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Zusammenfassung

In optoelektronischen Bausteinen werden in Sperrrichtung betriebene Photodioden als
Lichtsensoren verwendet, welche einfallendes Licht in Photostrome umwandeln. Um die
meist sehr kleinen Stromsignale weiterverarbeiten zu konnen, werden die Photodioden
in der Regel mit nachfolgenden Verstarkerschaltungen gekoppelt. Fiir opto-elektronische
Hochgeschwindigkeitsanwendungen auf dem Gebiet der fasergebundenen Kommunikation
werden als Photodioden meist spezielle I11/V Halbleiter Technologien benutzt. Das be-
deutet, das ” Multichip-Gehause” notwendig sind, in welchen Photodioden und Verstarker-
Schaltungen in unterschiedlichen Technologien implementiert und durch ”Wire-bond”
oder "Flip-Chip” Methoden im Gehéuse verbunden werden. Das verursacht aber grofien
Aufwand und dadurch hohe Kosten. Fiir viele ”"low-cost” Anwendungen im Bereich
der Unterhaltungselektronik ist daher ein in eine Standard IC-Technology integrierter
Photosensor deutlich kostengiinstiger. Diese Art von Schaltungen werden auch ”Opto-
Elektronische-Integrierte-Schaltungen” (OEIC) genannt. Aber nicht nur aus Kosten-
grinden, sind OEICs interessant. Auch die elektrische Performance kann optimiert wer-
den, da parasitire Effekte im Gehéduse deutlich reduziert werden konnen. Aus diesen
Griinden wurden OEICs wéhrend der letzten 10 Jahre auch fiir Hochfrequenzanwen-
dungen im Bereich der optischen Datenspeicherung und optischen Dateniibertragung iiber
Plastikfasern vermehrt eingesetzt. Die Integration von Photodioden, analogen Verstarker-
Schaltungen sowie Signal-Verarbeitungsschaltungen auf einem Siliziumchip bietet fiir diese
Anwendungen einen deutlichen Vorteil bei den Produktionskosten. Natiirlich konnen
OEIC Schaltungen nicht die Anwendungen mit héchster Geschwindigkeit von > 10 GHz
abdecken, da nur Photodioden in Standard Silizium verwendet werden. Auch die Ge-
schwindigkeitsperformance der Standard CMOS oder BICMOS Transistoren ist fiir diese
Anwendungen zu gering. Typische Anwendungen fiir OEICs benotigen Bandbreiten von
100 MHz bis einigen GHz bei einer Lichtwellenldnge von 400 nm bis 800 nm. Fiir diesen
Anwendungsbereich bietet die in dieser Arbeit benutzte Silizium BiCMOS Technologie

ein Optimum an Performance und Kosten.

In dieser Arbeit wird die Theorie und Entwicklung von Photodetektoren sowie analo-
gen Verstarker-Schaltungen im Bereich optischer Datenspeicherung présentiert. Sie kann
grob in zwei Hauptgebiete eingeteilt werden. Der erste Teil behandelt die Integration
und die Modellierung von Photodioden in einer BiICMOS Technologie. Die notwendige
Theorie tiber Reflexion und Transmission von Licht an Halbleiteroberflichen sowie das
dynamische Verhalten von optisch generierten Ladungstréagern im Silizium und an pn-

Ubergéngen wird im ersten Kapitel gezeigt. Zusétzlich wird die Integration von Pho-
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todioden in eine 0.5 um Standard-BiCMOS Technologie, sowie die Integration von high-
performance PIN-Photodioden beschrieben. Die Integration der PIN-Photodioden Option
benotigt zusatzliche Prozefischritte, die im Rahmen eines EU-Forderprojektes mit Namen
"INSPIRED” entwickelt wurden.

Das darauf folgende Kapitel zeigt die Erstellung eines SPICE Modells fiir eine BICMOS
"Doppel-Photodiode”. Das Model beriicksichtigt die Modellierung von zeitabhangigen
Drift- und Diffusionsstromen, sowie auch eine Beschreibung der wellenldngenabhéngigen
Photodiodenempfindlichkeit. Zuséatzlich wird das 3 - dimensionale Photodiodenverhalten
durch eine Netzwerknaherung beschrieben. FEin ”Mathematica” Programm wurde ent-
wickelt, um die Photodiodengeometrie zu definieren und die SPICE Netzliste des Photo-
diodenmodels automatisch zu generieren. Das Model kann bei der Schaltungsentwicklung
fiir analoge transiente Simulationen im Zeitbereich, sowie Kleinsignal AC-Simulationen

im Frequenzbereich verwendet werden.

Der zweite Themenbereich der Arbeit behandelt die Theorie und Entwicklung von analo-
gen Verstéarker-Schaltungen, die bei OEICs im Bereich optischer Datenspeicherung einge-
setzt werden sollen. Kine wichtiger Basisblock fiir OEICs ist dabei die Transimpedanz-
Verstérkerschaltung (TTA). Ein Kapitel behandelt daher die Analyse von Stabilitéat, Band-
breite und Rauschen von TIA Schaltungen. Weiters werden verschiedene ”single-ended”
und differentielle TIA Schaltungen présentiert. Da speziell fiir TTAs im Bereich optische
Datenspeicherung die Eingangs-Lichtintensitaten tiber weite Bereiche schwanken kann,
werden TTA Architekturen mit verstellbarer Verstarkung diskutiert. Weiters wird ein
neues TTA Konzept mit variablen Stromverstéirker als Eingangsstufe (ITIA) vorgestellt,

welches eine Verstarkungsvariation iiber mehr als 3 Dekaden, bei gleichzeitig hoher Band-
breite von 260 MHz erlaubt.

Ein abschliefendes Kapitel préasentiert die Entwickung und Charakterisierung eines OEIC
Prototypen, der fiir ”optical-pickup-units” in optischen Speicherlaufwerken eingesetzt
werden soll. Die Spezifikation wurde gemeinsam mit der Firma Philips definiert, die
auch Partner im Projekt "INSPIRED” war. Der Prototyp sollte die Spezifikation fiir
alle drei zur Zeit (und in néchster Zukunft) aktuellen Standards CD, DVD und ”Blu-
ray” abdecken. Fir die Schaltungsentwicklung wurde die im ersten Kapitel vorgestellte
0.5 um BiCMOS Technologie mit integrierter PIN-Photodiode verwendet. Neben der
OEIC Architektur, werden verschiedene Schaltungskonzepte diskutiert und abschliefend
noch MeBergebnisse des Prototypen vorgestellt.
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Abstract

The first part of this work presents the integration and modeling of high-speed photodiodes
in a 0.5 um BiCMOS process. This includes the necessary theory on light transmission
and reflection on silicon surfaces, as well as the dynamic carrier behavior inside silicon
and pn-junctions. Two examples for photodiode integration are presented. A ”standard”
photodiode without process modification and a high-performance PIN photodiode, that
requires additional process steps. Finally a photodiode SPICE model is shown that in-
cludes time-dependent carrier drift and diffusion effects as well as 3-dimensional behavior
by using a network approximation. A "Mathematica” script is used to design the photo-

diode geometry and automatically generate a photodiode SPICE model netlist.

