cavity without optical
absorption and for perfectly parallel and smooth mirrors. It
is possible to generalize this equation to the more realistic
case of lossy waveguides with nonparallel rough mirrors."!
In Eq. (1) Fg= W\r'%)/(l —R), the reflecting finesse of the
cavity, depends on the reflectance R of the air-silicon inter-
face, while ¢=(27mg;l)/\ is a phase factor related to the
actual refractive index ng; of silicon, the cavity length /, and
the wavelength \.

When ng; varies, due for instance, to a temperature
variation, a phase shift A¢ is generated that allows a varia-
tion of It according to Eq. (1). The sin 2¢ term produces a
periodic pattern of It versus the temperature 7, so that cy-
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Fig. 2 lllustration of the simple 1-D, lumped element, electrically
equivalent thermal model of the modulator. Two thermal capaci-
tances, respectively associated to the waveguide core and to the
substrate, are responsible for two distinct time constants in the tran-
sients. The figure is not to scale.

tween I;, and 7., this means that the temperature change
AT between the respectively associated working points
(Tmax and Tyy;p) should produce a phase shift equal to /2.
Differentiating ¢ with respect to 7, we obtain

J 2 A1 ong
_fﬁ:ﬂ(_&w), @

or A ng; or

where I'=(1/0)(d1/9T)=(2.6X107%) °C~! is the material
thermal expansion coefficient,'” ng;=3.47, and dng;/ T
=(1.86 X 10‘4) °C-! obtained in a previous work,13 at
N=1.55 um, so that from Eq. (2) we have

dd/oT = (0.8 X 1073)[rad °C'um™"]. (3)

Therefore, a AT=6.7 °C is required for a 300-um-long
cavity to obtain A¢= /2. In this paper, these device length
and temperature variations are used in calculations to ob-
tain modulation. The waveguide hosting the modulator is
supposed here to be realized on a 300-um-thick silicon
substrate on which a 8.0-um-thick intrinsic epilayer is
grown. The vertical light confinement is ensured by a
800-nm-thin n** ion-implanted doped layer at the substrate-
epilayer interface. The lateral confinement is obtained by a
2.2-um-high, 8-um-wide rib. The geometrical characteris-
tics ensure, in spite of its large cross section, that the wave-
guide allows single-mode propagation.14 The device cross
section is sketched in Fig. 1.

A 300-nm-thin doped polysilicon film, deposited onto
the upper rib surface, is used as a heat source to produce

Table 1 Material property values.

3 .0, o o 2)-1
clical and equal minima and maxima are present for the p (g/om’) G Wg°C) k (Wiem °C) h1°CW/om)™]
transmitted light intensity, namely I;, and I,,,. Because 233 0.71 1.56 2%10-3
we desire the modulator output continuously switching be-
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Table 2 Approximate values for R’'s used in the electrically equivalent network (EEN).

R, R, R, R,
L (cm) 4x10™* 1.5x1072 1.5x1072 —
A (cm?) (8X 104 X (3%x1072) (8X10%) X (3%x1072) 5X107° (8Xx107%) X (3X 1072
Resistance (K/W) 11 33 200 2x107

the thermo-optic modulation. The heating mechanism
source is the power dissipated by the Joule effect. This
heating layer is a better choice with regard to a metal clad-
ding that would in fact induce higher attenuation and make
the waveguide sensitive to polarization.

3 Theoretical Approach

The first step in this work is an analysis of the thermal
response characterizing the thermo-optical modulator in or-
der to establish the relationship existing between the driv-
ing electrical signal and the output optical signal. From
now on, we consider that the modulator is power driven,
meaning that at every time we can generate a desired
amount of heat in the polysilicon film. This assumption also
simplifies the following analysis. We assume that heat
flows vertically by conduction from the top heating film to
the substrate. Natural convection toward air is also consid-
ered, although it will be shown to be negligible. A given
temperature at the bottom surface of the modulator chip is
assumed, due to the presence of an ideal heat sink. A simple
one-dimensional thermal model of the device is considered
hereafter. This choice is a trade-off between result accuracy
and a fast and direct analysis of the transient response un-
der different driving signals. A one-dimensional lumped-
element electrical equivalent network (EEN) of the modu-
lator thermal model is that shown in Fig. 2.

