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TDFA-Band Silicon Optical Variable Attenuator
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Abstract—TDFA-band (2-um waveband) has been considered as a promising optical window for
the next generation of optical communication and computing. Absorption modulation, one of the
fundamental reconfigurable manipulations, is essential for large scale photonic integrated circuits.
However, few efforts have been involved in exploring absorption modulation at TDFA-band. In this
work, variable optical attenuators (VOAs) for TDFA-band wavelengths were designed and fabricated
based on a silicon-on-insulator (SOI) platform. By embedding a short PIN junction length of 200 wm
into the waveguide, the fabricated VOA exhibits a high modulation depth of 40.49dB at 2.2V and has
a fast response time (10ns) induced by the plasma dispersion effect. Combining the Fabry-Perot cavity
effect and plasma dispersion effect of silicon, the attenuator could achieve a maximum attenuation
of more than 50dB. These results promote the 2-pm waveband silicon photonic integration and are
expected to the future use of photonic attenuators in crosstalk suppression, optical modulation, and
optical channel equalization.

1. INTRODUCTION

As data-intensive communication and computing applications develop dramatically, present optical
techniques face challenges in the rapidly increasing bandwidth demand. Thanks to the availability
of low-loss low-latency hollow-core photonic bandgap fibers (HC-PBGF) [1] and Thulium-doped fiber
amplifiers (TDFAs) [2], the TDFA-band (2-um waveband) wavelength region is now emerging as a
potential new telecom waveband to expand the communication capacity [3,4]. In recent years, many
essential devices at 2-um waveband have been demonstrated on germanium platforms [5-8], chalcogenide
platforms [9-11], and III-V semiconductor platforms [12-14]. Especially, the silicon-on-insulator (SOI)
platforms had attracted a lot of interest, due to their advantages of strong mode confinement and well-
established complementary-metal-oxide-semiconductor (CMOS) fabrication processes [15-22]. However,
the investigations of 2-pum integrated photonics circuits are still in infancy state. Many efforts are needed
to design, fabricate, and characterize those missing integrated components.

Similar to metamaterial absorbers operating at terahertz and gigahertz [23,24], variable optical
attenuators (VOAs) can tune the intensity of light. VOAs are essential components for many
applications in optic communications, especially for signal equalization in upstream optical packets.
The attenuator could also enable a scalar multiply operation [25,26]. It could be scaled up to build a
photonic tensor core with the assistance of an on-chip frequency comb, which is essential for realizing
an on-chip non-von Neumann microprocessor [27]. They would also play a significant role in emerging
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large-scale optical systems such as optical interconnect processors [28-30], memories [31], optical neural
networks [32-36], and optical phased arrays [37,38]. Different kinds of silicon VOAs operated in the
O/C band have been intensively studied [6, 39, 40], but few works were conducted for VOAs working at
the TDFA-band.

Optical attenuation for silicon VOAs can be implemented by changing the complex refractive index
of the waveguide mode, i.e., by changing the real part of the refractive index (refraction) or/and the
imaginary part of the refractive index (absorption). Interferometric waveguide configurations, such as
Mach-Zehnder Interferometers (MZIs) or resonators, are commonly adopted for refraction-tuning types
of silicon VOAs. Phase shift tuning in integrated optical paths in these devices usually relies on the
electro-optical (EO) or thermo-optic (TO) effect in silicon photonics. EO phase shifter consisting of a
silicon PN junction can modulate light at a speed of tens of GHz. However, the size of devices is usually
in the millimeters range due to the small refractive index change of carrier depletion in silicon [41].
Thermo-optical silicon VOAs could be compact with high attenuation ratio, but their response time
(~ us to ms range) is slow [42-44]. Besides, the interferometric configuration results in undesired
wavelength dependence of attenuation in refractive-tuning types of silicon VOAs, which is unfavored
for large-scale photonic systems. Utilizing the carrier injection effect of silicon, silicon VOAs with
broadband operation window and moderate modulation speed (about 10ns) can be realized. This is
highly desired for the wavelength division multiplexing passive optical networks (WDM-PONs) and
other emerging applications. Besides, the attenuation coefficient at 2 um induced by the injected carrier
could be around 1.7 times greater than that at 1.55 um [45]. As a result, it is possible to realize more
compact and energy-efficient absorptive VOAs at 2 um.

