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INVESTIGATION OF HIGH-SPEED OPTOELECTRONIC RECEIVERSIN
SILICON-GERMANIUM (SiGe))

Amit Gupta, MS

University of Pittsburgh, 2003

Silicon Germanium (Si-xGey) is considered the choice for analog/mixed-signal RF and
optoelectronic systems due to its high speed, low noise and compatibility with standard CMOS
processes. The god of this thesis is to investigate photo-detection in SiGe and optical receiver
circuits in the commercially available IBM 5HP SiGe BiCMOS process. The study of
photodetectors based on SiGe is of interest because of its high absorption capability at
wavelengths between 1.1-1.5um. In this thesis several designs of receiver circuits and front-end
transimpedance amplifiers (TIA) were designed and fabricated in the IBM 5HP (0.5um) SiGe
technology exhibiting high transit (fr) and maximum oscillation frequency (fuax). Spectre
simulations for both the transimpedance amplifiers and the complete receiver circuits are
conducted at the single supply voltage of 3.3V in the Cadence Analog Affirma design
environment. The analog mixed signa design tools NeoCircuit/NeoCell from Neolinear Inc. and
Analog Affirmafrom Cadence Inc. are used for the optimization of the complete receiver circuits
consisting of a transimpedance amplifier, a cascaded multi-stage differential amplifier and a

decision circuit.
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1.0 INTRODUCTION

Fiber-optic technology plays a vita role in present telecommunication systems due to the
low cost, small size, low transmission loss and high bandwidth compared to conventional
electrical communication based on Copper (Cu). A fiber optic system consists of a transmitter, a

channel and areceiver as shownin Figure 1.

Transmitter Channel Receiver
Input Laser . Fiber as . . Output
Ej Driver Ej gpt'fal ) Transmission [:V DO rt)tlctalr## A?r:glr']? Ir [j>
Circuitry ource Medium ctecto pime

Figurel Key componentsof afiber optic system

At the transmitter, the laser driver circuitry drives alaser source and the output is coupled
into an optical fiber channel through which it propagates to the receiver. The laser source is
connected by an optical fiber contained in a cable. The light leaving the optical fiber is absorbed
by a photodetector that generates an electrical signal. The generated signal from the detector is
weak, typicaly in the range of nano or micro-amps for a ImWaitt incident optical power
depending on the design structure, size, efficiency and the technology used to build the
photodetector. This generated signal must be amplified and thresholded before forwarding it to
the digital signal processing circuitry.

There is an increasing demand for fiber optic systems in many emerging

telecommunication and mobile communication systems and there are competing technologies
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like Silicon (Si), Silicon-on-Insulator (SOI) and Gallium Arsenide (GaAs) to design such
receivers. But, there are two main design constraints that need to be considered when designing
such optical receivers First, the technologies in which these receivers are designed should have
high absorption capability at the wavelengths range of 1.3-1.5mm. Second, the technologies in
which these transmitters and receivers are designed and fabricated should have low cost, high
yield and high reliability.

The longer wavelengths are very important for long-haul fiber communicationdue to low
insertion and dispersion loss For silica based fibers, the three operating transmission windows
are 850nm, 1310nm and 1550nm. For these transmission windows the attenuation in an optical
fiber is typically 2.8dB/km, 0.52dB/km and 0.3dB/km respectively as shown in
Figure 2. Since the attenuation is significantly lower at the two higher transmission windows, it
is desirable to develop an efficient photodetector to function between the wavelengths of 1200-

1300nm or 1150-1600nm range.

KXY ma

Transmission Window 1

25
e L
X
o 20 —-/
= -7
2151 % Transmission Window 2
© b
glo _% Transmission Window 3
(]
< '%
0.5 "///// 2?/
R Z L
9

800 00 1000 1100 1200 1300 1400 1500 1600 1700

Wavelength (nm)

Figure2 Optical fiber attenuation at different wavelengths [1]
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Optical receivers based on 111-V technology, like Gallium Arsenide (GaAs), can be used
to make efficient optical detectors because of their direct band gap nature. But they have several
drawbacks compared to Si technology. They are expensive to manufacture, have high defect
densities, offer low reliability and most importantly are not compatible with the traditional
CMOS processes. One of the ways to the reduce cost of receivers is to monolithicaly integrate
optical detectors with electronic components. This integration also provides compactness, low
parasitic losses, and reliability for Optoelectronic Integrated Circuits (OEIC).

On the other hand, Silicon (Si), an indirect gap semiconductor, has poor light absorption
at wavelengths between 1.1 and 1.5um. It isaso inferior to GaAsin terms of electron mobility
and low noise. Many S based photodetectors have been reported [2-5] but Si absorption
capability is not efficient at the wavelengths between 1.1-1.5um. The photodiodes and
phototransistors on Silicorron-Insulator (SOI) were reported [6-7] to work at the wavel engths of
850nm. In spite the lower absorption coefficient of Si at longer wavelengths, it is the most
widely used semiconductor in the semiconductor industry to build several analog and digital
circuits due to its physical and chemical properties listed below:

It is abundant in nature.

It has virtually defect-free (single) crystals.

It has excellent thermal and mechanical properties.

It can be doped efficiently with both ntype and p-type impurities.

It can be grown or deposited in different forms (crystalline, polycrystalline, amorphous).

It can be etched easily.

It crystallizes in the diamond lattice structure.

It is nontoxic and highly stable at high temperatures.
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A highrquality perfect dielectric silicon oxide (SO») can be grown by flowing oxygen

across the wafer surface.

A new S based technology, Silicon Germanium (SiGe), has been developed in the
semiconductor industry to address the deficiency of low speed Si devices and high cost GaAs
devices. SiGe was developed by the following companies, IBM [8], Hitachi [9], Conexant (Jazz)
[10], Infineon [11], NEC [12], IHP [13], IMEC [14], TI [15], Philips [16], Lucent [17], ST
Microelectronics [18], TEMIC [19], and CNET [20]. Several SiGe based photodetectors have
been built [21-31] with high efficiency and an operating wavelength range of 1300-1500nm.
These detectors were devel oped using custom SiGe processes. In this thesis, we investigate SiGe
based photodetectors. These photodetectors are built using the only commercially available SiGe
process, provided by IBM [8]. We believe, since this technology exhibits a maximum oscillation
frequency (fuax) of 47GHz and transit frequency (fr) of 65GHz very high speed optoelectronic

circuits can be designed in this process [32].

1.1 BACKGROUND AND MOTIVATION

The ability to integrate high-speed analog circuits based on SiGe HBT devices with
optoelectronic systems provides a logica solution to the problems of next generation
telecommunication and networking applications. Beyond the abilities of SiGe as a high-speed,
CMOS compatible technology, there is additionally the possibility of using SiGe as the basis for
monolithically integrated photodetectors.

The concept of a SIGe Hetero-junction Bipolar Transistor (HBT) is well understood and
the detailed theory related to this device was first developed by Kromer in 1957 [33]. The first

functional SiGe HBT was demonstrated in December of 1987 [34] and SiGe hetero-junction
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growth techniques compatible with silicon technology were developed [35-36]. Since then there
has been a tremendous advancement in the development of SiGe devices [37]. Due to the
differences in the lattice constant and band gap energy of S and Ge, the valence and the
conduction band of a SiGe bipolar device changes giving rise to high electron mobility. This
electron mobility varies with Ge composition and the doping profiles of impurities like
phosphorous and arsenic in SiGe devices. Hence, circuits based on this SiGe technology have
higher speed than conventiona silicon. Thus, SiGe Hetero-junction Bipolar Transistor (HBT)
devices are ideally suited for high-speed wireless communication systems. The need for high
speed circuits based on such devices is increasing and the market for SiGe BiCMOS based
products has evolved to demonstrate a large number of digital, analog RF and microwave circuits
for application to mobile communications, wide area networks, satellite communications, radar
and optical fiber communications systems [32, 38-40].

A large number of commercial products using SiGe HBTSs are currently on the market,
and a foundry service for the IBM SiGe process is available through MOSIS [41]. The
availability of thiscommercia process in the market has motivated us to build an optical receiver
system for three reasons.

Firgt, to the best of our knowledge no SiGe based photodetectors in the IBM 5HP
technology have been reported.

Second, it is the only commercially SiGe process in the market available to us to carry
out an investigation on SiGe based photodetectors.

Third, among all the SiGe processes available a he time this process offers highest level

of trangit (fr) and maximum oscillation frequency (fuax) to design high-speed analog circuits.
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1.2 STATEMENT OF WORK

In this thesis we utilize the IBM SiGe process in order to design and layout several
designs of SiGe based photodetectors and receiver circuits for fiber optic systems. We carry out
our work in five steps:

(i) Perform a quantitative analysis of the intrinsic photo-detection mechanism in IBM SiGe
technology to build photodetectors. We also predicted the operating wavelength range in

SiGe for high absorption coefficient, responsivity and high quantum efficiency.

(i) Study the micro-fabrication steps for the IBM process to build photodetectors based on

SiGe.

(ili) Investigate previous work on circuit topologies for transimpedance amplifiers and
voltage amplifiers designed in SiGe processes.
(iv) Explore the capabilities of several analog design mixed signal tools from Cadence and

Neolinear Inc.

(v) Design, simulate and layout severa transmpedance amplifiers and a complete set of

receiver circuits consisting of transimpedance amplifiers, differential amplifiers and a

decision circuit in the IBM process.

1.3 THESISORGANIZATION

The goal of tis thesis is to specifically investigate three areas. First, to examine the
practicality of using photodiodes and phototransistors based on SiGe as photodetectors for longer
wavelength light. Second, to test the abilities of Neolinear- NeoCircuit/NeoCell analog mixed

signal design tools in optimizing receiver circuits designed using SiGe and CMOS devices.



Third, to design and fabricate several designs of complete receiver circuits consisting of
transimpedance amplifiers, differential amplifiers and a decision circuit.

The thesis is organized as follows: Chapter 2 investigates the recent developments in
SiGe based photodetectors. Chapter 3 discusses the optical properties, absorption coefficients of
SiGe dloys and the efficiency of SiGe based photodetectors. Chapter 4 discusses the device
physics of the SiGe Hetero-junction Bipolar Transistor (HBT). Chapter 5 discusses the micro-
fabrication steps for the SiGe IBM 5HP process and the design of photodetectors. Chapter 6
presents the circuit selection, design, simulation results and layout of the front-end architecture-
transimpedance amplifiers. Chapter 7 presents the configuration design of the receiver circuits
with the test results of an optoelectronic receiver chip and Chapter 9 presents the summary and

the conclusion

21



2.0 INVESTIGATION ON Si;.xGex PHOTODETECTORS

Several types of S and Si/Si;-xGey photodetectors including PINs, metal-semiconductor-
metal (MSM) photodiodes, and avalanche photodiodes have been reported. Si retains its
transparency at the longer wavelengths namely 1.1nm and above due to its indirect band gap
nature. Ge offers a better absorption coefficient to incident light than Si at the wavelengths of 1.1
-1.5nm as shown in Figure 3. In order to address the absorption deficiency of Si at longer
wavelengths, photodetectors with SiyxGe, absorbing layer have been developed by other
researchers [21-31]. No other researchers however, have investigated SiGe photodetectorsin the

IBM process.
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Figure3 Optical propertiesof Si, SiGe and Ge alloys at wavelengths 1.1 -1.5nm [42-43]



2.1 DEVELOPMENT ON SiGePHOTODETECTORS

The possibility of using SiGe devices as high speed, low noise photodetectors in the near-
IR spectrum from 850nm to 1550nm [21-31] has been explored. In theory, these detectors can
cover the range of both free space and fiber optic communication wavelengths. Photo-detection
has been implemented with SiGe Metal Semiconductor Metal (MSM), P-Insulator-N (PIN) [44],
hetero-structure photodiodes [45-46] and phototransistors [47]. One example is a separated
absorption multiplication avalanche photo diode (SAMAPD), which has been shown to work at
930nm with a bandwidth of 1.9GHz. This type of detector is optimized for short distance optical
fiber communication systems [48]. A second technique is the use of SiGe in MSM photodiodes.
These have been shown to have bandwidth in excess of 1GHz while being compatible with SiGe
high electron mobility transistors (HEMT). These types of devices operate at much lower
voltages than comparable bulk silicon photodiodes, with DC responsivity as high as 0.12A/W
[49]. A third class of SiGe photodetectors is based on a vertical cavity multi-layer PIN diode.
The quantum efficiency of one such device at 980nm was reported at 20% with a minimum
receiver sensitivity of —10.4 dBm at 1 Gb/s [50]. Finally, investigations on different types of
SiGe photodiodes for photo-detection in the 1.3mm - 1.55nmm range [21-31] have been carried
out. These photodetectors have quantum efficiency in the range of 1-25% at the wavelengths of
1300nm. It has been shown, that in order to achieve high responsivity at the 1.3mm wavelength
region in SiIGe/Si photodetectors, the percentage of Ge concentration should be in excess of 35-
50 percent [51-52].