It is composed of the resistances R,,, Ry, R, R., and the
capacitances C,, and C,, where R, is the thermal resistance
between the heating poly-Si film and the waveguide core;
R, is the resistance between the waveguide core and the
thermal nucleus of the bulk; R, is the resistance between
the bulk and the external heat sink; and R_ takes into ac-
count a heat exchange mechanism through convection be-
tween the waveguide and air; C,, and Cy, represent the heat
storage elements in the waveguide and in the bulk, respec-
tively.

The EEN is driven in our case by a current source,
which is the equivalent of a thermal power generator lo-
cated in the poly-Si film. We consider the voltage ampli-
tude at the node between R, and C,, as the output of the
EEN, corresponding to the temperature in the waveguide
thermal center.

Approximate values for R’s and C’s can be calculated as
soon as the device dimensions and material properties are
known, being, in general, R=k"' X LXA™" and C=pX (6N
X LXA, with k, p, C,, respectively, the thermal conductiv-
ity, the mass density, and the specific heat of silicon
(Table 1), and L and A the length and cross-sectional area
relevant to the device portion of interest. R, can be calcu-
lated as (hA)~", where £ is the silicon-to-air convective heat
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transfer coefficient. The values of the considered geometri-
cal parameters and of the derived resistances and capaci-
tances are reported in Tables 2 and 3.

For calculating Ry,, indeed thermal spreading resistance
effects were considered. In this case, the heat flow is, in
fact, not one-dimensional because it spreads from a planar
heat source to an opposing boundary of much larger cross-
sectional area. The thermal spreading resistance can be cal-
culated using the spreading resistance equation in Ellison'

42 4
= — + [ 2 (4)
ky/AxAy kVAxAy  kvAxAy
where ¥ is the dimensionless total resistance, ¥

=W+ Vg, Wy is the dimensionless 1-D resistance; and W,
is the dimensionless spreading resistance

R=Ry+Rs,

5)

Ty =pVaBr 1+
v ’”aﬁT< Bi0t~7'>

T

)tanh(llTrr)
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(6)

Table 3 Approximate values for C's used in the EEN.

C‘w Cb

L (cm) 3x1072 3x1072

A (cm?) (8X1074) X (8X10™%) (3X10?)x(3x107?)

Capacitance (J/K) 3.1x 1078 45%x107°
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Fig. 3 (a) Frequency response of the system and (b) frequency
response of the system with the prefiltering section. Vertical scale is
in decibels (dB).

Assuming Ax=3X102 mm, Ay=8X10"*mm, t=1.5
X 1072 mm, geometrical parameters of the structure, we get
V;=0.00633, \Ifsp=025, Biot=33.3 and, therefore, R,
=33 K/W. This analytical result was furthermore con-
firmed by a heat transfer analysis performed by numerical
simulations. A basic ac analysis, which can be easily per-
formed by a SPICE-like simulation tool, shows that this
second-order low-pass network presents two relatively dis-
tant poles, one dominated by the large thermal capacitance
of the bulk and one bound to the small thermal capacitance
of the thin waveguiding layer. This is clearly seen in Fig.
3(a), showing the frequency response of the system. At fre-
quencies well above that of the lower frequency pole
(27C, X R,)~' = 18 Hz, the capacitor C, can be effectively
substituted by a dc voltage generator, which, in fact, makes
the temperature in the thermal nucleus of the bulk insensi-
tive to the high-speed external excitations. Therefore, above
this frequency the response of the system is dominated by
the pole associated to the superficial waveguide volume,
and approximated by

H(S) — VOLI[(S) — H(O)

1(s) l+s-7,
~ R.R,/(R.+R,+R,) [ 1_/}
" 1+5CyRy(R.+R,)/R.+ R, +R,

1 (7)
with 7,,~1.02 X 107® s, which corresponds to a cutoff fre-
quency (277,)~" of 155 kHz. Clearly, the application of a
current pulse to the EEN (i.e., of a heat pulse, at a fixed
power, to the real thermal system) at higher frequencies
would, in fact, produce a significantly distorted thermal,
and therefore optical, output signal. It should be also noted
that in Eq. (7), R, and C,, have a dominant role in deter-
mining the system bandwidth.

