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Preface

Since the first edition of this book, a lot of interesting integrated optoelectronic
devices were investigated and introduced in numerous publications. Therefore,
Springer and me decided to publish this extended edition. Hot topics were
avalanche photodiodes and even single-photon avalanche photodiodes in the
past years. Lateral PIN photodiodes, for instance, have been improved with
the trench technology known from dynamic random access memory (DRAM)
technology. In addition, much research was done in the field of Germanium
detectors on silicon to extend the detectable wavelength region towards the
infrared spectrum and to increase the bandwidth of Silicon-based detectors
into the several-ten Giga-Hertz range. A considerable progress has also been
achieved with Silicon-based light emitters. Wafer bonding pushed the hybrid
Silicon laser. Also, electroluminescence from nanocrystalline silicon experi-
enced huge progress. All these above mentioned topics have been included in
this extended edition of Integrated Silicon Optoelectronics.

Photonic integrated circuits already became true recently. The integrated-
photonics community now works towards a photonics foundry based on ad-
vanced Silicon integrated circuit processes to enable the design and fabrication
of application specific photonic integrated circuits similar to electronic ASICs
(application specific integrated circuits) in semiconductor foundries.

Of course, there was also plenty of research on and progress in optical
receiver and optical sensor circuits. But the design and circuit chapter have
not been updated in this extended version, since the circuit-oriented book
Silicon Optoelectronic Integrated Circuits appeared in 2004 also at Springer.

I thank Dr. Ascheron from Springer for initiating this extended edition and
his team for technical support with the text processor in a good cooperation.
My deepest gratitude, again, is directed to my wife, my daughters Luise and
Lina, as well as my son Frieder, whose patience was really huge during the
preparation of this extended version.

Vienna Horst Zimmermann
June 2009
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Preface of the First Edition

This book is intended as a bridge between microelectronics and optoelectron-
ics. Usually, optoelectronics plays a minor role in electrical engineering courses
at universities. Physicists are taught optics but not very much semiconductor
technology and chip design. This book covers the missing information for engi-
neers and physicists who want to know more about integrated optoelectronic
circuits (OEICs) in silicon technologies and about their emerging possibilities.

Optoelectronics usually implies that IIT/V semiconductor materials are in-
volved. This is the case when ultra-high-speed photodetectors or efficient light
emitters are needed. For other applications, the price of I1I/V photodetectors
and OEICs is simply too high. Silicon photodectectors and receiver OEICs,
therefore, are the only choice when high volumes are needed and the price has
to be low as, for instance, in consumer electronics. Such high volumes of sili-
con OEICs are, for example, needed in optical storage systems like audio CD,
magneto-optical disk, CD-ROM, and Digital-Video-Disk or Digital-Versatile-
Disk (DVD) systems. The market for DVD systems and therefore, for DVD
OEICs is estimated to be 120 million pieces in the year 2001.

OEICs are key devices for advanced optical storage systems and for the
enhancement of their speed and data rate. This importance of OEICs is due to
the following advantages of monolithic optoelectronic integrated circuits: (a)
good immunity against electromagnetic interference (EMI) because of very
short interconnects between photodetectors and amplifiers; (b) reduced chip
area due to the elimination of bondpads; (c) improved reliability due to the
elimination of bondpads and bond wires; (d) cheaper mass production com-
pared to discrete circuits, wire-bonded circuits, and hybrid integrated circuits;
and (e) larger —3dB bandwidth compared to discrete circuits, wire-bonded
circuits, and some hybrid integrated circuits due to the avoidance of parasitic
bondpad capacitances.

Even in the domain of light emission, silicon is being investigated inten-
sively to make silicon a competitor of III/V semiconductor materials. Much
effort is made to let silicon emit light, and these attempts will be described
in this book.
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VIII  Preface of the First Edition

This book was written in parallel with the development of OEICs in CMOS
and in BiCMOS technologies for optical storage systems and for optical in-
terconnect technologies. It describes the state of the art in OEIC design and
the approaches to this topic reported recently in the literature.