After investigating the development of severa photodetector structures in other custom
SiGe processes, the availability of the IBM process has prompted us to build photodetectors in

this process. It was found that due to the fixed integration layers of the IBM SiGe process only
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two kinds of photodetector structures are possible. Since Ge is graded only in the base of the
NPN transistor the photodetectors based on NPN devices are of interest to us. Based on this ides,
phototransistors and photodiodes based on SiGe NPN bipolar devices were designed and
fabricated. A brief overview and a detailed description of the design and the fabrication of SiGe

based photodetectors is discussed in sections 2.2 and 5.4 respectively

2.2 OVERVIEW OF THE IBM SiGe BASED PHOTODETECTOR STRUCTURES

Inour study of SiGe based photodetectors in the IBM process we used the Blue Logic™
SiGe process. This is a BICMOS process, which has NPN HBT SiGe bipolar transistors
available. Several methods of light detection in SiGe photodetector were examined as well as
multiple circuit configurations in SiGe BiCMOS built for amplification and thresholding. SiGe
photodetectors were made by exposing the SiGe “base” layer of the HBT structure, as shown in

Figure 4 and Figure 5.
Incident light h u

SiGe NPN P-FET SiGe NPN P-FET

Figure4 Crosssection of an IBM SiGe process Figure5 Exposed base for SiGetransistor [40]
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If the emitter is removed, the SiGe layer in the base can be exposed to externa light,
creating a photodiode. On the other hand, if the emitter contact is preserved and the base contact
is removed then a phototransistor is created. In order to understand the detailed design SiGe
photodetectors in the IBM process we must first discuss the optoelectronic properties of SiGe
aloys in Chapter 3. The design and fabrication of photodetector structures based on IBM SiGe is

discussed in detail in section 5.4.
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3.0 OPTOELECTRONICSIN SiGe ALLOYS

The IBM SiGe process has encouraged us explore photodetectors and to study optical and
electronic properties of SiGe alloys. Photodetectors, the first basic component of the fiber optic
receiver system, as shown in Chapter 1 converts an incident optical signal into an electrical
signal. For a weak input signal it is desirable to have a maximum amount of electric current
generated. Therefore it isessential to consider the factors of responsivity and quantum efficiency
of a photodetector with respect to the input signal. Responsivity of a photodetector is mainly
related to the absorption coefficient and the thickness of the semiconductor material. A high
absorption coefficient and thickness mean that more photons will get trapped in a photodetector
device and higher current will be generated. The responsivity and the quantum efficiency in SiGe
aloy is discussed in sections 3.7 and 3.8 respectively. The absorption coefficient depends on the
intrinsic absorption mechanism in a semiconductor material and is discussed in section 3.6. For
intrinsic absorption the photon energy of the incident optical light must be greater than or equal
to the band gap energy and the phonon energy of the semiconductor material. The photon
energy, phonon energy and the bandgap energy in SiGe aloys is presented in sections 3.1, 3.2,
3.3 and 3.4 respectively. Also it is estimated that the maximum percentage of Ge in the SiGe
IBM process is 20% [36, 53] which is used for calculating band gap energy and dielectric

constant in SiGe aloys.
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3.1 PHOTON ENERGY

Photon energy is defined as the minimum amount of energy possessed by an incident
photon to excite an electron from the valence band to the conduction band. The expression for
photon energy is given as.

E=hu 1)
Where h is Planck’s constant = 6.6261x10°>* (Js); u is the frequency of the incident light (Hertz)
and E is the energy of the incident light in electron volts (eV).

Photons can be characterized by their frequency (u) and wavelength (1 ) as:

u=

2

c
I

Where ¢ is the velocity of light = 3x10® (m/s); | is wavelength of the incident light (m).

On substituting equation (2) in (1) the expression for photon energy is derived as:

V)= hc_a6.6261x10 ** (J5)x3x10° (M) 0_281241 0

Elevy=g | X16x10"(C) g & (nm)g ©

On using equation (3) the photon energy E (eV) of the incident light at different

wavelengths is summarized in Table 1 as follows:

Table1 Photon energy of theincident light at different wavelength

Wavelength (I ) nm | Energy of theIncident
Light E (eV)
900 1.3788
950 1.3063
1000 1.2410
1030 1.1819
1100 1.1281
1150 1.0791
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Table 1 (continued)

1200 1.0341
1250 0.9928
1300 0.9546
1350 0.9192
1400 0.8864
1450 0.8558
1500 0.8273

As shown in Figure 6, as the wavelength increases, the light energy associated with the
incident optical signal decreases. The significance of Table 1 is to find out the operating
wavelength at which the intrinsic absorption in a SiGe semiconductor is possible. The

mechanism of intrinsic absorptionis discussed in detail in section 3.6.

1.6

Incident Photon Energy (eV)
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Figure6 Incident light energy of photon for different wavelengths
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3.2 ABSORPTION MECHANISM IN A SEMICONDUCTOR MATERIAL

The photo-electric effect based photodetectors are those that directly generate
photocurrent from the interactions between the photons ad atoms in the detector material. The
probability of an atom absorbing a photon and generating carriers and forming photocurrent is
small. However, since the number of atoms in a semiconductor is huge, the probability of an
atom interacting with an incidert photon to form photo-excited free carriers is quite high in a
well designed detector.

Based on this idea, the concept of intrinsic band-to-band absorption, shown in Figure 7 is
observed in a semiconductor material. In this mechanism the photon energy (E) of the incident
light is greater than a material band gap energy Ey of a semiconductor material and a photon is
able to excite an electron from the valence band up to the conduction band. The hole and the
electron constitute a charge carrier and, on the application of an electric field, the hole and the

electron can be transported through the material.

Electron

hVW E. —— \_\* Photocurrent
g

Hole

Figure7 Intrinsic absorption phenomena in a semiconductor



The requirement for the sufficient photon energy (E) to create an electrornthole pair is expressed

as:

T E @

Where h is the Planck Constant = 6.63 x 104 (J5) and E; is the band gap energy of the SiGe
aloy (eV); cis the velocity of light = 3 x 10%(m/s); | is the wavelength of the incident light (m)

and u is frequency of the incident light (Hertz).

3.3 BAND GAP ENERGY IN SiGe ALLOYS

Band gap energy is defined as the amount of energy (in electron volts) required to free an
outer most shell electron fom its orbit, and promoting it from the valence to the conduction
level. The expression for the band gap energy in SiGe alloys for different percentages of Ge [54,
55] isgiven as:

1.12 — 0.41 x + 0.008x? for (O<x < 0.85) (5)
1.86—1.2 x for (0.85<x<1)
Where x is the maximum percentage of Ge in the SiGe alloy.

The maximum percentage of Ge in the IBM process is 20% [36, 53] and therefore the
first part of equation 6) is used for the calculation. The calculated value of band gap for
Sio.80Gen20S:

Egso.80e00 = 1.0383 eV

This calculated vaue lies between the band gap energy of Si and Ge. See appendix for details.



3.4 PHONON ENERGY

A phonon is required for the conservation of momentum in order © enable the radiative
transition of an electron from the minimum of the conduction band to the maximum of the
valence band. In indirect semiconductors like Si a phonon is generated whenever photon energy
is emitted. Therefore more photons will have energy Es-E, than Eg+E,. Thus photon energy can
be written as:

E(ev)=hu :$: E, +E,

The phonon energy for the IBM Siy.s0Gep 2o iscalculated as Ep ~ 50meV [55].

3.5 REFLECTIVITY IN SiGe ALLOYS

Reflection loss occurs due to differences in the index of refraction between the two
materials. The Fresnel reflectivity @A) for an optical signal at normal incidence to an interface

between two materials is expressed as follows:

Qh,- hy)

PO WS
ah,+h,)g

Where h1 isindex of refraction of air =1 and h is the index of refraction of the Si;.,Ge, material.

(6)

The reflectivity depends on the index of refraction. The value of the index of refraction
for SiGe alloys can be estimated from experimenta results [51] shown in Figure 8 Since the
percent of Ge is estimated to be 20% in the IBM SiGe process therefore, the index of refraction
for the IBM Siy.s0Gep 20 is calculated ash,=3.50 in Figure 8.

On substituting the values of h; and h» respectively in Equation (6) reflectivity can be

caculated as;
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_g1-39°Y
= &1 =0.3086 or 30.86%
a1+35)"g

This value for the Fresnel reflectivity (A) is quite high.
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Figure8 Refractiveindex of SiGe alloy ver sus wavelength [51]

So far we have calculated the values of photon energy, band ggp energy, phonon energy
and reflectivity for Sig.goGep2o dloys in sections 3.1, 3.2, 3.3 respectively. These values are

required to calculate the absorption coefficient in SiGe aloys at different wavelengths as shown

in the next section
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3.6 ABSORPTION COEFFICIENT IN SiGe ALLOYS

The absorption coefficient (a) is the most important operating characteristic for
photodetectors. In a detector, the photocurrent produced depends on the amount of photons
absorbed and the absorption coefficient of asemiconductor. The quantum efficiency of the
photodetector $rongly depends on the absorption coefficient of the semiconductor material.
Therefore an estimate of the absorption coefficient as a function of photon energy and Ge
compositions in the SiGe aloy is necessary. In Si;- xGe the indirect absorption process depends
on the interaction of the electrons and the electromagnetic wave and, at the same time, depends
on the interaction of the electrors and the semiconductor lattice structure. The penetration depth
of the light in a semiconductor material can also be determined by calculating the absorption
coefficient. Accordingly, it is very important to calculate the value of the absorption coefficient
in SiGe at different wavelengths. The fundamental absorption coefficient (a) can be expressed as
[56-58];

a(E,T)=OFor hu£ E, +E,

Hhu - B + E,) M
YuFor E,- E,<huf E +E,

} hu - E, - ED)ZIPH
T ) i T Y For hus® E, +E, (7)
engﬂ _ 1 b % 1_ eg kT @ bg
Where a is the @sorption coefficient (cm?); A is the temperature-independent proportionality
factor and A, and A weigh phonon absorption and emissions contributions which are equal to

12000 and 3000 cnit(eV) Y2 respectively [61]; hu is the photon energy (eV); Eg is the energy

band gap for the IBM Sip s0Gen20 =1.0383 (eV); Ep isthe phonon energy for the IBM Sio 80Gen2o
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=0.05 (eV); T is absolute room temperature (300°K ) and k is Boltzmann's constant = 8.617 x 10°
> (eVIK).