In addition, we observe that 7, does not depend on the
modulator length because all C’s are proportional to L,
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Fig. 4 Warm-up and cooldown transients as estimated from the
simple thermal model of Fig. 2. The forcing signal is a 150-ns-wide,
2 A-peak, current pulse, which thermally corresponds to a 2 W-peak
thermal drive. The transient response calculated by numerical
simulations® is also shown for comparison.

while all R’s are proportional to L~!. The normalized net-
work response to a 150-ns-wide, 2-A peak, current pulse
(corresponding to a 2-W peak, thermal drive) is shown for
example in Fig. 4. As noted above, this response is not
dependent on the device length. In the same plot, the tran-
sient response to the same current pulse, calculated by
means of two-dimensional thermal numerical simulations

is also shown, demonstrating that the simplified analytical
model provides reliable results. As can be seen, the
cooldown transient can be considered in practice extin-
guished within a few 7,’s. In the case of a 300-um-long
cavity, the maximum voltage at the output node would be
6.7 V, corresponding to a temperature deviation at the
waveguide center of 6.7 °C. A possible approach for im-
proving the system response consists of modifying the net-
work by adding a preprocessing section of the input pulse,
as shown in Fig. 5. This section is, in fact, a derivator of
the input signal Vi, (i.e., a high-pass filter).

It should be noted that, for our convenience, the input
signal source is a voltage pulse generator. The new block
has the role of adding a zero at the frequency of the domi-
nant pole of the starting system, and a pole at a suitable
higher frequency (277,)~'. This is clear from Fig. 3(b),

Wj"""' B i

Vi —_— i — R |

& Cy Cy :
pre-filtering modulator =

Fig. 5 Electrically-equivalent thermal model of the modulator includ-
ing a prefiltering section. This section adds a zero at the frequency
of the dominant pole of the base system and a pole at a suitable
higher frequency, thus widening the overall network bandwidth.
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Fig. 6 Time evolution of V,, /,, and V., as estimated from the modified equivalent model, where a
preprocessing section has been introduced. It should be noted that the top trace (V;,) represents the
forcing signal, the middle trace (/;,) is equivalent to the transferred thermal power in (watts), while the
bottom trace (V,) is the equivalent of the consequent temperature variation in the waveguide (in

ﬂ)us‘

degree celsius).

where the spectral response of the system is shown after
adding the prefiltering section, with R,=300 K/W and C,
=3.4X 107 J/K. The —3-dB bandwidth increases from
155 kHz to ~5 MHz. The modified network response to a
150-ns-wide, 70-V-high, 1-us-period pulse sequence is
shown in Fig. 6. Compared to Fig. 4, this time the shape of
the output signal V, (i.e., of the temperature evolution at
the waveguide center) well approximates a sequence of
pulses.

On the same plot, the current provided to the original
network section Ij,=(I +I ) is reported (middle plot). As
expected, it is in fact the derivative of the input signal. The
positive pulse of this current signal delivers a given electri-
cal charge (i.e., a thermal energy) to the system to bootstrap
its output to the desired final amplitude (i.e., heats the
waveguide core up to the desired temperature), while the
negative pulse subtracts the same quantity of charge (i.e., of
heat) to rapidly bring the system back to its original state.
This approach does not have a thermal equivalent in prac-
tice. In fact, in no simple way can we apply negative heat
pulses (i.e., cooling pulses) to the modulator. For this rea-
son, we will hereafter propose to obtain the required heat
flux (/;,) by means of another approach.