In this paper, we demonstrate high-speed TDFA-band VOAs based on a 220-nm SOI platform
utilizing carrier injection and free-carrier absorption effect. By embedding the PIN junction into the
waveguide, we obtain high carrier-injection efficiency and high-speed intensity modulation. The insertion
loss of the attenuator without bias voltage could be neglected, and the minimum attenuation is as high
as 40.49 dB for a 200-um-long VOA with a bias voltage of 2.2 V. By taking advantage of the Fabry-Perot
effect, the maximum attenuation could achieve more than 50 dB. Benefiting from the compact size of
the VOA, the device demonstrates a fast response time (10%-90% rise time) of 10 ns.
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Figure 1. (a) Cross-sectional diagram of the VOA, the inset is the optical mode of the waveguide. (b)
The simulated loss of the waveguide varied with the distance between the waveguide core and metal
contacts. (c¢) The simulated optical loss changed with the variation of the doping distance.
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2. OPERATION PRINCIPLE AND SIMULATION

Figure 1(a) shows the cross-sectional diagram of the waveguide with a width (W) of 600 nm and
a ridge height (hwg) of 150nm. In this work, we set the distance between the waveguide core and
metal pads (Spetqr) to 3.7 wm, which is sufficient to avoid additional losses introduced by the metal
absorption (Figure 1(b)). The sides of the core waveguide are symmetric p-type and n-type doped
silicon, respectively. The targeted doping concentrations are 2.472 x 10?2 and 2.781 x 10%° cm ™3 for the
heavy p-type and n-type regions, respectively. The loss of the waveguide is decreased with the increase
of the distance between p-type and n-type doping (Sgope). As shown in Figure 1(c), the loss induced
by doped silicon is negligible when the distance (Sgope) is larger than 1.5 pm. In our design, the Sgope
is set to 1.5 um.

To estimate the electrical and optical performance of the PIN junction, a 2D simulation in Lumerical
Device was conducted by solving the distribution of carriers. The electron concentration distributions
of the ridge waveguide under different biases are shown in Figure 2(a). The PIN attenuators were
operated in a forward bias mode, where the number of electrons transported and the current increases
exponentially with the increasing applied voltage. Due to the plasma dispersion effect, the refractive
index of the silicon decreases while the absorption increases with the injection of carriers in the PIN
junction [46]. The simulated waveguide’s effective refractive index and propagation loss in the PIN
junction region at 2025nm are illustrated in Figure 2(b). The attenuation of the 200-um-long PIN
junction waveguide could be designed to achieve 36.24dB at a bias of 2.2V. By utilizing the Fabry-
Perot effect [47], a higher extinction ratio could be realized at 2 pm waveband.
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Figure 2. (a) Electron concentration distribution of a PIN junction at 0V, 1.0V, 1.5V, 2.0V, and
2.2V. (b) The effective refractive index and propagation loss of a PIN junction at different forward
biases at the wavelength of 2025 nm.

3. DEVICE FABRICATION

Figure 3(a) illustrates the fabrication process of the VOA. The device is based on the silicon on insulator
(SOI) platform. Before fabricating the metal contacts, the patterning and doping of the waveguides
were conducted in the Institute of Microelectronics of the Chinese Academy of Sciences (IMECAS) in
a customized multi-process wafer (MPW) run. The process started from an SOI wafer with a 220 nm-
thick top silicon layer. The pattern of the waveguide and the doped silicon regions was defined by deep
ultra-violet (DUV) photolithography.

