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We demonstrate a GeSi electro-absorption modulator with on-chip thermal tuning for the first time, to the best of
our knowledge. Theoretical simulation proves that the device temperature can be tuned and the effective oper-
ating wavelength range can be broadened. When the heater power is 4.63 mW, the temperature of the waveguide
increases by about 27 K and the theoretical operating wavelength range is broadened by 23.7 nm. The exper-
imental results show that the optical transmission line shifted to the longer wavelength by 4.8 nm by every 1 mW
heater power. The effective static operating wavelength range of the device is increased from 34.4 nm to 60.1 nm,
which means it is broadened by 25.7 nm. The band edge shift coefficient of 0.76 nm/K is obtained by temperature
simulation and linear fitting of the measured data. The device has a 3 dB EO bandwidth of 89 GHz at 3 V reverse
bias, and the eye diagram measurement shows a data rate of 80 Gbit/s for non-return-to-zero on—off keying
modulation and 100 Gbit/s for 4 pulse amplitude modulation in the 1526.8 nm to 1613.2 nm wavelength range
as the heater power increases from 0 mW to 10.1 mW. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.488474

1. INTRODUCTION

As the mainstream technology of future data centers, high-
speed optical interconnection will be widely used in infrastruc-
ture such as supercomputers, high-performance servers, and
data centers, and will become the core component of new net-
work communication systems [1,2]. Silicon photonics refers to
the use of CMOS process platforms to integrate optoelectronic
devices on silicon-on-insulator (SOI) wafers, including modu-
lators [3,4], detectors [5-7], and various passive devices for
functions such as transmission [8], multiplexing [9], polariza-
tion [10], and coupling [11].

The high-speed optical modulator is the key element in sil-
icon photonics. The modulator is required to achieve higher
speed, smaller footprint, lower power consumption, and higher
integration density in order to achieve the board-to-board,
chip-to-chip, and even inter-chip optical connection. Most sil-
icon-based optical modulators are based on the free carrier
dispersion effect, mainly Mach—Zehnder interferometer
(MZI) modulators and micro-ring modulators. However,
manipulating the change of carrier concentration makes it
difficult to achieve balance among speed, bandwidth, power
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consumption, and extinction ratio (ER). An ultrahigh-speed
single silicon MZI modulator beyond 100 Gbit/s has been re-
ported [12]. However, the MZI modulator suffers from a large
footprint and high power consumption. The micro-ring modu-
lator beyond 100 Gbaud has compact size and low power con-
sumption, but the performance is easily affected by the process
variation and operating temperature [13]. The GeSi electro-ab-
sorption modulator (EAM) utilizes the Franz—Keldysh (FK) ef-
fect of the GeSi material. At present, the best Ge/GeSi
EAMs are generally less than 100 pm in length, and have band-
widths beyond 50 GHz and low power consumption [14—16].
The Ge modulator reported by our team has a high rate of over
80 Gbit/s and an ultralow dynamic power consumption of only
6.348 fJ/bit [3]. 110 Gbit/s non-return-to-zero (NRZ) and
160 Gbit/s 4 pulse amplitude modulation (PAM4) ultra-
high-speed GeSi EAM has been reported [17]. In addition,
GeSi EAM has been explored for O band applications, and
a 60 Gbit/s high-speed modulator has been realized by using
the quantum-confined Stark effect [18]. Therefore, the GeSi
EAM has achieved good balance in size, performance, power
consumption, speed, and process integration difficulty, and
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is very promising as a high-speed modulator for on-chip inter-
connection in the future.

