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Abstract On-chip optoelectronics allows the integration
of optoelectronic functions with microelectronics. Recent
advances in silicon substrate fabrication (silicon-on-
insulator (SOI)) and in heterostructure engineering
(SiGe/Si) push this field to compact (chipsize) waveguide
systems with high-speed response (50-GHz subsystems
realized, potential with above 100 GHz). In this paper, the
application and requirements, the future solutions, the
components and the physical effects are discussed.

A very high refractive index contrast of the waveguide
Si-core/Si0,-cladding is responsible for the submicron line
widths and strong bendings realized in chipsize waveguide
lines and passive devices. The SiGe/Si heterostructure
shifts the accessible wavelength into infrared up to
telecommunication wavelengths 1.30—1.55 ym. Germa-
nium, although also an indirect semiconductor as silicon,
offers direct optical transitions which are only 140 meV
above the dominant indirect one. This is the basic property
for realizing high-speed devices for future above 10 GHz
on-chip clocks and, eventually, a laser source monolithi-
cally integrated on the Si substrate.

Keywords optoelectronics, semiconductor circuit, silicon
germanium, silicon-on-insulator (SOI), photodetector, mod-
ulator, waveguide, quantum confined Stark effect (QCSE)

1 Introduction

Silicon (Si) is the material choice for microelectronics
because it offers many good or acceptable electrical
properties (often not the best ones), but its integration
degree surpassed that of other material systems by several
orders of magnitude. The optoelectronic properties of
silicon are, especially with respect to emission and
absorption, not that favorable than those of III/IV
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semiconductors because silicon is an indirect semiconduc-
tor. Indirect semiconductors have rather low optical
transition probabilities because the momentum conserva-
tion needs the involvement of a large momentum, low-
energy phonon.

For integration of microelectronics with optoelectronics,
however, the use of on-Si-based solution is mandatory. The
integration of photo-detectors with electronic circuitry was
already very successfully implemented for large-pixel-
number vision systems (cameras). Within a decade, the
conventional way of image detection and storage was
wiped out and replaced by opto-/microelectronics on Si,
generating a new large industry branch.

Will this integration of micro- and optoelectronic
functions continue to be a motor of innovation? The
answer is yes because there are urgent consumer needs and
novel technical possibilities to satisfy them.

Modern information societies need high-speed access to
the home (fiber to the home connected with high-speed
optical to electrical conversion) and high-speed mobile
computing. High-speed computing requires on-chip opti-
cal interconnects for above 10-GHz clock frequency and
ultrafast date exchange between multi-cores and between
logic and memory cells.

The technical response to these requirements is driven
by two material/device advancements:

i) Extreme high index contrast wave guiding is allowed
by a silicon-based substrate technology (silicon-on-insu-
lator (SOI));

ii) Emission, detection, wavelength and speed properties
of Si may be improved by several orders of magnitude by
lattice-mismatched heterostructures of germanium (Ge)-
on-Si.

2 Applications and requirements

Basically, three different scenarios hold for the applica-
tion spectrum, and they determine the most important
requirements.
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1) Scenario A: passive detection of light by a high pixel
number (imaging).

The detection of visible light by charge-coupled devices
(CCDs) or complementary metal oxide semiconductor
(CMOS) transistor circuit is now ubiquitous in mobile
phone cameras, surveillance and consumer/industrial
photographer equipment. Each pixel in a CMOS image
sensor consists of a photodiode (part of the CMOS
process) and a read-out transistor (passive pixel sensor),
or with additional reset/amplifier transistors (active pixel
sensor) or with an analog/digital converter (ADC), a digital
signal processor (DSP) and a memory (digital pixel
sensor).

For the read-out and intelligent processing, the silicon
circuit is ideal, but for the photo diode, a better absorbing
material would be preferred to decrease the pixel size,
increase speed and extend the spectral range. In Fig. 1, a
Ge-on-Si detector array (together with CMOS logic and
mm-wave radar) is shown which would allow night vision
(wavelength in the infrared up to 1.55 um) and very small
pixel size with high resolution. This is intended for an
automotive warning system for small and less visible
objects.
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Fig. 1 Integrated Ge detector array for night vision (HBT:
heterojunction bipolar transistor; RF: radio frequency)

ii) Scenario B: separate transmitter and receiver chips.

