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Abstract We focus on the optimization of SiGe material
deposition, the minimization of the parasitic capacitance of
the probe pads for high speed, low voltage and high
contrast ratio operation. The device fabrication is based on
processes for standard Si electronics and is suitable for
mass-production. We present observations of quantum
confinement and quantum-confined Stark effect (QCSE)
electroabsorption in Ge quantum wells (QWs) with SiGe
barriers grown on Si substrates. Though Ge is an indirect
gap semiconductor, the resulting effects are at least as clear
and strong as seen in typical [II-V QW structures at similar
wavelengths. We also demonstrated a modulator, with eye
diagrams of up to 3.5 GHz, a small driving voltage of 2.5V
and a modulation bandwidth at about 10 GHz. Finally,
carrier dynamics under ultra-fast laser excitation and high-
speed photocurrent response are investigated.

Keywords electroabsorption effect, Ge, optical intercon-
nections, optical modulators, quantum-confined Stark effect
(QCSE), Ge/SiGe quantum wells (QWs)

1 Introduction

Quantum-confined Stark effect (QCSE) [1,2] is a strong
optical absorption that has been observed in several groups
of quantum well (QW) materials. The QCSE is used
extensively for high-speed [3], low power dissipation
optical modulators, for example, in telecommunications,
and as well as in large arrays of low power devices [4].
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QCSE has been used extensively in III-V semiconductor
QW structures, such as GaAs/AlGaAs, InGaAs/InP,
AlGaAs/AlAs [5-10]. In group IV alloys, we previously
demonstrated the QCSE in Ge QW with SiGe barriers
[11,12]. The group IV QW structures have the potential to
operate at low power and therefore enable the applications
for on-chip optical interconnect and fully integrated
modulators for optical telecommunications [13-15].
These devices show clear QCSE whose performance is
comparable to, or possibly better than, III-V QCSE effects
at similar wavelengths. In the paper, we discussed the
material growth, device fabrication and characterization of
the high-speed modulator.

2 Band structure and sample design

Both Si and Ge are indirect bandgap materials. Though the
maximum in the valence band is at the zone center (zero
effective momentum), the global minima in the conduction
band of Si and Ge are not at the zone center. The valence
band maxima and the conduction band minima are not at
the same effective momentum, thus optical transitions
between the valence band maxima and conduction band
minima are indirect. This requires phonons so that the
effective momentum can be conserved, because the photon
momentum is negligible on this scale.

While Ge has a weak, indirect optical absorption tail
extending almost to 2 um (0.62 eV) at room temperature
[16], it also has a strong and abrupt rising absorption edge
at 1.55 um wavelength (0.8 V) [17—19]. This strong edge
corresponds to the direct optical absorption at the zone
center. The band structure of the zone center minimum and
of the zone-center valence band maxima is similar to that
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of direct gap materials like GaAs, and thus behaves very
similarly, obeying the same models, such as the Kane k=p
model [19] that gives the basic scaling of optical
absorption strength with bandgap energy. Hence, we
expect this direct optical absorption to behave similarly
to that in direct gap semiconductors like GaAs, though
with an additional, weak indirect absorption tail extending
to lower photon energies.

Figure 1 shows the basic structure in our experiments. It
is similar to our previous work [11,12]. The relaxed buffer
layer used a low temperature growth and high temperature
annealing technique to optimize the surface roughness and
the dislocation densities of the buffer layer. This improves
the material and optical quality of the QW region.
Sig 1Ge ¢ has a larger lattice constant than Si. Our sample
balances the strain between the wells and the barriers by
setting the average of the Si concentration in the supper
lattice QW region equal or close to that of the buffer layer.

Figure 2 illustrates the physics behind the QCSE. When
a semiconductor is fabricated with very thin layers (e.g.,
10 nm), the optical absorption spectrum changes radically
as a result of the quantum confinement of carriers in the 1D
QWs. When there is no electric field (E-field), electron and
hole wavefunctions are confined in the QW, and the
overlap of the wavefunctions is increased. These results in
an increase in the oscillator strength of the interband
transitions between the discrete electron and hole bound
energy states, which are produced by the size quantization.

