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I. INTRODUCTION

in recent years. Both microelectronics and telecommuni-
cations could benefit from the development of low cost and
high performance solutions for high-speed integrated optical
links [1], [2]. Optoelectronic devices for integrated transceivers
including sources, modulators and detectors are the subjects of
intense research. Silicon modulators based on carrier depletion

S ILICON photonics has generated an increasing interest
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have recently achieved high performances such as 40 Gb/s op-
eration with high extinction ratio (ER) and low loss [3]. Silicon
Mach Zehnder modulators are interesting for telecommunica-
tion applications but their energy consumption of a few pJ/bit is
prohibitive for inter- and intra-chip optical communications. For
such short optical link applications, energy consumption of the
optical modulators is a major concern [4]. In this context Ge-rich
Ge/SiGe quantum wells (QWs) are promising for compact and
low power consumption electro-absorption modulators [5]. Us-
ing a 3-pm-wide and 90-pm-long Ge/Sij 15Gey g5 QWs wave-
guide, a 23 GHz electroabsorption modulator has been experi-
mentally demonstrated, exhibiting an ER higher than 10 dB over
a wide spectral range around 1.45 pum [6]. Different methods
have been proposed to tune the operating wavelength of QCSE in
Ge/SiGe QWs to 1.3 or 1.55 um, such as strain-engineering [7],
[8], and have been experimentally verified [9]-[12]. In surface
illuminated devices the quantum-confined Stark effect (QCSE)
has been already demonstrated at the wavelength of 1.3 pm.
Such operating wavelength, which is shorter than the 1.4 ym
absorption edge of Ge QWs grown on Sij 1 Gej ¢ buffers, is
achieved thanks to the higher compressive strain imparted to
the Ge well by the use of Sij .21 Geg. 79 virtual substrate (VS) [9],
[10]. However, performance of a waveguide modulator at 1.3 ym
has not been evaluated so far. Indeed the increased contribu-
tion from indirect band-gap absorption at this wavelength could
spoil the performances of a waveguide modulator in terms of
ER and insertion loss (IL) [13]. This paper reports on the latest
advances towards the realization of a Ge/SiGe QW waveguide
modulator working at 1.3 um. Two kinds of waveguide mod-
ulators were considered. First, a stand-alone modulator using
Ge/Siy.35Geg 55 QWs on top of a 13-um Sij 21 Gey. 79 buffer on
silicon was fabricated and characterized. Subsequently, aiming
at the integration of a Ge/SiGe QW modulator on a silicon-
on-insulator (SOI) waveguide, we developed a relaxed buffer
with 360 nm thickness that would practically allow the optical
coupling between a SOI waveguide and the Ge/SiGe QW ac-
tive region. Here we present photocurrent measurements from
a surface illuminated Ge/Sig 15Gey g5 QW structure grown on
top of a 360-nm-thick Sip 3 Gey 92 buffer deposited on a silicon
wafer and operating at a wavelength around 1.4 pm. This step
helped evaluate the effectiveness of such thin buffer for QCSE
structure integration on silicon. The promising experimental re-
sults led us to model the performances (optical loss, ER and
energy per bit) of a QCSE modulator integrated on a SOI wave-
guide by means of such a thin SiGe buffer and operating at
1.3 pm.
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Fig. 1. Cross section of the stand-alone modulator working at 1.3 pm: 20
periods of Ge/Sip 35 Ge(.¢5 QWs/barriers embedded in a PIN diode are grown
on top of a 11-pum-thick graded buffer followed by a 2-pm-thick constant
composition layer.

II. STAND-ALONE MODULATOR AT 1.3 pm

A. Design and Fabrication

Ge/SiGe QWs were grown by low-energy plasma-enhanced
chemical vapor deposition (LEPECVD) [14]. For the fabrication
of the stand-alone modulator, an 11 pm thick Si; _,Ge, graded
buffer was deposited with linearly increasing Ge content from
Si to Sip.21Gey 79, capped with a 2-pum-thick Sij 21 Geg 79 layer
forming a relaxed VS. A 500-nm-thick boron-doped (~1x10'8
cm™?) Sig 21 Gep 79 layer was grown to serve as a p-type contact,
followed by a 50-nm-thick Sij o1 Geg.79 spacer. The QW region
consists of twenty periods of 8-nm-thick Ge QWs and 12-nm-
thick Siy 35Geg g5 barriers, similar to the design used in [9].
The Ge content of the barriers and the VS has been chosen to
obtain a strain-balanced design, in which Ge QWs (Si.35Geg 5
barriers) are compressively (tensile) strained due to the lat-
tice mismatch with the Siy o1 Geg.79 VS. Finally, a 50-nm-thick
Sip.21Gey .79 cap layer and a 200-nm-thick phosphorus-doped
(~1x10" cm™) Sig.21Geg.79 layer were added to form the n-
contact. The cross section of the fabricated device is shown in
Fig. 1.