This is valid for chip-to-chip or board-to-board connec-
tions. Mainly vertical light emitters for the transmitter chip
are required. A high freedom for wave length choice
(visible to infrared) and fiber type (glass, plastic) is
allowed.

iii) Scenario C: on-chip interconnects and signal
transmission.

Here all elements (sources, waveguides, modulations,
detectors, filters, etc.) have to be integrated in an
appropriate form. A high degree of monolithic integration
is favored. The application spectrum of these solutions
ranges from replacement of electrical on-chip clock for
beyond 10-GHz computing, to fast data exchange in
system-on-chip (SOC) between logic cores and embedded
memories or between cores in multi-core logic, to
contactless separation of different voltage supply blocks
(periphery, CMOS logic, smart power) and to all optical
switching/computing.

3 Near-future solutions

For application-driven solution, several boundary condi-
tions have to be considered. The most important one
concerns the choice of the wavelength.

The wavelength can either be dictated by the applica-
tions (1.30—1.55 pm for telecommunication, visible plus
near infrared for detector arrays) or be chosen taking into
account the most convenient technical solutions. The
choice may be determined by the easily available light
sources or by the transparency regime of the chosen
waveguide system. For instance, as light source, a GaAs
laser at 850 nm for board-to-board communication or a
broadband visible silicon light source [1] for silicon oxide/
silicon nitride waveguide system on top of the metalliza-
tion can be chosen. The visible silicon light source is based
on the recombination of hot carriers in a highly reverse
biased p/n junction. Avalanche multiplication provides
carriers of both types to generate visible light detectable
with the naked eye [1]. The detector and some types of
modulation have to be made from materials which absorb
in the transparency region of the waveguide material
system.

For near-future solutions, the author recommends two
approaches (Table 1).

The second system could be the most sustainable if
future integrated circuit (IC) generations move toward
replacement of the bulk silicon substrate by SOI substrates.

A general scheme of an on-chip interconnect system
based on this proposal is given in Fig. 2. The waveguide is
silicon surrounded by oxide. This is a high refractive index
contrast system which allows sharp bending and sub-
micron width dimensions. The laser light (1.10-1.55 um)
is coupled in via a waveguide grading coupler on a tapered
planar waveguide. The detector/modulators are made from
Ge-on-Si, which absorbs in the chosen wavelength region.

Table 1 Near-future solutions of silicon-based source/waveguide/detector system

approaches waveguide material waveguide position light source detector/modulator material
1 siliconoxide/-nitride top of metallization reverse p/n, visible silicon p/n
2 SOI bottom of metallization fiber, infrared, coupled in Ge-on-Si
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prospects and challenges of Si/Ge
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Fig. 2 On-chip interconnect on SOI substrate (laser light
(infrared, above 1.1 um) is coupled into a tapered grading
waveguide)

4 Components and physical effects

The backbone of an on-chip optical communication/
interconnect system is the optical waveguide which, in
simplest form, is a straight line connecting two points but
includes also different forms of passive waveguide devices
as couplers, combiners, dividers, resonators, delay lines,
gratings, and filters. This waveguide system distributes the
optical signal around the chip in dependence of its
wavelength and polarization.

Mainly at the ends of such a passive waveguide system
(Fig. 3) active devices are needed as light sources, intensity
modulators and detectors.

