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Abstract: This study reports the experimental demonstra-
tion of the first waveguide-integrated SiGe modulator using
a PIN diode operating in a wide spectral range of the mid-
infrared region. At the wavelength of 10 pm, an extinction
ratio up to 10 dB is obtained in injection regime and 3.2 dB
in depletion regime. High speed operation is obtained, up
to 1.5 GHz. Furthermore, the device can also operate as
an integrated photodetector. Photodetection has thus been
characterized from 5.2 pm to 10 pm wavelengths showing
an internal responsivity around 1 mA/W, and a 3 dB electro-
optical bandwidth of 32 MHz. These results show a signifi-
cant advancement in integrated photodetectors and electro-
optical modulators for mid-infrared spectroscopy.
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1 Introduction

Silicon (Si)-based integrated photonic circuits operating in
the mid-infrared spectral range are highly attractive to
develop on-chip mid-infrared spectroscopy systems with
many applications in environment monitoring, medical
diagnosis or even free-space communications [1]-[5]. Fur-
thermore, Si photonics paves the way for monolithic fab-
rication at the wafer scale, offering cost-effectiveness and
higher reliability. The integration of active photonic com-
ponents such as electro-optical modulator (EOM) and pho-
todetector are essential for sensing systems. Indeed, high-
performance EOM is a key device for synchronous detec-
tion to enhance the sensitivity of the detection in the mid-
infrared range, where molecules exhibit robust absorption
features. Furthermore, the development of high-speed RF-
driven optical modulator is expected to be of great signif-
icance for the development of dual comb spectroscopy, a
technique that enables the precise scanning of optical spec-
trum with high frequency resolution [6], [7]. Interestingly,
free-space telecommunications could also take advantage
from the development of optical modulator with high-speed
characteristics in the mid-IR atmospheric transparency win-
dows (i.e., 3-5 pm and 8-14 pm).

Development towards high-performance silicon pho-
tonics based EOM in the mid-IR has advanced rapidly
recently, and researches have focused on quantum-confined
stark effect (QCSE) or free carrier plasma dispersion (FCPD)
effect to achieve optical modulation at the shorter-wave
mid-IR spectral range (wavelengths from 2 pm to 4 pm) [8],
[9]. In the longer-wave spectrum, Si-based photonics rely
on Ge-on-Si, SiGe alloy or SiGe graded on Si substrate, ben-
efiting from low propagation loss due to the broad trans-
parency windows of Ge up to 16 pm [10]-[14]. Indeed, the
simulated study of QCSE exploiting intersubband transi-
tions in Ge/SiGe quantum well reports intensity modula-
tion at 10 pm wavelength, showing 1dB extinction ratio

B Open Access. © 2023 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.


https://doi.org/10.1515/nanoph-2023-0692
mailto:thi-hao-nhi.nguyen@universite-paris-saclay.fr
https://orcid.org/0000-0003-4939-7961
mailto:victor.turpaud@c2n.upsaclay.fr
mailto:natnicha.koompai@universite-paris-saclay.fr
mailto:jonathan.peltier@c2n.upsaclay.fr
mailto:jean-rene.coudevylle@c2n.upsaclay.fr
mailto:carlos.ramos@universite-paris-saclay.fr
mailto:laurent.vivien@c2n.upsaclay.fr
mailto:delphine.morini@universite-paris-saclay.fr
mailto:stefano.calcaterra@polimi.it
mailto:giovanni.isella@polimi.it
mailto:jacopo.frigerio@polimi.it

1804 = T.H.N.Nguyen et al.: Integrated PIN modulator and photodetector

and speed reaching few tens of GHz along short 1-pm-
long device [15]. Besides, FCPD has been used to demon-
strate mid-infrared integrated optical modulators. A Ge-on-
SiPIN modulator has been reported first at 3.8 pm and 8 pm
wavelengths [16]. Targeting wideband spectral operation,
Schottky diodes embedded in SiGe graded waveguides have
then been exploited, as the modulation of the depletion
width below the Schottky contact allows for modulating
the absorption of the optical mode. Modulation has been
reported from 6.4 to 10.7 um wavelength in both depletion
and injection schemes [17]. Based on this result, subsequent
efforts have resulted in an enhancement of the modula-
tion speed, achieving high-speed operation up to 1 GHz [18].
However, the use of the Schottky contact on top of the
waveguide is responsible for a trade-off between propa-
gation loss and modulation depth. In the work reported
hereafter, it will be shown that this tradeoff can be over-
come by the use of a PIN diode, which allows to push the
modulated region far from the top contact. High-efficiency
modulation and high speed operation will be shown
hereafter.