A 3-pm-wide and 50-pum-long modulator was fabricated
in order to investigate the modulation performance of the
Ge/Sip 35Gep 65 QWs in a waveguide configuration. The mesa
was patterned by ultraviolet (UV) lithography and dry etching.
A passivation stack of SiO»/SizN, was deposited by plasma en-
hanced chemical vapor deposition (PECVD). The bottom and
top contacts were defined by UV lithography, reactive ion etch-
ing, and wet etching of the passivation layer. An Al layer was
evaporated and lifted-off for both top and bottom contacts.

B. Characterization

Modulator transmission spectra were measured at room tem-
perature from 1260 to 1320 nm with a wavelength resolution
of 0.5 nm. Light from a tunable laser was polarized and butt-
coupled into the Ge/SiGe QW modulator using a polarization-
maintaining lensed-fiber. TE polarization was chosen accord-
ing to the polarization dependence of the QCSE in Ge/SiGe
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Fig. 2. Experimental absorption spectra of the stand-alone modulator for dif-

ferent applied reverse bias voltages (FP fringes coming from waveguide facets
have been filtered out). Inset: absorption as a function of the length of the mod-
ulator (cut-back technique) used to remove loss coming from the coupling of
light into and out of the tested device.

structures as investigated in [15]. Light at the output of the
modulator was collected by an objective and coupled to an in-
frared photodetector. Electrical probes were used to apply the
bias voltage. Absorption spectra as a function of the wavelength
were deduced from the measurements for reverse bias voltages
from O to 8 V. Fabry-Perot oscillations with a 4 nm free-spectral
range were observed and attributed to the cavity formed between
the facets of the 50-um-long waveguide. A low-pass filter was
used to remove these oscillations from the recorded experimen-
tal measurements. A cut-back technique was used to remove
loss coming from the coupling of light into and out of the tested
device (inset of Fig. 2). Finally the resulting absorption spectra
of the Ge/SiGe QW modulator are reported in Fig. 2.

At 0V, an absorption peak was found at 1.274 ;4m (0.972eV),
which can be attributed to the excitonic transition between the
first valence band heavy hole level (HH1) and the first conduc-
tion band state at I' (cI'1). By using the Lorentzian function to
fit the spectra, the half width at half maximum of the excitonic
peak can be estimated to be 8.5 meV. This value is very compet-
itive with previously reported values on similar structures [9],
[10] illustrating the good quality of the grown structures. With
increasing reverse bias voltages, the two main characteristics of
the QCSE were observed around 1.3 pm: the Stark (red) shift of
the absorption spectra and the reduction of the exciton peak due
to the reduction of the overlap between the electron and hole
wavefunctions. Mode calculations were performed using a film
mode matching complex solver assuming a linear variation of
the refractive index in the graded buffer. The contributions to
the optical loss of both the graded buffer and the metal in the
absorption spectra reported in Fig. 2 were evaluated to be as low
as 0.5 dB.

ERs deduced from the absorption spectra are reported in
Fig. 3. From 0 to 7 V, the ER reaches 6 dB at 1.293 pm while an
ER Ilarger than 4 dB is obtained for a 15 nm spectral range (see
Fig. 3(a)). In Fig. 3(b), the ER is reported as a function of wave-
length for swing voltages of 2, 3, and 4 V between 4 and 6 V,
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Fig.3. Extinction ratio of the stand-alone modulator (a) for bias voltages from

0to1,3,5,and 7 V (b) for 2, 3, and 4 V swing voltages between 4 and 6, 4 and
7, and 4 and 8 V, respectively.

4 and 7 V, and 4 and 8 V, respectively. An ER larger than 4 dB
was obtained for 4, 10, and 11 nm spectral ranges for 2, 3,
and 4 V swing, respectively. In these spectral ranges, optical
loss varies from 6 to 3 dB. Such a Ge/SiGe QW waveguide
modulator configuration therefore demonstrates promising per-
formances at wavelengths around 1.3 pym.