Parts of the book have their origin in an “Optoelectronics” lecture I have
given since 1994. It, however, dives much deeper into the topic. The possi-
bilities of integrated silicon optoelectronics are investigated thoroughly and
I have tried to initiate a link between microelectronics and photonics. The
term photonics has come into use more and more in the last decade. This
term, which was coined in analogy with electronics, reflects the growing link
between optics and electronics forged by the increasing role of semiconductor
materials and devices in optical systems.

As the term electronics already expresses, it is based on the control of
electrons and of electric charge flow. Photonics is based on the control of
photons, and the term photonics reflects the importance of the photon na-
ture of light in describing the operation of many optical devices. The overlap
between the two disciplines is obvious, since electrons often control the flow
of photons and, conversely, photons control the flow of electrons. The term
photonics is used broadly to encompass: (a) the generation of light by LEDs
and lasers; (b) the transmission of light in free space, through conventional
optical lenses, apertures, and imaging systems, and through optical fibers and
waveguides; (c¢) the modulation, switching, and scanning of light by the use of
electrically, acoustically, or optically controlled devices; (d) the amplification
and frequency conversion of light by the use of wave interaction in nonlinear
materials; and (e) the detection of light.

These areas have found steadily increasing applications in optical commu-
nication, signal processing, computing, sensing, display technology, printing,
and energy transport. Items (a)—(c) and (e) can be covered by silicon and will
be discussed in this book.

Integrated optoelectronic receiver circuits have already made their way
into microelectronics, which is dominated by silicon technology. I think it is
only a question of time before true microphotonic silicon-based circuits with
electronic circuits, light detectors, waveguides, grating couplers, holographic
lenses, and efficient light emitters are developed and enter the market.

I would like to thank Prof. Dr.-Ing. P. Seegebrecht for the generous pos-
sibility to develop OEICs independently and for several helpful comments
concerning a part of the text used to acquire the title “habilitatus”. I am
also indebted to Prof. Dr. H. Foll, who offered a waferprober for the charac-
terization of the OEICs. The work of the OEIC group members, A. Ghazi,
T. Heide, K. Kieschnick, and G. Volkholz, is highly appreciated. Three stu-
dents, N. Madeja, F. Sievers, and U. Willecke, carefully performed simulations
and measurements. M. Wieseke and F. Wolk helped with the preparation of
numerous drawings. Special thanks go to R. Buchner from the Fraunhofer-
Institute for Solid-State Technology in Munich and H. Pless from Thesys
Microelectronics in Erfurt for their engagement in the fabrication of CMOS
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Preface of the First Edition IX

OEICs and BiCMOS OEICs, respectively. Last but not the least I would like
to gratefully acknowledge the funding of the projects by the German Ministry
for Education, Science, Research, and Technology (BMBF) within the leading
project “optical memories.”

I extend my sincere thanks to Dr. Ascheron and his team at Springer for
the good cooperation and their technical support with the text processor. My
deepest gratitude, however, is directed to my wife and my daugthers, Luise
and Lina, who supported this book project with their encouragement and
patience during many evenings and weekends.

Kiel Horst Zimmermann
January 2000
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1

Basics of Optical Emission and Absorption

Optical emission and absorption are fundamental processes which are
exploited when electrical energy is converted into optical energy and vice
versa. Optoelectronics is based on these energy conversion processes. Light
emitters such as light-emitting diodes (LEDs) and diode lasers convert elec-
trical energy into optical energy. Photodetectors convert optical energy into
electrical energy. In this chapter, the most important factors needed for the
comprehension of light emitters and photodetectors will be summarized in
a compact form. For a detailed description of the basics of optical emission
and absorption, the book [1] can be recommended. Here, emphasis will, of
course, be placed on silicon devices. First we will introduce photons and
the properties of light. Then, the consequences of the band structure for
optical emission and absorption will be dealt with. Photogeneration will be
defined. Furthermore, optical reflection and its consequences on the efficiency
of photodetectors will be described.