In parallel, it can be noted that while bulk mid-IR pho-
todetectors are currently largely developed, mainly relying
on III-V materials multiquantum well heterostructure (e.g.,
InGaAs and GaSb) [18]-[20], narrow band gap materials
(HgCdTe) [21], or wideband bolometers, there is only sparce
demonstrations of waveguide integrated mid-IR photode-
tectors. The development of Si-based GeSn photodetector
permits direct band gap absorption with high detectivity up
to 3.65 pm wavelength [22]. Defects mediated photodetec-
tion has been investigated in PIN junctions in SOI waveg-
uides, enabling sub-band gap absorption in the short-wave
infrared spectrum (4 < 2.5 pm) [23]. The same effect has
also been used to achieve photodetection exploiting a PIN
junction embedded in a germanium on Si (GOS) waveguide
at 3.8 pm wavelength [24] and using a Schottky junction in a
SiGe graded waveguide on Si substrate, operating from 5 pm
to 8 pm wavelength [25]. Interestingly, it will be shown in the
following that the PIN modulator investigated in this study
can also be used as an efficient photodetector operating at
room temperature in a broad spectral range. Photodetection
will be shown from 5.2 to 10 pm wavelength and high speed
operation of this device will be demonstrated, with a 3 dB
bandwidth of 32 MHz.

Overall, the demonstration of high-performance inte-
grated electro-optical modulator and photodetector operat-
ing in the deep mid-IR wavelength range, using PIN diode
embedded in SiGe waveguides paves the way for the devel-
opment of a complete integrated platform for spectroscopic
applications.
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2 Results and discussion

2.1 Modulator and photodetector design

The schematic view of the EOM is depicted is Figure 1a, with
the refractive index profile on the left part, and the doping
profile on the right part. The design of the electro-optical
modulator comes from a tradeoff between optical and
electro-optical properties of the device. Indeed, a PIN diode
is used to inject/deplete carriers in the core of the waveg-
uide. As the refractive index of silicon germanium (SiGe)
alloy is proportional to its germanium (Ge) concentration,
the waveguide core can be designed to minimize the overlap
of the mode with doped and metallic regions. To this end, a
3-pm-thick layer of Si,;Ge, , is epitaxially grown on a non-
doped Sisubstrate, followed by a 3-pm-thick graded Si;_, Ge,
layer. In this graded layer, x, the fraction of Ge in the SiGe
alloy, linearly increases from 40 % to 100 %. A 2-pm-thick
layer of Si;;Ge, is finally grown on top of this structure,
to effectively confine the optical mode within the photonic
waveguide and away from the upper metallic part. A PIN
vertical diode embedded inside the integrated waveguide is
used to exploit the free carrier plasma dispersion effect. The
first 1-pm-thick Sij ¢ Ge, , layer from the bottom is thus heav-
ily doped with phosphorus, with a doping concentration of
1 X 10" cm=3, forming the N-type region. Conversely, the
upper 300-nm-thick layer of Sij;Ge,, is P-type, doped with
boron at a concentration of 5 X 10'® cm~=3. The region sand-
wiched between the N and P regions is non-intentionally
doped. It will be shown later, by the comparison between
experimental results and numerical simulations, that this
non-intentional doped region possesses a residual P-doped
behavior, with doping concentrations ranging between 10
and 10% cm=3 While the total thickness SiGe layer is 8 pm,
an etching depth of SiGe waveguide is 7.5 pm to define the
waveguide, so it can be used in the same time to take the
bottom contact on the N-doped region. Coplanar waveguide
electrodes are used for radio-frequency (RF) operation. The
signal line is a 300 nm-thick and 4 pm-wide gold layer on
top of the 6 pym-wide waveguide. Ground lines are defined
on each side of the waveguide, on the N-doped layer.
Simulated optical modes in TE polarization are
reported in Figure 1b at the wavelengths of 5.5 pm, 6.4 pm,
7.8 um, 8.5pum and 10 pm. As expected, optical modes
are well-confined in the middle part of waveguide and
positioned far away from the upper metallic contact.

2.2 Fabrication process

The epitaxial growth of the 8-pm-thick SiGe layer on a
non-doped Si substrate is performed by low energy plasma
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Figure 1: Design of the integrated PIN-based modulator and photodetector. (a) Cross-sectional schematic view of the active region embedded inside
the SiGe waveguide on Si substrate. Left: Ge concentration variation in the SiGe alloy along the vertical direction. Right: schematic representation of
the PIN junction device illustrating the doping concentration in P an N parts. (b) Optical mode calculations show normalized electric field intensity
(TE polarization) in the mid-infrared spectral domain corresponding to the wavelengths of 5.5 pm, 6.4 pm, 7.8 pm, 8.5 pm and 10 pm.

