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a b s t r a c t

Vast applications of mid-infrared await the realisation of integrated photonic systems for this unique
spectrum. Despite its potential as a universal platform for diverse active functions in mid-infrared, black
phosphorus (BP) photonics still lacks integrated modulators for completion. Here we realize a hybrid
integration of mid-infrared BP modulator on silicon photonics waveguide. Through gating effect, the
anisotropic absorption in armchair BP can be tuned for enabling efficient optical modulation spanning
~3.85e4.1 mm. The integrated waveguide design further promotes lighteBP interaction that achieves a
modulation depth of ~5 dB at a low bias of �4 V. Additionally, the active footprint of 225 mm2 and the
switching energy of ~2.6 pJ are remarkably smaller compared to traditional counterparts. Function di-
versity of such a platform is further verified by integrating BP photodetector and modulator. The com-
bination of two-dimensional materials and silicon photonics manifests a versatile platform to realise
high-performance optoelectronic devices for compact on-chip mid-infrared system.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Despite numerous potential applications inmid-infrared such as
gas sensing, medical diagnostics, night vision and food quality in-
spection [1e3], chip-scale mid-infrared system has not been real-
ised yet primarily due to the material’s incompatibility issue
between passive and active photonic components. Although the
passive functions such as guiding and coupling of light could still be
fulfilled within the silicon platform, the active building blocks such
as photodetectors, modulators and lasers usually require the
deployment of several differentmaterials. Electro-optic modulators
are one of the essential active components in photonic circuits and
could be employed for applications such as to increase signal-to-
noise ratio for sensing [4], to generate binary digits for computing
and data communication [5] and to steer light beam for light
detection and ranging [6]. So far, the technology for mid-infrared
@nus.edu.sg (K.-W. Ang).
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optical modulators is still under development with limited prog-
ress, which remains a bottleneck for realising on-chip mid-infrared
systems (Fig. 1a).

To date, there are only a few works on waveguide-integrated
optical modulators for mid-infrared, which operate based on the
Pockels effect in lithium niobite, thermo-optic effect and free car-
rier effect in silicon and germanium [7e12]. The dimensions of
these modulator are in the scale of millimetres, hindering the
realisation of compact photonic systems. Moreover, the active
materials for light modulation in the existing works could not
provide potential solutions to other active functions such as pho-
todetection and lasing in mid-infrared, which means another set of
materials are still needed in order to complete the whole system.
This may lead to extra complexity in fabrication and high cost of
manufacturing.

Black phosphorus (BP), a member of the two-dimensional (2D)
materials family, shows versatile potential for different active
functions in mid-infrared systems, from photodetection to light
modulation and lasing [13e22]. Besides function diversity,
compatibility with various substrates [23,24], polarisation sensi-
tivity [25] and tuneable narrow bandgap [17] distinguish BP from
the other candidates for mid-infrared optoelectronics. So far,
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Fig. 1. (a) Light emission, modulation and detection are the essential active functions in a mid-infrared system. Although integrated photodetectors and light emitting diodes have
been demonstrated in this work, we realise the missing critical building block of modulator. (b) Optical modulation is enabled by applying a vertical electrical field to BP, which
interacts with the propagating mid-infrared wave in the Si waveguide underneath. Cross section is perpendicular to light propagation direction. (c) Light is absorbed by BP while
propagating along the Si waveguide (bottom) in its core region (top).
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integration efforts have beenmade on BP photodetectors [14,26,27]
and light-emitting devices [28] (Fig. 1a). Theoretical studies [29,30]
have predicted that the optical properties of thin-film BP could be
effectively modulated by applying a vertical electric field, as veri-
fied by experimental observations [15,31e35]. Despite the prom-
ising prospects foreseen by the fundamental studies, an integrated
BP electro-optic modulator has not been demonstrated yet.
Completing the missing part of modulators would be a significant
step towards exploiting BP to its full potential.