Before calculating the absorption coefficient in SiGe alloys it is required to know the
wavelength range between which the intrinsic absorption in SiGe semiconductor is possible. On
substituting values of the band gap energy in IBM Sip goGep20 from section 3.3 and the photon
energy of incident light from Table 1 in equation (1) we can summarize the operating

wavelength range for intrinsic absorption in SiGe alloys as shown in Table 2:

Table2 Operating wavelength for intrinsic absor ptionin Sipg0Gep 20 alloys

Wavelength (I ) nm hus E, + E (eV) Intrinsic Absor ption Condition
900 1.37883 1.0383 + 0.05 ( Satisfied)
1000 1.24103 1.0383 + 0.05 ( Satisfied)
1100 1.12813 1.0383 + 0.05 ( Satisfied)
1150 1.07913 1.0383 + 0.05 (Satisfied)
1200 1.03413 1.0383 + 0.05 (Not Satisfied)
1250 0.9928° 1.0383 + 0.05 (Not Satisfied)
1300 0.95463 1.0383 + 0.05 (Not Setisfied)
1400 0.91913 1.0383 + 0.05 (Not Satisfied)
1500 0.8273% 1.0383 + 0.05 (Not Satisfied)

One can conclude from Table 2 that if the photon energy of the incident light is greater than or
equal to the band gap energy of IBM Sip.g0Gep 20 Semiconductor material between the wavelength
range of below 900 to 1150 nm. Therefore the intrinsic absorption is only possible between these
wavelengths. On substituting the values of photon energy (E), band gap energy (Eg), phonon
energy (Ep) and reflectivity (A) for SiGe aloys in equation (7) the absorption coefficient at

wavelengthof 1150nm is calculated as follows:



u

é i U i

é .I. 2 .I. .I. 2 .I. l;]

€ f(L0791(eV) - 1L0383(eV) +005eV)) { (10791(eV) - 10383(eV) - 005eV)) fuU
a(£.7) = Gz (L070UE) - 1038) + OOREV)'Y (1070 - 103896v) - A& H

g i ¢ 005(&v) ' I i ¢ - 0.05(eV) : | ﬂ

< I 8.617x10‘5(§—v)x3oo(°+<)3 I I 8.617x10'5((;i)x300(0K)i Iv

g 1 e§ K 7.1 b i 1- e§ K ’ bt

a (I =1150, 300°K) = 17.01/cm
Table 3 gives a summary of the absorption coefficient at different wavelengths of incident light.
The absorption coefficient in Sp.goGep2o aloys decreases at longer wavelengths. After | =1200
nm the absorption coefficient starts increasing again, but it is irrelevant since intrinsic absorption

beyond | =1150 is not possible as already seen above.

Table3 Absorption Coefficient in SiggGen 20 alloys at 300°K for different wavelengths

Absorption Coefficient (&) at | output Results (per cm)

different wavelengths| (nm)
800 1387.195
900 605.157
1000 246.54
1100 45.1837
1150 17.01
1200 14.55
1300 64.99
1400 164.01
1500 291.46




The result obtained for the absorption coefficient in SiGe as shown in Table 3 is plotted
in Figure 9. It can be observed in Figure 9 that the results obtained from our calculations for

SiGe dloy is very close to the one obtained by experimental results [51].
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Figure9 Optical absorption coefficients of SiGe alloys at different wavelengths [51]

3.7 PHOTODETECTOR QUANTUM EFFICIENCY

The light signal whose photon energy is sufficient to generate photo-carriers will
continuously tend to lose energy within the crystal lattice as the optical field propagates through
the semiconductor. Inside the semiconductor, the field decays exponentially as the energy is
absorbed by a semiconductor. The material can be characterized by an absorption length and the

penetration depth as shown in Figure 10. The power in the optical field decays with distance and



the amount of power absorbed in a semiconductor as a function of position within the materia is

given as:
Pabsorbed = Pincident{(l_ A)(l_ e )} (8)
Pi 1
P (1-R)
POWER
(WATTS) P;(1-R) PRLAS
Ay
\‘ .

e POSITION (x)

Penetration Depth

Figure10 Optical light absorption in a semiconductor [59]

Where R is the power of the Incident light =hu; Papsorbed 1S the power in watts for the number of
photons absorbed (watts); a is absorption coefficient for Sh-xGex and X is the depth or thickness
of absorbing (Si1-xGey ) layer.

Hence equation (8) can be rewritten as:

Pabsorbed (X) — A -ax
Foog L0 A e)

Therefore photodetector quantum efficiency h(x) can be defined as:

h(x) = Number of photo-carriers absorbed :[(1_ A)(l— e.aX)]

Number of incident photons
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On substituting the value of reflectivity (A) in equation (8) from section (3.5) and the
width of the SiGe layer (50nm in the IBM process [40]) the value of the photodetector quantum

efficiency at | =1150 is calculated as:

; 17.01(%) x50x10"° x102 (cm) O

& ® u
h(x) = d1- 03086)¢i- e +(=0.0058%
& e 29

Table4 Quantum Efficiency of the IBM Photodetector at different Wavelengths

Quantum Efficiency h(x) at | output Result (Percentage)
different wavelengths| (nm)

800 0.47

900 0.20

1000 0.085

1100 0.01

1150 0.0058

1200 0.005
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Figure1l Quantum Efficiency versus Wavelength



In Table 4, asummary of the quantum efficiencies at different operating wavelengths is shown.
The calculated result in Table 4 is plotted in Figure 11 which indicates that at longer wavelengths

the external quantum efficiency in Sip.soGep.2o decreases.

3.8 RESPONSIVITY OF THE IBM SiGe PHOTOTRANSISTOR

The Responsivity (R) of the detector is defined as the ratio of the photocurrent produced
to the incoming optical energy received. It depends critically on the absorption spectrum of the
semiconductor material. For high responsivity, the absorbing material should have a band gap
very near, but above the wavelength limit of the optical signal. The expression for responsivity is

given as:

_ah(x)qo _ah(x)dl ¢ _ah()dl (nm)s

R ) _ ) _ :
hu 2 & hC # & 1241 o

9)

Where h is the photodetector quantum efficiency 0Eh£1; q is eectron charge equal to 1.6x10™*°
(J); hisPlanck’s constant = 6.6261 x 10* (Js) and u is the frequency of the optical signal (Hz)

On subgtituting the value of the photodetector quantum efficiency value from section
(3.7) into equation (9) the responsivity of the IBM photodetector at | =1150 nm can be calculated
as:

) B )
R= @(X)q‘? - §5X10 x1150(nm)9 =48.34mAmps/Watt
hu @ 1241 o




Table5 Responsivity inthe IBM Sigs0Gepop at different wavelengths

Responsivity (R) at different Output Result (Amps/Watt)
wavelengths| (nm)
800 3.029m
900 1.450m
1000 0.684m
1100 88.63n
1150 43.34n

Thus Table 5 shows at longer wavelengths the responsivity of the photodetector in Sip.s0Gep.2o

alloys decreases. These values are plotted in Figure 12 as shown below:

3.5 -
g3
=
=25
o
2151
=
w1
S
& 0.5 -
o 0 |
800 900 1000 1100 1150
Wavelength (nm)

Figure12 Responsivity of SiGe based photodetectors at different wavelengths



3.9 DEPLETION REGIONIN THE IBM PHOTOTRANSISTOR

In the previous chapters it has been shown that Ge has higher absorption capability than
Si at wavelengths between 1.1-1.5mm Therefore for efficient absorption it is desirable to have a
maximum percentage of Ge in the SiGe aloy. However the combination of materials and
guantum mechanical considerations complicates matters. At Ge compositions of 30-50%, the
grained layer thickness cannot exceed 10-50 nm before the onset of misfit dislocations. Such
didocations would affect the SiGe device performance.

To the best of our knowledge the maximum percentage of Ge is 20% in the IBM SiGe
process [36, 53] and since the Ge percentage is less than 35-50% the thickness of the base could
be more than 50nm. Also, the mgjority of the photons are absorbed in the depletion region of the
base-collector and emitter-base junction Therefore it is necessary to calculate the depletion
region width of the base-collector and emitter-base junction of the SiGe NPN transistor. But,
since Germanium is graded more on the collector side and the width of the depletion region is
more on the base-collector side than the emitter-base side, due to reverse bias, it is desirable to
calculate the depletion region of the base-collector. The data to calculate the width of the
depletion region in the IBM NPN SiGe transistor is taken from [40], the SiGe IBM process as
mentioned bel ow:

(i) Thickness or width of the SiGe base = 50nm or 0.05mm
(i) Doping of boron in the base (p-type or Na) = 2 x 10'® B/cn?
(iii) Doping of phosphorousin the collector (ntype or Np) = 10*° Pien®
(iv) Doping of arsenic in the collector (ntype or Np) = 2 x 10°* Agent
The depletion region width of the base and the collector sides of the NPN transistor under

reverse biased conditions can be expressed [60] as:
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ERKe(V, +Vi)oe N o0z
Xp SGe — é; O(VJ R)JQ = U (10)
& q mNA(NA + ND)ﬂQ
1
K e, (V, +Vi)oe N BUR
X, =& oYy +Ve) G S (12)
&€ q geND(NA+ ND)ﬂQ

Where Xn-S is the depletion region width on collector (N-side); Xp-SiGe is width of depletion
region on base (P-SiGe side); Vg is the reverse bias voltage applied to the base-collector
junction=5(V); Ks is the relative permittivity or dielectric constant of N and PR SIGe; ey is the
permittivity of space= 8.85418 x 10'? (F/m); q is the electron charge=1.6 x 10'° C; N, is the
number density of acceptor atoms in a semiconductor=2x10® (B/cnt); Np is the number of
density donor atoms in a semiconductor=10%° (P/cnt) and V; is the potential generated across the
depletion region

The potential (V) generated across the base-collector junction of the NPN transistor can

be expressed as:

aN,N_,O
V, :VTIng ':]iz Dé

Where V1 = K T=8.62 x 10 x 300° K = 0.02586 V or ~26 (mV); k is Boltzmann's constant =
8.62 x 10° (eV/°K); T is room temperature = 300 (°K) and ny is the intrinsic concentration of Si=
1x10™° (cm®).

In general or NPN transistors, the emitter is doped higher than the base and collector,
and the base is doped higher than the collector. Therefore Na >> Np and equations (10) and (11)

can be reduced to equations (12) and (13) as given below:
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To caculate the depletion region width (Xp.sce), the dielectric constant (Kg) of
Sip.80Gep 20 isrequired [55] and calculated as follows:
K sp-sce =11.7+ 4.5x
Where x = Maximum percentage of Ge in the IBM SiGe process=20% [36, 53]
Hence Ks gce=12.6
On substituting the calculated value of the dielectric constant, absolute permittivity, built-
in potential, electron charge, and doping profiles of SiGe and Si in equations (12) and (13) the

values of the depletion width of the base-collector junctionis calculated as:

1

eaE‘2x12 6x8.854x10° 2 (— )(5 + 0851)(\/)_ae

_ & 1x10' (cm' %) 9
X 960 b = ége 100xL6x10 l9((:) _Q(leols o) BU = 4.51nm
1
;"’92x117x8354x10 122 )(5+ o852, 0.32
Xo s cate Z% 100x16x10° 19(0) €1x10% (cm %) 5 zu - 8o
e 2 s

Thus from the calculated values of the depletion region width, the depletion region width
at the base-collector junction of the SiGe NPN transistor is greater that the thickness of the SiGe
base in the NPN transistor. The thickness of the SiGe base layer is estimated to be 50nm [40].

Since, Germanium is graded more on the base-collector side than the emitter-base side the



probability of intrinsic absorption is higher, due to the Ge high absorption coefficient than Si at
longer wavelengtls. Therefore it is desirable to shine incident light at the base-collector junction
of the NPN SiGe transistor rather than the emitter-base junctionto have high absorption of
photons in SiGe semiconductor material.

In order to understand the operation of SiGe phototransistors a device physics of SiGe

NPN transistor with the significance of adding Ge is discussed in the next chapter.