N+8i Ge,_, layer

intrinsic Si Ge,_, layer

10 pair Ge/Si.Ge,_
QW barrier

Ge OW

intrinsic Si,Ge,_, layer

P+Si Ge,_, layer

silicon substrate

Fig. 1 A p-i-n structure on Si with Ge/Si; _,Ge, QWs on relaxed
Si; _.Ge, buffer

Therefore, strong resonances corresponding to the heavy-
hole and light-hole transitions are seen near the band-edge
of the well material even at room temperature. When an E-
field is applied across the QWs, it spatially separates the
electrons and holes, reducing the overlap of their
wavefunctions as well as the separation energy. This
leads to both a red shift of the absorption and a decrease of
the absorption intensity.

3 Device fabrication and experimental
method

SiGe QW structure shown in Fig. 1 is grown in a
commercial, reduced pressure chemical vapor deposition
(RPCVD) reactor. It is a commercially available, cold-
wall, single-wafer, mass-production tool and is routinely
used in CMOS chip fabrication processes. The model used
in this work is an Applied Materials Centura Epi Reactor
with a “High Temperature Film” (HTF) chamber. The
growth pressure capability of this reactor ranges from 1 to
600 Torr, the operating temperature capability ranges from
400°C to 1200°C.

In our work, we use direct deposition of p-doped SiGe
buffers of the final SiGe composition on Si instead of the
graded buffer method. The intrinsic SiGe spacer, the Ge
QWs and the SiGe barriers are then deposited on top as an
i-region. The thickness and composition of the barriers and
wells are designed in a way that the QW superlattice is
strain-balanced. Since the Ge well is compressively
strained relative to the Si;_.Ge, buffer, the Si;_,Ge,
barrier must be tensely strained (x>z) to compensate the
compressive stress in the QW. The average Si concentra-
tion in the Ge/SiGe multiple quantum well (MQW) region
is designed to be the same or similar to that in the buffer.
The strain forces of the compressed Ge and extended SiGe
layers of each QW pair cancel, and no net strain energy
accumulates into the next pair. High Ge composition
Sig 1Geg o/Sig 15Geg g5 alloys are grown in the QW system.
That material has very close physical properties and
thermal mismatch strain can be neglected compared to
lattice mismatch strain. Theoretically this would enable
extension of the strained layer thickness beyond the critical
thickness limitation to infinity.

The buffer layers are grown at 375°C for two cycles. For
each cycle, 200 nm of SiGe is deposited and then annealed
at 850°C for 30min. After two cycles, another SiGe
intrinsic spacer with 100 nm is deposited. SiGe/Ge QWs
are deposited at 375°C as well. After that, another SiGe
intrinsic spacer with 100 nm thickness is deposited.
Finally, 200 nm of n-doped SiGe layer with the same Ge
composition as the buffer layer is deposited as a cap layer.
Before growth of each layer, the reactant gas flows were
switched to “vent” for 40 s with only H; carrier gas flowing
into the chamber to keep the gas flow steady. This will
ensure all the QW interfaces are sharp and the Ge and
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Fig. 2 QW conduction band and valence band energy (blue lines), carriers’ wave functions (green lines) and energy states (red dash
lines), and transition energy (arrows) with and without E-field influence
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Fig. 3 (a) TEM cross section image of 10 pairs of Ge/SiGe MQW

grown on Si; (b) 2D XRD reciprocal-space map of QW samples

doping profiles are sharp as well. The p-type buffer layer is
boron doped with a doping level of about 5 x 10'® cm™,
and the n-type cap layer is arsenic doped with a doping
level of about 1 x 10" cm .

Figure 3(a) shows cross-sectional TEM image of 10
pairs of strained SiGe/Ge QWs grown on relaxed SiGe on
Si. The Ge well is 10 nm and the Sij ;5Geqgs barrier is
19 nm. The sharp and regular MQW structure provides
steep barriers for better carrier confinement and improved
optical quality. Figure 3(b) shows a 2D XRD reciprocal-
space map of the MQW Ge/SiGe structure. The Si
substrate signal and SiGe buffer layer signal are clear
and sharp. The buffer peak is surrounded by several other
peaks from the Ge/SiGe MQWs, which indicates a high
MQW quality in this sample since it is difficult to observe
that in SiGe/Si MQWs even when they are in the Si-rich
end. Also, the line between SiGe and Si peaks is parallel to
the omega-theta relaxation line, indicating that the buffer
layer is fully relaxed. Also the satellite peaks indicate the
SiGe/Ge QW structure is fully strained.