Firstly, 150-nm-thick silicon was etched by the inductive coupling plasma (ICP) etching process.
We have characterized the low-loss waveguide, and the propagation loss of the 150 nm ridge waveguide
was 1.62dB/cm [18]. Then, boron ions with a concentration of 1.7 x 10?**ecm~3 and phosphorous
ions with a concentration of 1.7 x 10?° cm™ were implanted subsequently to form the heavy p-type
and n-type regions. The doping concentrations of p-type and n-type doping were 2.472 x 1020 cm ™3,
2.781 x 10?° cm™3, respectively, measured by Hall bar devices. Afterward, the metal contacts were
patterned by electron-beam lithography (EBL, Raith Voyager) with positive-tone resist (ARP 6200.13).
The 5-nm-thick Ti/100-nm-thick Au metal contacts were fabricated by electron beam evaporation (Ei-



36

N—’

S0l (220 nm Si)

I

Metal deposition
and Lift-off

|

PECVD Oxide

S Si0.

mm P++ o N+t

|

Etch Si (150 nm)

i

Deposit APR and
Ebeam Patterning

|

Deposit NRS and
UV Lithography

Metal

= Photoresist

I

Implant N++

I

Implant P++

|

Etch SiO; and
Remove PR

(b)

40 um

s

Figure 3. (a) The fabrication flow chart of the VOA. (b) The micrograph of the fabricated VOA.

57) followed by a lift-off process. The device was then covered with 1-um thick silicon dioxide by
plasma-enhanced chemical vapor deposition (PECVD, DISCOVERY-635), and electrode windows were
opened via hydrofluoric acid wet etching. Figure 3(b) is a micrograph of a fabricated PIN junction-
based photonic attenuator. The device consists of a 200-um long PIN junction in a rib waveguide. The
bending radius of the partially etched waveguide was set to 30 um to get rid of the bending loss of the
waveguide. The VOA could actively tune the transmittance of light in the photonic integrated circuits.

4. RESULTS AND DISCUSSIONS

A 2 um tunable laser transmission measurement system and a fiber coupling system were set up to
characterize the fabricated PIN attenuator. Details of the setup were described in our previous work [19].
A source meter (Keithly 2450) was used to apply the forward bias voltage while recording the current
going through the PIN junctions. A commercial RF probe (GGB 40A-GS-150-DP) was used to apply
the electrical signal to the device under test (DUT). A photodetector measured the light passing through
the attenuators. As shown in Figure 4(a), the current of our VOA increased sharply at a forward bias
greater than 0.8 V, while the output power simultaneously decreased.

The reduction of normalized transmission at 2025 nm (Figure 4(a)) is due to the carrier injection
into the waveguide core. By applying a voltage of 2.2V to the attenuator, the attenuation reached
40.49dB, and the corresponding power consumption was 223.50 mW. The slight difference in extinction
ratio results from the unstable contact between the radio frequency (RF) probe and the metal contacts.
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Figure 4. (a) The measured current and transmission at different forward biases at the wavelength
of 2025nm. (b) The simulated and measured attenuation coefficient of the PIN-integrated photonic
attenuator at 2025 nm.

The attenuation coefficient « is given by
To—T (1)
l

where Ty and T are the transmission at 0 V and varied bias voltages, and [ is the length of the photonic
attenuator (200 pm in our proposed attenuator). As shown in Figure 4(b), the measured attenuation
coeflicient agrees well with the simulated ones at a voltage less than 1.6 V. When the forward bias is
larger than 1.6 V, the measured attenuation coefficient is larger than the simulated one.

To analyze the discrepancy, we performed the measurements of transmission spectra of the
attenuator under different bias voltages, which are shown in Figure 5. From the spectra, we observed
interference peaks when the bias voltage was larger than 1.6 V. When the voltage is larger than 2V,
the performance of the attenuator is strongly wavelength-dependent, which would be attributed to the
cavity-enhanced absorption. This is due to a non-ignorable mode mismatch at the interfaces between
the doped and undoped waveguides. When a forward bias is applied to the VOA, the difference in
refractive index between the PIN junction and the intrinsic silicon waveguide causes Fresnel reflections.
Thus, a Fabry-Perot cavity is formed and leads to spectral interference patterns. This is also the
reason for the discrepancy of the simulated and measured attenuation coefficients at 2025 nm for the
attenuator. By utilizing cavity-enhanced optical attenuation, a high attenuation of 50dB, as well as
low power consumption, could be achieved at the 2 pum waveband based on an attenuator with a shorter
PIN length (Figure 5).
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Figure 5. The measured transmission spectra of the VOA at different bias voltages.