4.0 DEVICEPHYSICSOF A SiGe HBT TRANSISTOR

A bipolar transistor is a current controlled device with an internal gain. The base current
isrelated to the emitter and the collector current of the NPN transistor by a current gain (b). This
current gain provides amplification in the transistor and therefore it is important to study how
various current components in SIGe heterojunction transistor affect its current gain. Due to this

gain the design of phototransistorsis preferred over photodiodes.

4.1 CURRENT COMPONENTS
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Figure 13 Current components of the IBM NPN SiGetransistor



Figure 13 shows the various current components which flow across the forward-biased
emitter-base junction and the reverse biased base collector junction for an NPN transistor in
forward active mode. As aresult, electrons are injected from the emitter into the base and diffuse
towards the collector due to a concentration gradient of electronsin the base. Furthermore, holes
are injected into the emitter from the base. The emitter current (Ig) consists of the hole current
loe- crossing from base into emitter and electron current Ine-€lectron crossing from emitter into
base. The ratio of the electrons to the holes crossing the emitter base junction is proportional to
the ratio of the conductivity of the N and the P type materias and the conductivity is
proportional to the doping concentration This means, if the doping in a semiconductor is high
then the conductivity is high and vice-versa. The electrons flowing from the emitter into the base
tend to combine with the holes in the emitter-base depletion region producing current, called the
Irs- recombination current, in the base emitter depletion region In the base, electrons are
minority carriers and move only under the influence of diffusion In the collector, only negligible
recombination occurs. The hole current comes from the base and a small fraction recombines in
the base region (Irg) as well as in the base-emitter depletion region (Irp). The remaining hole
current which reaches the neutral emitter is defined asl,e. This leads to the following

components of the emitter, collector and base currents:

IE=InE+IpE+IRD
IB:IpE+IRB+IRD
IC=IE' IB:|nE IRB

Currents Ipg, Irp, Irs should be minimized in order to enhance the collector current of the

device. An important figure of merit is the current gain of the transistor (b) expressed as:

_Ic_ InE'IRB InE
b=—= »

lB IpE+IRB+|RD lpE




Emitter Efficiency (g) is the ratio of the injected carriers at the emitter base junction to
the total emitter current as givenbelow:

Current of injected carriers at the emitter base junction _ | e »1
Total emitter current

g:

l nE
Since the emitter is heavily doped Ing >> | ¢ therefore,  is nearly equal to 1.

Hence based on the above analysis, SiGe HBT has a high current gain (b) factor for NPN

transistors due to high collector current density.

4.2 ROLE OF GERMANIUM IN HETERO-JUNCTION TRANSISTORS

Although the introduction of Ge in the base increases process integration complexity, it
offers several advantages over Si based transistors as listed below:

(i) On the addition of Ge in the base of a NPN transistor the base transit time spent by
electrons is decreased which results in a higher transit frequency (fr) performance.

(i) Ge increases the collector current density and hence current gain of the transistor due to
high injection efficiency of the emitter in the NPN transistors High emitter efficiency is
due to high doping of the emitter and a reduction of the base doping.

(iii) The base of the SiGe HBT is doped significantly heavily, as compared to S transistors,
which offers low intrinsic base resistance. Due to this low intrinsic base resistance the
maximum oscillation frequency (fwax) of SiGe HBT is higher than for Si transistors.

(iv) The Early voltage of a NPN transistor is a function of the collector current. Since the
collector current is high for collector-emitter voltages due to the reduction of the base

width for reverse bias the SiGe HBT has high Early voltage.
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(vi) The mobility of electrons in Ge is typically 3900 (cnf/V-s) which is two times faster
than the mobility in Si. Therefore, it is desirable to have a maximum percentage of Ge in
SiGe HBT to have high electron mobility and velocity overshoot.

(vi) SiGe has greater radiation hardness due to the use of Radiation and Thermal Processing
(RTP). The effectiveness of the RTP depends on the Ge concentration in the source
silicon wafers. On the application of the RTP, transistors made on SiGe alloys essentially
increase their radiation stability.

(ix) Parasitic capacitance is reduced which increases the maximum oscillation frequency
(fmax).

Thus, a SiGe device offers much higher frequencies and, therefore, very high-speed
analog optical receiver circuits can be designed. Our designs and simulation analysis of optical

receiver circuit are discussed in Chapters 6 and 7 of this thesis.



5.0 PHOTODETECTORSIN THE IBM SiGe PROCESS

In this chapter an overview of the micro-fabrication steps for the IBM SiGe process is
presented. This understanding is necessary to find out the process steps for the formation of NPN
SiGe bipolar transistors. Based on this, we can identify which mask layers form the emitter of the
NPN SiGe transistor should be removed or changed to build photo-transistor and photo-diode

structures.

5.1 OVERVIEW OF THE IBM SiGe PROCESS

IBM’s 5HP process stands for “five metal layer high performance” process. This process
integrates a SiGe HBT with a 0.5 micron CMOS process manufactured using conventional
200mm silicon wafer CMOS production tools. At present, IBM offers two versions of the SiGe
HBT: a standard device targeting high-speed, small signal applications and a high-breakdown
device designed for radio frequency (RF) power amplifiers and other analog circuit applicatiors.
The key feature of this process is the maximum Ge which is graded in the base of the NPN
transistor, giving rise to a transit frequency (fr) and a maximum oscillation frequency (fwax) of
47 and 60 GHz respectively. Depending on the application there are five different derivatives of
the 5SHP process available from the IBM [61]. They are listed as follows:

() SGe BICMOS 5HP AM : This is an analog metal option SiGe process with a thicker last

layer of metal (LM) and dielectric, thereby enabling inductors with high quality factor

(Q).
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(i) SiGe BICMOS 5DM: This process comes with a dual metal option that offers high
inductor and capacitor density by adding a copper metal level under the analog metal
(AM) level.

(iii) SiGe BICMOS 5PA: This process is suited for applications requiring high voltage
capability and high linearity for use in power amplifiers.

(iv) SiGe BICMOS 5S: This process is desirable for high performance solutions in storage,
communications, and mixed-signal consumer applications.

(v) SiGe BICMOS 5HPE: This integrates a high-speed, 43GHz SiGe HBT with a
0.35micron CMOS process for high performance transistors with low power
consumption.

At the time of this investigation of photodetectors the IBM 5HP high performance
process was the only commercially available SiGe process through MOSIS for three metal layers
only. The IBM SiGe Design Kit™ is a set of files provided by MOSIS to design and layout
circuits in the Cadence environment. It consists of the library of devices, models, Design Rule
Checker (DRC), Layout Versus Extraction (LVS), and afull Spectre models for devices like gate
lateral PNP transistors, polysilicon transistors, Meta-Insulator-Metal (MIM) capacitors,
Schottky barrier diodes, varactor diodes, Hectro-Static Discharge devices (ESD), resistors (NS,

RN, and RI), and LM and wire bond-pads.

52 MICRO-FABRICATION STEPSFOR THE IBM SiGe 5SHP PROCESS

The following steps are illustrative of the fabrication stepsin IBM’s SiGe process[36, 62]:
Step: 1 Formation of a starting stock

() The starting wafer is P+ substrate coated by a thin P-epitaxial layer.



(i) In the next step the P-epitaxial layer is patterned to grow the N+ sub-collector followed

by athin N- epitaxial layer whichis grown everywhere.

N-Epitaxial layer

Patterned N+ Subcollector

P-Epitaxial layer

P+ Substrate

Step: 2 Formations of shallow trench /deep trench isolation
(i) After accomplishing step 1 a PolySilicon-filled Deep Trench (PST) and an oxide filled
shallow trench is implemented for noise isolation
(iv) Following deep trench isolation an opening for a contact to the sub-collector is created.

Later, this contact is achieved by the process of deep phosphorous diffusion

Opening for a Contact to Sub-collector Deep Trench Shallow Trench
N-Collector N+H
Subcollector N+
| | |
P+ |

Step: 3 Formation of a N-P-N active areafor SGe HBT
(v) In this step implantation of the N-well and P-well takes place. The P-well and N-well is
formed for FET and bipolar devices respectively followed by annealing.
(vi) A thin gate oxide of ~7nm is grown all over the surface followed by a thin deposition of
a polysilicon layer. The polysilicon layer is deposited to protect the gate of the FET
device.
(vii) A gate protect polysilicon layer over the N-P-N active area region is patterned and

removed by RIE, Reactive lon Etching.
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A thin oxide followed by a
polysilicon protecting layer

N-Collector

Subcollector

NPN N-FET Poly-Resistor

Step: 4 Formation of a SiGe layer by Ultra High Vacuum/Chemical Vapor Deposition
(viii) Exposed polysiliconand silicon surfaces are hydrogen passivated and SiGe is grown by
the UHV/CVD process.
(ix) The deposition of SH4 in the UHV/CVD process naturally results in the deposition of
polysilicon over the oxide field region and epitaxial silicon over the active device region
Note that the deposition of polysilicon over the oxide field region serves as a ratural

extrinsic base electrode.

Polysilicon
protection layer

N-Collector

Subcollector

Step: 5 Emitter pedestal formation for the emitter of SGe HBT
(x) Following base deposition a passivation oxide layer is grown using low temperature

HIPOX
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(xi) A thin layer of nitride is grown, followed by athin layer of polysilicon

(xit) An Emitter “Mandrel” is completed followed by PECVD nitride and PECVD oxide.

(xiii) The emitter window is defined as a lithographic pedestal and etched into an
oxide/nitride stack stopping on the conversion layer polysilicon

(xiv) A highly conforma oxide spacer formed on the mandrel serves to space a high dose

extrinsic base boron implant away from the emitter opening in a self aligned manner.

' Thin Polysilicon
— 1 —Fmitter Pedestd Thin Nitride
Thin Oxide

Sl 1_xG ex
N-Collector N+
Subcollector N+ P-Wdl
P- P-
P+ o - P+

Step: 6 Opening for the emitter

(xv) After forming the emitter mandrel and leaving behind the nitride pad which defines the
fina emitter window, the emitter stack is removed.

(xvi) Using low temperature HIPOX oxidation and nitride emitter pedestal as a local mask
for oxidation barrier, the polysilicon over the implanted extrinsic base and over the field
oxide regions is converted completely to oxide.

(xvii) After converting polysilicon to oxide the nitride is removed exposing the unconverted

polysiliconplug.



N-Collector
Subcollector

Step: 7 Emitter poly-deposition and ion implantation
(xviii) The final fabrication steps involve the deposition, implant and annealing of the emitter
polysilicon layer.
(xix) After afina HF dip, the emitter polysiliconis deposited and ion implanted with arsenic,
capped with silicon nitride, and patterned with an etch that stops on the dielectrics over
the base region

(xx) The emitter is doped with implanted arsenic

Emitter

Step: 8 Formation of theextrinsic base and gate etch
(xxi) After emitter formation, the extrinsic base, CMOS gate and poly-resistors are all

patterned and etched together.



CMOS Gate

N-Collector

Subcollector L P-Well

Step: 9 Poly-re-oxidation, nitride side wall
(xxii) At this stage the emitter is doped with implanted arsenic and the extrinsic base and
polysiliconresistors are al doped with implanted boron.
(xxiii) The emitter remains capped with nitride to prevent dopant loss and prevent

slicidation. Ambient oxygen is used for the emitter furnace anneal to re-oxidize the gate

and extrinsic base side walls.

(xxiv) A nitride sidewall is formed on the FET gates and the extrinsic base using reactive ion
etcher is used to etch back a deposited nitride layer.

(xxv) The nitride sidewall is formed over the emitter, base, gate and resistors.

Extrinsic Base Nitride Sidewall

N-Collector
Subcollector

Step: 10 Formation of FET Source, Drain, Gate by ion implantation



(xxvi) A dual poly processthat simultaneously dopes the Source, Drain, and Gate is used for
FET devices.