1.1 Properties of Light

Due to the work of Max Planck and Albert Einstein it is possible to describe
light not only by a wave formalism, but also by a quantum-mechanical par-
ticle formalism. The smallest unit of light intensity is a quantum-mechanical
particle called a photon. The photon, consequently, is the smallest unit of
optical signals. Photons are used to characterize electromagnetic radiation in
the optical range from the far infrared to the extreme ultraviolet spectrum.
The velocity of photons ¢ in a medium with an optical index of refraction 7 is

c= _, (1.1)

where cg is the velocity of light in vacuum. Photons do not possess a quiescent
mass and, unfortunately for the construction of purely optical computers,
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2 1 Basics of Optical Emission and Absorption

cannot be stored. Photons can be characterized by their frequency v and by
their wavelength A:

c
A= L (1.2)
The frequency of a photon is the same in vacuum and in a medium with
index of refraction 7. The wavelength A in a medium, therefore, is shorter than
the vacuum wavelength Ao (A = A\g/7). As a consequence, the vacuum wave-
length is used to characterize light sources like light-emitting diodes (LEDs)
or semiconductor lasers, because it is independent of the medium in which
the light propagates.
Photons can also be characterized by their energy E (h is Planck’s
constant):

he  heg
E—hy—)\—)\o. (1.3)

A useful relation is given next which allows a quick calculation of the
energy for a certain wavelength and vice versa:
~ 1,240

FE
Ao

(1.4)

where F is in eV and Ao in nm. Let us define the flux density @ as the number
of photons incident per time interval on an area A. The optical power P,y
incident on a detector with a light sensitive area A, then, is determined by
the photon energy and by the flux density:

Popt = EBA = hudA. (1.5)

The magnitude of the momentum of a photon p in a medium is determined
by its wavelength in this medium:

h

p= - (1.6)

The wave number k is the magnitude of the wave vector k, which defines
the direction of the motion of the photon:

k= _. 1.7
. (1.7)
The momentum of a photon p is proportional to the wave vector

p = hk, (1.8)

where it = h/(27).
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1.2 Energy Bands of Semiconductor Materials 3

1.2 Energy Bands of Semiconductor Materials

The energy-band structure of a semiconductor determines not only its
electrical properties but also its optical properties such as the absorption
of photons and the probability of radiative transitions of electrons from the
conduction band to the valence band. The absorption of photons, which is
important for photodetectors, will be dealt with in the next section. Here, we
will just point out the consequences of the kind of energy-band structure for
the applicability of a semiconductor material when we want to obtain efficient
light emitters.

There are two requirements for transitions of electrons between the valence
and the conduction band and vice versa: (a) the energy has to be conserved
and (b) the momentum has to be conserved. The conservation of energy usu-
ally is not a problem in direct and in indirect semiconductors. For an electron
transition between the maximum of the valence band and the minimum of
the conduction band, or vice versa, the conservation of momentum, however,
cannot be fulfilled with the absorption or emission of a photon alone in an
indirect semiconductor, because the magnitude of the momentum of a photon
is several orders of magnitude smaller than that of an electron in a semicon-
ductor. The same large difference holds between the wave vectors of a photon
and an electron in a crystal. It is, therefore, possible to compare the mo-
mentums or the wave vectors. The energy bands in dependence on the wave
vector are calculated from the Schrodinger equation with a periodic poten-
tial that is characteristic for a certain semiconductor. The wave vector of an
electron in a crystal is between approximately 0 and 27 /a, i.e., between the
k values at the boundaries of the first Brillouin zone, where a is the lattice
constant. The minimum of the conduction band in the first Brillouin zone
in silicon, for instance, is at 0.85 x 27 /a [1]. The momentum of an electron
in the minimum of the conduction band of Si with a =0.543nm, therefore,
can reach 0.85 x 2h/a = 2x 10724 Jsm ™!, whereas the momentum of a photon
with E =1eV is only 5.3 x 1072% Js/m. In addition to a photon, a phonon
has to be absorbed or emitted in order to conserve the momentum. Phonons
are quantized lattice vibrations. They possess small energies (up to approx-
imately 100meV) and a momentum of the order of that of an electron in a
semiconductor. Many phonons are present in crystals like semiconductors at
room temperature.