A=5.5pum

enhanced chemical vapour deposition (LEPECVD) [26]. PH,
and B,H, gases are used to obtain the N and P doped region,
respectively. The fabrication process of the PIN-based EOM
required 5 lithography steps. E-beam is used as a versatile
tool available for research purpose, but there is no crit-
ical dimension or alignment that would prevent the use
of deep-UV lithography to realize the device. The initial
step consists in patterning the metallic strip line on top of
the device, followed by the deposition of a metallic layer
including 10 nm of titanium (Ti) and 300 nm of gold (Au) via
metal evaporation method. In the second lithography step,
the photonic waveguide is defined, followed by waveguide
etching by inductively coupled plasma reactive ion etching
(ICP-RIE), to achieve 7.5 pm etching depth. With such steep
deep etching depth, challenges arise in depositing metal for
the ground contact in the etched region. Hence, the strat-
egy that has been employed uses 3 successive lithography,
and thus 3 layers of 1.4-pm-thick photoresist to ensure the
proper coverage of the optical waveguide sidewalls. Finally,
the ground contact is created by depositing the same stack
layer of Ti/Au. The scanning electron microscope image of
the fabricated fully integrated electro-optical modulator is
provided in Figure 2a. Notably, Figure 2b illustrates clearly
both signal and ground contacting pads located on top of
waveguide and in the etched region of the EOM device,
respectively.

A=7.8 um

A=10 pm
0

A=8.5 um

Figure 3a shows the 3D schematic view of the mid-IR
waveguide-integrated SiGe based on PIN diode. The input
waveguide width is 50 pm to facilitate light coupling. The
waveguide width is then reduced down to 6 pm using a
600-pm-long taper. To accommodate the electrical access via
the external RF probes, a 48 pm-width signal pad is used,
followed by a 100 pm-long taper down to the 4 pm-wide
metallic line on top of the waveguide. The gap between
the top signal line and the ground line is 12 pm. To ensure
electrical contact, Signal Ground (SG) probes are used, inten-
tionally tilted, as shown in Figure 3b. The overall length of
the SiGe electro-optical modulator/photodetector is 5.9 mm.

2.3 Electrical characterization

Electrical behavior of the PIN diode is evaluated through
current/voltage (I-V) and capacitance/voltage (C—V) char-
acterizations, as depicted in Figure 4. The I-V curve
recorded from the 5.9 mm long waveguide-integrated
device shows the rectifying behavior in the injection regime.
The series resistance extracted from injection configuration
is determined to be 236 kQ pm. Furthermore, C—V measure-
ment is conducted on the square-shaped MESA structure
(illustrated in Figure 2c¢) on the same chip. This analysis aims
to characterize the depletion behavior in the PIN junction.
Figure 4b demonstrates the variation of capacitance with
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Figure 2: Scanning electron microscope (SEM) images illustrating the fabricated device. (a) Top-view of mid-IR integrated photonic circuit. (b) Lateral
view in the active region, showing the presence of signal and ground pads located on top, as well as the etched wavequide region, respectively.
(c) Square-shaped MESA device fabricated to characterize the electrical performance of the PIN diode.
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Figure 3: Mid-IR integrated SiGe photonic chip. (a) 3D schematic view

of SiGe optoelectronic device which works as both an integrated mid-IR
electrical-optical modulator and a photodetector. (b) Microscope image
in the electrical contact area where the RF probe has been intentionally
tilted to facilitate the access of probes to the signal and ground pads.

(c) Experimental propagation loss (TE polarization) in the PIN doped SiGe
waveguide (without any top metallic layer) is plotted with fitting data
based on FCPD effect (blue solid line) for the wavelengths ranging from
5pmto 10 pm.

the bias voltages applied to MESA on different dimensions
(i.e., with the widths of 200 um, 250 pm and 300 pm). This
measurement enables to deduce the capacitance per unit of
pm, with 0.06 fF/pm at —8 V bias voltage for the 4-pm-wide
metallic line. RC bandwidth limitation of the reverse-biased
PIN modulator can be deduced from this measurement.
The 3 dB bandwidth of electro-optical modulator is thus
expected to be around 11 GHz.

2.4 Electro-optical modulator

Two measurements are performed to assess the modulation
efficiency of the EOM: the static optical response and the
high speed characterization.

In the static regime, the performance of the modula-
tor is characterized using an external cavity-based mid-IR
quantum cascade laser (QCL) whose wavelength can be
tuned from 5.2 pm to 11.2 pm. The light beam is coupled in
and out of the photonic circuit using ZnSe lenses. The EOM
is connected to a DC source using RF probes which are in
contact with the signal and ground pads.