(xxvii) In the last step, salicide isformed all over the surface as a protective coating.

Emitter

SiGe Base

.................................................

_Source

N-Collector

Subcollector

NPN SiGe Transistor N-FET Poly-Resistor

5.3 CROSSSECTION OF AN IBM NPN PHOTOTRANSISTOR

An overview of building photodetector in the IBM SiGe process has already been discussed in

section 2.2.
Light (1.3-1.5pm)

COLLECTOR

Figure14 Crosssection of the IBM NPN transistor with emitter removed



The basic idea of using IBM NPN SiGe transistor as a photodetector and photodiode is shown in
the cross section of the IBM SiGe NPN transistor in Figure 14. Light falls on the base of the
transistor which generates an electron hole pair in the depletion egion on the base collector
junction. In order for conduction to take place an electron from the valence band is made to jump
to the conduction bard where it starts conducting. Since the base-collector junction is reverse
biased, those electrons are attracted towards the positive side of the supply voltage forming the
collector current on the output side of the collector.

Figure 14 shows a cross section view of the NPN hetero phototransistor with the emitter
removed and light is shinning directly on the base of the transistor. The photons are absorbed in
the base and the collector region. For every one photon there is one electron-hole pair generated
in the base, base-collector depletion region, and within the bulk collector. On the application of
suitable reverse bias to this device, an eectric field is generated which separates the photo-
generated electron-hole pair. The electrons in the collector region are collected by the field of the
base-collector junction, leading to the current flow in the externa circuit. The holes that are
generated in these regions are swept into the base, thereby increasing the base potential. Thisin
turn increases the base-emitter forward bias. A large number of electrons that are injected from
the emitter into the base are collected in the collector.

If the depletion region penetrates a distance W1 in to the p-type region and W> in to the n-
type region, then we require WiNa (p-scetype = W2Nb (ntype). This is because the total charge per
unit area on either side of the junction must be equal in magnitude but opposite in sign. The
depletion region will have a smaller area with high doping, therefore in the transistor shown in
Figure 15 the width of the depletion region at the base collector junction is small on the base side

and larger on the collector side.
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Figure 15 aso shows different profiles of Ge concentration in the base of the NPN
transistor [63-68]. There are three possible doping profiles of Germanium in the base of the NPN
transistor: uniform, trapezoidal and triangular. The triangular profile is important due to two
reasons. Firgt, it has the maximum percentage of Ge in the base of the NPN transistor. Second,
for reverse bias, the depletion region width is greater on the base-collector junction than the
base-emitter junctionand Ge is graded more on the collector side than the emitter side. Therefore

the probability of absorption of photonsis greater on the base-collector junction than the emitter-

base junction
b
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Figure15 Planar view of NPN transistor showing different profiles of Germanium

5.4 DESIGN AND FABRICATION OF AN IBM SiGe PHOTODETECTOR

The photodetector designs were based on a SiGe NPN layout parameterized cell from the
IBM design kit. After carefully studying the fabrication process it was determined that two mask
layers were responsible for making the emitter of the NPN transistor. The first layer creates the

base/emitter mandrel, which is removed later to create the access hole for the base in the



oxide/nitride/oxide insulation layer. Afterwards a second mask builds the emitter polysilicon
above the base. It was seen in Figure 14 how the emitter cap above SiGe base is removed and the
light is shined directly on the base of the NPN transistor. Based on this idea, severa layout
versions of photodetectors were created in which the emitter is partialy or fully removed. The
work on the layout of photodetectors was carried out by Leo Selavo, a graduate student of the

Department of Computer Science at the University of Pittsburgh.

Corndll
Photo-detectors

University of
— Pittsburgh
Photo-detectors

A

Photodiode Phototransistor

Figure16 SiGe photo-receiver chip showing several SiGe based photodetector structures

(Photos Courtesy of Leo Selavo, Department of Computer Science)

Another set of photodetector test structures were designed and laid out at Cornell

University. These researchers proposed to post-process the chip die by etching holes above the

59



photodetectors. Figure 16 shows a micro photograph of the designed and fabricated SiGe based

photodetectors in the IBM process.



6.0 TRANSIMPEDANCE AMPLIFIERS

It has been already seen in section 3.8 that the responsivity or the output current of a
Sio.80Gep20 photodetector isin the range of micro-amps for an input power of ImW at the optical
wavelength range between 900-1150 nm. Therefore, it is very essentia to have a front-end
circuit architecture with high conversion efficiency, high senstivity, high bandwidth, and high
gain. The transimpedance amplifiers (TIA) have such characteristics [69].

The transimpedance amplifier is a current to voltage converter. The key feature of the
transimpedance amplifier design is that a feedback resistor (Rs) in the design controls the current
to voltage conversion by affecting the gain and bandwidth of the transimpedance amplifier.
Virtually all optical receiver designs are based on transimpedance amplifiers since optical
detectors produce currents in resporse to incident light. In this chapter, fourteen transimpedance
configurations based on different designs are simulated in the IBM SiGe process with an
assumed minimum input current of 10mamps The focus in this chapter is to study these

transimpedance amplifier designs in terms of gain and bandwidth.

6.1 FRONT-END ARCHITECTURE OF RECEIVER CIRCUIT

The selection criteria used to build the front-end circuit architecture of an optoelectronic
receiver is as follows:

First, we considered the possibility for the type of amplifier used to build optical
receivers. We found that typically the front-end design can consist of one of three basic

configuratiors @) Low impedance amplifier b) High impedance amplifier ¢) Transimpedance
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amplifier, as shown in Figure 17. The three configurations have different characteristics which

are best suited to a particular application These configurations [69] are given as follows:

Re

Figure17 Different front-end amplifier configurationsfor an optical receiver

() The low impedance amplifier hasa low vaue of the bias resistor (R). This low value of
the resistor (R) ensures that the receiver has a wide bandwidth and a dynamic range of
input resistance, but it also has a high noise level. This high noise level is due to the low
value of the resistance.
(if) The high impedance amplifier has a high value of the input bias resistor and produces
significantly less noise, but the dynamic range of the receiver is relatively narrow and
equalization is necessary after the amplifier to achieve a useful bandwidth.
(ili) The transimpedance amplifier, with the use of negative feedback, provides a useful
compromise, giving a relatively broad bandwidth and dynamic range, as well as good
noi se performance.
Since transimpedance amplifiers have both the low-noise characteristics of high impedance
amplifiers and the wide dynamic range of low impedance amplifiers, circuits based on this
architecture were investigated.

Second, on selecting transimpedance the amplifier as the front-end circuit architecture for

optical receiver transimpedance amplifiers, designs based on other custom SiGe processes like
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MAXIM [70] were selected. The circuit topologies selected were re-designed and implemented
inthe IBM process to compare their individual respective performances.

Third, SiGe processes exhibiting the same transit frequency (fr) and maximum oscillation
frequency (fuax) as the IBM SiGe process were selected. The maximum oscillation frequency
(fwax) is an imperative parameter of the SiGe process considered for the circuit environment. It
is defined as the frequency at which the unilateral power gain becomes unity. It depends on the
unity gain cut-off frequency (fr) which is defined as the frequency a which the common emitter
short circuit AC current gain becomes unity. These two frequencies determine the bandwidth of
an amplifier. Therefore circuit topologies exhibiting almost the same transit frequency (fr) and
maximum oscillation frequency (fuax) as the IBM SiGe process were selected to compare their
gain and bandwidth performance.

Fourth, in order to determine the utility and capability of the analog mixed signal CAD
tools simple circuit topologies based on transimpedance amplifiers were designed. Analog tools
from NeoCircuit/NeCell Neolinear Inc. and Spectre simulator from Cadence Inc. were provided

to optimize and simulate these transimpedance amplifier designs.

6.2 CIRCUIT TOPOLOGIES OF TRANSIMPEDANCE AMPLIFIER

The transimpedance amplifier converts an input current from the photodetectors into a
voltage typicaly in the range of millivolts. The key components which form the transimpedance
amplifier is the use of a negative feedback between the output and input of the amplifier. Thisis
employed for three main reasons [71]:

(i) It reduces distortion and makes the performance of the amplifier less dependent on

transistor parameters.



(i) It is used to extend the frequency response of the amplifier.
(i) 1t is used to give the amplifier the desired vaues of the input and the output impedance
and to provide DC stability over arange of operating conditions.

Based on the idea of negative feedback several transimpedance amplifier circuits were
designed. These circuitswere built and optimized using NeoCircuit/NeoCell analog mixed signal
design synthesis tools and simulated using Spectre in the Cadence Affirma analog design
environment. A pre-layout smulation of these TIAs will be discussed with respect to their
feedback (Ry) values in this section. Later, post-layout simulation of the same TIAs is performed
including parasitic resistances and capacitances after verifying the Design Rule Check (DRC)
and Layout Versus Schematic (LVS) using DIVA. In this section the focus is on the design
aspect of the tansmpedance amplifiers and how the use of negative feedback resistor (Rr)
provides a useful compromise between gain and bandwidth

Circuit topologies of transmpedance amplifier (TIA#1 — TIA#8) are based on a concept
of using the first stage, a common emitter amplifier, as a current amplifier provided by an NPN
SiGe transistor, followed by multiple cascaded stages of common emitter amplifiers with a
feedback resistor (Re). The other stage used is an emitter follower NPN transistor which acts as a
buffer or voltage amplifier for the output stage. The comparison of common emitter, a common
base, common collector amplifier stage is shown in Table 6. TIA#9-TIA#14 were selected and
implemented in the SiGe IBM process to compare the performances of other custom SiGe and

GaAs processes.



Table6 Propertiesof different amplifier configuration for NPN transistor

Parameter Common Emitter Common Base Common Collector

Input Resistance Low (1IKW) Very Low (20W) High
Output Resistance High (40KW) Very High (1MW) Low
Input Current Is le Is

Output Current lc Ic le

Current Amplification =1dlg a=ldle Iellg
Current Gain High Less than unity»0.99 High
Voltage Gain Medium Medium Low

An AC analysis and transient analysis was performed for each simulated transimpedance
amplifier as shown in section 6.2.1 to 6.2.14. The AC analysis provides the investigation for the
small signal behavior of the transimpedance amplifier. The frequency response shows the gain
and the bandwidth of the amplifier under DC bias stability conditions. The transient analysis
most closely simulates the phenomena seen in the rea circuit is preceded by DC analysis for the
initial conditiors.

Each of the modules of the optical receiver is fabricated individually and each TIA is
simulated independently in order to detect their gain and the bandwidth with an assumed input
current of 10mA. Since each test structure of TIA is smulated autonomoudy, no effect of
capacitance from the photodetector on transmpedance amplifier 5 observed and therefore, the
affect of the stray capacitance is neglected in the smulation. The gain peaking effect is observed
in the transimpedance amplifiers This is due to the intrinsic capacitance associated with the
TIAs. The details of the circuit topology followed by AC analysis, transient analysis with layout

of transimpedance amplifiers TIA#1-TIA #14 is discussed in this section These transimpedance




amplifiers are simulated using Spectre in the Cadence environment and optimized using the
analog synthesis tool NeoCircuit from Neolinear Inc.