Instead of introducing a refrigerating element on top, a
viable solution can, in fact, consist of holding the modula-
tor at a given higher average temperature with respect to
the substrate temperature, thus enhancing the heat transfer
between them. This can be obtained by supplying a con-
tinuous heat to the modulator. The modulation action will
therefore consist of applying a given overheating to pro-
duce the necessary temperature increase, and then com-
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pletely switching off the heating to allow a more rapid
cooling. A perfect balance between the supplied and ex-
tracted heat should be respected to allow the system rapidly
recover its initial thermal state and to reject the drift of the
modulator temperature. The validity of this approach was
already empirically demonstrated by numerical simulations
in Ref. 6, while a practical realization of the technique was
shown on a Mach—Zehender device.'® It should be noted, in
addition, that there is only an apparent system complica-
tion. On the contrary, with the proposed approach we elimi-
nate, in principle, the need of expensive and inefficient
Peltier heat pumps, always present in thermally controlled
devices to hold the device at a fixed temperature.

4 Simulation Results

The device response to a heat pulse generated by electrical
power dissipation in the top resistive film to induce the
thermo-optical modulation depends on the initial tempera-
ture, the room temperature, and the substrate bottom tem-
perature as described in previous sections. We define a rise
time 7., and a fall time 7. to better describe the dynamic
characteristics of the modulator: 7., represents the time it
takes to drive the device from 10 to 90% of the desired final
temperature in the heating phase. f.; is the time interval
necessary to allow the device to evolve between 90 and
10% of the high temperature in the cooling phase. If a
series of heating pulses is applied with a period T, shorter
than 7,,+7.s, then the device accumulates a residual quan-
tity of heat per cycle, which is translated into a device
average temperature drifts upward and in an unpredictable
output, because of the mismatching of the refractive index.
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Fig. 7 Proposed modulation signal. When the bias signal is applied,
the modulator is held at a stable temperature above room
temperature.

To avoid this phenomenon, simulations indicate that for our
device the period should last about 16 ,u,s,6 which implies a
bit rate as low as 60 kbits/s.

As demonstrated in Sec. 3, fastest transients can be ob-
tained by applying a complex thermal driving signal con-
sisting of a positive and negative heat spike. As a practical
alternative, due to the impossibility of providing a func-
tional cooling pulse, a continuous heat can be applied to the
modulator at rest, by flowing a given current through its top
heating film, which maintains the device at a given higher
temperature, with the modulation action consisting of the
application of an overcurrent, to produce the desired over-
heating, and a subsequent complete current switch-off to
allow the fastest possible cooling. The simplest signal per-
forming these characteristics is the one shown in Fig. 7.

It consists of (i) a P, bias level (middle level), realiz-
ing a thermal bias, which in steady-state conditions holds
the active volume of the modulator at a higher average
temperature with respect to the substrate bottom (for ex-
ample, 125 °C); (ii) a Py, modulation pulse (high level),

with width 7 (iii) a power-off phase (low level) in which
no power for a time 7, is applied to the polysilicon film in
order to permit the heat flows between 131.7 °C (i.e.,
125+6.7 °C) and 25 °C (substrate bottom temperature).
Finally, the thermal bias is applied again at least for a time
7 before a new pulse can be applied. The signal period is
therefore 7T,= 7+ 7,+ 73.

If we assume 77 to be 150 ns (as for the case of Fig. 4),
then 7, and 73 must be tuned for optimal device operation.
Therefore, a set of simulations has been carried out to
evaluate the minimum time parameters that ensure the com-
plete recovery. We get 7,=105 ns and 75=800 ns, corre-
sponding to 7,=1055 ns. Because, in general, a modulation
sequence can contain an unpredictable number of consecu-
tive pulses, shorter periods are, in principle, forbidden if a
thermal drift over a long observation time must be avoided
in the structure. This rule is however not as stringent as it
may seem.