Herewe realise awaveguide-integrated electro-optic modulator
for a mid-infrared wavelength range up to 4.1 mm. The hybrid
system, featuring the integration of 2D BP and Si photonics, takes
advantage of the well-established Si fabrication technology as well
as the unique properties of BP to meet the requirements in mid-
infrared. To guide the design of our BP modulator, we first inves-
tigated the polarisation-resolved Fourier transform infrared (FTIR)
spectra of a surface-illuminated sample with gating effect. Refrac-
tive index and extinction coefficient of BP were extracted and
design guidelines in terms of waveguide propagation mode, oper-
ation wavelength and alignment of BP crystal orientation are pre-
sented. We then realised the waveguide-integrated BP modulator
for a spectral range from 3.85 to 4.1 mm. Modulation mechanisms
were analysed using gate voltage (Vg)-dependent time response of
the modulated light signal under different modulation frequencies,
and verified by theoretical calculations. Modulation depth under
varying illumination power was also investigated and analysed
using a saturable absorption model. Finally, we will show our ef-
forts in integrating the two active components of photodetector
2

andmodulator on the same chip as a step towards all-BP photonics,
and discuss the challenges and our perspectives for future work.
2. Results and discussion

The integrated modulator consists of an ITO (indium tin oxide)-
Al2O3 (aluminium oxide)-BP capacitor on top of the silicon wave-
guide (Fig. 1b). The propagating light in the Si photonics waveguide
interacts with BP and its intensity is modulated by the absorption
change in BP (Fig. 1c) when gate bias is switched between different
levels. Details of the Si photonic layer characterisations and the
active BP layer structures are shown in Supporting Note 1. Analysis
of light distribution and propagation is provided in Supporting Note
2. In order to quantitatively analyse the lighteBP interaction and its
gate modulation, we began with the characterisation of a surface-
illuminated sample (Supporting Note 3) using FTIR spectroscopy.
When the light is polarised along the armchair orientation of BP,
the absorption by BP is much stronger than that along the zigzag
direction (Fig. 2a). The absorption shows a steep roll-off after
3.5 mm and is cut off at 4.2 mm, corresponding to a bandgap of
0.295 eV. With the light source polarised along the armchair
orientation, we then measured the absorption change in BP by
applying varying gate biases (Vg) (Fig. 2b). The absorption change
(modulation strength) caused by Vg is defined as follows:

DAbsorption ¼ absorbed power
incident power jVgs0V � absorbed power

incident power jVg¼0V . Positive Vg
shifts the fermi level up towards conduction band, narrowing the
effective bandgap of BP, and results in an increased absorption. On



Fig. 2. (a) Absorption in BP gradually increases as light polarisation is rotated from zigzag to armchair. (b) The gate modulation is effective near the absorption edge of BP and (c)
only for polarisation along armchair orientation. (d) Simulated Vg wavelength mapping of the modulation strength (upper row, interaction length: 150 mm) and BP-induced loss
(lower row) for TE and TM modes with different BP crystal orientation. Effective modulation and moderate loss could be obtained when the waveguide is operated in TE mode with
BP’s armchair aligned with the transverse direction. Modulation strength is significantly enhanced by the waveguide integration compared to the surface-illuminated case in (b). (e)
Spectral waveguide propagation loss and BP-induced loss indicate good agreement between simulations (Sim) and experiment (Exp).
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the other hand, negative Vg broadens the effective bandgap as more
holes are filling up the valence band, and absorption of BP is
reduced as a result. With 10 V gate bias, a DAbsorption of ~0.5%
could be induced at the characteristic wavelengths. These charac-
teristic wavelengths and their oscillations (at the peaks and valleys)
might be caused by the sub-band transitions in BP [15,30]. The gate
modulation is effective mainly for the wavelength between 3 and
4.5 mm, near the absorption edge of BP. The operational wavelength
could be tuned by BP thickness, using b-AsP alloy [36] or applying a
vertical DC (direct current) bias [32], so as to cover a broad spec-
trum for a wide range of applications. Next, we investigated the
absorption change with different light polarisations under a fixed
Vg of�±�8�V (Fig. S3-6). When the incident light is polarised along
the zigzag orientation (0�) of BP, no modulation signal was
observed. As the polarisation gradually rotates towards the
armchair orientation, the modulation signal starts to appear with
its amplitude monotonously increasing and peaks when the light is
polarised along the armchair direction. The phenomenon is
featured in the polar plot (Fig. 2c) for the case of Vg ¼ 8 V at a
characteristic wavelength of 3.97 mm. This indicates that light
polarised along zigzag orientation is not subject to gate bias and
only light with polarisation along armchair orientation could
contribute to the modulation.