Figure 5 reports the optical transmission through the
5.9 mm-long modulator in both injection and depletion
regimes. The presented data are normalized with respect
to the optical transmission at zero-bias voltage. In deple-
tion regime, increasing the bias voltage corresponds to
an increase of the optical transmission. Indeed, the space
charge region expands within the active region, result-
ing in a decrease of free carrier absorption. On the other
hand, in injection regime, when the current increases, the
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Figure 4: Electrical characterization of the PIN-based SiGe EOM. (a) I-V characterization in the 5.9 mm long device. (b) Evolution of the capacitance
in test structures (squared MESA) with different dimensions, as a function of the applied voltages (length of 200 pm, 250 pm and 300 pm).
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Figure 5: Static characterization of the EOM. (a) In depletion regime
(with reverse bias DC voltages). (b) In injection regime (with forward bias
DC voltages) at different mid-infrared wavelengths (5.5 pm, 6.4 pm,

7.8 pm and 10 pm).

optical transmission is reduced, as the concentration of free
electrons and holes increases in the waveguide, leading to
an increase of the free carrier absorption. In both cases,
the modulation efficiency increases for longer wavelengths,

which is consistent with the theoretical understanding of
free carrier absorption in germanium [27]. Interesting, at
the wavelength of 10 pm, an extinction ratio of more than
3 dBis obtained in depletion at reverse voltages larger than
—15V, reaching 3.2dB at —20 V. In injection regime, the
extinction ratio reaches 10 dB for a 115 mA current injected
in the device.

To evaluate the dynamic operation of the EOM, a
continuous-wave mid-infrared quantum cascaded laser is
used at the wavelength of 7.8 pm. A 8 V peak-to-peak (8V )
RF electrical signal is added to the DC voltage (—4Vy in the
depletion regime and 4V, in the injection regime) through
a bias tee. A second probe is used at the modulator output,
connected to a 50 Q load through a DC block. The modulated
optical output is collected and converted to a modulated
electrical signal by a commercially available high-speed
mid-IR photodetector with a 700 MHz —3 dB bandwidth. A
spectrum analyzer is then used to measure the beat note at
the modulating frequency. Examples of recorded beat notes
at different RF frequencies in both injection and depletion
schemes are reported in Figure 6. The figure also illustrates
the background noise level, measured when the laser is
inactive. Optical modulation can be seen in both injection
and depletion up to 1.5 GHz, with a signal-to-noise ratio esti-
mated to be around 10 dB. Figure 7 is reported the evolution
of the peak amplitudes of the beat notes as a function of
the RF frequencies. In depletion regime, a sharp decrease
(4 dB) of the detected signal at low RF frequencies is seen,
which could be attributed to the large impedance mismatch
originated from the unoptimized electrodes in the device. A
rather flat response is then obtained for frequency beyond
100 MHz. In injection regime, the modulated optical power
shows a slow decrease as the RF frequency increases, which
can be explained by carrier lifetime limitation. The 3 dB
bandwidth of the EOM in injection scheme is 200 MHz. How-
ever, it is worth noting that in both cases, modulation can
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Figure 6: High frequency operation. The peak amplitude of the beat notes measured using the electrical spectrum analyzer at various RF frequencies
at the wavelength of 7.8 pm. In depletion regime (blue solid curve), DC bias voltage V. is —4 V and the sinusoid electrical signal has a peak to peak
amplitude V,;, of 8 V. In injection regime (red solid curve), V. is set at 4 V and the V;,, remains at 8 V. The background noise level (gray solid curve) is

the signal measured when the laser is turned-off.

be observed up to 1.5 GHz frequency accompanied with low
background noise level.

Finally, insertion loss is also an important figure of
merits that should be investigated. Two main origins con-
tribute to the modulator loss: (i) the propagation loss of the
waveguide itself including the doped region, and (ii) the
loss due to the metal on the top of waveguide. Propagation
loss is experimentally evaluated using the cut-back method,
which involves measuring the transmission of waveguides
with different lengths. Figure 3c represents both experi-
mental and simulated propagation loss of the guided mode
in the SiGe waveguide including the PIN diode. Besides, loss
attributed to the presence of metal is determined via numer-
ical simulation with finite element methods. To the end, the

total insertion loss (IL) at zero-bias voltage in the 5.9-mm-
long optoelectronic device is evaluated to be at 1.4 dB, 3 dB,
6.2 dB, and 9.3 dB for wavelengths of 5.5 pm, 6.4 pm, 7.8 pm,
and 10 pm, respectively.