III. TOWARD A Ge QW MODULATOR INTEGRATED
ON SOI WAVEGUIDE

Silicon photonics is largely based on the use of SOI waveg-
uides, on which active materials such as III-V semiconductors
have already been successfully integrated [16].

The first Ge/SiGe QW waveguide modulator monolithically
integrated with SOI waveguides through direct-butt coupling
and selective epitaxial growth provided 3.2 dB ER optical mod-
ulation with a 1 V swing [17]. As a second option, evanes-
cent vertical coupling has been proposed as an efficient way
to couple light from the SOI waveguides to the Ge/SiGe QW
active regions [18], [19]. Such a coupling approach requires
dramatic reduction of the buffer thickness from 13 um down
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Fig.4. Cross section of the Ge/SiGe QW structure used to demonstrate QCSE
using a thin SiGe buffer on silicon: 50 periods of 10 nm Ge QWs and 14 nm
Sip.15Gep g5 barriers were grown on a 360 nm thick Sig 03 Gep 92 buffer layer.

to few hundred nanometers. As the buffer thickness reduction
and the modification of Ge QWs to operate at 1.3 pum are both
very challenging as regards the epitaxial growth, we decided
to firstly experimentally evaluate the usability of a 360-nm-
thick homogeneous Sij gsGey 92 buffer on silicon to demon-
strate QCSE from 50 Ge/Sij.15Gey.s5 QWSs. Such a Ge stack is
known to exhibit good QCSE behavior [5]. The performances of
a Ge/Sij ¢5Gep.35 QW modulator integrated with a SOI wave-
guide using a 360-nm-thick buffer and operating at 1.3 m have
then been evaluated theoretically.

A. Ge/SiGe QWs on Thin Homogeneous Buffer
on Silicon Substrate

Due to the difference in lattice constants and thermal ex-
pansion coefficients between Si and Ge, the epitaxial growth
of Ge/SiGe structures on silicon requires the use of a buffer
layer (virtual substrate) to trap misfit dislocations and to re-
duce the threading dislocation density at the growth surface of
the quantum well (QW) layers [19]. A 13-um-thick buffer (see
Section II) leads to a fully relaxed VS with a low threading dis-
location density without additional annealing. For Ge QW inte-
gration on SOI waveguides, such an approach is not possible. We
therefore studied the QCSE in a 50 periods Ge/Siy.15Gey.g5 QW
structure grown on a 360-nm-thick homogeneous Siy gsGeg.92
buffer as shown in Fig. 4. This study was carried out on standard
bulk silicon substrates. However no substantial difference is ex-
pected for what concerns the epitaxial growth as compared to
the deposition on SOI substrate. The 360-nm-thick Siy g5 Geg.92
buffer layer was obtained by sequentially growing four 90-nm-
thick Sip.gsGe g2 films. Each growth was performed at 400 °C,
at a rate of 0.1 nm/s followed by 40 minutes of thermal an-
nealing between 600 and 800 C in order to reduce the dislo-
cation density and to form a relaxed buffer layer. The strain-
compensated active region was then grown, beginning with a
200-nm-thick Sig ¢sGey.92 boron-doped layer, followed by 50
periods of 10-nm-thick Ge QWs and 14-nm-thick Sij 15Geq g5
barriers. Finally, a 100 nm phosphorus-doped (~1x10® cm™3)
Sig.08Geg .92 layer was added to form an n-type contact. The
tested device was a surface illuminated diode patterned by UV
lithography and dry etching. Metal contacts were formed by
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Fig. 5. Photocurrent spectra of the surface illuminated diode made of 50

periods of 10 nm Ge QWs and 14 nm Sig 15 Gep g5 barriers grown on a 360 nm
thick Sip. 03 Geg g2 buffer layer.

evaporating 10 nm of Ti followed by 100 nm of Au. Photocur-
rent measurements were performed at room temperature. Light
from a tunable laser was vertically coupled to the device. A
chopper and a lock-in amplifier were used to modulate the light
intensity and to measure the photocurrent. Quantum confine-
ment at the direct gap of this structure was demonstrated in this
device, by the observation of a clear exciton peak attributed to
HHI-cI'1 transition (Fig. 5). From photocurrent measurements
it can be noticed that photo-generated carriers cannot be fully
collected at bias voltages lower than 2 V. Indeed, the intrin-
sic region was not fully depleted at low reverse bias voltages,
as previously observed when a structure with a large number of
QWs (and therefore a thick intrinsic region) has been used [20].