In the FTIR measurement of the surface-illuminated sample, the
modulation strength is less than 1%, which may not be efficient
enough for practical applications. By implementing waveguide
integration, we could expect an enhancement of the modulation
strength compared to the free space case. To investigate the lighteBP
interaction in the waveguide-integrated modulator and provide a
guideline for its design and operation, we performed simulations
3

based on the extracted n (refractive index) and k (extinction coeffi-
cient) of BP from the FTIR spectra under varying Vg using transfer
matrix method (Supporting Note 4). The strong anisotropy of the n
and k (Fig. S4-2) implies that the alignment of BP’s crystal orientation
and the propagation mode in the waveguide will be critical to the
modulator performance. The refractive index along the armchair
orientation of BP is larger than the refractive index of Si (~3.43),
which is conducive to the interaction between BP and the guided
wave in Si. For TM (transverse magnetic) mode, the E-field is mainly
distributed at the top and bottom boundaries of the Si waveguide,
while for TE (transverse electric) mode the E-field is mainly confined
within the core of the Si waveguide (Fig. S2-1). Therefore, higher
modulation strength (Fig. 2d, upper row) could be obtained with TM
mode when the armchair orientation of BP is aligned with Ex, at the
expense of a higher BP-induced loss (Fig. 2d, lower row). When the
waveguide is operated under TEmodewith the armchair orientation
aligned with Ey, we could expect a moderate BP-induced loss, with a
lower yet still effective modulation. The modulation strength is
enhanced by the waveguide integration (compare Fig. 2b and d),
from ~0.5% in the surface-illuminated case to ~27% over 150-mm
lighteBP interaction length (at 4 mm, 10 V, TE Armchair). In surface
illumination cases, light propagation in free space only allows for a
transient lighteBP interaction limited by the small thickness of BP.
The enhancement fromwaveguide integration is enabled by the on-
chip propagation of light which is well-confined around the space
occupied by BP. The interaction length is therefore increased from
nanometre to micron scale, accounting for the significantly
strengthened modulation. The measured waveguide propagation
loss is higher than simulation result due to fabrication imperfections
such as side wall roughness and dimension shift, while for BP-
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induced loss the measurement agrees well with the simulation
(Fig. 2e). With the presence of BP, the mode in the Si waveguide is
coupled up into BP due to the higher refractive index of BP, as
revealed by the comparison in Fig. S2-2. TM mode suffers from
higher BP-induced loss as a result of more overlap between the
propagation mode and BP. In addition, TM mode also undergoes a
more severe leakage into the substrate and along the fins of SWG
(sub-wavelength grating) (Fig. S2-3). On the contrary, TE mode is
much less lossy due to better mode confinement.