2.5 Photodetector

Interestingly, the characterization of the electro-optical
modulator revealed that this device can also work as an
integrated photodetector in the long-wave spectrum range.
Figure 8a shows the experimental set-up used to measure
the sensitivity and the speed of this photodetector. A broad-
band QCL (wavelength from 5.2 to 11.2 pm) is used with a
pulsed rate of 100 kHz and a 5 % duty cycle. Photocurrent
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Figure 7: Dynamic characterization of the electro-optical modulator.
(a) In depletion regime with V,c = —4V, V,, =8V and (b) in injection
regime with Vpc =4V, V,, = 8V at the wavelength of 7.8 pm.

is measured in the depletion regime. In the following, it is
reported for a reversed voltage of —15 V. The photocurrent
is first amplified by a current amplifier before reaching the
oscilloscope which is synchronized with the pulsed laser.
The measurement is done at room temperature, without
any temperature control of the photonic circuit. To evaluate
the photodetector performances, the amplitude of the pho-
tocurrent generated by the integrated SiGe photodetector
and its rise time have been evaluated. Furthermore, a com-
parison has been made using a commercially available high
speed detector (bhandwidth of 700 MHz), to evaluate the rise
time of the optical signal generated by the pulsed laser itself,
as shown in Figure 8b. These measurements are performed
at the wavelength of 5.5 pm. A zoom-in the rising regions
is reported in Figure 8c and d. The rising times of both
signals are measured, giving 1.41 ns when using the com-
mercially available photodetector and 10.78 ns using the
integrated waveguide SiGe photodetector. It can be deduced
that the electro-optical bandwidth of the SiGe photodetector

is 32 MHz. Furthermore, from the amplitude of the electrical
signal collected, external and internal responsivity can be
deduced as followed:

R = Ip _ I,,-duty cycle O
ext P P
ext peak — to — peak ext avearage
I
Ripe = # )

int peak — to — peak

while I, stands for the peak-to-peak amplitude of pho-
tocurrent, Pey; average (T€SP- Pext peak-to-peak) TefErs to the mea-
sured average (resp. Peupeq) €Xternal optical power at
the entrance of the photonic circuit, out of the chip.
Pint peakcto-peax 1S the peak-to-peak power coupled in the pho-
tonic circuit, evaluated at the entrance of the integrated SiGe
photodetector. The calculation of the internal peak power,
Pin peakto-peas takes into account the coupling loss at the
photonic facet (estimated to 7 dB) and the propagation loss
along the 2-mm-long photonic waveguide, using measured
propagation losses as reported in Figure 3c.

Figure 9 shows the evolution of internal and external
responsivities of the integrated photodetector as a function
of the wavelengths, at the bias voltage of —15 V. Interest-
ingly, the photogenerated current can be observed from
5.2 pm up to 10 pm wavelength, with an internal responsiv-
ity, spanning from 0.5 to 1.6 mA/W in this wavelength range.
Notably, these responsivities are much higher than the ones
achieved using the recently reported Schottky diode SiGe
photodetector [25].

3 Analysis and discussion

3.1 Electro-optical modulator

Numerical calculations are used to model the device, which
is an important step towards future performance optimiza-
tions. To this end, electrical simulations are used to calculate
the distribution of free carriers in the optical waveguide as
a function of the applied voltage in the depletion regime.
Carrier concentration variation is responsible for varia-
tion of the absorption coefficient and refractive index. As
there is no interferometric structure in the device, but only
straight waveguides, absorption variation only is responsi-
ble for optical modulation of the light intensity. This effect
is modelled using free-carrier absorption data of pure Ge
[26]. Indeed, there is no available data for SiGe alloys, but
as a large part of the guided mode is confined in SiGe
alloy with the large Ge concentration, it is assumed that
this assumption will not affect too much the validity of the
results (at 7 pm wavelength, more than 70 % of the optical
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Figure 8: Electro-optical characterization of photodetector. (a) Experimental set-up sketch used to characterize the photocurrent generated in the
device. (b) Electrical signal measured in the oscilloscope using a high-speed commercial detector (black), and using the integrated SiGe waveguide
(red) at the wavelength of 5.5 pm (amplitude scale is not comparable). (c) Zoom-in the rising time of the signal collected with the high speed
commercial detector. (d) Zoom-in the rising time of the signal collected within the integrated SiGe photodetector.
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Figure 9: Sensitivity of the integrated photodetector. Internal
responsivity (red solid line) and external responsivity (blue solid line) of
the SiGe photodetector based on the PIN configuration at a bias voltage
—15V from 5.2 pm to 10 pm wavelength.

power is confined in SiGe alloy with Ge fraction more than
70 %). The local distribution of the absorption coefficient
in the waveguide as a function of the applied voltage can
then be deduced. This resulting map is used to calculate
its overlap with the optical mode and to deduce the loss
of the optical mode as a function of the applied voltage. As

the residual doping of the intrinsic region in the PIN diode
was not known, several attempts have been made, consid-
ering residual P and N doping. Finally, a very good agree-
ment between the modeling and the experimental results
is obtained assuming that the intrinsic region is lightly
P-typed, with a carrier concentration of 1.8 x 10% cm=3,

The comparison between experiments and modeling
can be seen in Figure 10. The relative transmission is
reported in Figure 10a as a function of the DCreverse bias, at
different wavelengths (5.5 pm, 7.8 pm, and 10 pm). A strong
agreement is obtained, except at the shortest wavelength
of 5.5 pm, which is attributed to the presence of high-order
modes. In addition, Figure 10b also reports the simulated
and experimental extinction ratio as a function of the wave-
lengths, at various reverse bias voltages applied to EOM
(—=5V,—10 Vand —20 V). The general behavior shows a good
agreement in the whole wavelength range.