The main characteristics of the QCSE were observed: red
shift of the band-edge and decrease in the absorption at the
excitonic peak. According to this result, a thin VS with only
360 nm thickness has been successfully developed and high
quality Ge/SiGe QWs were grown on it.

B. Simulation of the Performances of Ge QW Modulator
Integrated on a SOI Waveguide

The evaluation of the modulator performance requires the
design of an efficient optical taper to couple light from the Si
waveguide to the Ge/SiGe QWs. Evanescent vertical couplers
according to [18], [19] were considered. Simulations were per-
formed using the eigenmode expansion method [21]. Fig. 6
reports (a) 3-D view, (b) top view, and (c) cross section of the
active region. The active region was chosen to obtain modulation
at 1.3 pym. It was based on 10-nm-thick Ge QWs and 15-nm-
thick Sij 35Gey g5 barriers embedded between Siy 21 Geg 79 p-
and n-doped regions on a Sig 21 Gey 79 VS (same QW stack used
for the stand-alone modulator in Section II). From the result re-
ported above in Section III-A, a 360-nm-thick homogeneous
Sig.21 Geg.79 buffer was considered between the SOI waveguide
and the Ge/Siy 35Ge g5 active region. Table I reports on the
absorption values taken into account in the simulation. The
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Fig. 6. (a) 3-D view of the simulated device (b) top view and (c) cross view
of the QW modulator integrated on SOI.

TABLE I
REFRACTIVE INDEX AND ABSORPTION COEFFICIENT
OF THE DIFFERENT LAYERS IN THE SIMULATION

region n o

Si 35 0

p-doped-Siy21Geg.79 4.1340 4cm’!

n-doped-Sio 2 Geo 7o 4.1340 60 cm’

Ge/Sip35Gep 65 QW 4.1346 350 cm” @ OV

region 1174 cm' @ E=83 kV/cm

absorption coefficient in the QW region at the wavelength of
1310 nm was extracted from [9] and free carrier absorption in
the p- and n-layers were calculated using the Drude model. As
for the SOI dimensions, a 340-nm-thick silicon layer was con-
sidered on top of 1 zm SiOs. The width of the Si waveguide was
700 nm and the etching depth was 100 nm to ensure a single
mode condition. Light coupling to the Ge/SiGe QW stack was
performed by laterally tapering the Ge/SiGe QW region to adi-
abatically transfer the optical mode from the silicon waveguide
to the active region. A two taper section was used (see Fig. 6).
The first section allowed light to be coupled from the silicon
waveguide to the QW region. As shown in [18], a smooth ta-
per slope is required to ensure adiabatic coupling. The second
section was used to adapt the width of the Ge/SiGe waveguide
to the 1 pm-wide active region waveguide. This active region
width was chosen to be compatible with the fabrication process.
The taper tip has to be as narrow as possible to avoid disruption
of the Si waveguide mode. A 120-nm-wide tip was then chosen
to be compatible with fabrication tolerances. The output width
of the first section of the taper was chosen equal to 260 nm; for
this value, the optical mode was then confined in the Ge/SiGe
QW region as illustrated in Fig. 7. A critical width of around
230 nm corresponding to the phase matching condition was de-
duced from the simulations. Simulations have been performed
to evaluate the loss of both sections of the taper as a function of
the number of Ge/SiGe QWs. The contributions from the first
section as a function of its length and for different number of
QWs (10, 15, and 20) are reported in Fig. 8. The lowest optical
loss was obtained for the thinnest stack (10 QWs), for which
shorter taper length can be considered. However it has to be
noted that this configuration also corresponds to the smallest



Fig. 7. Electric field intensity profile through a vertical cross section of the
first taper, showing the coupling of light from the SOI waveguide to the Ge/SiGe
QW region.
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Fig. 8. Coupling loss of the first section of the taper, as a function of its length

for different numbers of QWs.

optical mode overlap factor with the QW region. For 10 and
20 QWs structures, an 80-um-long taper with 0.23 dB loss and
100-pm-long taper with 0.77 dB loss can be used, respectively.
As the optical mode confined in Ge/SiGe QWs suffers from
optical loss by absorption, the transition from the 260 nm-wide
Ge/SiGe waveguide to the 1 pm-wide active region was then
performed using a 1 pm-long transition (second section of the
taper). The optical loss was calculated to be only 0.08 dB. In
this paper, both section losses are combined in the “taper loss”
term.