Mach-Zehnder -CW/direct

or modulated

quantum confined - Stark shift
Stark effect +Hilter

detector

delay line

coupler SOI substrate

Fig. 3 On-chip concept of a waveguide system on SOI (CW:
continuous wave; LED: light emitting diode)

4.1 SOI waveguides

For optical dielectric waveguides, a core/cladding structure
is required with a core of higher index of refraction, as, for
instance, best known from the optical fiber. An important
design criterion for waveguide is the (refractive) index
contrast which should be high to shrink the dimensions.
Index contrast ranges from percent in the classical fiber to
up to 10% between different semiconductors (III/V

material, SiGe/Si [2]) and highest (more than 50%) in
semiconductor/insulator couples. In SOI, the index con-
trast between Si (nx3.5) to SiO, (nx1.5) is that high
(Fig. 4) (An/nx~65%) that submicron waveguides are
possible [3,4].
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Fig. 4 Optical waveguides on SOI

4.2 Passive waveguide devices

For an overview about the diversity of passive waveguide
devices, see recent papers [5]. As an example, we discuss
here the grating coupler which allows coupling of light
from a fiber into the on-chip waveguide system (Fig. 5).
This coupler is composed of four parts: the monomode
fiber is inclined about 10° to the vertical, and light shines
on the linear grating which is placed on the end of a planar
waveguide taper which confines the waves to a nanowire"

[6].

single mode
fiber

SOI grating

Fig. 5 Grating coupling from a fiber into a tapered planar
waveguide [3]
The conditions for Bragg reflections are given by
2n 2n
kx = A_neff +m—, (1)
0 p

where k., Ay, nee, p, and m are the incoming wave vector

1) YuJ, Huang Q, Xu X, Xiao X, Zhu Y, Liu Y, Li Z, Li Y, Fan Z, Yu Y. SOI based waveguide devices. Submitted
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component in waveguide direction, wavelength, effective
index of refraction, grating period length, and order of
reflection (m=-1,-2,...), respectively.
2n .
k., = —sin#, @)
Ao
with the inclination angle 6.
For a given wavelength A, and grating period length p,
the requirements on the effective index of refraction and
the inclination angle may be assessed by

mAO
» .

By adding the index buffer layer, the diffractive grating
becomes more directional, and the reflections between the
fiber facet and the grating surface are reduced. Coupling
efficiencies around 50% can be obtained.
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4.3 Modulator

Signal modulation can be achieved very simply by
switching on/off the light sources. In reality, this direct
modulation limits the performance of the light emitter
especially in integrated devices. Therefore, often, the
signal modulation is splitted between two devices: a light
emitter running as continuous wave (CW) source and a
following modulator where performance can be optimized.

Two basic modulation principles are applied.

1) Interference modulation by electrically stimulated
phase changes in the two branches of an interferometer.
The well-known prototype following this principle is given
by the Mach-Zehnder interferometer (MZI). In one or both
branches of the MZI (Fig. 6), a phase shifter is installed.

phase shifter
light

light ~——~

phase shifter

Fig. 6 Mach-Zehnder interferometer with electrically stimulated
phase shifter

A phase shifter allows switching the output between
constructive and destructive interferences. The commonly
used phase shifter varies the optical length,

lopt =In, (4)

by changing the refractive index n. This can be
accomplished by injection of carriers into the depletion
region of a junction.

The physical process is described as free carrier

absorption (Fig. 7). The injected carriers increase the
absorption without any energy cutoff because carriers in
the conduction (valence) band are lifted to higher energies
in the same band (Fig. 8).

absorption
A

fundamental absorption
absorption of

free carriers increasing of
S free carriers

1.1 pm A

Fig. 7 Absorption in semiconductors (fundamental absorption
(band-band absorption) and free carrier absorption)
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Fig. 8 Absorption mechanism. (a) Free carrier absorption; (b)
fundamental absorption (band-band) (CB: conduction band; VB:
valence band)

The absorption at 1.55-um wavelength is given by
Aa =85 x 10 AN, + 6.0 x 10 *AN,,  (5)

where absorption coefficient o is in cm™', and electron
(hole) density N.(Ny) is in cm .

