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Abstract: We report mid-infrared Ge-on-Si waveguide based PIN diode modulators
operating at wavelengths of 3.8 μm and 8 μm. Fabricated 1 mm-long electro-absorption
devices exhibit a modulation depth of >35 dB with a 7 V forward bias at 3.8 μm, and a
similar 1 mm-long Mach-Zehnder modulator has a Vπ·L of 0.47 V·cm. Driven by a 2.5
Vpp RF signal, 60 MHz On-Off Keying modulation was demonstrated. Electro-absorption
modulation at 8 μm was demonstrated preliminarily, with the device performance limited
by large contact separation and high contact resistance.
© 2018 Chinese Laser Press

1. Introduction
Silicon photonics has attracted great research interest over the last decade for its prospects
in the creation of integrated devices for near-infrared (NIR) wavelengths, especially for
use in optical interconnects and communications systems [1-6]. The motivation for
investigating wavelengths further into the mid-infrared (MIR), defined here as
wavelengths in the range 2-15 μm, comes from the applications that are possible for
photonics in this range. Integration of MIR devices could be used to create “lab-on-a-chip”
type sensors, which could be used for environmental pollution monitoring, toxic chemical
detection for homeland security, non-invasive methods of early disease diagnosis, to name
a few. In addition, the MIR range also contains two atmospheric transmission windows
(3-5 μm and 8-12 μm), thus offering a new spectrum for free-space light transmission [7].
Silicon is now widely used for NIR photonics. Silicon-on-Insulator (SOI) has been
used as an established photonic platform for the NIR, with several multi project wafer
services that offer access to sophisticated, but affordable fabrication processes. However,
silicon dioxide (SiO2) has high material absorption in the 2.6-2.9 μm range and beyond

3.6 μm [8], which limits the use of SOI platform. Many new platforms with extended
transparency ranges have been proposed for MIR photonics. This includes
Silicon-on-sapphire [9], Silicon-on-Nitride [10], Germanium-on-insulator [11], SiGe
graded index-on-silicon (SiGe-on-Si) [12-14], Germanium-on-Silicon (Ge-on-Si) [15,16],
Germanium-on-Nitride [17], and Chalcogenide glasses [18]. In germanium-rich graded
Silicon-Germanium waveguides a low loss of 2-3 dB/cm [13] and supercontinuum
generation [14] have both been demonstrated up to 8.5 μm wavelength. For MIR light
transmission, Ge is recognized as an ideal material since it exhibits high transparency over
nearly the entire MIR range (2-16 μm) [19]. Based on the transparency windows of bulk
Ge and Si, the Ge-on-Si platform is expected to provide a wide MIR wavelength range
together with facile processing. Low loss Ge-on-Si waveguide transmission has been
shown in [16,20-22], with [21] demonstrating low losses up to 11.25 μm. Moreover, other
Ge-on-Si devices like planar concave gratings [23], multimode interferometers [20],
arrayed waveguide grating [24], as well as surface grating couplers [25] have been
reported.
However, waveguide integrated modulators based on the Ge-on-Si platform have
been little explored so far. The only previous demonstration is a thermo-optic modulator
[26] operating at 5 μm. On-chip modulators might find a number of uses for mid-infrared
wavelengths: i) Free-space communication systems exploiting the MIR transmission
windows would require high-speed modulators. ii) Frequently, choppers are used in
combination with lock-in amplifiers to increase the signal-to-noise ratio (SNR) of MIR
measurement systems [27, 28]. The chopper in such a system could be replaced by an
on-chip modulator to make on-chip MIR systems more sensitive. iii) 1×2 switches would
be useful for on-chip sensors, for example for switching light between a waveguide that is
exposed to an analyte and a reference waveguide, to remove external sources of noise. iv)
On-chip beam steering systems similar to those currently being explored in Si photonics
in the NIR for LIDAR may be useful for a range of MIR applications, and would require
waveguide integrated phase shifters.
Bulk Ge has a thermo-optic coefficient 3 times larger than in Si. However, Ge-on-Si
thermo-optic modulators, as demonstrated in [26], exhibited comparatively low efficiency,
since 700 mW power level was required for a 2π phase shift. The high thermal
conductivity of the Si substrate was only improved by using Ge-on-SOI wafers [26] or
creating suspended Ge waveguide membranes [29], both of which improved the thermal
isolation of the waveguide. Aside from the power efficiency issue, the speed of the
thermo-optic effect intrinsically limits modulation frequency to approximately 10-100
kHz. In order to improve both the efficiency and the bandwidth, it is necessary to explore
other electro-optic effects in Ge.
Due to the centrosymmetric crystal structure of Ge, the Pockels effect is weak, while
the Kerr effect is also weak in Ge, and the Franz-Keldysh effect is negligible for
wavelengths longer than ~1.6 μm. The free-carrier plasma effect in Ge has been
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were conducted before the waveguide etching. As a consequence, the contact doping had
to be placed in the unetched Ge slab regions that were at least several micrometers away
from the waveguide core, as shown in Fig. 1(a). The target doping concentration were
1019 cm-3 for both P++ and N++ doping. Since the etched region served as a lateral
waveguide cladding, its width WGap had to be sufficiently large to suppress mode leakage
towards unetched side slabs. In addition, the 3 µm-thick Ge layer could not be doped
through the whole thickness. This would require excessively high doping energy. The
target doping depth (TDoping) was set to be 500 nm. WGap was varied between 6 μm and 8
μm for devices operating at 3.8 μm, and was set to be 8 μm for the 8 μm modulator
operation. The simulated mode profiles are shown in Fig. 1(b), and the simulations
showed that these values of WGap were sufficient to both prevent mode leakage and optical
absorption in the highly doped regions.
All devices operating at 3.8 μm were designed with grating couplers to afford
out-of-plane light coupling between optical fibres and on-chip Ge-on-Si waveguides. The
grating couplers were similar to those previously published in [25,33], but were
re-designed for a 3 μm-thick Ge layer and 1.7 µm etching. The grating coupler was 26 μm
wide, with a grating period of 3.06 μm and duty cycle of 0.596. A 1 mm-long inverse
taper excitation was used at the input to the grating coupler, with a tip width of 1.1 μm.
This injection waveguide arrangements minimized back-reflections into the waveguide as
described in [33].
The devices for 8 μm were designed with end-fire light coupling into the waveguide
via a linear edge taper. The end waveguide width was 20 μm at the edge facet and 1
mm-long taper was connected to the single-mode waveguide. At the output, a grating
coupler was used to re-direct light towards a long-wave infrared (LWIR) camera that was
used for imaging. These grating couplers were the same as those described in [20], with
an etch depth of 1 µm and were designed for imaging by the camera.
Two kinds of modulators

