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Abstract: The ever-increasing demand for integrated, low power
interconnect systems is pushing the bandwidth density of CMOS photonic
devices. Taking advantage of the strong Franz-Keldysh effect in the C and L
communication bands, electro-absorption modulators in Ge and GeSi are
setting a new standard in terms of device footprint and power consumption
for next generation photonics interconnect arrays. In this paper, we present a
compact, low power electro-absorption modulator (EAM) Si/GeSi heterostructure based on an 800 nm SOI overlayer with a modulation bandwidth
of 56 GHz. The device design and fabrication tolerant process are presented,
followed by the measurement analysis. Eye diagram measurements show a
dynamic ER of 5.2 dB at a data rate of 56 Gb/s at 1566 nm, and calculated
modulator power is 44 fJ/bit.
© 2017 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction
It has been shown [1] that the Annual Global IP traffic is expected to exceed a zettabyte (1
trillion gigabytes) in 2017 and then double by 2019. An integrated photonic system based on
CMOS based silicon photonics circuitry is considered to be a key enabling technology for
highly integrated optical interconnects providing a means to cope with the rising data rate

requirements and associated costs. Over the last two decades, research efforts have been
pursued to develop integrated silicon and multilayer based systems [2-6] including high speed
photodetectors [7-10], wavelength division multiplexing (WDM) filters [11,12] and
modulators [13-15]. Often the modulator is seen as the workhorse at the heart of an optical
transmission link. In group IV based materials, especially silicon, the free carrier dispersion
effect is the most commonly used physical mechanism to enable phase modulation. Amplitude
modulation is therefore obtained with interferometric devices such as Mach-Zehnder
Interferometers (MZI) [16-18]. Nowadays MZI-based device [19,20] are reaching maturity in
terms of fabrication stability and performance nevertheless a common and inevitable issue of
this class of modulators is the intrinsic footprint that remains on the order of mm2, leading to
power consumption levels of the order of the ~pJ/bit. The power consumption can be reduced
dramatically using resonant devices such as ring resonators [21,22] or photonic crystals [23],
but the advantages have to be mitigated by issues linked to fabrication and temperature
tolerance as well as reduced operational optical bandwidth. To alleviate some of these issues
whilst increasing bandwidth density, low power consumption, optical bandwidth and
switching speed; Ge and/or GeSi electro absorption modulators (EAM) based on the FranzKeldysh (FK) [24,25] effect can be envisioned.
Progress in GeSi deposition onto Si [26,27] makes these alloys suitable, in particular, for
large scale integration and pushes further the limits of modern telecommunication systems. In
a recent work, we have also demonstrated [28] the possibility of fine wavelength tuning over
40 nm by means of rapid thermal annealing, enabling the possibility of tunability of
modulators arrays working at specific wavelengths. Therefore, covering some of the
requirements for WDM in telecommunication [29] whilst providing a platform enabling
channel number scalability.
In this paper, we present an innovative Si/GeSi hetero-structure modulator developed on
an 800 nm thick Silicon-On-Insulator platform. The device, is formed by a wrap-around PIN
hetero junction in a rib waveguide with dimensions of 1.5 µm x 40 µm. The advantage of the
structure is provided by the wrap-around diode structure enabling a better control of the
junction width whilst alleviating the constraint linked to the width of the waveguide. The
coupling scheme chosen between the SiGe waveguide and the Si waveguide grants selfalignment of the waveguide between the two materials simplifying the fabrication process.
The customizable device structure and simple manufacturing process also allow high speed
performance and large manufacturing tolerances.
The device eye is measured at a data rate of 56.2 Gb/s and shows a dynamic ER of 5.2 dB
and modulator power of 44 fJ/bit. The 3 dB bandwidth of 56 GHz demonstrates a leading
capability of this design for high speed applications.
2. Modulator design
The fabricated modulator is based on the FK effect, where an applied electric field modifies
the optical properties of direct bandgap semiconductors by increasing the absorption of photon
with energies near the material bandgap. The absorption change is reached in less than a
picosecond [30] allowing fabrication of amplitude modulators where data rate can exceed 50
Gb/s.
A wrap-around PIN Si/GeSi hetero-structure is chosen for the modulator and implemented
in an 800 nm platform. The heterostructure design in Fig. 1 shows the diode configuration
integrated in a 1.5 μm wide rib waveguide, where the P doping is defined in a 100 nm thick
silicon layer (light green), the intrinsic region (total thickness of 600 nm) is defined by a
bottom Ge seed layer (black) and a GeSi area (gold) where the N doping (thickness ~ 100 nm)
follows the contour of the top of the rib waveguide (orange/red area). Compared to previous
works, this solution is advantageous because the waveguide width does not interfere or limit
the strength of the electric field distribution and can also be tailored to improve, if required,
the propagation of both polarizations and optical confinement of the optical mode.