Let us first consider GaAs, which has a direct bandgap (Fig. 1.1), where the
minimum of the conduction band (CB) is above the maximum of the valence
band (VB). No phonon is needed for the conservation of the momentum when
an electron makes a transition from the minimum of the conduction band
to the maximum of the valence band (recombining with a hole) and when a
photon with the energy of the bandgap is emitted.

Silicon is known to have an indirect bandgap. A phonon is needed for the
conservation of the momentum in order to enable the radiative transition of
an electron from the minimum of the conduction band to the maximum of the
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Direct semiconductor Indirect semiconductor

AE

N7

B

hv

y

VB

Fig. 1.1. Electron transitions in direct (left) and indirect (right) semiconductors
as, for instance, GaAs and Si, respectively

valence band. A phonon has to be consumed or created when a photon with
an energy of approximately F, is emitted (see Fig. 1.1). The photon energy is
exactly (Ep is the phonon energy)

he

E: =
hv A\

E, £ E,. (1.9)

The generation of a phonon possesses a larger probability than the con-
sumption of a phonon in connection with an electron transition in an indirect
semiconductor. Therefore, more photons will have the energy £, — E, than
Eg + E},. From quantum mechanics it is, however, known that the probability
of all electron transitions combined with phonon transitions is very small. The
probability of radiative transitions in indirect semiconductors in fact is four
to six orders of magnitude lower than that in direct semiconductors. Silicon
devices, therefore, are usually very poor light emitters. This work will sum-
marize the attempts to obtain more efficient silicon light emitters and it will,
of course, focus on silicon photodectors.

1.3 Optical Absorption of Semiconductor Materials

The energy of a photon can be transferred to an electron in the valence band
of a semiconductor, which is brought to the conduction band, when the pho-
ton energy is larger than the bandgap energy F,. The photon is absorbed
during this process and an electron—hole pair is generated. Photons with an
energy smaller than F,, however, cannot be absorbed and the semiconductor
is transparent for light with wavelengths longer than . = hco/E;.

The optical absorption coefficient « is the most important optical constant
for photodetectors. The absorption of photons in a photodetector to produce
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Fig. 1.2. Absorption coefficients of important semiconductor materials versus wave-
length

carrier pairs and thus a photocurrent, depends on the absorption coefficient
a for the light in the semiconductor used to fabricate the detector. The ab-
sorption coefficient determines the penetration depth 1/« of the light in the
semiconductor material according to Lambert—Beer’s law:

1(5) = I exp(—ag). (1.10)

The optical absorption coefficients for the most important semiconduc-
tor materials are compared in Fig.1.2. The absorption coefficients strongly
depend on the wavelength of the light. For wavelengths shorter than A,
which corresponds to the bandgap energy (M. = hco/Eg), the absorption
coefficients increase rapidly according to the so-called fundamental absorp-
tion. The steepness of the onset of absorption depends on the kind of band—
band transition. This steepness is large for direct band—band transitions as
in GaAs (EJ"=1.42eV at 300K), in InP (EJ"=1.35eV at 300K), in Ge
(Egir:O.SleV at 300K), and in Ings3Gag.47As (Egir:0.75eV at 300K).
For Si (Ei"=1.12¢eV at 300K), for Ge (E*! =0.67eV at 300K), and for the
wide bandgap material 6H-SiC (E;,;nd =3.03eV at 300 K) the steepness of the
onset of absorption is small.