were

designed

for 3.8 μm wavelength: 1.

electro-absorption modulators (EAMs), which consisted of PIN diodes integrated with 1
mm-long straight waveguides. The optical absorption change created by free carrier
injection into the waveguide directly creates an optical intensity change, and 2.
Mach-Zehnder modulators (MZMs), in which a PIN diode is integrated with the
waveguide in one arm of a Mach-Zehnder interferometer (MZI), and the change in
refractive index introduced by free carrier injection into the waveguide core creates a
phase change, which is converted into an intensity modulation by the MZI. 1×2
multimode interference (MMI) couplers were used as the splitter and combiner in the MZI.
The multimode region of the MMI was 14 μm wide and 106.5 μm long. The output ports
have a center-to-center spacing of 7.25 μm, and the input and output ports were tapered
from the single mode waveguide width out to a maximum width of 6.75 µm, over a 20 µm
length. The MZI were imbalanced with a 1 mm-long phase shifter, and a 600 μm-long arm
difference. Only EAM devices were investigated at a wavelength of 8 μm, which had a

PIN diode length of 2 mm.
According to literature data, the SiO2 top cladding is expected to be extremely lossy
(> 104 dB/cm [34]) at 8 μm, mode simulations indicate that it would introduce
approximately 100 dB/cm to the waveguide propagation loss. In this fabrication run we
chose to accept this source of excess loss to simplify fabrication, but an alternative option
would be either to use a different cladding material with lower absorption, or to introduce
another lithography step and etch away the SiO2 directly above the waveguide.
3. Fabrication processes
Chip fabrication was carried out at the Southampton Nanofabrication Centre, University
of Southampton. The process flow for the Ge-on-Si modulator fabrication is shown in Fig.
2. a) Commercially purchased 6” Ge-on-Si wafers with a 3-μm-thick Ge layer were used.
b) The λ=8 μm gratings were defined using e-beam lithography, followed by Inductively
Coupled Plasma (ICP) etching. Alignment marks were also etched in this step, for use in
all subsequent steps. c) 1.5 μm-thick SiO2 was deposited on top by Plasma Enhanced
Chemical Vapor Deposition (PECVD), serving as a hard mask for ion implantation. The
hard mask was patterned with optical lithography using S1813 photoresist, followed by
HF wet etching. The ion implantation was conducted at the Ion Beam Center, University
of Surrey. Chain ion implantations of boron, and subsequently phosphorous were
conducted to realize both a high concentration at the surface for good Ohmic contact and
doping depths (TDoping) of 500 nm. For the boron doping implant energies of 200 keV, 100
keV, 50 keV, and 20 keV with corresponding dose levels of 5e15 cm-2, 2.5e15 cm-2, 1.5e15
cm-2, and 1e15 cm-2 were used. After ion implantation, the oxide hard mask was totally
removed by HF wet etching. d) The same process was followed to carry out the
phosphorus implant, with doping energies of 200 keV, 70 keV, and 20 keV, with the
corresponding doses of 2.2e15 cm-2, 6.3e14 cm-2, and 1.9e14 cm-2. e) At this stage,
e-beam lithography and ICP etching were used to etch the waveguides and grating
couplers for 3.8 µm operation. f) A 100 nm SiO2 layer (TSiO2) was deposited by PECVD,
and vias were etched through the SiO2 to allow contacting the doped regions. A
passivation step was carried out, after which 100 nm-thick aluminum electrodes were
deposited by e-beam evaporation and patterned using the lift-off technique at chip scale.