In the second part of this work an optoelectronic receiver IC for CD, DVD and Blue-Laser
optical data storage applications is presented. The IC was developed in a 0.5 ym BiCMOS
technology with integrated PIN-photodiodes. It includes a new architecture of high-speed
and low-noise variable gain transimpedance amplifiers witch current pre-amplifier input.
The amplifier transimpedance gain is programmable over a gain range of 130 €2 to 270 k(2
with a serial interface. The amplifier small-signal bandwidth is 260 MHz for highest gain
which gives a gain-bandwidth-product of 70 THz(2 and a sensitivity improvement by a
factor of 2 compared to published OEICs. The amplifiers support a special write/clip
mode which realizes a nonlinear gain reduction for high input signals. The output voltage
buffers are 1302 impedance matched for optimized data transmission over a flex cable.
The impedance is generated with active-impedance synthesis to increase the output dy-

namic range.
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Chapter 1

Introduction

In optoelectronics or photonics devices light is interacting with electrons in semiconductor
materials. Such devices can be divided into two groups. The first group are devices that
convert electrical energy into optical radiation. For example the LED (light emitting
diode) or laser diode (light amplification by stimulated emission of radiation). The second
group are devices that convert optical radiation into electrical signals. These cover the
group of photodetectors on one hand and also photovoltaic devices like solar cells on the
other hand. The scientific investigation and also commercial utilization of optoelectronics
devices is ongoing since many decades in the last century and therefore it is as old as
microelectronics itself. The most important investigations on the interaction of light with
solids go back to the beginning of last century when Albert Einstein presented the photo -
electric - effect in 1905 which was the starting point for development of photonics devices.
The first LED came up in the 1970’s [1] while lasers are even older and go back to the
invention of the masers (microwave amplification by stimulated emission of radiation) by
Townes in 1954 [2]. The first high-speed photodetectors for optical data communication
were published in 1970 [3], [4].

For most high -end optoelectronics applications in the field of optical fiber receivers, spe-
cial technologies like II1/V semiconductors are used. This means a discrete or hybrid
solution with wire-bonded silicon circuits in a multi-chip package and therefore high
costs and effort. For many low - cost consumer applications an integrated sensor and am-
plifier solution in a standard IC technology is much more cost efficient. These kind of ICs
are also called opto - electronic - integrated - circuits (OEIC). But not only for cost reasons
a monolithic photodiode integration is of interest. Also the electrical performance of an
OEIC can be optimized compared to a discrete solution, due to reduced parasitics in the
photodetector-1C interface. Therefore a lot of research was done during the last 15 years
to implement integrated photodiodes in CMOS or BiCMOS IC technologies in combina-
tion with pre-amplifiers [5], [6], [7], [8], [9]. A broad variety of applications for OEICs
came up in the last few years. For sensor applications with high - sensitivity, low - noise
but low - speed performance integrated photodiode ICs are extensively used since about
15 years for example in infrared receivers, light barriers, opto - couplers and various kinds
of light - to- voltage converters. Another important and strongly growing OEIC market
is the field of integrated CMOS imaging devices. For high-speed OEICs two different
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fields of applications came up in the last years. On one hand there is the field of opti-
cal data transmission in the visible and near-infrared range like plastic-optical - fibers
(POF). This application can be used for data links in automotive and optical home area
networks. Another possible application for data transmission are optical interconnects.
On the other hand the field of optical data storage like CD and DVD read / write op-
tical - pickup - units came up a few years ago. These applications also need OEICs for
future product generations like the so called ”Blu-ray” standard and therefore show up

as potential high volume market.

In this work theory and development of photodetectors in combination with electronic
read - out circuits mainly for optical data storage applications are considered. Therefore
only silicon based photodiodes are discussed since most low-cost standard 1C technologies
are based on "pure” silicon. This also means a restriction of light wavelength to visible
range from blue (400nm) to near infrared (<1 pm). In the next chapter the integration
of photodiodes into IC technology is discussed. Necessary photodiode theory is presented
before introducing an example for a photodiode integration in a standard low-cost BiC-
MOS technology. The chapter will be finalized by presenting a high - performance PIN
photodiode integration which can be used within high-speed applications. Especially for
high - speed applications a proper photodiode model is an essential prerequisite for circuit
design of OEIC products. Therefore the 3" chapter will present the development of a
novel photodiode SPICE simulation model. The proposed model includes most signifi-
cant high - speed behavior like carrier drift and diffusion effects as well as light wavelength
dependent sensitivity. On the other hand the photodiode model considers 3-dimensional
effects by introducing a network approximation. The remaining chapters will focus on
theory and design of high-speed circuits for optical data storage applications. New tran-
simpedance amplifier architectures will be presented combining high - speed and low - noise
performance with a variable gain functionality. The thesis will be completed with the pre-
sentation of a prototype development for an optical pickup unit OEIC for optical data

storage drives.



Chapter 2

Photodiode Integration in IC Technologies

2.1 Introduction

In optoelectronics high-speed applications like optical data transmission via fiber net-
works and optical pickup units in data storage applications high - speed receiver devices
are needed that convert the optical input light signals to electrical output signals. In gen-
eral a photodiode is a perfect device to do this conversion. Operated in reverse direction
(positive voltage on n-doped layer and negative voltage on p-doped layer) it converts the
incoming light to a current with an excellent linearity, speed, temperature stability and
dynamic range. The only drawback of a photodiode is a rather low gain (ratio of output
voltage to input light intensity) that is for example < 0.6 A/W for a silicon photodiode
with a light wavelength A = 0.85 ym. Therefore a combination of a photodiode with an
amplifier is necessary in practical all applications. This amplifier can either be a current
amplifier or, mostly used, a transimpedance amplifier (TTA) that converts the photodiode
current to an output voltage. For most receiver applications these amplifiers needs a high

and also programmable gain, high bandwidth, low noise and very low input impedance.

In the past, for high-end applications discrete photodiodes where connected to tran-
simpedance amplifier [C’s in multi-chip packages by wire- bonding or in hybrid integrated
circuits [10],[11],[12]. The advantage of this solution is that the performance for each de-
vice can be optimized separately by using special photodiode and IC technologies. The
drawback are high costs due to a complex production and assembly process. Another

disadvantage are potential noise sources due to bondwires and package pins.

As an alternative low - cost solution in the visible spectral range the monolithic integration
of photodiodes in standard CMOS and BiCMOS IC technologies became more and more
popular during the last 10 to 15 years. The reason is mainly the simple process flow of a
standard IC technology without any additional process changes (in best case). Therefore
these so called optoelectronics integrated circuits (OEIC) are a competitive solution for
many low - cost consumer and sensor applications. Another advantage of an OEIC is
the high flexibility in integration of logic and data processing functionality in new deep -
sub-um CMOS technologies. An impressive example is the field of single chip CMOS

cameras.
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The performance of OEIC photodiodes compared to discrete photodiodes was usually
lower in most cases. Especially the integration of high - speed photodiodes was a problem
for a long time. Only during the last years the speed performance of integrated photodi-
odes became comparable to optimized discrete silicon photodiodes. The main challenges

in high - speed photodiodes integration will be discussed the next sections.

All different applications for silicon based OEICs are limited to the visible or near-infrared
light range up to about 850 nm. The reason for this is a high band - band transition voltage

(bandgap) of silicon and will be discussed in Section 2.2.