When compared to current state of the art, the perfor-
mance of the reported mid-IR EOM clearly surpasses pre-
vious demonstrations in terms of extinction ratio obtained
in a wide spectral range. Further improvement should be
considered in terms of device speed, particularly in opti-
mizing the impedance matching of the electrodes along the
device.
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Figure 10: Simulated (dashed line) and experimental (solid line) relative
optical transmission are normalized with zero-bias voltage in depletion
regime. The intrinsic region is supposed to be lightly P-doped with
dopants concentration of 1.8 X 10" cm=3. (a) Optical transmission as

a function of the bias voltages, for three different wavelengths (5.5 pm,
7.8 pm and 10 pm). (b) Comparison between the simulated extinction
ratio (solid line) and the experimental data (dotted mark) as a function
of the wavelengths, for three bias voltages (—5V, —10 V and —20 V).

3.2 Photodetector

The results obtained from the integrated PIN SiGe pho-
todetector requires further understanding of the mecha-
nism behind the generation of photocurrent. Indeed, the
operating wavelengths are far beyond the bandgap of SiGe
alloys, so that even multi photon absorption cannot explain
the generated photocurrent. Currently, the main hypothesis
relies on sub-bandgap absorption effect, as for the Schot-
tky based SiGe photodetector [25]. Indeed, the epitaxial
growth of Ge on Si substrate unavoidably generates defects
because of the lattice mismatch between Si and Ge, which
is around 4 %. The PIN photodetector is made of a stack
of different layers with different composition of SiGe alloys
(i.e., Siy¢Gey,, SiGe graded with Ge fraction in SiGe alloy
from 40 % to 100 % and Si,;Ge, ), leading to nucleation of

T. H. N. Nguyen et al.: Integrated PIN modulator and photodetector = 1811

defects resulting from misfit dislocations within the active
regions. In the depletion regime, the enlargement of the
space charge region enhances the overlap of the guided
mode with the depleted region, where photocarriers are
generated, enabling a more efficient photoresponse.

Further improvements will be dedicated to the opti-
mization of (i) the device responsivity by a better control of
the defect concentration within the waveguide and (ii) the
speed of the device, starting from a detailed analysis of the
limiting mechanism.

4 Conclusions

In conclusion, a novel kind of mid-IR integrated electrical-
optical modulator has been successful developed by exploit-
ing free carrier plasma dispersion effect in a PIN diode
embedded in graded SiGe waveguides. Experimental results
have been reported, showing that the EOM operates in
broad spectral range from 5.5 pm to 10 pm wavelength.
Interestingly, extinction ratio as high as 10 dB in injection
regime and 3.2 dB in depletion regime have been obtained
at the wavelength of 10 pm. In addition, high speed mod-
ulation is demonstrated, using RF signal frequency up to
1.5 GHz. Interestingly, this waveguide-integrated device can
also be used as a mid-IR integrated photodetector from
5.2 pm to 10 pm wavelength. The detector exhibits an inter-
nal responsivity up to 1.6 mA/W and a 3 dB bandwidth of
32 MHz. These preliminary outcomes are a promising step
for future fully integrated mid-IR sensing or free space com-
munication systems.

5 Methods

5.1 Static and dynamic EOM and PD setup

Static modulation characterization: Static measurement is performed
by using a mid-IR quantum-cascaded laser (MIRCAT, Daylight solution)
which wavelength can be tuned from 5.2 pm to 11.2 pm. The beam
light is coupled in and out of the photonics waveguide by a pairs
of ZnSe aspherical lens. This is carried out in the free space con-
figuration, and coupling loss is estimated to be 7 dB/facet. The colli-
mated beam light at the output is collected by MCT detector (DSS-MCT-
020, Horiba) which is connected to a lock-in equipment to amplify
the optical signal. Modulation is achieved by applying a DC voltage
via RF probe which is connected to DC source — meter machine
(Keithley 2401).

Dynamic modulation characterization: A continuous-wave mid-IR
quantum cascade laser (MIRCAT, Daylight solution) is used to character-
ize the speed of the electrical-optical modulator. The used wavelength
is 7.8 pm, as it corresponds to the wavelength at which the maximum
power is coming out of the laser. The output light is collected by an MCT
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detector (UHSM-I-10.6), Vigo System which is connected to a signal ana-
lyzer equipment (MS2830A, Anritsu). DC and AC signals are applied to
RF probes through a bias tee with a source-meter equipment (Keithley
2400) and signal generator (MG3694C, Anritsu), respectively.