The Kramers-Kronig rule [7] links small changes in the
absorption to changes in the index of refractionAn,

An = —[8.8 x 10 2AN, + 8.5 x 10" (%)%,  (6)

where the index change An is small requiring large lengths
of the phase shifter which make the MZI not very
integration friendly. The optical structure of integrated
interferometer structures uses preferably multiple reflec-
tions (Fabry-Perot cavity) or multiple path usage (mirror-
ing or micro disc with high quality (Q)-factor).

ii) The second principle uses the absorption modulation
near the band edge by an applied electric field. These
effects are known as Franz-Keldysh effect in bulk
semiconductors or quantum confined Stark effect
(QCSE) in quantum well structures. (Remark to history:
The German physicist Stark discovered around 1930 the
energy shift of molecule lines in an electric field, the
Russian researchers Franz and Keldysh found and
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described the influence of electric fields on the absorption
band edge around 1950, and with modern quantum
structures, the similarity between atoms/molecules and
low-dimensional structures was rediscovered.)

The red shift of absorption in a quantum well (QCSE)
can easily be explained looking at Fig. 9. Without electric
field (F=0), the absorption edge is given by the band gap
of the well material plus the quantization energy of the
confined carriers. With electric field F, the effective energy
gap becomes smaller (see Fig. 9(b)) outweighing the
higher confinement energy of the triangular well. The
absorption modulators operate with wavelengths slightly
higher than the absorption edge of the chosen modulator
material. Without field, the signal runs through, and with
electric field, the absorption increases which allows
modulator lengths below 10 pm.

The advantage of absorption modulators concerns small
sizes, low power consumption (reverse field with low
carrier injection) and high-speed potential. The main
problem is the exact band gap adjustment.
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Fig. 9 Quantum confined Stark effect (QCSE)
4.4 Light emitters

Silicon light emitters suffer from low quantum efficiency
in indirect semiconductors which stimulated tremendously
the search for unique solutions. Main directions are either
dominated by technological efforts to use the effective
III/V laser sources (hybrid laser mounting on Si or external
laser with fiber/waveguide coupling) or basic physical
approaches which should overcome the indirect semicon-
ductor limitations. The later approach could be used to
integrate monolithically light emitters on silicon. These
approaches are mainly based on three principles.

i) Limitations of the wavevector (k-space) by nanos-
tructures.

i) Utilization of localized states (defects) to overcome
the need for phonon help in indirect transitions.

iii) Modification of Ge (on Si) to shift this only weekly
indirect semiconductor to a direct one.

Nanostructures (ad i): The basic idea is explained on the
Si/Ge superlattices. A periodic ultrathin superlattice
reduces the first Brillouin zone in the growth direction.

The reduced wavevector length kg g = +n/L (Brillouin
zone folding) gives rise to minibands which show at an
appropriate chosen superlattice period length L a pseudo-
direct transition [8]. The appropriate superlattice period
length L is given by multiples of 2.5a (a is Si lattice
constant, @ =0.543 nm) because the energy minimum of
(100) Si electrons is at about (2m/a)(1-0.2). These
ultrathin superlattices are very demanding on growth
technique; Zachai [9] could prove the existence of
pseudodirect transitions in 10 ML (monolayer, ML, 1 ML
= a/4) Ge/Si superlattices, but the transition strength was
not high enough for laser action. Progress since then (with
quantum dots, nanocrystals, porous Si) is continuing
[10,11] but suffering from rather low intensities.

Defects (ad ii): With localized defects, the radiative
transition does not need the help of phonons. Several
approaches (ion implantation, Er incorporation) were tried,
and the most promising could be the fabrication of a dense
regular network of dislocation (Fig. 10) by direct wafer
bonding [12].
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Fig. 10 Light sources in Si (detail: dislocations) [12]

Modified Ge (ad iii): The group IV semiconductor
diamond, SiC, Si, and Ge are all indirect semiconductors
with decreasing bandgap as the lattice constant expands.
The lowest direct transition is about 2.3 eV above the
indirect (X-direction) one in Si. However, in Ge, the direct
one is only 140 meV above the indirect (L-direction). Ge is
very near to get a direct semiconductor (Fig. 11). The route
via Ge seems the most promising to get an efficient Si-
based light source or laser.

EA  Em=340ev EA  Eu=080cv
Egind=1.12 eV gimi 1=0.66 eV
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Eg gir
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Fig. 11 Scheme of important indirect and direct band transitions.
(a) In Si; (b) in Ge



148 Front. Optoelectron. China 2010, 3(2): 143-152

The modifications of Ge now discussed very seriously
contain tensile strain, high doping, and GeSn alloys.