2.2 Theory of Photodiodes

2.2.1 General

When visible light is falling on a semiconductor material like silicon, one part of the light
is reflected while the other part is penetrating into the silicon and is absorbed by the
semiconductor. The penetration depth of the light is dependent on the light wavelength.
Due to absorption of light energy, electron - hole pairs are generated. A photodiode device
separates these carrier pairs in a pn-junction electric field and therefore generates a
photocurrent. A photodiode can be operated in two different modes. The first mode
is the photovoltaic mode where the device is unbiased connected to a load resistor like
in solar cells. The second mode is the ’classical’ photodiode mode where the device is
connected to a reverse voltage. In this mode it is working like a light - dependent current
source. Dependent on configuration different photodiode types are known. The pn-
junction diode which is normally no high - performance device but nevertheless used for
numbers of low - speed sensor applications. The pin - photodiode which has implemented
an intrinsic zone between the p and n-doped region. These diodes are optimized in speed
and sensitivity performance. The metal-semiconductor (Schottky) diodes reach high
speed values but in general at lower sensitivity performance. The avalanche photodiodes
shows an internal current gain as result of impact ionization at high internal electric field.
This means a very high sensitivity at low speed values. In this work only the theory and

implementation of pn-diodes and pin-diodes will be discussed.

The current Section 2.2 should give an introduction in general photodiode characteristics
and theory on light absorption in silicon, quantum efficiency, sensitivity, response speed,

and light transmission and reflection on the photodiode surface.

2.2.2 The Interaction of Light with Semiconductors

The physical interaction of an electromagnetic wave with a solid is explained by the

Maxwell - Theory and therefore well - known since two centuries. Visible light is an elec-
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tromagnetic radiation in a small wavelength range of approximately 400 nm to 700 nm
(see Figure2.1). Therefore the interaction of light with semiconductor materials is also
defined by Maxwell - Equations [13].
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Figure 2.1: Electromagnetic Spectrum

According to quantum mechanics theory, light can be described either as electromagnetic
wave with a certain wavelength or as a particle (photon) with a defined energy. The
relation between these two representations is given by the Plank Constant i (see Equa-
tion2.1) with E is the photon energy in eV, ¢y is the vacuum light velocity, )¢ is the
vacuum light wavelength in nm and v is the light frequency in Hz.

1240
v

hCO
= =

B="0_
Ao

(2.1)

A typical example for the two ”faces” of light is the interaction with a semiconductor
material. When light is falling on the surface of a semiconductor, one part of the light is
reflected while the other part is absorbed inside the semiconductor. The light reflection
and transmission can be explained by Maxwell’'s wave theory, while the physical light

absorption process inside the semiconductor is explained preferably by a particle behavior.

The macroscopic optical behavior of a material is completely given by the complex re-
fractive index N which is

N = (n+ikr) (2.2)
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with n is the ”classical” optical refractive index and k is the extinction coefficient which
defines the damping of the light wave inside the material. The refractive index n is the

ratio of light velocity in vacuum (¢g) and within the material (c)

n=-— (2.3)

Table (2.1) shows refractive indices of different materials at a defined wavelength.

Material || Refractive Index n Wavelength
Si 4.18 589 nm
Ge 5.3 547 nm
Si04 1.43...1.46 200nm... 5 um
SisNy 2.02 633 nm

Table 2.1: Refractive Indices of different Materials

The optical material parameters n and  are directly related to the electrical parameters
dielectric function € and conductivity o (see Equation2.4) and therefore showing the

connection between the electromagnetic ”wave” theory and the electrical ” particle” theory.

2 —f=eti— (2.4)
We€o

(n+ik)

with € is the material permittivity, w = 27v is the light frequency and ¢ is the vacuum
permittivity.

2.2.3 Light Transmission and Reflection

Integrated photodiodes in IC technologies are preferably realized by using standard layers
available in the technology process (see Section (2.3)). In general these layers are not op-
timized for optical light interactions. Besides the intrinsic photodiode performance, the
coupling of light through different oxide and nitride surface layers (used in metallization
process) into silicon is a critical performance issue. Two important parameters for IC
photodiode development are therefore the light transmission coefficient T and reflection
coefficient R of photodiode surface layers which significantly influences the overall photo-
diode sensitivity. They define the percentage of transmitted and reflected light intensity
compared to incident light intensity. Reflections on an integrated photodiode can occur
due to different surface layers like silicon oxide (SiO,) or silicon nitride (Si3/N,) with

different optical parameters (n and k) compared to silicon.
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Figure 2.2: Transmission (I2;) and reflection (I ) of an incident elec-
tromagnetic wave (I1;,) at the interface of two materials

with different optical parameters n and s

Light transmission and reflection of an electromagnetic wave through a stack of layers with
different n and k are defined by the Fresnel - Coefficients r and t derived from Maxwell’s
theory [13]. The Fresnel- Coefficients are the ratio of transmitted (¢) an reflected (r)
electric field E at an interface of two materials with different optical constants n and k.
For normal light incidence these parameters only depends on the refractive index N of the

two different layers

El?" Nl _N2

r= == = — = 2.5
1,in N1+ No ( )
Ey, 2N,

t = - ) — 1 — = - 26
o TN N, (2:6)

where N7 and N are the refractive indices of layer 1 and layer 2, El,m and Elm are the elec-
tric field of incident and reflected wave in layer 1 and E2,t is the electric field of transmitted
wave in layer 2. For optical transparent layers like oxide and nitride the absorption part
k of N (see Equation 2.2) can be neglected, so that r and ¢ depends on refractive index
n only. In practice not the ratio of electric field amplitudes but the ratio of (measurable)

light intensities I ~ |E|? is used to define reflection and transmission.

Ilr ( )2
R = d 2.7
I in (Nl + N2)2 (2.7)

I, _ (4N N,)
L (Ny+ Ny)?

From Equation 2.7 one can directly derive the reflection R of a simple air-to- material

T =

(2.8)

interface with n and k defined by

_ (I=n)*+rx?
R= s (2.9)
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The reflection and transmission behavior at integrated CMOS or BiCMOS photodiode
surface layers is more difficult to evaluate since there are several layers involved. A
typical layer combination for such photodiodes is drawn in Figure 2.3. In almost every
IC technology the uppermost layer is silicon nitride (Si3/N,) for passivation that protects
the IC from environmental influences. Below the nitride layer there are different oxide
layers (Si02) used as inter- metal - oxide to isolate the metal lines. Usually these oxide
layers are deposited directly on the silicon surface. New CMOS technologies with Copper
metallization have several additional layers distributed in between the oxide layers used
as blocking - layers in the metallization process. This makes the optical behavior by far
more critical since the variation of transmission T over wavelength becomes significantly

higher.

Figure 2.3: Transmission and reflection of an incident electromagnetic
wave (I;,) at typical CMOS or BICMOS photodiode Nitride
and Oxide surface layers

To calculate the parameters R and T of the layer stack shown in Figure 2.3 at normal
incidence, the Fresnel - coefficients for all three interfaces air- SisNy, SizNs-Si10, and
S0, - Si must be evaluated. The absorption in Si3/Ns and SiO5 can be neglected because
k = 0. Since there is a certain amount of reflection and transmission on every layer
interface, the superposition of multiple reflected waves with the incident wave must be
considered. The phase shift of a wave entering a layer from topside and reflected back at

bottom side interface is given by

d= 4Tﬁnx (2.10)

Depending on layer thickness = and refractive index n the superposition of all reflected
wave contributions shows minima and maxima at certain wavelengths \. To calculate the
R and T of multiple layer structures, different methods were developed by using matrix

algebra mathematics [13]. Applying this mathematics on the layer structure from Figure
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2.3 one can achieve the following relation for R and T.