It has been reported that Ge and GeSi EAMs with an optical
bandwidth of about 30 nm have been fabricated on a 220 nm
SOI platform, and GeSi EAM with an optical bandwidth of
about 40 nm has been fabricated on a 3 mm SOI platform
[14,15,19]. GeSi EAMs can further broaden the effective op-
erating wavelength range, enabling them to be better applied in
the wavelength division multiplexing (WDM) field. On-chip
thermal tuning to tune the wavelength of devices has been
widely used in devices such as MZIs and ring modulators, phase
shifters, filters, and grating couplers on Silicon Photonics (SiP)
platforms [20-27]. Considering the influence of temperature
on the absorption properties of GeSi material, thermal tuning
is achievable in the EAM. However, the previous research on
thermal effects in EAMs mainly focused on adjusting the ex-
ternal temperature during testing, and theoretical analysis
through simulation [16,28-30]. In this paper, the on-chip ther-
mally tunable GeSi EAM is realized for the first time, to the
best of our knowledge, to broaden the effective operating wave-
length range of the device and adjust the influence of process
manufacturing and material composition deviations on the op-
erating wavelength of the device. We added a tungsten (W)
thermal tuning structure with a width of 0.55 pm and a height
of 0.38 pm in a typical GeSi EAM device. It is proved by sim-
ulation that the temperature of the device can be adjusted
through the thermal tuning to optimize the performance of
the device and broaden the effective operating wavelength
range of the EAM. During measurements, as the heat-tuned
voltage increases, the heater power increases, and the insertion
loss (IL) as well as the static extinction ratio curves shifts to
longer wavelengths. When the heater power is 4.63 mW,
the temperature of the waveguide increases by about 27 K
through simulation. The measured effective static operating
wavelength range of the device is increased from 34.4 nm to
60.1 nm, which is consistent with the simulation broadening
results. When the heater power increases by 1 mW, the
wavelength shifts 4.8 nm. A band edge shift coefficient of
0.76 nm/K is obtained by temperature simulation and linear
fitting of the measured data. Limited by the rate of the mea-
surement equipment, the device has clear 80 Gbit/s NRZ and
100 Gbit/s PAM4 eye diagrams in the 1526.8 nm to
1613.2 nm wavelength range as the thermal tuning power in-
creases from 0 mW to 10.1 mW. In the measured effective
operating wavelength range, the device has an NRZ rate ex-
ceeding 100 Gbit/s and a PAM4 rate exceeding 200 Gbit/s.

2. MATERIAL ABSORPTION RESPONSE

The GeSi EAM utilizes the FK effect of the GeSi material.
When a bias voltage is applied to the GeSi material, the electric
field strength will cause a change in the direct bandgap of the
material, thereby changing the absorption coefficient of the
material, so that the light can obtain modulation. Since the ab-
sorption of the direct bandgap is three orders of magnitude
higher than the indirect one, the absorption of the indirect
bandgap is negligible [31]. Under the assumption that the elec-
tric field applied in the material is a uniform electric field and
the exciton effect between electrons and holes is ignored due to
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the effect of the external electric field, considering the influence
of temperature on the semiconductor band, the absorption
coefficient is modeled in Eq. (1), which comes from the
Schrédinger equation of electron-hole pairs in the presence
of an electric field with Fermi’s golden rule applied [32]:

a(w, T)
*E (T

12n,ceqmow

x { (%)2\/ haﬁ,/b{—mh(T)A?[ﬂ//a(T)] +A§2[’7/h(7)]}

n (%) m{_mmﬂwm]+A;2[m,h(T )]}}
(1)

where @ is the angular frequency, e is the elementary charge, £,
is the matrix constant related to the material, 7, is the refractive
index of the material, ¢ is the speed of light in vacuum, ¢ is
the dielectric constant in vacuum, g, is the mass of free
electrons, 7 is the parsimonious Planck constant, m, ;, =
mlmyy,/(ml + my,) is the parsimonious effective mass of light
holes in the T valley, 70y, = [A*¢*F? [ (2m, ,)]'/?, F is the
field  swength,  1,(T) = [E(T) + AEéh(T)—
hw]/h0,, and the parameters of the formula of s, ),
70, and 17, (T') related to heavy holes are completely analo-
gous to those of light holes. For the GeSi composite material,
when the silicon component is less than 2%, the linear differ-
ence method can be used to obtain the material bandgap
[E,(GeSiy) = (1 - x)E,(Ge) + xE,(Si)]. Among them,
the direct bandgap of Si is 4.06 eV, and that of Ge is
0.80 eV. The influence of temperature on the material bandgap
can be expressed as [33] E,(T) = Eo - aT?/(T + ), where
E,(T) represents the forbidden bandwidth affected by temper-
ature, E is the forbidden bandwidth at zero Kelvin (K), 7 is
the Kelvin temperature, and a and f are constant factors.