Dynamic characterization of photodetector: Responsivity and
high speed measurement of photocurrent are carried out with a mid-IR
quantum-cascaded laser (MIRCAT, Daylight solution) (wavelength from
5.2 pm to 11.2 pm, duty cycle 5% and repetition rate 100 kHz). The
optical beam is butt-coupled to the photodetector. The generated pho-
tocurrent is collected by the RF probe, then sent a to current amplifier
(DHPCA-100, Femto) before being detected on the oscilloscope (Agilent
86100C DCA-)).

5.2 Simulation

Optical profiles are calculated using MODE solver in Lumerical soft-
ware. Electrical concentration as a function of bias voltage is obtained
using CHARGE solver, Lumerical. The overlap between optical profile
and charge concentration is deduced by applying Soref’s formula about
free carrier absorption with Python code.

5.3 Propagation loss experiments and fitting method

To estimate the propagation loss, a set of spiral waveguides are fab-
ricated on a separated sample coming from the same wafer. Propaga-
tion loss is measured experimentally using the cut-back method which
relies on the measurement of the optical transmission of waveguides
of different lengths. This method has been successfully used from 5
to 8 pm wavelength. However, higher losses prevent the use of this
method beyond 8 pm wavelength. Among different possible loss con-
tributions, and by comparing the results with the ones of previously
fabricated devices without any PIN structure, it was possible to esti-
mate that, in the device reported in this paper, free carrier absorption
is dominant compared to other contributions. Therefore, to estimate
losses beyond 8 pm wavelength, experimentally measured propagation
loss (from 5 pm to 8 pm wavelength) has been fitted using a model
based on free carrier absorption. This fitting is then used to estimate
propagation loss for wavelengths from 8 pm to 10 pm as reported in
Figure 3c.

Acknowledgments: The fabrication of the device
was partially performed at the Platform de Micro-
NanoTechnologie/C2N, which is partially funded by the
“Conseil Général de I’Essonne”. This work was partly
supported by the French RENATECH network. Co-funded
by the European Union (ERC-Electrophot, 101097569). Views
and opinions expressed are however those of the author(s)
only and do not necessarily reflect those of the European
Union or the European Research Council. Neither the
European Union nor the granting authority can be held
responsible for them.

Research funding: ANR Light-up Project (ANR-19-CE24-
0002-01). Fondazione Cariplo, Grant No. 2020—4427 (project
MILESTONE), ERC-Electrophot (101097569).

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

DE GRUYTER

Conflict of interest: Authors state no conflicts of interest.
Informed consent: Informed consent was obtained from all
individuals included in this study.

Ethical approval: The conducted research is not related to
either human or animals use.

Data availability: The datasets generated and/or analyzed
during the current study are available from the correspond-
ing author upon reasonable request.

References

[11 G.Z.Mashanovich, et al., “Group IV mid-infrared photonics,” Opt.
Mater. Express, vol. 8, no. 8, pp. 2276 —2286, 2018.

[2] T.Hu, et al., “Silicon photonic platforms for mid-infrared
applications,” Photon. Res., vol. 5, no. 5, pp. 417—430, 2017.

[3] L.Shen, et al., “Mid-infrared all-optical modulation in low-loss

germanium-on-silicon waveguides,” Opt. Lett., vol. 40, no. 2,

pp. 268 —271, 2015.

A. Hugi, G. Villares, S. Blaser, H. C. Liu, and J. Faist, “Mid-infrared

frequency comb based on a quantum cascade laser,” Nature,

vol. 492, no. 7428, pp. 229—233, 2012.

T. Xu, et al., “Mid-infrared integrated electro-optic modulators: a

review,” Nanophotonics, vol. 12, no. 4, pp. 1—24, 2023.

V. T. Company and A. Weiner, “Optical frequency comb technology

for ultra-broadband radio-frequency photonics,” Laser Photon. Rev.,

vol. 8, no. 3, pp. 368—393, 2014.

V. Turpaud, et al., “Tunable electro-optic frequency-comb

generation around 8 um wavelength,” EP/ Web Conf., vol. 287,

p. 07008, 2023.

[8] D.).Thomson, et al., “Optical detection and modulation at 2

pm—2.5 pumin silicon,” Opt. Express, vol. 22, no. 9,

pp. 10825—10830, 2014.

M. A.Van Camp, et al., “Demonstration of electrooptic modulation

at 2165 nm using a silicon Mach—Zehnder interferometer,” Opt.

Express, vol. 20, no. 27, pp. 28009—28016, 2012.