We started with this epitaxial growth recipe and
fabricated devices with different mesa sizes (ranging
from 5um x 5um to 500 pm x 500 um) with standard
complementary metal-oxide-semiconductor (CMOS) com-
patible processes. We also used the standard ground-
signal-ground (GSG) probe configuration to couple the
radio frequency (RF) signal to the devices.

Figure 4 shows the process flow of the high-speed
optical modulator following the materials growth.

The first step (Fig. 4(b)) defines the two-level mesa.
1 pm thick photoresist (Shipley 3612) is spun for 30s at
5000 r/min. A post bake of 120 s at 90°C follows. A Karl
Suss MA-6 aligner and standard optical lithography are
used. Exposure time is 1.1 s. The wafer is then developed
using LDD26W developer for 60 s. The first mask defines
the upper mesa which extends down to the p-contact
region. The second mask isolates the different devices by
etching completely down to the Si substrate. Sulfur
hexafluoride is used as the etchant. To better control the
etch depth, a dummy wafer with the same epitaxial
structure is etched to calibrate the etch rate immediately
before etching the real devices.
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Fig. 4 High-speed modulator device process flow (a) epi wafer; (b) two mesa etch; (c) oxide passivation deposition; (d) double contact for p

and n regions; (¢) metal deposition for contacts

The second step is to deposit an oxide insulation layer
using LPCVD to deposit a 600 nm thick Si dioxide layer at
400°C for 30 min. The pressure is roughly 350 mTorr.
Silane and oxygen are used in this process without
phosphine doping.

The third step is back side oxide etching. We use 20:1
buffered oxide etchant (BOE) to get better uniformity. The
front side is covered by photoresist during this etch.

The fourth step is to pattern the optical window used for
light input and to define the contact openings for
transmission line evaporation. The mask process uses
standard optical lithography, and the oxide is wet etched by
20:1 BOE. The etching rate of undensified low-tempera-
ture oxide in 20:1 BOE is 74 nm/min, and the oxide
thickness is 600 nm in total. Since the wet etch is isotropic,
and the side etch will potentially lead to a short circuit, the
over etch must be less than 1 min. We control the etching
by monitoring the residual oxide thickness every 2 min

during the wet etch. We use a Nanospec film thickness
measurement system, which is a non-contact, spectro-
reflectometry tool that can measure transparent thin film
thickness by processing the reflected light from the sample.

The fifth step is contact metallization. We use a metal
liftoff approach by first using a mask to deposit photoresist
to form a protection layer, then E-beam evaporating the
contact metal over the patterned photoresist. 30 nm of
titanium (Ti) and 1 pm of aluminum (Al) are deposited. Ti
helps the metal adhere to the wafer while Al helps to
produce reasonable contact coverage over the 3D transmis-
sion line structures. A 20s hydrogen fluoride (HF) dip
before metal evaporation is very important to achieve high-
quality, low-resistance Ohmic contacts. Since the oxide
opening is 600 nm deep, the contact metal has to be thick
enough to get reliable metal coverage over the step at the
edge of the oxide. After the evaporation, a standard metal
lift-off process in an ultrasonic bath is used to remove the
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resist and excess metal, leaving the desired contact pattern.
After lift-off, the contacts are alloyed using rapid thermal
annealing (RTA) at 375°C for 30s.

Figure 5 is an SEM picture of the completed device with
coplanar microwave feed line. The mask pattern contains
many devices of different sizes of squares, ranging from
100 um down to 5 um. We can clearly see the 3D structure
of the metal contact, which can easily break at the edge
between the SiGe and the oxide. The key for an effective
contact is to ensure over etch of the oxide on SiGe before
an adequately thick metal contact layer is subsequently
deposited.