Based on the FTIR and simulation results, we chose to operate
the integrated Si-BPmodulator at wavelengths near BP’s absorption
edge, and in TEmodewith the armchair orientation of BP aligned to
the transverse direction of the waveguide. For the BP layer (Fig. S1-
3b), we chose a thickness of 20 nm for a better gate control over the
channel, meanwhile maintaining a narrow bandgap for mid-
infrared wavelengths [30,32]. For a start, we fixed the wavelength
at 4 mm and measured the time response of the modulated signal.
Here we adopted three different ways for applying Vg signal: square
waves (50% duty cycle) with 4 V peak-to-peak amplitude and �2 V,
0 V and þ2 V offset respectively (Fig. 3a), which correspond to
different doping conditions in BP.With negative Vg, light absorption
by BP decreases and consequently the intensity of light signal in-
creases. On the contrary, light attenuates with positive Vg as BP on
the waveguide creates higher extinction. The higher and lower
transmission of light represents the binary ‘1’ state (or on state) and
the binary ‘0’ state (or off state) of the modulator, respectively. The
modulated signal is a manifestation of the bandgap tuned by gating
effect through a combination of the BursteineMoss effect [37] and
the FranzeKeldysh effect [38]. The BursteineMoss effect is the
change in effective bandgap (Fig. 3b) due to band filling as Vg tunes
the Fermi level (Fig. S5-2a), while the FranzeKeldysh effect is the
reduction in bandgap (Fig. 3c) induced by the shift of valence band
maximum and conduction band minimum under an external ver-
tical electric field (Fig.S5-2b). The BP flake is initially heavily p-
doped (Fig. 3b at Vg ¼ 0 V). With negative Vg, the Fermi level of BP
shifts further below the valence band maximum and leads to a
larger effective bandgap (>0.3 eV). This explains the higher trans-
mission of light under negative Vg in Fig. 3a. Weaker modulation is
presented in the positive Vg regime, as Vg crosses the charge neutral
point into the lightly n-doped condition (Supporting Note 6 at
Vg ¼ 4 V), resulting in a weakening of the BursteineMoss effect. On
Fig. 3. (a) Gate bias (Vg) and corresponding modulated light signal in time domain under a
three different ways [green (Vg: 4e0 V), orange (Vg: �2 to þ2 V) and pink (Vg: 0 to þ4 V)
regimes could be explained by DFT calculations for (b) BursteineMoss effect (band filling e
field). Mappings of modulation depth against Vg and wavelength for (d) gate bias switching
well with theoretical calculations.
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the other hand, in the FranzeKeldysh effect the conduction band
minimum shifts faster than the valence band maximum as the
electric field is increased, narrowing the bandgap as a result
(Fig. 3c). However, due to the small Vg applied in our measurement,
the induced vertical electric field is too small to cause any sub-
stantial change in the bandgap. Consequently, the modulation
mechanism in our device is dominated by BursteineMoss effect.
The anisotropic optical modulation in BP is also verified by the DFT
calculations. The optical conductivity along armchair orientation
(sxx) (Fig. S5-2c) could be effectively modulated while along zigzag
orientation the optical conductivity (syy) (Fig. S5-2d) is not
responsive to external electric field.

To evaluate the effectiveness of the modulation, modulation
depth is defined asModulation depth ðdBÞ ¼ 10 log P0

P1
, where P0 is the

transmitted light power for the ‘0’ state and P1 is the transmitted
light power for the ‘1’ state. Modulation depth describes how much
extinction could be created by the Vg for the two states. The modu-
lation depth gradually decreases as thewavelength is increased from
3.85 to 4.05 mm (Fig. 3d and e). Larger amplitude of the AC (alter-
nating current) Vg signal leads to more pronounced change in
effective bandgap, resulting in higher modulation depth. Similar to
the strongly power-dependent responsivity of BP photodetectors
due to saturable absorption, we could also observe a noticeable in-
crease in the modulation depth as the light gets weaker (Fig. 4a and
b). Amodulation depth of ~5 dB is achieved at 3.85 mmunder 120 mW
power and �4 V gate bias. A higher modulation depth could be ex-
pected by further decreasing the power, as the trend exhibits no
signs of saturation yet. The extinction coefficient (k) increases as light
power is decreased and eventually saturates when the power be-
comes small enough, so does the difference between the k with and
without gate bias (inset of Fig. S8-1). At the wavelength of 4�mm, the
modulation depth increases from ~1 dB under microwatt power and
saturates at ~11 dB when the power is below nanowatt (Fig. S8-1).
The modulation strength could be further improved by reducing the
thickness of the gate dielectric, and using a thinner (~10 nm) BP to
eliminate the screening effects while maintaining the bulk bandgap.
The higher modulation efficiency under lower light power indicates
the device’s potential for processing weak signal in a noisy back-
ground, which is vital to applications such as biomedical imaging
and trace gas detection. Among the integrated modulators for mid-
infrared, our work achieved the most compact footprint of 225 mm
modulation frequency of 10 kHz. Vg with the same magnitude of change is applied in
curves]. Wavelength ¼ 4 mm. The distinct responses of light signal under different Vg
ffect vs. hole concentration) and (c) FranzeKeldysh effect (bandgap vs. vertical electric
between þ|Vg| and �|Vg| and (e) gate bias switching between 0 V and Vg, which agree