Fig. 1. Devicee cross-section schhematics.
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Indeed, whilst high dooping levels caan lead to
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Fig. 2. (a) Overlay of the TE mode distribution (grey contour) and the electric field distribution
(coloured contour) at -2 V. (b), the extrapolated electric field along the dashed line compared
with different works [32,33].

For this reason, the fabrication tolerances and the effect of the waveguide width on the
electric field is lowered dramatically. Another aspect of this concept is the possibility to tune
the polarisation sensitivity of the modulator without affecting the electric field strength.
Finally, because Si and GeSi can be dry etched using a single etch step, it is here possible to
simplify the fabrication process by defining the SOI waveguide and the Si/GeSi device at the
same time, hence avoiding overlay misalignments. The interface loss between Si and the
Si/Ge/GeSi stack for a wider waveguide configuration is estimated to be up to 0.3 dB loss per
facet for TE polarisation.
3. Fabrication
The main process steps are shown in Fig. 3. The fabrication is performed on an 800 nm thick
Silicon on insulator wafer with 3 µm buried oxide. Trenches of 50x40 µm2 are defined by
etching the top silicon layer leaving 100 nm of silicon at the bottom of the cavity. Then, the
bottom P+ doping area is formed using a Boron implant Fig. 3(a) and doped to a concentration
of ∼ 1018 cm−3.

Fig. 3.
3 Fabrication steps of the GeSi EAM
M heterostructure.

The GeSi layer is selecttively grown in
n the cavity ussing RPCVD bby growing ~100 nm of
low temperatu
ure Ge bufferr layer followeed by an oveergrowth of G
GeSi with a Sii nominal
composition of
o about 1.5 %.
% The thin Gee layer is usedd as a low tem
mperature ”seedd” for the
growth of hig
gh quality GeS
Si layer at high
h temperature. The GeSi layeer is then overrgrown to
make sure thee cavities are fiilled with the compound
c
matterial over the w
whole wafer. T
The wafer
is then put thrrough Chemicaal mechanical polishing
p
(CMP
P) to planarize the GeSi strucctures and
remove the ex
xcess of GeSi above
a
the Si lay
yer.
The wrap--around PIN riib junction is then
t
formed bby a two-step eetch. First, onlly the left
hand side of the
t cavity is ettched by aboutt 200 nm Fig. 3(b), then anoother 400 nm eetching is
performed forr defining the waveguide riib and the couupling gratingss Fig. 3(c). Foor optical
normalisation purposes, a silicon
s
wavegu
uide with idenntical length iis etched next to every
device. On th
he left hand sid
de of the rib, th
he total etch deepth of the trennch is 600 nm,, ensuring
the highly dop
ped P++ layer could be defin
ned across the w
whole 100 nm Ge buffer layeer. On the
right hand sid
de of the rib, th
he 400 nm etch
h depth ensurees the formatioon of the rib waveguide.
Once the rib
b doping regio
ons have been
n defined, higgh dose ion implantation steps are
performed, P+
++ using BF2
2 on the left side in the geermanium receess Fig. 3(d) and N++
(Phosphorus) on the rightt hand side, in the GeSi slab Fig. 3(e). The targeet doping
m−3 and ∼1019 cm−3, respectiively. The lastt implantation step Fig.
concentrationss are ∼1020 cm
3(f) is perform
med at 45⁰ to define the wrrap-around junnction formed by the N+ phhosphorus
doped surfacee layer with a concentration
c
target
t
of ∼10188 cm−3. Finally, RTA activatiion at 650
⁰C, oxide dep
position, VIAS definition and
d metal deposittion/etch concllude the fabrication run.
A FIB cross section, highlighting the two-sstep etch resultt, and metallisaation is shown in Fig. 4.

Fig.
F 4. FIB cross-section of the fabriicated device.

4. DC measurements
The performances of our deevice are first measured
m
in DC
C using the settup illustrated in Fig. 5.
Each device is
i electrically probed
p
using tungsten
t
tip DC
C probes from
m Cascade Miccrotech. A
Matlab routin
ne allows to measure the optical and electrical behhaviours of tthe EAM
independently
y.