electric

3. DESIGN OF THERMAL TUNING AND DEVICE

The choice of materials for the overhead heater is limited to
CMOS compatible materials in the process flow. The resistivity
and melting point of W are 8 pQ - cm and 3417°C, respec-
tively, higher than those of Cu (1.68 p€ - cm and 1083°C)
used as the metal electrode, which means that the W heater
has a low drive current and can operate at higher temperatures
[24]. Also, the higher resistivity of W can ensure that most heat
dissipation of the current is in the W heater. We design the
heater structure (width = 0.55 pm and height = 0.38 pm)
of the GeSi EAM according to the actual processing, which
is on the SOI platform with the distance of 0.92 pm from
the rib waveguide, as shown in Fig. 1(a). The GeSi waveguide
has a width of 0.6 pm and a height of 0.35 pm. We simulate
the temperature distribution of the on-chip thermal tuning
with a heating power of 4.63 mW with Lumerical’s 3D
Heat Transport Simulator in Fig. 1(b). When the heater power
is 4.63 mW, the temperature of the heat source is 349 K, while
the temperature of the center of the waveguide is about 327 K.
As shown in Figs. 1(c)-1(g), by continuously pressurizing the
thermal tuning structure and increasing the heater power from
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Fig. 1. (a) Schematic diagram of the thermal tuning structure. (b) Simulated temperature distribution when the heater power is 4.63 mW.
(c)—(h) Simulated temperature distribution of waveguide when the heater power is (c) 1.37 mW, (d) 4.63 mW, (e) 6.47 mW, (f) 8.33 mW,
(g) 10.1 mW, and (h) 11.73 mW.
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1.37 mW to 11.73 mW, it can be seen that as the temperature In addition, we also calculated the variation of FOM at 3 V
of the heat source increases, the temperature of the GeSi wave- reverse bias with wavelength at different temperatures, as shown
guide also gradually increases. in Fig. 2(b). It can be clearly seen that when the temperature

According to the calculation method of the absorption co- changes from 275 K to 325 K, the corresponding wavelength
efficient based on the FK effect mechanism in Eq. (1), we sim- of the FOM peak is red shifted from 1550 nm to 1600 nm,
ply simulated the performance of the device under ideal and when the temperature is lowered, there will be a blue shift
conditions. Usually, the post-growth annealing temperature to a shorter wavelength. Therefore, we believe that the operating
used for the epitaxially grown GeSi material is 850°C, and wavelength range of the device can be effectively broadened by
the in-plane stress introduced by it is about 0.2% [32]. We adjusting the operating wavelength of the device through on-
chose the Geg 99,51 09g compound semiconductor with a fixed chip thermal adjustment. It can be seen that the effective oper-
ratio of silicon composition, and calculated the absorption lines ating wavelength range (which we define as the wavelength range
of the semiconductor at room temperature (7" = 300 K), as that the FOM decreases from the peak value to 0.707 times the
shown in the curve in Fig. 2(a). The difference in the absorp- peak value [28]) of the device increases from 53.1 nm
tion coefficient (Aa = a,¢ - a,,) between the OFF state to 76.8 nm when the temperature is increased by 25 K, and

(when a 3 V reverse bias is applied, the electric field applied the operating wavelength range is broadened by 23.7 nm.
to the GeSi material is about 74 kV/cm) and the ON state

(the built-in electric field strength is about 12 kV/cm) of the
material is large at around 1550 nm. For EA modulators, we 4. FABRICATION AND MEASUREMENT

usually use the form of FOM = ER/IL = Aa/a,, to evaluate RESULTS

the performance of the device, where ER = -10 lg(i:::ifl) = Figure 3 shows a schematic structure of the EAM device, which
4.343 (a5 - @py)  and 1L = -10lg(e %) = 4.343a,, L. is fabricated in imec’s silicon photonics platform on SOI wafers
3500 | (a) —the ON state 25} 275K (b)
3000 ——the OFF state| ——2300K]|
20k — 325K
. 350K
E 15}
g
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Fig. 2. (a) Absorption coefficient lines of Gej 99, Sip gos at ON and OFF states. (b) FOM variation with wavelength at different temperatures.
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Fig. 3. Schematic diagram of (a) device structure, (b) cross section, and (c) SEM image.

with a 220 nm top Si thickness. The GeSi material is selectively
grown in a recessed Si region using reduced pressure chemical
vapor deposition as in Ref. [14]. As shown in the SEM image of
the device in Fig. 3(c), the basic structure of the device is the
same as the simulated cross-sectional schematic, in which the
width of the intrinsic region without P/N implantation is
450 nm, and the P and N doping concentrations of Ge regions
are about 7 x 10'® cm™. The fabricated device has a length
of 40 pm.