Fig. 5 SEM of the top view of the modulator

4 High speed characterization
4.1 Low-speed and high-speed E-O response

Figure 6 shows the absorption current spectra measured at
room temperature for a structure with five Ge QWs, each
10 nm thick, separated by 15 nm thick, Sij3Geg g7
barriers, all grown on SigGego buffer layers. Note first
that the spectra show clear exciton absorption peaks at
room temperature. In bulk Ge, an exciton absorption peak
can be seen at low temperature, but such peaks are not
usually clearly resolvable at room temperature. The
appearance of room temperature peaks is characteristic of
the QWs, and is explained by the increased carrier
confinement which maintains the excitons. At zero applied
voltage, there is also a clear shift of the direct optical
absorption edge from its value in the bulk, unstrained Ge
(about 0.8 eV at room temperature) to the lowest energy
exciton peak position of about 0.88 eV. This shift can be
explained as a combination of strain and quantum
confinement. The peaks and the shift show empirically
that, despite the low indirect conduction band energy in the
barriers relative to the well, there is a strong quantum
confinement at the zone center in the Ge conduction and

valence bands. When an E-field is applied, there is a clear
QCSE shift of the absorption edge to lower photon
energies.

In order to have strong enough optical modulation, a
device with 20 pairs of QWs was used in our RF
measurements. The AC response of different sized devices,
ranging from 100 um x 100 um to 5Spm x 5pum, was
measured, and we found that the modulator performance is
optimum at a DC bias of —2.5 Vand an AC voltage swing
of £2 V. A 50 Q resistor was used as the termination. The
incident laser power is about 1 mW. We used two function
generators; one which can generate square wave pulses up
to 3.5 GHz, the second can generate sine waves up to
20 GHz.

Figure 7(a) shows the optical eye diagram of the
modulator at 3.5 GHz. The laser output power is 1 mW, at a
wavelength of 1408 nm. The operating characteristics and
wavelength response have variations from device to device
on the wafer, mostly due to non-uniformity of the device
structure and materials induced during thin-film deposition
and fabrication. Figure 7(b) shows the optical response to
10 GHz sine wave RF signal at a 40 um device.

The diode dark current is at a level of 10 nA at low
reverse bias with device size of 30 um x 30 pm. At -5V,
the device reaches soft breakdown, and the dark current
increases to 1 pA for the 100 um device. However, the
optical absorption current is always at 60 uW with 1 mW
input power. The dark current can thus be neglected in the
measurement.

For different size devices, measurements up to 3.5 GHz
are performed and no major difference, in terms of optical
response, is observed. With the 20 GHz function generator,
a drop in response is observed for 100 um devices at
3 GHz, and for the 30 pm devices, 10 GHz.

4.2 Pump/probe measurements

Figure 8 shows the pump probe measurement setup. The
modulation bandwidth of the modulators was assessed
using differential transmission spectroscopy (pump-probe)
experiment. Pulses of about 350 fs width at about 1.4 pm
were obtained from a Ti-sapphire pumped, optical
parametric oscillator (OPO). The output of the OPO was
split into three beams: a reference, a pump, and a probe.
Acousto-optic modulators were used to shift the frequency
of the probe and reference beams by 80 and 79 MHz,
respectively. After propagation through the SiGe mod-
ulator with suitable delays, the probe and reference beams
are overlapped on a slow detector. The amplitude of the
difference frequency 1 MHz was detected using a high
frequency lock-in amplifier. This signal is proportional to
the transmission of the modulator. The energy of the pump
and probe pulses was 650 and 20 fJ, respectively.

The response of the modulator depends strongly on the
pump wavelength and bias voltage. Typically, the
modulator transmission varies abruptly over a few
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Fig. 7 (a) Optical eye diagram of 40 um devices at 3.5 GHz; (b)
optical response to 10 GHz sine wave RF signal

picoseconds and recovers to its initial transmission value
within several tens of picoseconds. When the pump
wavelength is fixed at 1.4 um, the modulator exhibits a
significant response for bias voltages larger than 4 V and
the recovery time decreases with increasing bias.