Fig. 4. (a) Modulation is more efficient under weaker light power for all the measured wavelengths, as evidenced by (b) a more pronounced extinction in the modulated light signal.
Among the waveguide-integrated modulators for mid-infrared, our device has the smallest (c) footprint and lowest (d) switching energy.
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[2] (Fig. 4c) and lowest switching energy (2.6 pJ) (Fig. 4d). A more
detailed benchmarking is provided in Supporting Note 9.

The realisation of an on-chip mid-infrared system necessitates
the co-integration of active components including photodetector
Fig. 5. (a) Illustrations of BP modulator and photodetector integrated on the same chip. Con
modulator, then it is guided by the Si layer and received by the BP photodetector. (b) Curren
absorption is consistent with previous studies. Zero bias operation enables low standby p
modulator switching between þ1 and �1 V.

5

and modulator. Fig. 1a exemplifies an application for chemical
sensing. Arrays of photodetectors analyse the light after its inter-
action with the unknown chemical, meanwhile the modulators
manipulate the light in each channel at a certain frequency so that
tinuous wave is modulated while traveling through the waveguide underneath the BP
t and (c) voltage responsivity of the photodetector. Power dependence due to saturable
ower consumption. (d) Voltage output from BP photodetector as the gate bias on BP
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the signal could be differentiated from the noise. As a step further
towards such applications, we integrated BP modulator and
photodetector on the same chip (Fig. 5a). Under 0.1 V bias, the
photodetector achieved a responsivity of ~0.3 A/Wat 4 mm (Fig. 5b).
It is worth noting that a small bias could lead to a huge dark current
in the photodetector (Fig. S10-2) due to the large channel width
that resulted from the waveguide integration. However, zero bias
operation is enabled by the asymmetric electrode layout in our
photodetector (Fig. S10-6d). This could significantly reduce the
dark current and the standby power consumption in the photo-
detector while achieving a current responsivity of ~40 mA/W
(Fig. 5b) and a voltage responsivity up to 44 V/W (Figs. 5c, 4 mm).
With ± V gate bias applied to the modulator, the open circuit
voltage in the photodetector due to photovoltaic effect could be
switched between two levels (Fig. 5d). Our integration suggests the
fabrication compatibility among different active components as
they were completed using the same process flow, and also verifies
the functional diversification of the BP/Si photonic platform.
Nevertheless, further characterisations (Supporting Note 10) indi-
cate the presence of an electrical interference between the photo-
detector and the modulator, which requires further efforts to
improve the electrical isolation. Implementing an adequate oxide
cladding using a standardised fabrication process could potentially
offer a solution to overcoming such issue.With recent development
on BP material growth with property control [23,39e43], we could
expect such integration to be realised in larger scale and even to-
wards commercialisation.