[10] J. M. Ramirez, et al., “Graded SiGe waveguides with broadband
low-loss propagation in the mid infrared,” Opt. Express, vol. 26,
no. 2, pp. 870—2877, 2018.

[111 M. Montesinos-Ballester, et al., “Optical modulation in Ge-rich SiGe
waveguides in the mid-infrared wavelength range up to 11 pm,”
Commun. Mater., vol. 1, no. 1, pp. 8—13, 2020.

[12] D. Marris-Morini, et al., “Germanium-based integrated photonics
from near-to mid-infrared applications,” Nanophotonics, vol. 7,
no. 11, pp. 1781—-1793, 2018.

[13] M. Montesinos-Ballester, et al., “Ge-rich graded SiGe waveguides
and interferometers from 5 to 11 pm wavelength range,” Opt.
Express, vol. 28, no. 9, p. 12771, 2020.

[14] A. Malik, et al., “Ge-on-Si and Ge-on-SOI thermo-optic phase
shifters for the mid-infrared,” Opt. Express, vol. 22, no. 23, p. 28479,
2014.

[15] A.Barzaghi, V. Falcone, S. Calcaterra, D. Marris-Morini, M. Virgilio,
and J. Frigerio, “Modelling of an intersubband quantum confined
Stark effect in Ge quantum wells for mid-infrared photonics,” Opt.
Express, vol. 30, no. 26, p. 46710, 2022.

[16] T.Li, et al., “Ge-on-Si modulators operating at mid-infrared
wavelengths up to 8 pm,” Photon. Res., vol. 7, no. 8, p. 828,

2019.

[4

=

[5

—

[6

—

[7

—

9

—



DE GRUYTER

(7

(8]

(9]

[20]

[21]

[22]

M. Montesinos-Ballester, et al., “Mid-infrared integrated
electro-optic modulator operating up to 225 MHz between 6.4 and
10.7 pm wavelength,” ACS Photonics, vol. 9, no. 1, pp. 249—255,
2022

T. H. N. Nguyen, et al., “1 GHz electro-optical silicon-germanium
modulator in the 5-9 um wavelength range,” Opt. Express, vol. 30,
no. 26, p. 47093, 2022.

D. Palaferri, et al., “Room-temperature nine-pm-wavelength
photodetectors and GHz-frequency heterodyne receivers,” Nature,
vol. 556, no. 7699, pp. 85—288, 2018.

M. Hakl, et al., “Ultrafast quantum-well photodetectors operating
at 10 pm with a flat frequency response up to 70 GHz at room
temperature,” ACS Photonics, vol. 8, no. 2, pp. 464—471, 2021.

A. Rogalski, “Toward third generation HgCdTe infrared detectors,”
J. Alloys Compd., vol. 371, nos. 1—2, pp. 53—57, 2004.

H. Tran, et al., “Si-based GeSn photodetectors toward mid-infrared
imaging applications,” ACS Photonics, vol. 6, no. 11, pp. 2807 —2815,
2019.

T. H. N. Nguyen et al.: Integrated PIN modulator and photodetector = 1813

[23] J.). Ackert, et al., “High-speed detection at two micrometres with

[24]

[25]

[26]

[27]

monolithic silicon photodiodes,” Nat. Photonics, vol. 9, no. 6,

pp. 393—396, 2015.

L. Reid, M. Nedeljkovic, W. Cao, L. Mastronardi, R. Slavik, and G.
Mashanovich, “Photodetection at 3.8 pm using intrinsic monolithic
integrated Germanium photodiodes,” in IEEE Int. Conf. Gr. IV
Photonics GFP, 2021, pp. 3—4.

T. H. N. Nguyen, et al., “Room temperature-integrated
photodetector between 5 pm and 8 pm wavelength,” Adv. Photon.
Res., vol. 4, no. 2, p. 2200237, 2023.

C. Rosenblad, H. R. Deller, A. Dommann, T. Meyer, P. Schroeter,
and H. von Kénel, “Silicon epitaxy by low-energy plasma enhanced
chemical vapor deposition,” J. Vac. Sci. Technol. A, vol. 16, no. 5,

pp. 2785—2790, 1998.

M. Nedeljkovic, R. Soref, and G. Z. Mashanovich, “Predictions of
free-carrier electroabsorption and electrorefraction in
germanium,” IEEE Photonics ., vol. 7, no. 3, pp. 1—14,

2015.



	1 Introduction
	2 Results and discussion
	2.1 Modulator and photodetector design
	2.2 Fabrication process
	2.3 Electrical characterization
	2.4 Electro-optical modulator
	2.5 Photodetector

	3 Analysis and discussion
	3.1 Electro-optical modulator
	3.2 Photodetector

	4 Conclusions
	5 Methods
	5.1 Static and dynamic EOM and PD setup
	5.2 Simulation
	5.3 Propagation loss experiments and fitting method



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