Fig. 5. DC op
pto-electric setup ddiagram.

The majorr contributions to the dark cu
urrent are estim
mated to originaate from surfacce current
and crystal deefects and to increase
i
the staatic power connsumption. Foor this device,, the dark
current level is
i measured to
o be below 1 µA
µ at a reversee bias of 2 V, further reductiion of the
leakage curreent could be achieved
a
by im
mproving the epitaxial seedd layer and thhe surface
passivation steep.
Optical traansmission speectra are then measured
m
in DC
C in order to ddetermine the m
modulator
performances which, in EAM
M, are a comp
promise betweeen loss withouut electric fieldd (IL) and
absorption varriation for a giiven voltage sw
wing (ER). In Fig. 6(a), the Insertion Losss (IL) and
the Extinction
n Ratio (ER) for
f different applied
a
voltagees are depictedd, respectivelyy. For the
proposed stru
ucture, the IL is due to th
he Ge direct bbandgap and GeSi indirect bandgap
absorption an
nd extra loss linked
l
to the built-in electriic field, couplled to doping loss and
waveguide loss. The simulaated loss at th
he interface beetween the Si aand GeSi wavveguide is
removed. It is important to point
p
out that th
he total insertioon loss is increeased by the prresence of
the underlying
g Ge layer thaat is intrinsic to the adoptedd process rathher than the deesign and
introduces a second ER peak
k for waveleng
gths above 157 0 nm. Therefore, it is expecteed that an
improved epittaxial growth recipe would im
mprove dramati
tically the IL.
The ER sp
pectrum reachees a maximum peak of 3 dB for a reverse bbias of 1 V at 1540 nm.
For higher reverse biases, the
t ER increasses up to 7.5 dB (bias = -44 V); this translate to a
calculated incremental ER raate of about 1.5
5 dB/V aroundd 1540-1545 nm
m.
To assess the EAM perfo
ormance acrosss the C and parrt of the L bandd, we define thhe FOM =
ER/IL as the ratio between the losses witth and withoutt reverse bias. The FOM, deepicted in
Fig. 6(b), is a good indicatorr of the trade-o
off between exttinction ratio aand insertion loosses for a
voltage swing
g from -1 V to -4 V. It is cleear that the FO
OM is affected by the IL of thhe device
nevertheless th
he modulated ER
E between -1 and -4 volts sstays constant aacross the whole C band
and part of thee L band enablling the FOM to
t reach a valuee of 1 at 1590 nnm.

Fig. 6.
6 (a) Measured Inssertion Loss and Extinction
E
Ratio forr different reversee biases, (b) ER, IL
L
ratio for
f the selected hig
gh speed modulatiion voltage swing..

5. High-Sp
peed measure
ements
The high-speed measuremeents setup inccludes a 56 G
Gbps pseudoraandom binary sequence
(PRBS) generrator coupled to an RF ampliifier where thee signal is attennuated (using iin line RF
attenuators) to
o the require sw
wing voltage. A bias T sets thhe reverse voltaage and the siggnal is fed
to GS probes,, which are no
ot 50 ohms term
minated. A low
w noise EDFA
A coupled to a bandpass
filter is also used
u
to amplify
fy the modulateed optical signnal to the DCA
A, the fixed wavelength
optical signall is generated by an Agilentt tunable laserr coupled to tthe EAM usinng grating
couplers. The overall diagram
m of the setup is shown in Fiig. 7.

Fig. 7. High-speed opto-electric setu
tup diagram.

The RF siignal has a volltage swing off 2.2 V peak-too-peak or ~2.7 V rail-to-rail while the
DC reverse biias is 2.7 V. Fig. 8 shows th
he input electriccal eye diagram
m and Fig. 9 sshows the
measured opttical eye diagrram from the device operatiing at 1566 nnm. This waveelength is
chosen to obtain the best traade-off betweeen the FOM annd the optical measurement llimitation
of our setup. The
T observed open
o
eye has a dynamic ER of 5.2 dB at a speed of 56.22 Gbps. In
this case the data
d rate is lim
mited by the patttern generatorr and setup at our disposal. IIt must be
noted that, sin
nce the GS pro
obes are not 50
0 ohms terminnated, there is a signal increaase of the
RF peak to peak
p
voltage applied
a
to the device. The eestimated voltaage at the devvice ports,
reaches a ~4 V peak-to-peaak. The RF refflection is suc cessfully attennuated by a 6ddB in-line
hown in Figs. 8 and 9 below,, the rise time oof the optical eeye is τo =
microwave atttenuator. As sh
16.8 ps whilstt the rise time of the electricaal input eye is τe = 15.6 ps. T
The device risee time can
be defined by:

τ r = (τ o2 − τ e2 ) .