3. Conclusions

In conclusion, the strategy of integrating BP photonics and Si
photonics for realising optic modulators manifests a cornerstone
for the development of a fully integrated on-chip system for mid-
infrared applications. The anisotropic modulation of BP’s optical
properties and the integration with Si waveguide plays a critical
role in optimising the lighteBP interaction, which contributes to a
much more pronounced modulation depth at a small gate bias,
indicating superior competence for weak light conditions.
Leveraging on the waveguide design, a compact active footprint
and a remarkably lower power consumption than conventional
modulators based on three-dimensional materials are demon-
strated. The significance of this work is not only achieving superior
device performance, but also addressing the material compatibility
issues that have plagued the development of a fully integratedmid-
infrared system. The co-integration of a hybrid BP-Si photonics
using facile CMOS (complementary metal-oxide-semiconductor)
fabrication process holds great potential to enable functional
diversification of optoelectronic chips for various practical appli-
cations such as on-chip bio-sensing, night vision, and food
inspection.

4. Methods

4.1. Fabrication and characterisation of the surface-illuminated
sample for FTIR measurements

BP flakes were exfoliated to a stamp from bulk crystal (smart
elements) by tape. The 40-nm thick (measured by atomic force
microscope) flake with lateral size of ~100 mm by 100 mm was
transferred onto the CaF2 substrate. The ground electrode was
patterned by laser writer (Microtech LW405B) with AZ1512HS as
the photoresist, followed by Ni/Au (6/60 nm) deposition by sput-
tering. The BP flake with a ground electrode was covered with 30-
nm Al2O3 deposited by atomic layer deposition (ALD) as the top
gate dielectric layer. To minimise the resistance of the gate
6

electrode, the 20-nm ITO (deposited by sputtering) was connected
to a metal (6/60 nm Ni/Au) pad for probing. Raman spectroscopy
(WITec Alpha 300R) was used to identify the crystal orientation of
the BP flake, as labelled in the microscope image (Fig. S3-1a). The
FTIR spectra were measured by Agilent Cary 600 Spectrometer.

4.2. Fabrication and characterisation of the waveguide-integrated
modulator

Starting from the SOI substrate, electron beam lithography (EBL)
(Joel EBL, JBX-6300FS) was used for Si photonic layer patterning with
ZEP 520A as the e-beam resist. The pattern was then transferred
from the resist to the Si layer by fluorine-based deep reactive ion
etching. After the etching, the ZEP 520A resist was removed by
Remover PG (MicroChem) with ultrasonic bath, followed by iso-
propyl alcohol rinse. The layer of 18-nm Al2O3 for insulation and
adhesion was grown on the Si photonic layer by ALD. BP flakes were
exfoliated onto a transparent stamp (Gel-Pak, PF-20/17-X4) from
bulk crystal by tape. Then the BP flake with desired thickness
(20 nm) and lateral size was selected under an optic microscope.
Polarisation-resolved Raman spectroscopy with 532-nm laser was
measured to identify the crystal orientation of the selected BP flake.
Using a micromanipulator under a microscope, the armchair orien-
tation of the BP flake was aligned to the TE direction of the wave-
guide, after which the flake was transferred from the stamp onto the
waveguide with SWG. The ground electrode was patterned by laser
writer (Microtech LW405B)with AZ1512HS as the photoresist. The 6-
nm Ni and 60-nm Au were deposited by sputtering as metal contact.
After the lift-off for the ground electrode, 30-nmAl2O3 gate dielectric
was deposited by ALD at 120�C. Then the ITO top-gate andmetal pad
(6/60-nm Ni/Au) were patterned by laser writer and deposited by
sputtering, completing the fabrication process. The light sourcewas a
continuous wave laser (Daylight Solutions Inc., TLS-41038). Modu-
lated light was coupled out from the chip into an optical fibre con-
nected to a photodetector (Thorlabs, PDAVJ5 at gain 8). The input
electrical signal from a function generator (Keysight DSOX1102G)
and the output signal from the photodetector were collected by an
oscilloscope (Keysight DSOX3034A). The frequency response was
measured by a network analyser (Agilent 4395A).
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