The performance of the EAM is first measured using the
setup illustrated in Fig. 4(a) with the Keysight 8164B lightwave
measurement system (81606A tunable laser source and
81635A optical power sensor), Thorlabs EPC561 fiber polari-
zation controller, DC probe, and Keysight 2450 source meter.
Figure 5(a) shows the transmission loss of the device from 0 V
to 3 V reverse bias voltage at room temperature, which is

calculated by subtracting the coupling loss. The coupling loss
is derived for the reference structure without EAM, since the
optical loss of the reference structure contained the coupling loss
of the same two grating couplers. Besides, the resulting transmis-
sion loss at 0 V reverse bias is the insertion loss of the device. The
extinction ratio from 1V to 3 V reverse bias is obtained, as shown
in Fig. 5(b). To assess the EAM performance, we use a figure of
merit (FOM = ER/IL). As shown in Fig. 5(c), the maximum
fitting FOM of the EAM is 1.35 at the wavelength of 1543.6 nm
at 3 V reverse bias voltage. At the wavelength of 1543.6 nm, the
insertion loss of the EAM is about 3.89 dB, while the extinction
ratio of the device is about 5.24 dB.

Subsequently, we applied voltages to the thermal tuning
structure; as shown in Fig. 6, as the heat-tuned voltage in-
creases, the heater power increases, and the spectral line moves
to the long-wavelength direction. This also demonstrates for
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Fig. 4. Electro-optical setup diagram. (a) DC link, (b) bandwidth link, and (c) eye diagram link.
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Fig. 5. Measured (a) transmission loss, (b) extinction ratios, and

(o) fitting FOM of the EAM under different bias voltages.

the first time, to the best of our knowledge, the feasibility of
using the on-chip thermal tuning in the GeSi EAMs. The
heater power is obtained by the formula P = I?R, where
the current is obtained by applying a bias voltage to the heater
structure, and the resistance of the heater structure is calculated
according to the size of the heater structure and the resistivity of
tungsten. In Figs. 6(a) and 6(b), we show the measured inser-
tion loss and extinction ratio for five thermally tuned power
settings. The extinction ratio decreases with increasing temper-
ature, which is inconsistent with reliability measurements from
Ref. [33]. It is possible that due to the pre-existing defects on
the Ge/Si and Ge/Ox interfaces, when a reverse bias voltage is
applied, the loss of the device will increase with the increase of
temperature, and the ER will change with temperature. Further
optimization of the process is required to reduce defects and
increase the yield of the devices at wafer level. Figure 6(c) shows
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Fig. 6. Measured (a) insertion loss and (b) extinction ratio at differ-
ent heater power. (c) Fitting FOM at different heater power.

the FOM of the device at different heater powers. At room tem-
perature, the effective operating wavelength range of the device
is from 1526.8 nm to 1561.2 nm, while when the heater power
is 4.63 mW, the effective operating wavelength range of the
device is from 1545.2 nm to 1586.9 nm. In the processing
of increasing the thermal regulation efficiency from 0 to
4.63 mW, the temperature of the waveguide is increased by
about 27 K through simulation, the effective operating wave-
length range of the device is widened from 34.4 nm to
60.1 nm, and the wavelength is broadened by 25.7 nm, which
is consistent with the broadening results simulated in Fig. 2(b).
In the range of heater power from 0 mW to 10.1 mW, the
transmission loss of the device at 3 V reverse bias is shown
in Fig. 7(a). According to the wavelength variation under
15 dB transmission loss, the performances of the device are
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fitted, and when the heater power increases by 1 mW, the op-
tical transmission line will shift by 4.8 nm as shown in
Fig. 7(b). The band edge shift coefficient of 0.76 nm/K is ob-
tained by temperature simulation and linear fitting of the mea-
sured data, which is comparable with the theoretical value [28].