6.2.1 Transimpedance Amplifier # 1

Figure 18 shows the circuit topology of the basic transimpedance amplifier. The TIA#1
circuit consists of a common emitter amplifier provided by NPN transistor Q1 as the input stage,
which is used as a current amplifier. The feedback resistor (Ry) is goplied between the base and
the collector of the NPN transistor Q;. This feedback has the effect of reducing the input
resistance of the amplifier and is used as the input stage of the current amplifier. The feedback R
decreases the output resistance of the amplifier [71]. In order to determine the small signal gain
of the transimpedance amplifier, DC bias currents and voltages in al the branches of transistor
Q1 need to be evaluated. The DC analysis of TIA#1 is illustrated in Figure 18 and calculated as

follows:

Figure18 Tansimpedance amplifier #1- Circuit topology



Let the voltage and the currents at the emitter, base, and collector junction of NPN
transistor Q1 be Vg, Vg, Vc and le, Iy, Ic respectively. Due to potential difference between the
voltage at the collector and the base of transistor Q1 we can express:

Ve - Vg = 1 xR (14)
Equation (14) can be rewritten as.
Ve =V, + 1 xR, (15)
Also from the current relationship for a bipolar junctiontransistor [72], the current in a collector
of atransistor Q1 can be expressed asl. = ale
l=a . (1+b) Iy (16)
Thus using equations (15) and (16) the transistor DC operating point can be found. On finding

the DC operation points the AC analysis of TIA#1 can be summarized as follows.

Let the current flowing in the base of NPN transistor Q1 be Iy, then the current flowing in
the collector is blp, thus the voltage at the collector with load resistance R; is V= blpR..
Therefore the current in the feedback R resistor is li=bIyRc/Rs. AlsO lin = 1p + It = Ip + DIRS/Rs =
lp (1 + bRJ/RY). If R isremoved then the input current is smply I, whereas if R exists then it has
the effect of reducing the input resistance by the factor 1/ (1+bR/Ry) of its former vaue. If R is
small as compared to bR then the input resistance is given as RybR.. Therefore the small signal

AC gain of TIA#1 is given as the ratio of the output voltage to input current which is

approximated as follows:

OutputVoltage _ bl ,R.
InputCurrent R

R

» R,
=S
Ibgl+ b

Q- O
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This shows that to a first approximation the amplifier gain is independent of the transistor
parameters and depends on the feedback resistance (Ry) [71]. The -3dB frequency for an ideal
transmpedance amplifier is given as[73]:

¢ _ 1
*® (2pR,Cy)

(17)
Where R; is the feedback resistance (W) and C; is the stray capacitance associated with the
negative feedback network.

Equation (17) is the expression for a cut-off frequency of an idea operational amplifier,
but practically, no amplifier isidea and it has losses. The gain peaking which occurs in most of
the frequency analysis of the transimpedance amplifiers occurs due to the capacitance associated
with the photodetectors. This gain peaking can be reduced by increasing the value of the
capacitance (Cs). But increasing the value of the capacitance decreases the bandwidth of the
transmpedance amplifier for a fixed value of feedback resistance (Rr). Therefore for a fixed
value of capacitance, the value of feedback resistor can be changed to get desirable bandwidth,
gain, low noise and input and output impedance.

Figure 19 and Figure 20 show the transient and the AC anaysis response of the pre-
layout and post-layout simulation of TIA #1 at 10GHz with an input current of 10mamps. The

post-layout simulation includes all the parasitic resistance and capacitance. Figure 21 shows the

circuit layout of TIA#1 with input, output, ground and the power supply.
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Figure21 Circuit layout of TIA#1 with I/O Pads

6.2.2 Transimpedance Amplifier # 2

The circuit topology of a TIA#2, as shown in Figure 22, is composed of TIA#1 followed by
an NPN transistor Q2 as a common emitter stage with a feedback resistor (Re). This kind of
feedback amplifier is known as series-series feedback amplifier [71]. With the addition of the
second common emitter stage provided by NPN transistor Q2 the output gain and the bandwidth
of the transimpedance amplifier increases due to the high input and the high output impedance of
the second stage [71]. This high input and output impedance is desirable so that the output
voltage of the first common emitter stage Q1 is amplified to give output current. There is not
much gain achieved by the use of feedback resistance Re but the addition of the feedback
resistance Re increases the bandwidth of the transimpedance amplifier [71]. The final stage is a
common collector stage provided by NPN transistor Q3 that acts by buffering the output to the

next stage.
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Figure 23 and Figure 24 show the pre-layout and post-layout simulation for TIA#2

demonstrating the increase in the output gain from 6mV in TIA#1 to 15mV in TIA#2. This

output gain is due to the use of the second amplifying stage Q2. Figure 25 shows the circuit

layout view of TIA#2 with input, output, power supply and the ground.
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Figure23 Pre-layout simulation result of TIA#2 at 10GHz

71



Transient Response AC Response

ihu

b a
G.5u i_
i4dm L
TR
WEm L
=2E |
=kl \ i O
=18y & L d
ST i

Input Current (A)

Output Voltage (V)
5
El

’>-‘ L M
@ &L
[@)IR-F)
s
g i Al
S
9 LFeR L T
=)
O i LY.
e 5F e Ta ¥ [ W i Waw W i
Time (sec) Frequency (Hz)

Figure24 Post-layout simulation result of TIA#2 at 10GHz with 1/0 Pads

Figure25 Circuit layout of TIA#2 with I/O Pads
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6.2.3 Transimpedance Amplifier #3
The Circuit topology for TIA#3 is shown in Figure 26. It consists of a two stage current
amplifier in which the feedback resistor (Rr) is connected to the emitter of the second NPN
transistor Q2 instead of connected to the collector of NPN transistor Q1 like TIA#1. The basis
for thisis due to the fact that voltage at the collector of Q1 is essentially the same as the voltage
of emitter of the transistor Q2. Thisis shown as follows Vc; — Vee2 = Vg2 Or Vep — Ve2 + VEz =
Vg2 or Va1 + Ve2 = 2V, and since the potential at the collector of Q1 is equal to the potential at
the base of Q2 we can simply say that Ve2 = V. In fact, it is better to use the feedback from the
emitter of the second stage Q2 since it reduces any distortion arising due to the inter-transistor
DC coupling capecitor at high frequencies[74]. The approximated overall small signal gain for
this TIA#3 stage is Ry/Re Which is also independent of the transistor parameters. This TIA is
considered better than TIAs discussed since an output of 19mV is achieved for an input current
of 10mA by taking the feedback from the second stage Q2. The pre-layout simulation, pos- layout

simulation and the circuit layout is shown in Figure 27, Figure 28 and Figure 29 respectively.

Figure26 Tansimpedance amplifier #3- Circuit topology
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Figure29 Circuit layout of TIA#3 with I/O Pads

6.2.4 Transimpedance Amplifier # 4

The Circuit design of TIA#4, as shown in Figure 30, is based on the same idea as TIA#3
except that transistor NPN Q2 is biased differently by removing the resistor connected between
the collector of NPN transistor Q2 and the power supply Vss. On removing this resistor the
second stage behaves like an emitter follower amplifier to buffer the output. The difference
between the gains of the TIA#4 and TIA#3 are compared. TIA#4 uses only one amplifying stage
that is Q1 as a common emitter amplifier to amplify the input current of 10mA. The output gain
achieved by TIA#4 is approximately 6.5mV whereas the output gain achieved by TIA#3 is
approximately 19mV. Since in TIA#3 an increase in the output is noticed due to the addition of
common emitter stage with feedback resistor (Re).Therefore, for designs TIA#5 through TIA#8

more numbers of common emitter stages both with and without feedback resistors (Re) is used.

75



The pre-layout, post-layout simulation and the circuit layout is shown in Figures 31, 32 and

33 respectively.

Figure30 Tansimpedance amplifier #4- Circuit topology

Transient Response AC Response

I +—

Input Current (A)

Lo c——
Output Voltage (V)
5

g if ] I 5-
?fw”\u\ | !\
| Time-(sec) Frequency (Hz)

Figure31 Pre-layout simulation result of TIA#4 at 10GHz
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Figure32 Post-layout simulationresult of TIA#4 at 10GHz with I/O Pads

Figure33 Circuit layout of TIA#4 with 1/0O Pads



6.2.5 Transimpedance Amplifier #5
The front end of TIA#5, shown in Figure 34, consists of an NPN common emitter amplifier Q1
followed by a common collector stage Q2. The first two stages Q1 and Q2 are connected with
the feedback resistor ). The next stage is a common emitter amplifier provided by NPN
transistor Q3 with a feedback resistor R. for high gain and bandwidth. The output stage consists
of the common collector stage which acts as an output buffer. TIA#5 offers an output of 25mV
for aninput current of 10mA at 10GHzwhich is better than the designs discussed so far. With the
use of the Input and Output pads, the gain and the bandwidth of TIA#5 is not affected because
NPN transistors Q2 and Q4 act as buffers. Figure 35, Figure 36, and Figure 37 show the pre-

layout simulation, post-layout simulation and the circuit layout of TIA#5 respectively.

Figure34 Tansimpedance amplifier #5- Circuit topology
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Figure37 Circuit layout of TIA#5 with /0O Pads

6.2.6 Transmpedance Amplifier #6

The circuit arrangement of TIA#6, shown in Figure 38, consists of four common emitter
stages with NPN transistors Q1, Q2, Q3 and Q4. Transistors Q1, Q2, and Q3 are cascaded
together. This kind of cascaded arrangement is used to obtain more output gain. An output of
30mV is achieved with this amplifier. The high gain is due to the increase of the feedback
resistor value from 630W to 680W. By increasing the value of feedback resistor, bandwidth has
been reduced to 6.5 GHz. This design is implemented to demonstrate, how the compromise
between the gain and the bandwidth of an amplifier can be made by carefully selecting the value
of the feedback resistor (Ry). Figure 39, Figure 40 and Figure 41 show the pre-layout simulation,

post-layout ssimulation and circuit layout of TIA#6 respectively.
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Figure41l Circuit layout of TIA#6 with I/O Pads
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6.2.7 Transimpedance Amplifier #7

In the previously designed TIAs from TIA#1-TIA#6, the benefit of using acommon emitter
amplifying stage with and without feedback resistor (Re), cascaded common emitter stages,
buffer stages and feedback resistance from the second gain stage have been shown. The circuit
design for TIA#7, shown in Figure 42, is designed on the basis of all these features. It consists of
TIA#2 discussed in section 6.2.2 followed by an emitter follower stage NPN transistor Q3 which
acts as a buffer for the output of the first stage NPN transistors Q1 and Q2. Following this isa
two stage cascaded amplifier consisting of NPN transistors Q4 and Q5 employed in order to
achieve maximum gain. The output is again buffered using NPN transistor Q6. This topology can
achieve maximum output gain of 46.73mV. Figure 43, Figure 44 and Figure 45 show the pre and

post-layout ssimulation with circuit layout of TIA#7 respectively.

Figure42 Tansimpedance amplifier #7- Circuit topology
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Figure45 Circuit layout of TIA#7 with I/O Pads

6.2.8 Transimpedance Amplifier # 8

Figure46 Tansimpedance amplifier #8- Circuit topology



The circuit planof TIA#8 shown inFigure 46, consists of a NPN transistor Q1 acting asa
common emitter stage for the input current followed by an emitter follower NPN transistor Q2
stage and NPN transistor Q3 as a common emitter stage. The feedback resistor (Ry) is taken from
the output stage to avoid the inter-transistor DC coupling effect between intermediate stages. The
intrinsic capacitances in the transistor device cause the output to fall off at higher frequencies
[74]. Figure 47, Figure 48 and Figure 49 show the pre-layout simulation, post-layout simulation

and circuit layout of TIA#8 respectively.