]_ — Ngn Ngn — Nox Nox — N
N T e T e
4
A = 2cos< Wnsn$5n>
4 oxr*ox
Ay = 2005( Mox® )
4 sn+sn 4 oxr*oxr
A, — 2(:os< TNsnTsn 7T7’L)\£L’ )
4 sntsn 4 oxr*ox
A, — 2c0s< TN T 7m>\3: )
4 - (Ao (1 +73) + r3(As + 13 43))
5 =

7’% + 7’% + ror3As

1+7’%7’§+7’27’3A2
T%"—T% +7’2T3A2

1 —I—T’%AG—}—TlAg,

R =
Aﬁ—l—’f’%—l—’f’lAg,

T=1-R (2.11)

The reflection R and transmission T of the discussed layer stack in Figure2.3 is given
by Equation2.11. In Figure2.4 the transmission T of a stack with a nitride thickness
ZTs, = DD0nm and an oxide thickness z,, = 1500nm is shown in dependence on light

wavelength .

The spectral behavior shows a strong variation of T over A from very high values of 0.95
(=95%) down to low values of 0.25 (=25%). This can be explained by the refractive
indices which changes from n = 1 for air to a high value of ng, = 2.5 for nitride, back
to a lower value n,, = 1.46 for oxide and again to a high value of ny = 4.18 for silicon.
To improve the transmission, the refractive indices should increase continuously from one
layer to another. So the nitride layer has to be removed from top and instead inserted
between oxide and silicon. A risk by doing this is the missing surface passivation. So
humidity might permeate into the silicon substrate and change the transistors behavior
over lifetime. This effect has to be investigated during photodiode qualification process.
The simulation of an improved photodiode surface stack is shown in Figure2.5. The
transmission T over A is calculated for an air - oxide - nitride - silicon stack with a variation
of nitride thickness x,,. The oxide thickness was x,, = 1500 nm. Figure2.5 shows that

the spectral transmission behavior is very sensitive to nitride thickness. It has an optimum
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Figure 2.4: Light transmission at a typical CMOS or BiCMOS surface

layer stack with nitride and oxide on silicon

with lowest variation for a z,, = 60 nm. Therefore a nitride layer with defined thickness
acts as an anti- reflection - coating (ARC) on the photodiode and can dramatically improve
the sensitivity performance. The drawback is that additional process steps are necessary

resulting in a non - standard IC process flow with higher production costs of approximately

5%.

2.2.4 Light Absorption and Carrier Generation

An important factor for photodiode sensitivity is the light absorption inside the semicon-
ductor material. The reason for light absorption in semiconductors, is carrier generation
due to band - to- band transition. When light (photons) is falling on a semiconductor the
electrons in valence band are excited to conduction band by absorption of photon energy
defined in Equation (2.1) resulting in a photocurrent. For efficient photocurrent genera-
tion the light absorption given by the extinction coefficient £ must be high. Since & is not
easy to measure, a more practical parameter was defined, called absorption coefficient «
(see Equation 2.12). It is the penetration depth x of light when an incident light power
P, is decreased to a value of P(z) = P,,:/e due to absorption. The absorption coefficient

depends on k and the light wavelength \.

4
P(z) = Pyexp(—ax) with o= % (2.12)

The absorbed photons generates electron - hole pairs inside the semiconductor due to the

photo-effect proportional to the photon flux ¢(z) given by Equation (2.13). The carrier
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generation rate is defined in Equation (2.14)

Py T

o(x) = W(l—exp(—a:z)) (2.13)

106(x)  aPuT
A oxr  Ahv

exp(—ax) (2.14)

with T is the light transmission into the silicon, discussed in previous section.

Figure 2.6 shows the measured absorption coefficients of various semiconductor materials
used for photodiode and laser production at two different temperatures [14]. Out of Fig-
ure 2.6 one can see, that « strongly depends on light wavelength. It decreases dramatically
for higher wavelengths or lower photon energy. This means that light is penetrating very
deep into the silicon substrate. For high absorption the photons energy must be larger
than the energy gap between valence and conduction band also called bandgap energy
E,. This is the reason why silicon photodiodes shows a significant absorption (and there-
fore sensitivity) only for light wavelengths below about 1.1 um. If on the other hand the
wavelength is to low (which means a low penetration depth) the light is absorbed near the
surface were the carrier recombination due to surface defects is high. This also reduces
the photodiode sensitivity. In Figure2.7 the absorption of light for different wavelengths
is shown. For red light with 650 nm the penetration depth is about 5 um while light with
780 nm wavelength is penetrating into a depth of about 15 um.

An analytic model of the absorption coefficient at room temperature, including wave-

length dependence, is presented in [15]. This equation is a sufficient approximation for
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wavelengths of 0.4um < A\ < 1lum.

al)) = (% — 76.417)2 -10? {%] (2.15)

This analytic representation of the absorption coefficient will be used for the photodiode
SPICE model, presented in Section (3.2).

2.2.5 Photodiode Quantum Efficiency

The intrinsic photodiode sensitivity is defined by the quantum efficiency n which is the
number of electron - hole pairs generated per an incident photon. One part of the quantum
efficiency is the light reduction due to optical transmission (T) and reflection (R) on the
photodiode surface as discussed in previous section.

Iy

a (2.16)

= B (1-R)
hv

where [, is the photo- generated current, P, is the incident optical light power, q (=e) is

the electron charge and hv is the energy of a photon (see Equation2.1). A more practical
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Figure 2.7: Penetration depth of light in silicon for different wavelength
relevant figure of merit for the photodiode sensitivity is the responsivity Rs. This is

the ratio of photocurrent per incident optical light power and therefore it can easily be

measured.

I, nq nA
= = — A
P, hv 1234 [4/W]

The reflection R is included in the n and A is the wavelength in um. According to Equa-

R, = (2.17)

tion 2.17 the theoretical maximum responsivity increases linearly with the light wavelength
A. The maximum R for a photodiode with 660 nm light is Rs ggonm = 0.53 A/W whereas
the R, decreases for blue light of 410nm to R s10nm =0.33 A/W. Especially for higher
wavelengths the linear behavior for R is not valid as it will be shown in the following

sections.

2.2.6 Static and Dynamic Behavior of Carriers in Semiconduc-

tors

The carrier transport in semiconductors is mainly given by two basic mechanisms, carrier
drift and carrier diffusion. In addition the static and dynamic behavior of carriers under
the influence of external fields is described by the Maxwell - Equations [16]. Out of these
equations one can derive the current - density equations and the continuity - equations that
defines the carrier transport inside semiconductor materials and in pn - junction depletion

layers.
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2.2.6.1 Carrier Drift and Mobility

Carrier drift occurs when an electric field is present inside the semiconductor, especially
in a space-charge-region (SCR) of a pn-junction. For low electric fields the drift ve-
locity of electrons (v;,) and holes (v,) is proportional to the electric field strength (see

Equation 2.18). The proportionality factor u, , is called mobility.

Unp = finpls (2.18)
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Figure 2.8: Mobility of n and p carriers in Ge, Si and GaAs at 300 K

versus doping conentration

The mobility of Si, Ge and GaAs for different doping concentrations at a temperature of
300 K is shown in Figure (2.8). The mobility is decreasing for high carrier concentration.
Also for strong electric fields the mobility and therefore also drift velocity is saturating
as shown in Figure (2.9) [14, 17]. According to [18, 19] the dependence of carrier mobility
on electric field in silicon can be approximated by

o Hon
il B) = - 219)
L+ (pon B/ 50)?