To evaluate the modulation speed of the VOA, a 10 MHz square-wave signal generated by an
arbitrary waveform generator (AWG, Siglent SDG6032X-E) was applied through the metal contacts
of the attenuator. The optical response was collected by a high-speed photodetector, amplified by a
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Figure 6. (a) The temporal response of the VOA and the corresponding square-wave signal generated
by AWG. (b) The enlarged temporal response and corresponding rising and falling time.

pulse forming amplifier (PFA), and then sampled by a real-time oscilloscope (Siglent SDS5104X). At
the wavelength of 2025 nm, the extinction ratio for the on-off states was measured to be 9.93 dB when
a square wave with a peak voltage of 1.3V was applied. The 10%-90% rise and 90%-10% fall times
were 10ns and 9.8 ns, respectively, as shown in Figure 6. The corresponding 3 dB bandwidth can be

estimated by
0.35

Bandwidth = (2)

where t,isc is the rise time of the device. The bandwidth of the device was estimated to be 35 MHz.

rise

Table 1. Performance comparison in different types of VOA.

Operation Device Insertion Maximum Rise/Fall
L. Wavelength .. .
Principle (nm) length Loss extinction time Year
[Ref.] (um) (dB) ratio (dB) T
Optoelectro- 1550 45 0 36 ~1lms | 2018
mechanical [39]
Thermo- 1
1550 200 N/A 20 11.7 201
optical [40] / Hs )
Thermo-optical
2 1 2- 1 201
(TiN heater) [42] 000 00 3 30 5 us 019
Electro-optical 2
L ~ 2000 250 N/A ~ 23 N/A 2020
(injection) of Ge [6]
Electro-optical
. 1952 2000 10 22 <194ps | 2021
(depletion) [41]
Th -
I 2005 100 1.13 17 3.49/3.46ps | 2021
optical [19]
Electro-optical
(injection) 2025 200 0 40.49 10/9.8ns | 2022

[This work]

" The length of the metal heater

: 2-um waveband
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Although the modulation speed of this VOA is not comparable with the plasmonic hybrid waveguides
or graphene hybrid waveguides, the low insertion loss, CMOS-compatibility of our proposed scheme is
beneficial for 2-um large-scale integrated systems. Moreover, by embedding a passive-circuit equalizer,
the bandwidth of the VOA can be further improved [48].

We draw a direct comparison between our VOA and other attenuator modulation approaches
operating at 1550-nm and 2-pm waveband in Table 1 considering the device length (the length of
tuning region), insertion loss, maximum extinction ratio, rise/fall time, drive voltage, drive current, and
year. The PIN-junction-embedded VOA in this work demonstrated a faster response time than that
utilizing optoelectro-mechanical or thermo-optical effect. Meanwhile, an extinction ratio of 40.49dB
within a compact device length of 200 um was demonstrated in this work. This VOA achieved a high
extinction ratio and moderate modulation speed within a compact device length.

5. CONCLUSION

In conclusion, we designed and fabricated PIN-junction-based silicon VOAs at the TDFA band by
utilizing plasma dispersion effect. The PIN-integrated VOA at the TDFA band exhibited a negligible
insertion loss and a large modulation depth of 40.49 dB. Cavity-enhanced attenuation was observed for
the first time to the best of our knowledge. The attenuators could achieve an attenuation of more than
50dB due to the Fresnel reflection induced by a high concentration of injected carriers. The attenuator
is much faster than conventional thermo-optic attenuators and could achieve both 10%-90% rise time
and 90%—-10% fall time less than ten nanoseconds. We believe that the absorption-modulation scheme
proposed in this paper is a significant pavement for designing a reconfigurable photonic integrated circuit
at the TDFA band.
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