The 3 dB bandwidths were tested on the high frequency
platform at the National Information Optoelectronics
Innovation Center. As shown in Fig. 8(a), at 3 V reverse bias,
the dark current of the EAM is 220 nA, and the static power
consumption of the device can be estimated as mean current
multiplied by DC bias voltage, which is 1.65 mW at 3 V re-
verse voltage when the input light intensity is 3.16 mW at
room temperature. It can be seen from Fig. 8(b) that the
3 dB EO bandwidth of the device exceeds 80 GHz under
1 V reverse bias, and the EO bandwidth of the device reaches
89 GHz at 3 V reverse bias at room temperature. According to
the RC parameters extracted from the S parameter curve, the
extracted junction capacitance of the EAM is estimated to be
3.7 fF, with the series resistance of 240 Q, which indicates an
RC-limited bandwidth beyond 150 GHz. Affected by the
design of the GS electrode, the test calibration and practical

application frequency range of the GS electrode will be limited
when the frequency exceeds 80 GHz, resulting in a significant
drop in the S parameters of the results after exceeding 80 GHz.

Eye diagrams are measured to explore the high-speed per-
formance of the EAM, as shown in Fig. 4(c). 80 Gbit/s
(2! - 1) NRZ pseudorandom binary sequence (PRBS) electri-
cal signals are generated by a bit pattern generator. These elec-
trical signals are amplified by RF amplifiers to a peak-to-peak
voltage (V,,) of 1.5 V. Due to the rate limitation of the mea-
surement equipment (whose theoretical maximum rate is 60
Gbaud), at the rate of 80 Gbit/s the electrical eye diagram
results shown in Fig. 10(a) will have nonlinear phenomena.
Figures 9(a)-9(f) show the eye diagram results of the device
at the optimal operating wavelength under different heater
powers at 3 V reverse bias. Figures 10(b)-10(l) show the
eye diagram results in the extreme effective operating wave-
length range and at the wavelength of 1555 nm. The eye dia-
gram results are stable with the increase of heater power at the
wavelength of 1555 nm. When the heater power exceeds
6.47 mW, due to the lateral shift of the optical transmission
line, the output optical power of the device is low, which is
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1E-4 é- 0
g 1E-5 é- ;
- [ ﬁ\ -
5 1E6f = |
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Fig. 8. (a) Effect of light current and dark current as a function of DC bias. (b) 3 dB EO bandwidth of the device under different DC biases.
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Fig. 9. 80 Gbit/s NRZ eye diagrams of the EAM at different heater power: (a) 0 mW, (b) 1.37 mW, (c) 4.63 mW, (d) 6.47 mW, (e) 8.33 mW,

and (f) 10.1 mW.
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Fig. 10. (a) 80 Gbit/s NRZ electric eye diagram. (b)—(l) 80 Gbit/s NRZ eye diagrams of the EAM at different heater power: (b) 0 mW, (c) 0 mW,
(d) 0 mW, (e) 1.37 mW, (f) 1.37 mW, (g) 4.63 mW, (h) 4.63 mW, (i) 6.47 mW, (j) 6.47 mW, (k) 8.33 mW, and (I) 10.1 mW.

limited by the detection of the measurement equipment and
cannot be measured. At room temperature, the device has a
clear eye diagram in the wavelength range of 1526.8 nm to
1561.2 nm, and the dynamic effective operating wavelength
range of the device is consistent with the static state. When
the thermal regulation is applied to 4.63 mW, the EAM still
has a clear eye diagram at a wavelength of 1586.9 nm, which
shows that the dynamic effective operating wavelength range of
the device is increased to 60.1 nm by introducing on-chip ther-
mal tuning. When the thermal tuning is applied to 10.1 mW,
the clear eye diagram is at 1613.2 nm. The dynamic power
consumption per bit could be estimated by (C;V5,)/4 [34].
The C; and the V,, of the EAM are 3.7 fF and 1.5V,,.
Thus, the dynamic power consumption of the device is
2.08 f{J/bit. Figures 11(a)-11(f) also show the 100 Gbit/s
PAM4 eye diagram results of the EAM at the optimal operating
wavelength under different heater powers at 3 V reverse bias,
and Figs. 12(a)-12(k) show the eye diagram results in the