Transient Response AC Response

h n f |
—~
<L sk
+— LRl
[ - i
O 2uf | ' ' e ——
S ' Mgl
O =i S
< :
—
(¢b)
g_ =G (@)] el
I= =z
—tdu ! : g?
>. 158 er
1LEa A AT - ;
—~ 5 L
> ' L o
2w E = nEnE
© S
o O
@ 1350 ;
= 17 Fon
(@)
> s b
+ H
> e
O g ||
= j | {
@) s : ; e 15t
ik T e mnﬁ T i 1 1A W‘E AR T 18
Time (sec) Frequency (Hz)

Figure47 Pre-layout simulation result of TIA#8 at 10GHz
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6.2.9 Transimpedance Amplifier #9

Figure50 Transimpedance amplifier #9- Circuit topology

The front-end of TIA#9 [75], as shown in Figure 50, consists of acommon emitter NPN
transistor stage Q1 designed for a single channel optical receiver. This TIA isstudied in terms of
gain and bandwidth. The NPN transistor Q1 forms the common emitter stage followed by a NPN
transistor Q2 that acts as an emitter follower. The final stage, a common emitter NPN transistor
Q4 is biased with NPN transistor Q3 for stability. The simulation resultsin [ 75] show the output
gain and bandwidth of 62dBW and 2.7GHz respectively in HSpice for a custom SiGe process
(0.8 micron) exhibiting transit frequency (fr) of 45GHz whereas the Spectre simulation results of
TIA#9 designed in the IBM SiGe process show gain and bandwidth of 55.22 dBW and 10GHz as
shown in Figure 51 and Figure 52 respectively. A compromise has been made in the selection of
the value of the feed back resistance (Rr) keeping the goal of 10GHzin consideration Figure 53
shows the circuit layout of TIA#9 with I/O pads. Thus, the circuit designs of TIA#9 shows the

enhancement of gain using the IBM SiGe process over other custom SiGe processes.
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Figure53 Circuit layout of TIA#9 with I/O Pads

6.2.10 Transimpedance Amplifier # 10

Figure54 Transimpedance amplifier #10- Circuit topology

The circuit layout of TIA #10 [76] is a wideband transimpedance amplifier built for

optical communication as shown in Figure 54. The topology consists of a front-end common



emitter NPN transistor Q1 amplifier stage for current amplification followed by NPN transistor
Q2 which acts as an emitter follower or buffer. The emitter follower Q2 stage actsasa DC level
shifter to keep the NPN transistor Q4 in the active region. The diode Q3 is added to keep
transistor Q1 in the active region. The next two stages Q4 and Q5 are a common emitter with a
feedback resistor (Re) and an emitter follower used for high gain and bandwidth and for output
buffering. The ssmulation results in [76] show an output gain and bandwidth of 60dBW at
0.96GHz. Whereas the Spectre simulatiors for TIA#10 implemented in the IBM SiGe process
show a gain and bandwidth of 54.08dBW at 3GHz. Hence we show the benefit of using the IBM
SiGe process. Figure 55, Figure 56 and Figure 57 show the pre-layout simulation, post-layout

simulation and the circuit layout of TIA#10 respectively.
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6.2.11 Transmpedance Amplifier # 11

The circuit outline of TIA#11 [77], shown in Figure 58 consists of NPN transistor Q1
acting as a common emitter stage followed by two emitter follower NPN stages Q2 and Q3. The
diodes Q4, Q5 and Q6 are used to optimize bias points. The SiGe process technology in which
this topology was designed [77] offers fr and fyax of 23GHz and 34GHz at the supply voltage of
V=3V. The simulation result in[77] offer an output gain of 45.2dBW at 3.2GHz and the Spectre
simulation for TIA#11 realized with the IBM SiGe process shows a high gain of 60.03dBW at
the bandwidth of 10GHz. A compromise between the gain and the bandwidth characteristics can
be made by varying the value of feedback resistor (Rr). Figure 59, Figure 60 and Figure 61 show

the pre-layout, post- layout smulation and circuit layout of TIA#11 respectively.

Figure58 Tansimpedance amplifier #11- Circuit topology
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Figure59 Pre-layout simulation result of TIA#11 at 10GHz
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Figure60 Post-layout simulation result of TIA#11 at 10GHz with 1/0O Pads



Figure61 Circuit layout of TIA#11 with 1/0 Pads

6.2.12 Transmpedance Amplifier # 12

The circuit design for TIA#12 [78], shown in Figure 62, consists of NPN common emitter
stage Q1 followed by an emitter follower stage Q2 and a common emitter NPN transistor stage
Q3. The output of stage Q3 is buffered using NPN transistor Q4 which is a common collector
stage. Figure 63, Figure 64, Figure 65 show the pre-layout simulation, post-layout simulation and
the circuit layout of TIA#12 respectively. This circuit topology was designed [78] in a very fast
GaAs-based HBT technology offering & and fyax of 100GHz and 200GHz respectively. The
simulation results in [ 78] show a peak to peak voltage of 400mV at the supply voltage of 5.3v
where as the Spectre simulation for the same TIA#11 implemented in the SiGe IBM process
shows a peak to peak voltage of 15mv at 10GHz. This circuit topology was selected to show that

SiGe devices are comparable to GaAs devices in terms of high speed. Snce the maximum

9%



oscillation frequency of the GaAs process is very high as compared to the SiGe process the

circuit topology designed in the IBM SiGe process does not offer equivalent speed.

Figure62 Tansimpedance amplifier #12- Circuit topology
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6.2.13 Transmpedance Amplifier # 13

Circuit topology for TA#13 [78], shown in Figure 66 is same as TIA#12 except that the
performance of TIA#12 is increased by the addition of NPN transistors Q5, Q6, Q7, Q8 and Q9.
TIA#13 consists of a common emitter stage Q1 followed by emitter follower stages Q2 and a
common emitter NPN transistor stage Q3. The output of stage Q3 is buffered using NPN
transistor Q4, which is a common collector stage. Due to the bias optimization using NPN
transistors Q5, Q6, Q7, Q8, and Q9 there is significant increase in the output gain and the
bandwidth in TIA#13. TIA#12 shows a gain and bandwidth of 15.03mV at 10.66 GHz whereas
TIA#13 shows an output gain and bandwidth of 31.06mV at 11.44GHz. Figure 67, Figure 68 and
Figure 69 show the pre-layout ssimulation, post-layout simulation and circuit layout of TIA#13

respectively.

Figure66 Tansimpedance amplifier #13- Circuit topology
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Figure69 Circuit layout of TIA#13 with 1/0 Pads

6.2.14 Transmpedance Amplifier # 14

The front end of TIA#14 [79], shown in Figure 70 consists of NPN transistor Q1 as the
common emitter amplifier stage followed by two NPN emitter follower stages Q2 and Q3. The
bias points for the transistors are optimized using NPN transistors Q5 and Q6. The last stage Q4
is aso used as a common emitter stage to give more gain. This circuit topology was designed in
custom GaAs-HBT process exhibiting fr of 40GHz. The Spice simulation result in [79] shows
the bandwidth of 9 GHz whereas the Spectre simulation of TIA#14 realized in the IBM SiGe
process possesses a bandwidth of 12.50 GHz. This showsthe faster operation of IBM S Ge 5HP
than GaAs-HBT transistors. Figure 71, Figure 72 and Figure 73 show the pre-layout simulation,

post-layout simulation and circuit layout of TIA#14 respectively.
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Figure71 Pre-layout simulation result of TIA#14 at 10GHz
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Figure72 Post-layout smulation result of TIA#14 at 10GHz with |/O Pads

Output Voltage (V)

B
£

B

1
e

~ 2 e

~+E A

+ ik

1558

1540

1.E39

1515

Transient Response

|

|

e el e o
n

ax AU

|
|

\

|

il

|l
1\[&\\1

Time (sec)

]
K
3

age (V)
;%

g
]

Output Volt
g
£

th
B
E]

)

AC Response

158 (Y 1x

Frag f #Hz )

Frequency (Hz)

Figure73 Circuit layout of TIA#14 with 1/0O Pads

102



To summarize, based on the requirement of converting photo-current from the SiGe
based photodetectors to voltage, fourteen transimpedance amplifier circuits were designed. The
transimpedance amplifier designs were based on series-series feedback and shunt-shunt feedback
amplifiers. Most of the transimpedance amplifiers simulated using the Spectre simulator show a

high gain and bandwidth of 10GHz as shown in Figure 7.

Table7 Pre-layout and the post-layout simulation results of the transimpedance amplifiers

] ] Post-Simulation Post-Simulation
Pre-Simulation (RCX) (RCX with 1/0 Pads)

Circuit/ Output Bandwidth | Feedback |J Output | Bandwidth @Output | Bandwidth | Gain Physical Verification
Topology | (mV) (GH2 Resistance | (mV) (GHz) (mV) (GHz) (dBW) by DIVA

Rf (W) DRC EXT LVS
TIA#1 6.56 10.11 700 6.55 10.18GHz |6.55 9.12GHz | 56.32 v v v
TIA#2 15.04 9.99 430 14.56 10.14GHz Q14.56 9.86GHz 63.26 v v v
TIA#3 19.60 9.96 700 1911 | 9.84GHz Q19.11 | 219GHz |65.62 v v v
TIA#4 6.70 10.34 700 6.82 8.41GHz [§6.82 8.45GHz | 56.67 v v v
TIA#5 2552 10.93 630 2441 | 954GHz Q2441 |[9.49GHz |67.75 v v v
TIA#6 29.99 6.41 680 2912 | 6.01GHz J29.12 |[521GHz |69.28 v v v
TIA#7 46.73 3.33 680 47.50 2.97GHz 47.50 2.72GHz 7353 v v v
TIA#8 2157 9.99 700 2149 | 859GHz Q2149 | 1.84GHz |66.64 v v v
TIA#9 5.70 10.06 700 5.77 8.33GHz |§5.77 8.12GHz | 55.22 v v v
TIA#10 5.57 5.1 100 5.06 2.94GHz |§5.06 2.97GHz | 54.08 v 4 4
TIA#11 10.25 10.48 700 10.04 | 7.96GHz |Q10.04 |545GHz |60.03 4 v v
TIA#12 15.03 10.66 700 14.06 | 9.04GHZ Q14.76 | 7.96GHZ |63.38 v v v
TIA#13 31.06 11.44 580 2801 | 7.70GHz Q2801 |5.78GHz |[68.94 v v v
TIA#14 14.60 12.83 690 1529 | 8.34GHz Q1529 | 4.22GHz |63.69 v v v
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These transimpedance amplifiers were optimized using the NeoCircuit anal og synthesis tool. The
output simulation result for pre-layout and post-layout simulation of the fourteen transimpedance
amplifiers is summarized in Table 7. All the designed TIAs were lad out and verified by
performing physical verification using DIVA. On verification, all the parasitic extracted in the
layout were back annotated to the schematic to perform post-layout simulation. The output and
the input signals of each transimpedance amplifier were connected to the input/output wire bond
pads. The main objective for this is to test the practicality of transmpedance amplifiers
independently. Due to the load by the pads there is a general decrease in the bandwidth of the
transimpedance amplifiers observed in Table 7.

For comparison, the transimpedance amplifiers TIA9 to TIA#14 which were designed in
other custom SiGe and GaAs processes and implemented in the IBM SiGe process demonstrate

enhancement in gain, speed and bandwidth as summarized in Table 8.