_' Hop
(B = p_ (2.20)
L+ (pop B/ 05)?
where 7% is the saturation velocity for electrons (n) and holes (p) and is approximately

1.03 - 10°m/s for a temperature T = 300 K. The pg,, is the carrier mobility at zero

electric field and is shown in Figure (2.8).



- 921 —

108
@ GoAs [(ELECTRONS)
> 107 ,/ T~
= Pmsss
3 PRI T i
2 [ce y yoaiilan
> B // /7/' A
— 17
w / 5,/ < 7
& 408 L A d s
o 2 - -
= = T=300K =
o V4 rd _—
H i i 3 — ELECTRONS —]
2 - o1 ----- HOLES ]
< 4 b
o // .
105 // i
102 103 10* 10% 108

ELECTRIC FIELD (V/cm)
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2.2.6.2 Carrier Diffusion

Carrier diffusion in semiconductors occurs in quasi-neutral regions without electric field.
Therefore the carrier velocity is much lower compared to carrier drift. To achieve high
speed photodiodes, diffusion carriers should be avoided as much as possible, since they
contribute to the photocurrent as slow component. An important parameter for carrier
diffusion is the diffusion coefficient D,,, D, (with n for electrons and p for holes). These

coefficients are related to the diffusion coefficients p,, 1, by the Einstein relation

kT
Doy = "—ttny (2.21)

with k7'/q = 0.0259V at 300K. The mobilities p,, are also a measure for the electrical
conductivity o which is the reciprocal resistivity p and therefore a relation between current
density 7,, and electrical field E, .

Inp = Onplinp=—F,, (2.22)

On = Qlinlt  Op = qlipP (2.23)

with n is the electron concentration in a n-type semiconductor and p is the hole concentra-
tion in a p-type semiconductor. The resistivity in dependence on the doping concentration

of n and p type silicon is shown in Figure (2.10).

2.2.6.3 Current - Density Equations

The current density J, and J, of electrons and holes in silicon for a one-dimensional

case are given by Equations2.24 and 2.25 respectively. These currents consists of two
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components. A drift component for carriers generated inside an electric field E according
to Equation2.22 and a diffusion component caused by a carrier doping concentration
gradient dn,p/0.

on
W = quanE +qD,— 2.24
J apnnE +qDnz (2.24)
Op
Jo = appE +qDyg (2.25)

where p,, and p, are the electron and hole mobility (see Figure2.8). D,,, D, are the carrier

diffusion coefficient (Equation2.21). The total current density is therefore given by

J=J,+J, (2.26)

2.2.6.4 Continuity Equations

To describe the dynamic behavior of drift and diffusion carriers in equilibrium, the con-

tinuity equations have to be solved (for simplicity only one dimension x is considered):

on,, B Np — Npo OF ony, 82np

e Gn(t) L + iy bt 4 D, 92 (2.27)
opn Pn = Pno OE Opn, O pr
5 Gy(t) - + P+ ppE o T D, 92 (2.28)

where n, and p, is the minority carrier density of electrons n in p-silicon and holes p

in n-silicon, n,, and py, is the thermal equilibrium minority carrier density and £ is
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the electrical field. G, and G, is the electron and hole generation rate (cm™3/s) due to
incident light, defined in Equation (2.14) and 7, and 7, are the electron and hole minority
carrier lifetime in the p- and n-doped region. For further simplification, the continuity
equations should only be solved in field-free region (E =~ 0) outside the SCR. This

simplifies the Equations to

2
ony, Ny — Npo o*ny,

o5 = Gnlt) = e Dy (2.29)
apn o Pn — Pno a2pn
T =GO == D (2.30)

The solution of these differential equations including time dependent carrier generation
is not straight forward. They can be solved analytically mainly with neglecting carrier
generation G, (t), G,(t) or with a simple and well - defined generation functions like step -

response or impulse response [20, 21].

In following section the solution of the steady - state continuity equations will be presented.
In Chapter 3 a method for solving the time dependent continuity equations for arbitrary

functions of G, (t), G,(t) by introducing a SPICE circuit model will be presented.

2.2.6.5 Solution of Steady - State Continuity Equations

In Figure (2.11) a simplified cross- section of a silicon photodiode is shown, which is a pn-
junction with a space- charge - region (SCR). Light is penetrating into the silicon bulk and
generates carrier pairs which are drifting or diffusing to the photodiode contacts. With a
reverse voltage connected to the p and n-doped region, a significant electrical field, and
therefore carrier drift, is only present inside the SCR. The regions outside the SCR are
mainly field - free and so only slow minority carrier diffusion occurs. Since photodiode
speed is limited by these diffusion effects, an analysis is essential for the development of
high - speed photodiodes. As shown before, the diffusion current in the field - free region
can be evaluated by solving the differential continuity equations (2.29) and (2.30). For
sake of simplicity the solution of idealized equations neglecting the time-dependence
will be presented [22, 23]. Also parasitic effects like surface recombination due to charge
traps are neglected. These results will be used for a photodiode model including all time

dependent effects with arbitrary carrier generation (shown in Chapter (3).

Equation (2.31) and (2.32) shows the simplified steady-state continuity equations for

electrons in the p-region and for holes in the n-region respectively.

2 _

Dn%;p ~ D - Tro 4 G, =0 (2.31)
82 n n — FMno

D, _Bn TPy g (2.32)

P Ox? T
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Figure 2.11: Cross-section of a silicon photodiode with a n-doped re-
gion, a p-doped region and a Space- Charge-region in
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diagram.

where the electron - hole diffusion coefficient Dy, ,, = L2 /7, with Ly, is the electron and
hole diffusion length. The equilibrium electron and hole density n,, and p,, is defined
by nye = n?/Np and p,, = n?/N4 with Np is the donor density in the n-region and
N, is the acceptor density in the p-region respectively. According to Equation (2.14) the

carrier generation rate for electrons in the p-region G,, and holes in the n-region G, is

given by
P, T
Gu(z) = al;lTp;eXp(—osz) (2.33)
P, T exp (— — ;Wi
G,(z) = O Lop T exp (—ap Wy — a,1V3) exp (—a, 1) (2.34)

Ahv

with «,, is the absorption coefficient of n-doped layer with W, is the layer width, o, of
p-doped region with width W, and «; of the intrinsic region with width W;.

Solution for p-region The solution of Equation (2.31) for n,(z) in the p - region under

the bounding conditions

r=0 n, = n,(0) (2.35)
z=W,: n,=0
can be calculated as
ny(z) = npo + Cy exp(—apx) + - - - (2.36)

[1,(0) — ny, — Cy] sinh Wf;x — [npo + C1 exp(—a,Wp)] sinh -

. Wp
sinh I

+
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P, Ta,L?
= ~ 2.
@ AhvD,(1 — a2L2) (2:37)
The total number of excess electrons N, in the p-doped region is therefore
Wi
N, = A/ (np(x) — nypo) da (2.38)
0

To eliminate the n,(0), Equation (2.36) is substituted in Equation (2.38). Solving for
n,(0) and substituting in Equation (2.36), the total electron diffusion current is according
to Equation (2.24)

Ony

I, = —qAD,
4 ox

(2.39)
z=W,

Solution for n-region For holes in the n-region the solution of Equation (2.32) for

pn(z) is very similar. Under the bounding conditions

(2.40)
the solution can be calculated as
Pn(T) = Ppo + Corexp(—a,x) + - - - (2.41)
[Pn(0) = pno — Caexp(—a, Wy, )] sinh £ — (C + pno) sinh Wz—p‘z
sinh IZ—;
F)inTe - W - ZWZ nL2
Cy = X0y Wy — ailVi)anL, (2.42)
AhvDy(1 —a2L2)
The total number of excess holes P, in the n-doped region is
W7L
Po=A [ (pulo) = pru) o (2.43)
0