This thermal transient response has been used to calcu-
late the associated optical response by using Eq. (1). In
practice, at each time step we calculate the actual refractive
index ng; as

ngi = ng; , + Ang;, (8)

where ng; , is the refractive index at the bias level and

Ang; = 1.86 X 107*AT. 9)

The modulator optical output is shown in Fig. 8(a).

5 Circuit Design

In order to test the proposed complex signal, a modulator
driver IC that occupies an area of 4 mm? in 0.8 wm CMOS
has been designed and fabricated. The block diagram is
described in Fig. 9.

The target was to design an IC capable of converting an
arbitrary sequence of 0-1, at a given bit rate, into the ap-
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Fig. 8 Optical (a) and thermal (b) response of the modulator to a pulse sequence at a bit rate of

1 Mbits/s.
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Count 1 Data_in Logic 1 A
Clock 2 > Clock 1 >
Vref 1
Vref 2

Count 2 Data_in Logic 2 [ B
Clock 2 > Clock 1 >

Fig. 9 Block diagram of the modulator driver IC.

propriate sequence of 0-1 for the signals A and B in order to
get the modulation strategy described above. The circuit
has to work at various bitrates (user selectable), with an
as-low-as-possible number of external components, and has
to allow a fine adjustment of the previously defined time
durations. The IC therefore provides the two logical sig-
nals, A and B, as outputs, which control the following
power stage and the driving signal applied to the modulator
pins.

The A output provides the driver signal with the P,
bias level (middle level), realizing the thermal bias. In prac-
tice, it sets the time period during which the current is
applied to the modulator to obtain a higher average tem-
perature with respect to the substrate bottom. The B output
provides the driver signal with the modulation pulse (high
level), P, In practice, it sets the time period during
which the overcurrent is applied to the polysilicon film in
order to permit the overheating of the modulator volume.

LOGIC 1 and LOGIC 2 blocks take into account the
input value DATA_IN and the heating and cooling phase
time flag (T,, and T.) to synchronize A and B output as
required. The duration of T, and T« can be adjusted by
external trimmers to allow the fine regulation and the opti-
mum phase duration in the test phase. The two different
clock signals permit another degree of freedom in the time
setting. The die photograph is shown in Fig. 10.

6 Power Stage

The modulator driver supplies the CMOS signals A and B
as described in Sec. 5. In order to match the time resolution
required by 7, 7,, and 75, a power stage has been designed
and realized to translate the logic levels into the three
power levels described in Sec. 4.

The adopted configuration consists of the direct connec-
tion of the outputs of the driver IC (A and B) to the gate of
two MOS drivers. In defining the layout, a low-noise ana-
log ground plane was realized and other precautions were
taken in order to reduce inductive and capacitive parasitic
effects. The two IXIS-RF Power MOS utilized, DE150-
201, are specifically designed for high-speed power switch-
ing, and exactly match the purpose of this test board. The
connections of the driver’s output to the differential con-
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L |

—

Fig. 10 Micrograph of the integrated driving circuit. Dimensions are
2 X2 mm? approximately.

figuration of the two MOSFETS are shown in Fig. 11. The
power supplied to the modulator in the different working
phases are summarized in Table 4.

7 Test

The proposed method and fabricated IC were tested with an
all-silicon waveguide integrated thermo-optic Fabry—Perot
modulator. The device was already described in Ref. 6. It is

MODULATOR

—— GND

Fig. 11 Schematic of the power stage. The heating film on the top of
the modulator is the actual load (MODULATOR).
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Table 4 Specification of the power applied to the modulator in the
three possible configurations of the driving circuit outputs.

A B Applied Power
0 0 0

1 0 Prin=400 mW
0 1 Prax=600 mW

embedded in a 8-um-wide, 8-um-thick, rib waveguide,
with a rib height of 2.2 um. In spite of its large cross sec-
tion, the waveguide is single mode (TE). It should be noted
that the device is an all-silicon one [i.e., the light confine-
ment at bottom is sustained by the small refractive index
change between an undoped silicon layer (core) and a
heavily doped silicon layer (bottom cladding)]. This helps
removing the thermal bottleneck typical of SOI-based
thermo-optical devices.” The modulator length (250 um) is
defined by means of deep-trench etching. The resistive film
on top is a 300-nm-thick polysilicon layer, showing a resis-
tance of 1.2 k. Figure 12 reports a SEM image of the inte-
grated modulator.