Table8 Comparison of TIAsdesign implemented in the IBM SiGe process

Output results of TIA implemented in | Output results of TIA implemented in other
the IBM SiGe process discussed above custom SiGe and GaAs technology
TIA Output | Bandwidth | Gain || Process Gain Bandwidth | frand fyax
(mV) (GH2) (dBW) || Technology | (dBW) (GH2) (GH2)
TIA#9 577 8.33 55.22 SiGe[75] 62 2.7 45
TIA#10 | 5.06 2.94 54.08 S [76] 60 0.96 -
TIA#11| 10.04 7.96 60.03 || SGe[77] 45.2 3.2 23 and 34
TIA#12 | 14.06 9.04 62.95 || GaAs[78] - - 100 and 200
TIA#13 | 28.01 7.70 68.94 || GaAs[78] - - 100 and 200
TIA#14 | 15.29 8.34 63.68 || GaAs[79] - 9.0 40
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7.0 OPTICAL RECEIVERSBASED ON SiGe HBT TRANSISTOR

In the previous Chapter, it is seen how the output current from the photodetectors gets
converted into a voltage using transimpedance amplifiers. The output voltage of the
transimpedance amplifier is observed to be in the range of millivolts for a 10mamp input current.
This output fromthe TIAs s not high enough for digital signal processing. Therefore, the output
of the transimpedance amplifier is followed by multi-stage low noise differential amplifiers.
These differential amplifiers convert the millivolt output of the TIAs in to suitable voltages to
feed the last stage of an optical receiver know as decision circuit. The decision circuit compares
the output of the circuit to a threshold level and determines whether the signal element is a
binary ‘1" or a binary ‘0O’. The digital signal can be processed further using this ‘1’ and ‘0’
pattern. Figure 74 shows a block diagram for a complete receiver circuit. We have aready
discussed the design of SiGe photodetectors in Chapter 5 and transimpedance amplifier circuit
designs in Chapter 6. In this chapter, different ways of amplifying the TIA outputs with
multistage cascaded low noise differential amplifiers, voltage amplifiers and low noise amplifiers
to build complete optical receivers are presented. These complete receiver circuits are based on

two transimpedance amplifiers selected from Table 7.
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Multi-Stage Amplifier

— — = Tranampedance — Voltage Decision
Amplifier Amplifier Circuit

Figure74 Block diagram for an optical receiver system

7.1 RECEIVER CIRCUIT #1

The complete circuit schematic of receiver circuit #1 is shown in Figure 75, in which
TIA#11 is used to build the front-end. The front-end of the receiver circuit consists of the
transimpedance amplifier TIA#11 discussed above followed by three differential amplifier stages
Q1-Q2, Q3-Q4 and Q5-Q6 hiased differentially using NFET transistors N1, N2, N3 respectively.
The output of the first differential stage is taken double ended in order to achieve a maximum
gain [80] from the first stage. The output of the third differential amplifier is taken single ended
followed by a Darlington pair buffer stage of Q7 and Q8 to buffer the output without distorting
the amplified voltage signal from the previous differential stages. The last stage is the decision
circuit stage which is a simple inverting stage formed with transistor P1 as a PMOS transistor
and N5 asan NMOS transistor. This inverting stage compares the output of the buffer circuit to a
threshold level, set by the gate thresholds (Vin) to determine if the signal element is a binary ‘1’
or abinary ‘0. Figure 76 shows the output results for all the intermediate stages of a receiver

circuit for aninput current of 20mamps.
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Figure75 Receiver circuit #1- Circuit topology
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7.2 RECEIVER CIRCUIT#2

The second complete receiver circuit is shown in Figure 77. The front end of the second
receiver circuit consists of TIA#14 followed by a common emitter stage Q1 with a feedback
resistance Re. This stage is used to enhance the output voltage of the pre-amplifying TIA stage
and to have high bandwidth. The next stage consists of NPN transistor Q2 which acts as an
emitter follower to buffer the output of the common emitter stage to the following differential
stages [80]. In receiver circuit #2, the cascaded differential amplifier is different from the
differential stagesin receiver circuit #1 in terms of the way they are biased. In this circuit the two
differential stages Q3, Q4 and Q5, Q6 are biased using a resistor and a common collector stage.

The output of the first differential stage is taken double ended.

CE Buffer Two Differentia Decision
TIA#14 stage Stage Stage  Amplifying Stages Circuit

Figure77 Receiver circuit #2- Circuit topology
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The output of the second differential stage is single ended followed by two cascaded inverter
stages P1 N1 and P2 N2 respectively. The two cascaded inverter stages are used in order to get a
faster rise and fall time. The output waveform for all the intermediate stages is seen in Figure 78.

Both receiver circuits have been simulated successfully with an input piecewise linear model at

2Gb/s.
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7.3 SiGe OPTOELECTRONICSRECEIVER CHIP LAYOUT

o — g p—

I/O Pads

=i 1of3
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N Receivers
| Circuitswith
i I/O pads

Y l
N .
- 3SiGe
|| Photodetector
Arrays
20f 16

ransimpedance
Amplifiers with
7 I/O Pads

Figure79 Test chip layout (3x3.3mm) showing the 16 transmpedance amplifiers, two
receiver circuitsand threedifferent test structuresfor SiGe photodetectorsarrays

7.4 TESTRESULTS

The SiGe photodetectors, transimpedance amplifiers and optical receiver circuits were
designed and fabricated through MOSIS in te IBM SiGe (0.5 micron) process. Out of the
fourteen transimpedance amplifiers fabricated, TIA#3, TIA#4, TIA#6, TIA#7 and TIA#14 were

tested using the probing facilities in the Department of Computer Science at the University of
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Pittsburgh. Figure 80 illustrates the test setup to measure the performance of these

transimpedance amplifiers.

Signal Generator to generate Digital Oscilloscope to
Sinusoidal/Square waveform measure the output signal
Power Supply
| Probe at
| (Ve=3.3V)
1/0 Pads
Vour -
lin
®
I nput Output |__|
Re22KW | Probe Probe

|| TIA#4Circuit Layout

Ground Probe
Terminated (50W)

Figure80 Block diagram of the test setup

As shown in Figure 80, the input signal is generated by a signal generator connected in
series with a resistor to create an input current for the transmpedance amplifier. The output
voltage converted by the transmpedance amplifier is sensed by a high precision probe which is
connected to an oscilloscope to display the input and the output signal. The power supply probe
and the ground probe are used to provide a supply voltage of 3.3 volts and common ground to
the amplifier. The preliminary measurement results for transimpedance amplifier#4 at 200MHz

are summarized in Figure 81.
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Voltage Versus Current Characterstics
14
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Figure81 Voltage versus current characteristics of Transmpedance amplifier#4

Figure 81 should be compared to the simulation results of TIA#4 in Table 7 which shows
an output gain of 56.67dBW at 8.45GHz in Table 7. We believe that much of the discrepancy
comes from the limitation in the available testing facilities. The total power dissipation in TIA#4
is 19.8mW which agrees with the simulation results. The preliminary test result for
transimpedance amplifier #7 is summarized in Figures 82 - 87. Figures 82 and 83 show the input
and the output signal of transimpedance amplifier #7 at IMHz. Figures 84 and 85 show the input
and the output signal of TIA #7 a 10MHz. Figures 86 and 87 show the input and the output
signal of TIA#7 at 100MHz.

The preliminary test results for TIA #3, TIA #6, and TIA #14 at different frequencies are
shown in Figures 88 through 107. These preliminary results show that the transimpedance

amplifiers are working, however they are not performing as well as predicted. This could be for
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severa reasons including the limited capabilities of the current test environment. Further testing
will continue.

TIA#7
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TIA#6
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Figure90 Input waveform

of TIA#6 at 50M Hz
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Figure92 Input waveform of TIA#6 at 100M Hz
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8.0 SUMMARY AND CONCLUSIONS

81 SUMMARY

The goal of this research was to understand the Silicon-Germanium (SiGe) process for
photodetectors and the design of high-speed analog optical receiver circuits. The availability of
the commercial IBM process encouraged us to investigate SiGe photodetectors in this process.
An overview of these photodetectors is presented in section 2.2. Our study of the optical and the
electronic properties of SiGe aloys is discussed in Chapter 3. The work on SiGe based
photodetectors is carried out by first understanding and analyzing the factors affecting the
intrinsic absorption phenomenon in photodetectors. The analysis of factors like reflectivity,
absorption coefficient, quantum efficiency and responsivity in the IBM NPN SiGe transistor is
discussed in sections 3.5-3.8 respectively. SiGe photodetector designs using the NPN SiGe
transistor were built based on the understanding developed of the micro-fabrication steps of the
IBM SiGe 5HP process. These steps are presented in detail in section 5.1. In order to test the
practicality of photodetectors at longer wavelengths range of 1100-1500nm, severa SiGe
photodetectors were designed and fabricated in this process as presented in section 5.4.

The generated output current from SiGe photodetectors depends on the size and the
design of the detector. This current is typically low, in the microamps range for ImW att incident
optical power. Since the generated current is low, a currert to voltage converter is needed with
high gain and efficiency. Transampedance amplifiers are best suited for this purpose, rather than

low or high impedance amplifiers due to their low noise, high gain and wide bandwidth as
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discussed in section 6.1. Hence, fourteen different circuit topologies of transimpedance amplifier
were designed in the IBM SiGe BiCMOS process, the details of which are discussed in section
6.2. These amplifiers were simulated and optimized using the Spectre simulator and the
NeoCircuit analog synthesis tool respectively. Transimpedance amplifiers built in other custom
SiGe and GaAs processes were chosen and implemented in the IBM SiGe BiCMOS process to
compare their speed, gain and bandwidth performance.

The output signal generated from the transimpedance amplifier must have additional
amplification before it is sent to digital signal circuitry. The range is typically in millivolts for an
input current of microamps from optical detectors. The conversion efficiency for transimpedance
amplifiers depends on the design and the technology used. In order to amplify the output signal
of the transimpedance amplifiers, several multistage cascaded amplifiers stages, such as
differential amplifiers and voltage amplifiers, were built in the IBM SiGe BiCMOS process as
shown in section 7.1 and 7.2. These amplifying stages were designed and simulated individually
to measure their performance.

The output of the transimpedance amplifier with multistage amplifying stages is fed to a
decision circuit. The objective of the decision circuit is to sample and compare the output
waveform signal of the amplifying stage to a threshold voltage. If the received output signal is
below the threshold, the decision circuit produces zero at its output whereas one is produced if
the output signal exceeds the threshold voltage. Thus, two complete receiver circuits composed
of a transmpedance amplifier and a multistage cascaded differential amplifier with a decision
circuit are designed, simulated and fabricated in the IBM SiGe process. The details and output

results of the intermediate stages of a complete receiver circuit are discussed in Chapter 7 of this
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thesis. Lastly, a complete layout of an optoelectronic chip built in IBM SiGe process is shown in

section 7.3.

8.2 CONCLUSION

Based on the work performed in this thesis we can make the following conclusiors.

First, the percentage of Ge in the IBM SiGe process is not high. Therefore intrinsic
photo-detection at longer wavelengths is very low. The possibility of intrinsic absorption in the
IBM NPN transistor is predicted to be between the wavelengths 800-1150nm. Hence, te
responsivity of SiGe based photodetector for a ImWatt input power in IBM Sp 50Gep2o process

is summarized in Table 9.

Table9 Responsivity of Sigg0Gep 20 alloys at different wavelength

Responsivity (R) at different wavelength (nm) | Output Result (Amps/mWatt)
800 3.029
900 1.450n
1000 0.684n
1100 0.088m
1150 0.043n

Second, the circuits chosen from other custom Si, SiGe and GaAs processes and
implemented in the IBM SiGe process show high speed, gain and high bandwidth. The
simulation results of fourteen transmpedance amplifiers show the capability of working at
10GHz with the gain of 54-74dBW for an input current of 10mAmps and therefore, Silicon
Germanium devices can offer better speed performance than Si and GaAs devices for high-speed

receiver circuits.
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Finaly, the decision circuits were built using CMOS devices and s$nce the CMOS
devices are slower than SiGe bipolar devices in the IBM SiGe BiCMOS process, it is predicted

that the receiver circuits will work up to 2Gb/s.

129



APPENDI X

Basic properties of S and Ge [59]

Property Silicon (S) Germanium (Ge)
Crystal Structure Diamond Diamond
L attice constant (A°) 5.4310 5.6575
Atoms/cm3 5.0 x 10° 4.42 x 10°
Atomic weight 28.09 72.60
Indirect energy band gap 1.12 0.66
Electron mobility 1500 3900
Hole mobility 450 1900

Table11 Optical propertiesof S and Ge [30-31]

Property Silicon (S) Germanium (Ge)
Transparent regions (mm) 1.1-6.5 1.8-15
Dielectric constant 11.9 16.0
Refractive Index 3.455 4.001
Optical phonon energy 0.063 0.037
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