To eliminate the p,(0), Equation (2.41) is substituted in Equation (2.43). Solving for
pn(0) and substituting in Equation (2.41), the total holes diffusion current is according to
Equation (2.25)

Ipn

I, = —qAD,—

b (2.44)

z=0

The equations for the electron and hole diffusion currents /,, and I, will be used for a
photodiode SPICE model in Chapter (3).
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2.2.7 Photodiode Capacitance

An important parameter for the development of high-speed photodiodes is the pn-
junction capacitance. To achieve fast photodiode currents, the capacitance must be as
small as possible. The reason is a non-zero input impedance of the transimpedance am-
plifier or current amplifier connected to the photodiode (see Chapter4). For a reverse
biased photodiode, the capacitance is mainly defined by the depletion capacitance of the
pn-junction [14]. In the depletion region or space - charge-region (SCR) the minority car-
rier density is very low and the electrical field is high because of charges due to ionized
impurity atoms. The electrical field outside the SCR can be neglected. Therefore the
pn-junction can be seen as a capacitor with parallel plates in a distance of the depletion
layer width.

A
Cpn = eoerWi (2.45)

with A is the pn-junction area and W; is the SCR width. According to Figure (2.11), the
SCR width W; (sum of W;, and W;,,) of an abrupt pn-junction can be calculated as

2 r\% Vn

w,, = |2t V) (2.46)
\ aa (1+ )

2 .
W, = | Zoelot Vi) (2.47)

aNp, (1 v %—g)

B 206, (1 1
with ¢ = Virln (‘N Aév D) (2.49)
n;

with N4 is the acceptor density in p-doped region and Np is the donor density in the
n-doped region, ¢; is the diffusion voltage (typical 0.8V for silicon), €y is the vacuum
permitivity, €, is the relative permitivity(11.9 for silicon) and V,, is the junction reverse
voltage in positive values, Vi is the thermal voltage (Vr = kT'/q ~ 26mV at T=300K)

and n; is the intrinsic carrier density (1.4 x 107%cm=3).

In Figure (2.12) the SCR width of a pn-junction is shown in dependence on the reverse
voltage for different doping concentration Ny of the n-doped region. The p-region is
highly doped, so the SCR in the p-region can be neglected which is the case for a typical
integrated photodiode in an IC technology (see Section 2.3).

According to Equation (2.45), the pn - junction capacitance is shown in Figure (2.13) in de-
pendence on the reverse voltage for different resistivities of the n- doped silicon. Since the
resistivity is indirect proportional to the doping concentration, the junction capacitance

is decreasing with increasing resistivity.
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conctrations Ny of the n-region. The p-region doping con-

centration is significantly higher.

2.3 Integration of Photodiodes in Standard BiCMOS

Technologies

2.3.1 Introduction

The integration of photodiodes in IC technologies is nowadays an extensively used method
to realize optical sensors including analog signal processing mainly for low cost applica-
tions. In IC technologies there are several layers with different doping concentration
available like the drain/source and bulk of MOS transistors, or the buried collector layer
and the base layer of BIP transistors. All these layers can be combined for photodiode
realization. Mainly two different technology options are available for IC products. On one
hand the pure CMOS technology, which is the cheapest IC technology. Another popular
option is the BICMOS technology which combines CMOS transistors with bipolar tran-
sistors. This option provides a higher flexibility for photodiodes and also for the analog
circuit design. The drawback is higher costs of about 10% to 15% for the BiCMOS tech-
nology compared to a pure CMOS with the same technology feature size. For applications
in the field of optical data storage, we decided to use an IFX 0.5 yum BiCMOS technol-
ogy called B6CA. The reason is, that the product specification requests for high speed
with low power consumption and a strong output driver strength (as shown in Section 5).
Together with higher flexibility in the photodiode design, the BICMOS technology shows
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Figure 2.13: Capacitance of a Space- Charge- Region (SCR) in depen-
dence on the pn-junction reverse voltage for different re-

sistivities of n-silicon.

several advantages due to the BIP transistor performance.

In this section we will present the photodiode integration in standard B6CA BiCMOS
technology without any process modification. We will show the technology implementa-
tion of a so called double photodiode (DPD) structure which combines a reasonable speed
performance for 660 nm as well as for 780 nm, with a reasonable high responsivity, even
for large photodiode areas [24]. Measurement results will be shown, which indicates the

performance limits for this kind of low cost photodiodes.

2.3.2 Photodiode Implementation

A photodiode can be implemented as a p-n-junction with applied reverse voltage. As
discussed in Section 2.2, incident light penetrates into photodiode silicon and generates
electron-hole pairs. The penetration depth of light in silicon strongly depends on the
light wavelength. For 650 nm light 90% is absorbed in a silicon depth of about 7 um.
For 780 nm light (as used in CD applications) the penetration depth increases to about
20 um (see Figure 2.7). To optimize the photodiode sensitivity, most of generated carriers
inside the absorption region have to be collected as photodiode current. Depending on
local electrical field the carriers are diffusing or drifting to the photodiode p-n-junction
and contribute to the photo current. To realize a high photodiode speed only carrier
drift in an electric field is allowed because diffusion carriers are much slower and therefore
they decrease photodiode speed. Since only inside the p-n-junctions space-charge-region
(SCR) there is significant electrical field, the photodiode SCR must be as wide as possible.
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Preferably as wide as the light penetration depth. A wide SCR also reduces the photodiode
junction capacitance which is necessary for high-speed OEIC circuits (Figure (2.13)). A
low photodiode junction capacitance is also beneficial for a low noise level (conversion of
voltage noise via the photodiode capacitance to current noise). The SCR width W of a
p-n-junction is defined by Equation (2.48). To achieve a wide SCR the reverse voltage
—Vpn can be increased or the silicon doping concentrations N4, Np can be decreased.
Figure2.12 shows the SCR width in dependence on reverse voltage —V,, for different

doping concentrations.

Oxide Stack

Photodiode Passives

Figure 2.14: Cross-section of a silicon photodiode with a n-doped re-
gion, a p-doped region and a Space- Charge-region in
between. The idealized electric field E accross the photo-
diode and the space charge density p is indicated in the

diagram.

The cross section of the proposed DPD photodiode is shown in Figure (2.13). On left-
hand side the photodiode area is shown. The circuit region including CMOS transistors
and passive devices (BIP transistors are not shown) can be seen on the right-hand side.
We implemented the DPD with a stack of p™-S/D layer / n-epi layer / n'*-buried layer /
p-substrate. Therefore two pn-junctions were formed named "upper” photodiode (UPD)
and "lower” photodiode (LPD). The UPD is situated between the flat an highly doped
pT-S/D layer (N4 &~ 10*°cm™3) as anode and the quite low doped n-epitaxial layer (Np =
10%em™3) as cathode, which acts as intrinsic zone. To avoid a large RC time constant, the
high ohmic n-epi layer is connected by a low ohmic n*-buried layer (Np =~ 10*°cm=3). The
space charge region is taking up the whole n-epi layer, causing a high electric field inside,
which means high carrier drift velocity. Figure (2.15) shows the simulated distribution of
the electric field in a B6CA double photodiode structure. We clearly see the two peaks of
the electric field in the SCR of the UPD and LPD. Due to its high doping concentration,
the n™-buried layer has no space charge region inside. Only a small electric field is build
up at the edges of the n™-buried layer, due to a gradient in the doping concentration.