extreme effective operating wavelength range and at the wave-
length of 1555 nm. These electrical signals are amplified by RF
amplifiers to a peak-to-peak voltage (V,;,) of 2.7 V. When the
thermal regulation is applied to 10.1 mW, the device still has a
clear 100 Gbit/s PAM4 eye diagram at a wavelength of
1613.2 nm, whose dynamic extinction ratio is 5.657 dB.
Figures 13(a)-13(d) show the test results of the National
Information Optoelectronics Innovation Center. When the
thermal regulation is applied to 8.5 mW, the device still has clear
100 Gbit/s NRZ and 200 Gbit/s PAM4 eye diagrams at a wave-
length of 1602 nm, whose dynamic extinction ratios are
2.299 dB and 2.19 dB, which means that the device has an
NRZ modulation rate of over 100 Gbit/s. On-chip thermal tun-
ing can well broaden the effective operating wavelength range of
the device while maintaining the high-speed and excellent per-
formance of the device. Due to the compatibility of the process,
the performance of the device is improved without increasing
the difficulty of process manufacturing. This provides new
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Fig. 11. 100 Gbit/s PAM4 eye diagrams of the EAM at different heater power: (a) 0 mW, (b) 1.37 mW, (c) 4.63 mW, (d) 6.47 mW,
(e) 8.33 mW, and (f) 10.1 mW.
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Fig. 12. 100 Gbit/s PAM4 eye diagrams of the EAM at different heater power: (a) 0 mW, (b) 0 mW, (c) 0 mW, (d) 1.37 mW, (e) 1.37 mW,
(f) 4.63 mW, (g) 4.63 mW, (h) 6.47 mW, (i) 6.47 mW, (j) 8.33 mW, and (k) 10.1 mW.
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Fig. 13. 100 Gbit/s NRZ eye diagrams of the EAM at heater power (a) 0 mW and (b) 8.5 mW. 200 Gbit/s PAM4 eye diagrams of the EAM at
heater power (¢) 0 mW and (d) 8.5 mW.
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broadband high-performance EAMs for high-density optoelec-

tronic integration and optical transceiver modules.

5. CONCLUSION

A horizontal GeSi waveguide EAM with an on-chip thermal
tuning structure is demonstrated for the first time, to the best
of our knowledge. First, it is proved by simulation that the tem-
perature of the device can be adjusted through the thermal tun-
ing to optimize the performance of the device and broaden the
effective operating wavelength range of the EAM. Afterwards,
GeSi EAM devices are fabricated, and their performance is mea-
sured. The device has an insertion loss of 3.89 dB at a wave-
length of 1543.6 nm at room temperature and a static
extinction ratio of 5.236 dB at 3 V reverse bias. As the
heat-tuned voltage increases, the heater power increases, and
the insertion loss, static extinction ratio, and FOM curves shift
to longer wavelengths. When the heater power is 4.63 mW, the
effective static operating wavelength range of the device is in-
creased from 34.4 nm to 60.1 nm, and the wavelength is broad-
ened by 25.7 nm. According to the wavelength change at 15 dB
transmission loss, when the heater power increases by 1 mW,
the optical transmission line shifts 4.8 nm. The band edge shift
coefficient of 0.76 nm/K is obtained by temperature simulation
and linear fitting of the measured data. The EAM has a 3 dB
EO bandwidth of 89 GHz at 3 V reverse bias, and the device
has clear 100 Gbit/s NRZ and 200 Gbit/s PAM4 eye diagrams
in a large effective operating wavelength range. When the ther-
mal regulation efficiency is 4.63 mW, the dynamic effective
operating wavelength range of the device is from 1526.8 nm
to 1586.9 nm, which is consistent with the static performance
of the device. The dynamic power consumption of the device is
2.08 {J/bit, and the total dynamic power consumption is
45.2 f]/bit including the thermal tuning power consumption
with a heater power of 4.63 mW. Although this power con-
sumption value is still lower than that of the MZI modulators,
the introduction of thermal control does increase the power
consumption of the device. In the future, the undercut struc-
ture of the silicon substrate under the thermal tuning structure
can be adopted to further reduce the thermal power consump-
tion, which is realized by preventing the heat from leaking out
of the device due to the presence of the air isolation layer. The
EAM with on-chip thermal tuning has a large effective operat-
ing wavelength range and ultrahigh-speed performance, and is
fully compatible with conventional silicon photonics process
flows, which provides new broadband and high-performance
EAMs for high-density optoelectronic integration and optical
transceiver modules.
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