Fig. 3 shows an optical microscope image of the fabricated EAM working at 3.8 μm, and
Fig. 4 shows a scanning electron microscope image of the top view of one of the PIN
diodes.
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4. Characterization and Analysis
4.1 Ohmic contact performance of 3.8 μm wavelength devices
Circular transmission lines were fabricated on some chips in order to measure the contact
and sheet resistances [35]. The resistivity was calculated to be 1.8×10-3 Ω·cm, for P++
doping and 1.0×10-3 Ω·cm for N++ doping, respectively. According to [36], this
corresponds to doping concentrations of 1019cm-3 for both P++ and N++ doping. The
contact resistivity was calculated to be 7.7×10-4 Ω·cm2 for N-type and 1.8×10-4 Ω·cm2 for
P-type. The contact resistivity of the Ohmic contacts is much higher than the resistivity
reported in literature, which was around 10-7 Ω·cm2 [37]. The contact resistance of our
device is calculated to be 2.57 Ω for N-type and 0.8 Ω for P-type. The high contact
resistance would cause a large part of the forward bias voltage applied across a PIN diode
to be dropped across the contacts. This way, the required driving voltage would be much
higher than expected. The reverse bias leakage current measured across the PIN diodes
was negligible (i.e. < 10-4 A under -4 V bias voltage in a 0.25 mm-long diode) compared
to the same forward bias current. This shows that there is very little surface leakage
current when a forward bias is applied across the PIN diodes.
4.2 Electro-absorption and electro-refraction modulators for 3.8 μm
The experimental setup for 3.8 μm device operation is shown in Fig. 5. Optical
characterization was carried out using a MIR experimental setup that consists of a tunable
quantum cascade laser (QCL) with a center wavelength of 3.8 μm and a custom built
HgCdTe photodetector (Vigo Systems PVI-4TE-4) with a -3 dB high cut-off frequency
larger than 400 MHz. The HgCdTe detector is AC coupled. This results in the DC
component of any optical signal being filtered from its electrical output. The light
polarization is adjusted for TE polarization (to suit the grating couplers) using a half-wave
plate that is placed at the linearly polarized laser output. The light is then coupled into
MIR fibers using a ZnSe lens. Single mode ZrF4 MIR fibers with 9 μm core and 125 μm
cladding diameters are used to couple light to and from the chip.
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modulation depth data, and we find that at 3.8 μm wavelength, the fitted line has a slope
of 3.43 dB/A, while at 8 μm wavelength, there is a 16.8 dB/A slope. Since in two PIN
diodes with the same dimensions and the same injection current, the charge carrier
concentration would be expected to be approximately the same, we can use this fitted
slope as a proxy for comparing the absorption coefficient vs. carrier concentration
relationships at the two wavelengths, and estimate that free carrier absorption is
approximately 4.9 times greater at 8 μm than at 3.8 μm. Of course, since the longer
wavelength waveguide is 0.5 μm wider, the injection volume is ~5 % larger, therefore the
charge carrier concentration in the λ=8 μm is likely slightly lower, and we can expect that
we slightly underestimate the relative difference in absorptions at the two wavelengths.
If we use the theoretical equations for

Δα from [30] for a charge carrier

concentration of Δ N e = Δ N h in the range of 1016 cm-3 to 1018 cm-3, we would expect that

Δα is 4.7 to 4.9 times greater at λ=8 μm than at 3.8 μm, which agrees well with the
experimentally measured difference.