The electric field in the center is vanishing. Nevertheless, the high doping concentration
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in the p™-S/D layer and the n*-buried layer reduces the carrier diffusion length to below
0.3 pm. Figure (2.16) shows a calculation of the carrier diffusion length in a n-doped silicon
semiconductor. So the low electric field in the p*-S/D layer and in the center of the n*-
buried layer in depths of 0-0.3 um and 3 -4 um, respectively, (see Figure (2.15)) does not
cause a strong diffusion part in the resulting photodiode current. Both simulations of the
electric field and of the carrier diffusion length were performed with the device simulator
MEDICT [25].
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Figure 2.15: Distribution of the electric field (absolute values) in the
DPD for a reverse bias voltage of 3V (reference for the

distance is the silicon surface).

The second, ”lower” photodiode (LPD) consists of the low ohmic n*-buried layer as
cathode and the high ohmic p-substrate (N4 ~ 10%cm~3) as anode. The space charge
region appears in the p-substrate only, causing a high electric field in a depth of 4.7-
7pm. The LPD is more sensitive for 780 nm, because a higher percentage of carriers
is generated in the substrate due to the large penetration depth of 780nm light (see
Table (2.2)). Nevertheless the carrier diffusion part in the photodiode current is not
very strong, because the space-charge region of the substrate is extending to a depth of
about 7.5 um. The capacitance of the photodiodes is also low, due to the wide space-
charge regions (Cypp=0.16 pF, C1pp=0.12 pF for 50 x 50pm? photodiodes with a reverse
voltage of 3V).

2.3.3 Photodiode Characterization

For the characterization photodiode test-chips were die bonded directly on a PCB. To

avoid a bandwidth limitation due to the RC-time constants of the measurement setup in
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Figure 2.16: Minority carrier diffusion length in n-doped silicon in de-

pendence on the doping concentration

combination with the photodiode capacitance, we integrated a SMD resistor of 502 on
the PCB board near to the photodiode. The PCB strip lines were matched to 50 €2, to
minimize wave reflection losses. As light source we used laser diodes with a wavelength
of 660nm and 780nm. The light was coupled into the 50 x 50 um? photodiodes with a
single mode optical fiber. The RF-signal of a pulse generator Agilent 81130A was coupled
into the laser diode through a bias-tee network with a bandwidth of 1 GHz. The tran-
sient response of the photodiodes was measured with a digital sampling scope Tektronix
TDS7054 on the 50 €2 input. The measurements of the photodiode small signal bandwidth
were performed with a network analyzer Rohde&Schwarz FSEA30 modulating the laser
light and measuring the AC output signal. For the transient measurements and small
signal bandwidth measurements, the photodiode reverse voltage was 3 V. The photodi-
ode responsivity measurements were performed on 200 x 200 um? photodiodes with the
wavelengths of 660 nm and 780 nm to ensure, that the total laser light of the optical fiber
is focused on the photodiodes. A reference measurement was performed on the Coherent

LabMaster Ultima light power meter.

2.3.3.1 Photodiode Responsivity

The measured photodiode responsivity of the two photodiodes UPD and LPD for 660 nm
and 780nm can be seen in Table (2.2). In a practical application the two photodiodes
can be used in parallel, with a high responsivity of 0.4 A/W for 660 nm and 0.5 A/W for
780nm. For high speed applications, only the UPD might be used with an acceptable
high responsivity of 0.23 and 0.14 A/W for 660 nm and 780 nm.
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Wavelength | Responsivity (A/W) | Responsivity (A/W)
(nm) UPD LPD
660 0.23 0.17
780 0.14 0.36

Table 2.2: B6CA photodiode responsivity at 660 nm and 780 nm.

2.3.3.2 Transient and AC Behavior for 660 nm

Figure (2.17) shows on upper graph the transient behavior of the photodiodes UPD and
LPD at a wavelength of 660 nm. The rise time and fall time of the UPD was found to be
1.3ns. For the LPD we measured 1.8 ns for the risetime and 1.9 ns for the fall time. The
overshoot, especially for 660 nm is an effect of laser modulation. The transient response

shows no diffusion component for the UPD, as well as for the LPD.

The AC small signal response of the two photodiodes UPD and LPD at a wavelength of
660 nm can be seen in Figure (2.17) on bottom graph. Bandwidths of about f_34, =250 MHz
and 150 MHz were found for UPD and LPD. The small increase of gain up to approxi-
mately 50 MHz can be explained with a non-optimum measurement calibration. The high
bandwidth at 660 nm makes the two photodiodes suitable for high speed applications up
to data rates of approximately 300 Mbit/s. An application of the two photodiodes in
parallel gives a high responsivity performance of 0.4 A/W.

2.3.3.3 Transient and AC Behavior for 780 nm

The measured transient and AC behavior of the photodiodes for a wavelength of 780 nm
can be seen in Figure (2.18). The risetime and falltime of the UPD was measured to be
tr=1.4ns and t;=1.8ns, respectively. For the LPD we found ¢,=7ns and ¢;=10ns. The
transient response for the lower photodiode LPD shows a slow component of approxi-
mately 10% to 15% of the total amplitude, caused by carrier diffusion in the p-substrate.
Nevertheless in other approaches a comparable small risetime of about 7ns at a wave-
length of 780 nm was only published in a BICMOS process with a modification of the
epitaxial substrate material [26]. In contrast, this approach uses an unchanged low cost
BiCMOS process with standard substrate material. The bottom graph of Figure (2.18)
shows the small signal bandwidth measurements of the two photodiodes at 780 nm wave-
length. Values of f_345 =250 MHz and 100 MHz were found for UPD and LPD.

If a higher responsivity at 780 nm is necessary, both photodiodes UPD and LPD can be
used in parallel, which results in a responsivity S=0.4 A/W. The resulting rise time for

780nm is still only 4-5ns and therefore very fast, for a photodiode with absolutely no
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Figure 2.17: Transient response (top) and small signal bandwidth (bot-
tom) of the B6CA photodiodes UPD and LPD at 660nm

wavelength.

process modification. The DPD gives high flexibility in terms of responsivity and speed

for several applications (eg. in the field of fiber communication OEICs).

An analytical representation of the presented measurements will be shown in Section (3.2.4)
(see also Figures (3.7)and (3.8)).

2.3.4 Summary

In this section we presented an example for the integration of a double photodiode struc-
ture in a 0.6 um BiCMOS technology. Looking on the doping layers available in the B6CA
technology, one can see, that neither the sensitivity nor the speed will be an optimum for

high performance photodiodes. Nevertheless a number of applications in the field of sen-
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Figure 2.18: Transient response (top) and small signal bandwidth (bot-
tom) of the B6CA photodiodes UPD and LPD at 780nm
wavelength.

sors for optical data storage and fiber communication for medium speeds up to 100 MHz
can be realized with these low cost photodiodes.