Figure 9 shows the fitting curve of the carrier recovery
time at wavelength of 1.4 um. The fitting curves show that
less than 6V, the carrier lifetime is 44 ps and under 6.5 V it

reduces to 30 ps. More results showed that at 11 V the
lifetime is under 10 ps, indicating more than 100 GHz
modulation capacity in the Ge/SiGe QW materials system.

4.3 Small signal measurement

The setup of the small signal measurement is very similar
to that of the large signal electro-optical E-O response. The
only difference is that the exciting optical signal is very
small in amplitude and the response is collected and
analyzed by a network analyzer.

Figure 10 shows the measurement results for the small
signal E-O response under different biases. The wave-
length of the input laser is tuned at 1420 nm, and the bias
ranges from 2.5 to 5 V. The device size is 6 pmx6 pm.

It can be seen from the graph that the best optical
response is obtained at 4 V of reverse bias. The modulation
bandwidth can be roughly estimated at 10 GHz. This is
reasonably consistent with rough estimation of the
capacitance of the diode and the resistance of the test
circuit.

There is an abrupt dip at 13 GHz, regardless of the bias
voltage. The same behavior was observed in devices with
different sizes ranging from 6 to 100 um. This lack of
dependence on device size is potentially due to the
measurements being limited by the coupling of the high
speed probe. Also, the resonant effect can be seen under
different bias voltages. The most probable reason for this is
high resistance in the N-contact. The metal Fermi level can
possibly be pinned near the valence band maxima of Ge,
making the contact behave more like a Schottky barrier
contact instead of an Ohmic contact. This will create
parasitic inductors and capacitors. In order to reduce these,
the Ohmic contact must be improved, possibly by either
Fermi level de-pinning in the N-type Ge or more heavily
doping the Ge to produce a thinner barrier through which
tunneling can occur.

5 Discussion

In this work, we demonstrated that because of the
combined indirect and direct band gaps of Ge, very strong
quantum confinement in the direct band gap can occur, but
very fast tunneling into the lower indirect band gap makes
Ge QW modulators potentially much faster than those
fabricated in III-V materials because the carriers do not
need to be thermally emitted out of the QW.

The pump-probe measurement shows that the Ge QW
can potentially operate up to a modulation speed of 100
GHz with sufficiently high E-field intensity, but this is
easily realized with a smaller number of QWs.

The small signal measurement results show the
modulator f3 4g bandwidth greater than 10 GHz. Further
study indicates that this can be even larger if the contact
can be improved.
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These results have been achieved on a first generation
design and optimization of materials growth, device design
and fabrication will certainly produce far better results in
E-O response that could match the fundamental speed
suggested in the pump-probe measurement.

6 Conclusions

We have demonstrated clear quantum confined Stark effect
at the direct band gap of Ge in QWs with SiGe barriers.
These devices utilize similar material structures compared
to our previous work, but are grown in completely different
deposition systems, thus demonstrating a technology that
can be broadly developed in any of a number of epitaxial
systems. Our measurement results prove the theoretical
calculation of the absorption shift under different E-fields.

Also, based on the Ge QW material, we have fabricated
coplanar high speed optical modulators. Optical measure-
ments demonstrate a large signal E-O response. An eye
diagram at 3.5 GHz and small signal optical modulation of
up to 10 GHz were demonstrated. The pump probe
measurement indicates that these devices have the
potential to operate in the 100 GHz range, making these
devices the most promising candidates for future high-
speed optical interconnects.

The devices are fabricated using all CMOS standard
processes, which make the devices reliable and suitable for
CMOS integration. Also, the structure and the processes
can be further optimized to achieve higher modulation and
signal to noise ratio. One of the potentials of this Ge QW
structure is that it can operate over a broad wavelength
from operation at 1.3 um by adding Si to the QW and
designing thinner QWs to operation at 1.55pum by
combining strain and GeSn materials in the QW. This
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will make these SiGe modulators attractive and compatible
for both Si integrated circuits and optical networks.

To make faster and smaller devices in the future, we will
focus on waveguide modulator structures, which can be as
small as 1 um X 1 um in cross section and 20 um long, yet
still achieve a very high extinction ratio.
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