A laser source operating at 1550 nm was injected
through a single-mode fiber into the all-silicon waveguide.
The modulated optical signal was collected at the opposite
side of the device by an infrared (IR) photodiode and then
analyzed using a digital oscilloscope. In Fig. 13, the modu-
lation patterns obtained with a standard modulating pulse
[Fig. 13(a)] and the three-level signal [Fig. 13(b)] are com-
pared. The two plots are normalized; however, the modula-
tion depths are the same. In the first case, assuming that the
modulator is in the off state (on state) when the optical
output is <10% (>90%) of its dynamic, we get that the
transition times ¢, and ¢,, are measured to be 17 and 9 us,
respectively. It should be noted, however, that at the con-
sidered driving frequency, the optical output evolution is
not complete yet, both for the rising and in the falling
phases, and therefore, an increase of the driving frequency
would imply a lower modulation depth.

In the case of the three-level signal [Fig. 13(b)], we
assume that the “low” optical output value is that transmit-
ted during the application of the bias level as defined in Fig.
7, or rest period. Because of an overchilling occurring in
the zero power phase (A=0, B=0), Fig. 13(b) indeed re-
veals that the signal actually goes below this level for a
short time interval, a phenomenon that should however not
have an impact on the transmission and that can be reduced
through a finer tuning of the average device temperature.
With this modulation scheme, and for 7=20 us, 7,
=10 us, and 75=20 us, we now get f,x=5 us and 7,
=8 ws. It should be noted that, in this case, the optical
output evolution is complete both in the rising and falling
phases, and therefore, an increase of the driving frequency
would not imply a modulation depth reduction. In addition,
the 7.4 of the optical output appears to be limited by the 7,
of the driving signal [top trace of Fig. 13(b)], limited in
turn by the output resistance of the output power stage.

The energy per cycle provided to the modulator de-
creases linearly with frequency because, for decreasing fre-
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output waveguide
10-um-deep
etched mirrors
poly-Si resistive film
input waveguide metal pad

Fig. 12 Scanning electron micrograph of the actual thermo-optical
modulator.

quencies, the 7, 7,, and 75 times are reversely scaled ac-
cordingly. This implies that the average power provided to
the modulator is constant (P,,=~400 mW). It should be
considered that most of this power is spent to hold the
device at a higher average temperature, not to get modula-
tion. This power is not very different from that required for
the otherwise necessary thermal regulation of the device
obtained by means of inefficient Peltier heat pumps.

8 Conclusion

The problem of the heat transients in high-speed thermally
controlled optical devices has been described by means of a
simple analytical model based on the electrical equivalent
network of thermal structures. The model has allowed
showing that the bandwidth of a silicon-based, waveguide-
embedded, thermo-optic micromodulator can be assumed
as limited by the thermal capacitance of the waveguiding
layer, which slows down the free evolution of the device
cooling phase. With the support of this mixed thermal and
optical analysis, tuned to a real modulator, we have deter-
mined the time-intensity characteristics of a three-level
driving signal that can significantly cut the switch-off time.
The modulator driver has been fabricated as a custom
0.8-um CMOS IC and tested on a 250-um-long Fabry—
Perot silicon micromodulator, showing a reduction of the
cooling phase duration from 17 to 5 us. The proposed
model and approach could be applied to several other simi-
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Fig. 13 (a) Modulator optical output when a two level modulation is
applied; (b) Modulator optical output when the modulation sequence
of Fig. 8 is applied.
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lar problems occurring in integrated optics, where fast tem-
perature variations are required (e.g., in tunable lasers) or
even when they are the effect of stray phenomena.
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