5 High-speed photodetectors

Photodetectors convert the optical signal into an electrical
one. Several properties of the detector have to be
considered (Table 2). Here we especially focus on the
time response, and the resulting frequency bandwidth is
investigated in more detail because within a few years, a
dramatic increase of the speed of Si/Ge photodetectors to
up to 50 GHz was obtained. These allow the realization of
high-speed optoelectronic circuits on Si.

Table 2 Important photodetector parameters

parameter

quantum efficiency
noise
time response/frequency bandwidth
dynamic range
spectral response
linearity

size and numbers of pixels

0 N AN W AW N~

operation temperature

The photon detection principle mainly used with
semiconductors is based on band-to-band absorption and
separation of the generated electron-hole pair in the electric
field of a junction (photodiode). All junctions with a
depletion layer can be used, such as p/n-junction,
Schottky-diode junction, metal insulator semiconductor
(MIS) junction, and metal insulator metal (MIM) junction.
The basics are explained on the example of a pin diode.
The uniform electric field F in the intrinsic region is given
approximately by

F=Vy—V)/wp, O

where V, Vy,; and wp are the applied voltage, the built-in
voltage, and the thickness of the intrinsic drift region,
respectively.

After absorption of a photon of energy Av> Eg, an
electron-hole pair is created (fundamental absorption in
semiconductors). The electron-hole pairs are immediately
separated by the electric field F if the absorption takes
place in the intrinsic region leading to a photocurrent /.
Absorption outside the intrinsic region leads only to a
photocurrent if the minority carriers manage to diffuse to
the intrinsic region (Fig. 12).

Technically, the photodetectors can be arranged for
vertical incidence (imaging with detector arrays, chip-to-
chip or board-to-board communication) or for lateral
incidence (fiber-to-chip, on-chip communication). The
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Fig. 12 Operation of photodiode. (a) Cross-section view of p-i-n
diode; (b) energy-band diagram under reverse bias [13]

breakthrough work on lateral incidence SiGe/Si photo-
detectors was done already in 1994 [14]. A Daimler/
University cooperation led by Kasper E and Petermann K
combined a ridge waveguide (SiGe on bulk Si) with a
lateral pin detector, the depletion region of which was
composed of a SiGe/Si superlattice (Fig. 13).

Let us now concentrate on the reason for the astonishing
rapid increase on speed of Ge/Si photodetectors in the low
mm-wave regime (30—45 GHz). Our group [15] leads the
race with measured 49 GHz (Remark: The measurement
by S-parameter network analyzer includes the speed of the
detector and the delay caused by the laser light modulator,
so the real speed of the detector is somewhat higher, about
60-70 GHz). The most important measure is to suppress
the slow minority carrier diffusion from absorption outside
the depletion layer (Fig. 14).

This is accomplished by a combination of three
technological steps [16]:

1) Very abrupt junction. Transition of the highly doped
contact layers to the intrinsic layer (several orders of
magnitude difference in doping) is within a few
nanometers.

ii) High doping (> 10?°cm ) of the contact layers to
reduce carrier lifetime.

iii) A misfit dislocation network at the bottom contact
which also reduces lifetime of minority carriers.

The diffusion length L of minority carriers is given by

L* = Dt = gy, (8)

where g, D, u, and 7 are the electric charge of the electron,
the diffusion coefficient, the mobility, and the minority
carrier lifetime, respectively.

At high doping, the diffusion length is reduced by the
low mobility (factor 30 lower than in undoped material).
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Fig. 14 Suppression of (slow) carrier diffusion

The low minority carrier lifetime is caused by the auger
effect where the momentum of the recombining electron
(hole) is transferred to a nearly available electron (hole).

The detector speed is dominated by two effects if the
slow diffusion is suppressed.

i) Internal speed of the device is given by the transit
time. Assuming a saturation velocity vy of carriers in the
depletion region, the internal frequency band f;; is given by
the simple expression [17]

g2 ©)
T Wp
where vy, and wp are the saturation velocity
(vs = 0.6 x 10° m/s in Ge) and drift width (the intrinsic
width in abrupt junctions), respectively.