5. Discussion
The total power consumption for the 1 mm long MZM device at λ=3.8 μm is calculated to
be 595 mW (3.5 V × 0.17 A) for 0.75 π phase shift. Most of the power is consumed in the
contact region and the undoped slab region. The measured devices exhibited significantly
lower modulation efficiencies and higher power consumption than is routinely expected in
NIR silicon photonic carrier injection modulators, despite the expectation of a very strong
free carrier effect in Ge. There are several likely causes of this: (a) The large spacing
between the P-type and N-type contacts in the PIN diodes used in this demonstration
require for the carriers to be injected into a large region, therefore the overlap between the
injected carriers and the waveguide mode is low. (b) The Ohmic contacts exhibit high
resistance, thus reducing the injected carrier concentration for a given applied voltage. (c)
A relatively high defect concentration in Ge at the Ge-Si interface, as a result of Si and Ge
lattice constants mismatch, reduces the carrier lifetime, which coupled with the long
distance over which carriers are injected, would substantially reduce the carrier
concentration in the waveguide core. The device efficiency could be significantly
improved by using a more optimized Ohmic contact fabrication process and by placing
the Ohmic contacts much closer to the waveguide. In this work, the decision to use a large
contact separation stemmed only from the choice of a very conservative fabrication
process. Introducing additional lower concentration P and N type implantation steps in the
slab region adjacent to the waveguide would also reduce the diode resistance and injection
volume without introducing too much excess optical absorption.
It is worth noting that it is challenging to use these experimental measurements to
directly verify the theoretical predictions of the strength of the free carrier effect in Ge
presented in [30], since the actual carrier concentration in the waveguides is unknown,
and cannot be readily measured.

If we compare the EAM and MZM devices for 3.8 μm, which have nominally the
same PIN diode sections, we can try to estimate the absorption introduced in the phase
shifter when applying a π phase shift. Based on Fig. 7 (b), for a π phase shift (in a
situation where the device were to be driven by 3.5 V, but a 1.33 mm long PIN diode were
used) a 0.23 A injection current would be required. If we assume that the same injection
current results in the same charge carrier concentration in both devices, from Fig. 6 (b) we
can say that a 0.23 A injection current produces 3.85 dB of absorption in the EAM device.
For many phase shifter applications (such as beam steering) this level of excess loss will
be unacceptable, and the problem will become even more severe at longer wavelengths
where the free carrier absorption is stronger. In a conventional 1×2 MZI switch high
excess free carrier loss will increase the insertion loss and cross-talk of the switch. Soref
et al. have proposed alternative Ge waveguide based switch designs that use the free
carrier absorption and refraction effects that would be expected to circumvent much of the
parasitic effect of free carrier absorption on insertion loss and crosstalk [38,39].

6. Conclusions
In this work, mid-infrared electro-optic modulators based on the Ge-on-Si platform have
been investigated at wavelengths up to 8 μm. A fabricated 1 mm-long EAM exhibited a
DC modulation depth in excess of 35 dB at 3.8 μm wavelength, and a MZM with a 1
mm-long phase shifter at the same wavelength had a modulation depth of 13 dB with a
Vπ·L of 0.47 V·cm. When driven by a RF signal, 60 MHz OOK modulation was
demonstrated in both the EAM and MZM devices. An EAM device has also been
demonstrated at a wavelength of 8 μm, with a 2.5 dB modulation depth for a 7 V DC
forward bias in a 2 mm-long PIN diode. The measurements indicate that the injected free
carrier absorption is more than 4.9 times greater at 8 μm than at 3.8 μm for the same
carrier concentration, which is consistent with the theoretical predictions of [30]. The
modulation efficiency of all of these modulators would be expected to increase
significantly with optimization of the Ohmic contact separation and with improved Ohmic
contact fabrication.
The devices that have been characterized represent the first demonstrations of free
carrier injection based modulators in the Ge-on-Si material platform, and the modulation
at 8 μm wavelength represents the longest wavelength at which modulation in a group-IV
waveguide has been demonstrated to date. These results also show that PIN diode based
carrier injection modulators can be extremely broadband, since the devices demonstrated
here, which are identical in all aspects except the waveguide width, have been used at
wavelengths that are separated by more than an octave in frequency.
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