Ing 53Gag.47As and Ge cover the widest wavelength range including the
wavelengths 1.3 and 1.54 um which are used for long distance optical data
transmission via optical fibers. The absorption coefficients of GaAs and InP
are high in the visible spectrum (~400-700nm). Silicon detectors are also
appropriate for the visible and near infrared spectral range. The absorption
coefficient of Si, however, is one to two orders of magnitude lower than that of
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Table 1.1. Absorption coefficients « of silicon and intensity factors I (ehpcm™?
means electron-hole pairs per cm®) for several important wavelengths for a constant
photon flux density of @ = In/a = 1.58 x 10'® photons/cm?

Wavelength o Io

(nm) (um™") (ehpem™?)
980 0.0065 1.03 x 10%°
850 0.06 9.50 x 10%°
780 0.12 1.89 x 10%!
680 0.24 3.79 x 10%*
635 0.38 6.00 x 10%*
565 0.73 1.16 x 10%2
465 3.6 5.72 x 10?2
430 5.7 9.00 x 10?2

the direct semiconductors in this spectral range. For Si detectors, therefore, a
much thicker absorption zone is needed than for the direct semiconductors. We
will, however, see in this work that with silicon photodiodes GHz operation
is nevertheless possible. Silicon is the economically most important semicon-
ductor and it is worthwhile to investigate silicon optoelectronic devices and
integrated circuits in spite of the nonoptimum optical absorption of silicon.

The absorption coefficients of silicon for wavelengths which are the most
important ones in practice are listed in Table 1.1 [2,3]. In order to compare
the quantum efficiencies of photodetectors for different wavelengths, it is ad-
vantageous to use the same photon flux for the different wavelengths. The
photocurrents of photodetectors are equal for the same fluxes of photons with
different energy, i.e., for different light wavelengths, when the quantum effi-
ciency of the photodetector is the same for the different photon energies or
wavelengths, respectively. According to the Lambert-Beer law, different in-
tensity factors I result for a constant photon flux. As an example, intensity
factors are listed for the most important wavelengths in Table 1.1 for a certain
arbitrary photon flux density.

1.4 Photogeneration

The Lambert-Beer law can be formulated for the optical power P analogously
to (1.10):

P() = Pyexp(—ay). (1.11)

The optical power at the surface of the semiconductor P(y = 0) is
Py = (1 — R) (see Fig.1.3). The optical power of the light penetrating into
a medium decreases exponentially with the penetration coordinate 3 in the
medium (compare Fig.2.1).
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Fig. 1.3. Reflection at a semiconductor surface and decay of the optical power in
the semiconductor (Po = (1 — R)Popt)

The absorbed light generates electron—hole pairs in a semiconductor due
to the internal photoeffect provided that hv > E,. Therefore, we can express
the generation rate per volume G(y) as:

P(g) - P(+ALy) 1

Gly) = AF Ahv’

(1.12)

In this equation, A is the area of the cross section for the light incidence and
hv is the photon energy. For Ay — 0, we can write (P(y) — P(y+Ay))/Ay =
—dP(y)/dy. From (1.11), dP(gy)/dy = —aP(g) then follows and the generation

rate is

y exp(—ay). (1.13)

1.5 External Quantum Efficiency and Responsivity

The external or overall quantum efficiency 7 is defined as the number of photo-
generated electron—hole pairs, which contribute to the photocurrent, divided
by the number of the incident photons. The external quantum efficiency can
be determined, when the photocurrent of a photodetector is measured for a
known incident optical power.

A fraction of the incident optical power is reflected (see Fig.1.3) due to
the difference in the index of refraction between the surroundings 75 (air:
ns = 1.00) and the semiconductor fs. (e.g., Si, fige ~ 3.5). The reflectivity R
depends on the index of refraction nig. and on the extinction coefficient % of an
absorbing medium, for which the dielectric function € = &, + iey = (fig. + i%)?
is valid (ns = 1) [2].

_ (1 —nge)? + R?

R= ) ne e (1.14)
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