The assumption of saturation velocity is correct if the
field strength F is more than about 3 x 10° V/m (e.g.,
with V=V =1V, wp =300 nm, the field strength
F =3x10°V/m).

ii) The connection to the outer world (measurement

surrounding) is limited by the RC load given by the
capacitance Cj of the device and by the resistance of the
connection line (Rg + 50)Q (Rg is the series resistance;
50 Q is the waveguide measurement impedance):

1 1 wp

fre = 2%RC; ~ 2m Ae(Rs + 50)

(10)
The 3-dB bandwidth f;4g is roughly given by a
superposition [17]:

=t ab
figw Jom ke

The influence of RC load is shown in Fig. 15, where a
50-GHz internal speed detector is loaded with different
capacitances Cj.

From these investigations, we concluded the depend-
ence of vertical detector speed [17,18] on the thickness of
intrinsic zone and device mesa radius (Fig. 16).

The results demonstrate that with small pixel devices
(4-um diameter), speeds far above 100 GHz should be
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Fig. 15 Response versus frequency for differently loaded detectors of the same internal structure (50-GHz detector)
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Fig. 16 Theoretical 3-dB bandwidth of vertical Ge/Si photodetectors

obtained ready for 160-Gbit/s communication on-chip.
The speed of properly designed Ge-on-Si detectors is
obtained already at low reverse bias (Table 3). Ge is a small
band-gap semiconductor which is always connected with
much higher dark currents than usual in Si. In order to
minimize dark currents, an operation of the device at zero
bias is highly appreciated. Our group obtained very good
results with zero-bias operation due to the very abrupt
junctions grown by molecular beam epitaxy (MBE).

6 Heterostructure engineering

Combining different thin semiconductor layers on a
common substrate is called heterostructure engineering.
The different electronic and optical properties of hetero-
structures allow to extend the wavelength regime or to

combine transparent waveguides with absorbing emitter,
modulator, and detector structure.

The realization of heterostructures in group IV materials
(as Si) is especially complicated because the change in
electronic properties is related completely to a change in
bond length. Combination of materials with different bond
lengths gives lattice-mismatched interfaces. The engineer-
ing of lattice-mismatched heterostructures is a hot topic in
material science and device physics. For a rigorous
treatment of the related phenomenon with SiGe/Si
lattice-mismatched structures, the reader is referred to
books on this matter [26-29].

The most important consequences are as follows:

1) Very thin layers of lattice-mismatched structures [30]
are completely strained to match the substrate lattice planes
(typical thickness is in the 10-nm range).

i) Strain adjustment can be obtained by the so-called
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Table 3 3-dB frequencies f; 4g of photo-detectors (compared are detectors with reverse bias and zero-bias detectors)

organization bias/V f3ap/GHz wavelength/nm year
IBM [19] —4 29 850 2004
MIT [20] -3 12.1 1540 2005
LETI [21] -2 35 1310/1550 2005
USTUTT [22] -2 39 1550 2005
LUXTERA [23] -1 >20 1554 2007
LETI [24] -4 42 1550 2008
ETRI [25] -3 35 1550 2008
USTUTT [15] -2 49 1550 2008
USTUTT[22] zero 25 1550 2005
USTUTT [15] Zero 39 1550 2008

virtual substrates which consist of silicon substrate with a
thin, but strain relaxed buffer layer of different composi-
tion (mainly SiGe).

iii) Strain is a very powerful method to modify the
electronic and optical properties of a thin layer.

7 Outlook

The progress in special substrate technology (SOI) and in
heterostructure engineering (SiGe/Si) provides excellent
new tools to push the monolithic integration of optoelec-
tronic and microelectronic functions on Si in a very
systematic manner.

Near-term benefits will be in the areas of fiber to the
home, fast computers, infrared imaging, and smart power.

On a larger timescale, all optical signal processing,
direct image conversion and medical- and biosensor arrays
will be in the focus.
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