These results have been used to estimate the modulator per-
formances which are presented in Table II, IIT and I'V for 10, 15,
and 20 QWs, respectively. The comparison of modulator per-
formances was done at a given optical loss including taper and
active region losses. Then, each table column corresponds to
different active region lengths to achieve a total loss (active re-
gion + 2 tapers) of 3,4, and 5 dB. The ERs reported in the tables
take into account the overlap factor between the optical mode
and the QW region, and the experimental values of absorption
coefficients at 1.31 um for electric field of 0 and 83 kV/cm
reported in Table I. The bias voltage required to achieve an elec-
tric field of 83 kV/cm varies from 2.9 to 5 V as a function of
the number of QWs, due to the increase in the intrinsic region
thickness with the increased number of QWs. It can be noticed

TABLE II
MODULATOR PERFORMANCES: 10 QW

Total device loss 3dB 4 dB 5dB
Taper loss 0.31dB 0.31dB 0.31dB
Active region loss 2.4 dB 34 dB 4.4 dB
Active region 49 um 69 um 89 um
length
Bias voltage 29V 29V 29V
Extinction ratio 54 dB 7.7 dB 9.9 dB
Capacitance 88 fF 124 {F 158 {F
Energy 42 tJ/bit 59 fJ/bit 75 fi/bit
consumption
TABLE III

MODULATOR PERFORMANCES: 15 QW
Total device loss 3dB 4dB 5dB
Taper loss 0.44 dB 0.44 dB 0.44 dB
Active region loss 2.12dB 3.12dB 4.12dB
Active region 31 um 45 um 60 um
length
Bias voltage 39v 3.9V 3.9V
Extinction ratio 49dB 7.2 dB 9.5dB
Capacitance 65 {F 95 fF 126 {F
Energy 36 fI/bit 51 fI/bit 68 fI/bit
consumption

TABLE IV

MODULATOR PERFORMANCES: 20 QW
Total device loss 3dB 4 dB 5dB
Taper loss 0.85dB 0.85dB 0.85dB
Active region loss 1.3dB 2.3dB 33dB
Active region 153 pm 27 um 38.8 um
length
Bias voltage 5V 5V 5V
Extinction ratio 3dB 5.3dB 7.7dB
Capacitance 32 fF 57 fF 82 fF
Energy 22 fI/bit 40 fJ/bit 57 fJ/bit

consumption

that larger ERs were obtained for 10 QWs, thanks to the longer
active region, despite the lower overlap factor with the optical
mode in comparison to 15 and 20 QW structures. For example,
for a modulator with a total loss lower than 4 dB, the maximum
active region length was only 27 pm for 20 periods, while for
10 QWs the length can reach 69 pm. The ER was then increased
from 5.3 to 7.7 dB for 20 and 10 QWs, respectively.

The energy consumption per bit was calculated using
E/bit = 1/4CV?, where V is the bias voltage and C the ca-
pacitance of the diode calculated from its geometry by a simple
parallel plate model and taking into account only the active part
of the modulator. Despite a smaller bias voltage required by a
thinner intrinsic region of the modulator, a larger energy per
bit was obtained for 10 periods due the increased length of the
device. However energy consumption was always lower than
100 fJ/bit. As a conclusion, high ER (7.7 dB) and low optical
loss (4 dB) can be simultaneously obtained with 10 QWs.



IV. CONCLUSION

In summary, Ge/SiGe QW waveguide modulators working
at 1.3 pum have been studied considering two approaches. 1)
A stand-alone modulator based on 20 QW periods was fab-
ricated and characterized for light propagating along the QW
planes, i.e., in a waveguide configuration, on top of a thick
graded SiGe buffer. An ER of 4 dB with insertion loss of 3 dB
was experimentally demonstrated using 4 V swing. 2) Develop-
ment of the modulator integrated with SOI waveguides was also
investigated. After the promising experimental demonstration
of QCSE using a thin homogenous buffer, performances of a
Ge/SiGe waveguide modulator integrated on an SOI waveguide
were theoretically studied. High ER, low loss and energy con-
sumption lower than 100 fJ/bit were theoretically estimated for
10 and 20 GeQW structures.
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