(1)

From Eq. (1), we calculate τr for the available readings (Table 1), which indicates an analogue
EO modulation bandwidth ranging from 42 GHz up to 66 GHz, with a current value of 56
GHz.
Table 1. EAM time rise measurement and EO bandwidth calculation.
Eye reading

τe

τo

τr

EO bandwidth

(ps)

(ps)

(ps)

(GHz)

current

15.60

16.80

6.24

56

min

14.56

16.80

8.38

42

max

15.95

16.80

5.28

66

Fig. 8. 56 Gbps input electrical eye of 2.2Vpp.

Fig. 9. Measured 56.2 Gb/s device eye diagram with an ER of 5.2 dB.

Measuring the S11 and parameters, the EAM electrical equivalent circuit (Fig. 10) is
modelled.

Fig. 10. Equivalent electric circuit.

The equivalent electrical circuit consists of the pad capacitance Cpd, the series resistance
RS, the p-i-n junction resistance RJ, the p-i-n junction capacitance CJ, the capacitance due to
the BOX layer Cox, and the resistance due to the SOI and substrate RSi. Using the S-parameters
model available in Agilent Advance Design System, we found the lumped element values of
the equivalent electrical circuit to match the experimental data, as shown in Fig. 11. We
calculated Cpd = 5 fF, RS = 150 Ω, RJ = 1500 Ω, CJ = 11 fF, Cox = 30 fF and RSi = 350 Ω. We
can, then, calculate the power of the EAM at 56 Gbps to be CJ Vpp 2 /4 = 44 fJ/bit with the
swing voltage Vpp = 4 V (taking into account the signal increase due to GS probe without
termination).

Fig. 11. S11 Parameter at -3 V.

In Table 2 our device is compared to devices found in the literature [32-34]. The first
iteration of the Si/Ge/GeSi heterostructure device demonstrated here, is a transitional device
that is currently affected by epitaxy constraints and the extra insertion losses generated by the
Ge seeding layer. Future work will therefore focus on either direct GeSi-on-Si growth or Si
diffusion into Ge to achieve a uniform GeSi layer throughout the entire cavity with an aim to
reduce the IL. Nevertheless, the compact footprint, the low energy per bit, and the high bit-rate
demonstrate the capability of this design. Furthermore, we believe that the proposed design
provides important advantages such as simpler, and more tolerant fabrication due to the
possibility to fabricate a diode in a wider GeSi waveguide with a simple self-alignment of the
GeSi waveguide to the Si waveguide. The concept also provides a better control of the
junction width due to the low dependence on implantation depth enabled by the wrap-around
doping profile whilst the opposite doping type (n-type) is being contained within the bottom
silicon layer.

Table 2. EAM in literature compared to our device.
Ref.

λ
(nm)

Area
(µm2)

Voltage swing
(V)

3dB Band
(GHz)

Energy/bit
(fJ/bit)

IL DC
(dB)

Dynamic ER
(dB)

GeSi EAM
[32]

1550

0.8x50

3

38

147

4.8

4.5

Ge EAM
[33]

1610

40x0.6

2

>50

12.8

4.9

3.29

PhC EAM
[34]

1530

70x0.4

1

28.3

2.2

3

3

This work

1566

40x1.5

~4

56

44

10.6

5.2

6. Conclusion
We have designed, fabricated and characterized a high-speed GeSi EAM developed on an 800
nm SOI platform, built in a 1.5 μm wide rib waveguide. Operating at a wavelength of 1566
nm, we have demonstrated a data rate, limited by the measurement setup, of 56.2 Gb/s, with a
dynamic ER of 5.2 dB. With a small device footprint of 60 µm2, the modulator power
consumption and EO modulation bandwidth have been calculated to be 44 fJ/bit and 56 GHz,
respectively. The wrap-around junction design enables, a simple, tolerant, and customizable
fabrication process for high-speed and compact electro absorption modulators. Finally, the
high EO modulation bandwidth and bandwidth density (~ 1 Pbit/s/mm2) demonstrated by this
device, coupled with the ability to vary the waveguide width without sacrificing the electric
distribution, should ensure this concept to be one of the leading candidates for the next
generation highly integrated WDM based telecommunication systems.
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