2.4 Integration of PIN Photodiodes

2.4.1 Introduction

For high speed ICs in next generations optical data storage applications, like blue laser
DVD, new high performance photodiode structures are necessary. In this Section (2.4) we
will present the development of high speed, high sensitivity PIN-photodiodes within the
B6CA technology [27]. This technology option (called B6CP) needs process modifications
which means higher process costs of about 15% compared to standard BiCMOS process
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B6CA. Nevertheless the B6CP technology is a cost efficient solution for high speed OEIC‘s
in the field of optical data storage or plastic optical fibers compared to a discrete IC with
external PIN-photodiode connected by wire bonding. The B6CP process development
was done within an EC funded IST-project called "INSPIRED”.

2.4.2 Photodiode Implementation

Figure 2.19 shows a B6CP technology cross section with the PIN-photodiode on left-hand
side and BiCMOS devices on right-hand side. The available devices are a single-poly NPN
bipolar transistor with f; = 20 GH z, a vertical PNP bipolar transistor with f, = 1GHz,
standard 0.5 um CMOS and passive devices like capacitors, resistors and laser fuses.
The integrated PIN-photodiode is optimized to high-speed and high-sensitivity for light

wavelengths from 400 nm up to 800 nm.

Oxide Stack

Passives

PRedoped

Figure 2.19: B6CP technology cross-section. On left hand side the
PIN-photodiode and on right hand side the BICMOS part
can be seen, including bipolar NPN transistor, CMOS

transistors and capacitances.

For the PIN-photodiode integration we implemented a SCR, width of 10 um to realize a
large sensitivity and high speed for the light wavelengths 410 nm, 650 nm and 780 nm used
in the data storage applications for blu-ray, DVD and CD. In Figure 2.19 the photodiode
anode is a shallow and highly doped PT layer at the surface. Below the anode there is
a 10 um deep n-epitaxial layer with low doping concentration as almost intrinsic zone.
The photodiode cathode is realized as highly doped N* buried-layer below the intrinsic
layer. The buried-layer is connected with Nt buried-contacts at the photodiode edge.
With applied reverse voltage between anode and cathode the SCR spreads through the



— 36 —

whole epitaxial layer down to the NT buried-layer. As we use a low epitaxial doping
concentration this can be achieved for a small reverse voltage < 2V. To reduce the light
reflection due to silicon-oxide and nitride layers on top of the photodiode surface a special
anti-reflexion-coating (ARC) layer is implemented on the silicon. Therefore high intrinsic
speed and a large quantum efficiency are achieved with the integrated PIN-photodiode

which is necessary for future OEIC requirements in optical data storage applications.

2.4.3 Characterization Results

The measured photodiode sensitivity of the integrated PIN-photodiode is shown in Fig-
ure 2.20.
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Figure 2.20: Spectral responsivity (top) and small signal bandwidths
for different photodiode reverse voltages (bottom) of
B6CP photodiodes [28].

The spectral response, which is the ratio of photocurrent to incident light power, is mea-
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sured in dependence on the light wavelength from 400nm to 900nm. The photodiode
demonstrates a high sensitivity of 0.25 A/W for 400 nm, 0.4 A/W for 660 nm and 0.35 A/W
for 780nm. The measurement for a bare photodiode without package shows a modula-
tion in the sensitivity measurement of about 10% over the whole spectral range which
is small due to the ARC layer. This modulation disappears completely on a packaged
device. This is because the refractive index of the package epoxy material is matched to
the silicon-oxide stack on the photodiode. Therefore the optical thickness of layers on
the photodiode is large compared to light wavelength, which inhibits interference effects.
The measured 3 dB small signal bandwidth of a 50 um x50 um PIN photodiode is above
1 GHz without any diffusion effects with a reverse voltage of only 2.5 V. For higher reverse
voltages the photodiode speed is even higher as shown on bottom graph of Figure2.20
[28].

For photodiode characterization we developed a teschip with bare 50 ym x 50 um photo-
diode structures as well as photodiodes including TIA circuits for characterization. The
measurement setup is the same as explained in Section (2.3). The testchip silicon and
the evaluation PCB is shown in Figure2.21. The small signal bandwidth measurements

shown in Figure 2.20 were performed at the Vienna University of Technology [28].
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Figure 2.21: Photograph of the photodiode testchip with different pho-
todiode geometries and read-out circuits. PCB for char-
acterization of the photodiode testchip.

2.4.4 Summary

For high-speed optoelectronics applications with bandwidths above 100 MHz up to ap-
proximately 2 GHz at light wavelengths from 400 nm to 800 nm, special PIN - photodiode
structures are necessary. Therefore process modifications has to be implemented within
standard CMOS or BiCMOS technologies. On one hand this increases the process costs
for about 15%. On the other hand, the combination of cheap CMOS / BiCMOS tech-
nologies together with high performance PIN-photodiodes enables the development of
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cost effective optoelectronics frontends for optical data storage and plastic optical fiber

communication.

Within the EC funded project "INSPIRED” we developed the so called B6CP technology
option, that integrates a high performance PIN-photodiode within a standard IFX 0.5 ym
BiCMOS technology. With the B6CP technology we were able to design OEIC circuits
for optical data storage applications up to 260 MHz bandwidth with a superior sensitivity
of 100mV/uW as shown in Section (5). For optical data communication, data rates up
to 5 Gbit/s can be achieved using B6CP PIN-photodiodes in combination with voltage-

up-converters, as presented in [29].
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Chapter 3

Photodiode Modeling

3.1 Introduction

The integration of photodiodes in silicon IC technologies is widely used since many years.
Resent applications for OEIC’s in the field of optical data storage or optical fiber com-
munication, requests high-speed performance up to several 100 MHz. Since for these
applications the IC performance is mainly limited by photodiode speed, an accurate pho-
todiode model is essential for circuit design. Such model should include on one hand
the sensitivity behavior over light wavelength, and on the other hand an accurate speed
modeling including carrier drift and diffusion effects for arbitrary AC input light sig-
nals. For large photodiode areas, the speed behavior is often determined by drift and
diffusion effects, and also by 3 - dimensional resistive and capacitive electrical behavior in-
cluding photodiode contact geometry. As described in Section (2.2) a complete analytical
solution of these photo-electronic effects is more or less impossible. Of course numerical
calculations with device simulation tools (like MEDICI) can be performed up to very high
accuracy levels. But simulation time becomes incredible high, even for 2 - dimensional sim-
ulations. Furthermore the results from device simulations can not be used within circuit
simulations, since the model needs an analytical descriptions of the significant photodiode

behavior.

In the literature there are only few publications presenting photodiode models for SPICE
based circuit simulators [23, 30, 31]. In the following section an equivalent circuit SPICE
model for an integrated double- photodiode (DPD) as presented in Section (2.3) will be

introduced. The model includes most significant physical effects, like

e One dimensional minority carrier diffusion and drift through the photodiode layers.

e Arbitrary time dependent carrier generation due to incident light. The incident
optical light power can be applied to the model, by an independent voltage source

connected to an ”optical” pin.
e Voltage dependence of carrier drift and diffusion effects.

e Wavelength dependent transmission and reflection due to photodiode surface layers.
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Figure 3.1: Photodiode SPICE model. The 3-dimensional physical be-
havior is modeled by a simple R-C network with a controlled

currentsource

e 3-dimensional photodiode behavior by introducing a so called photodiode network
model (PNM). This enables modeling of the photodiode speed dependence on pho-
todiode geometry (photodiode dimensions and electrical contacts) which is, as far as
we know, new for photodiode SPICE models. The photodiode geometry, including
PNM as optimized SPICE netlist can be generated by a Mathematica script.

e Fast simulation speed due to simple photodiode equivalent circuit using SPICE

primitives only.

e The model can be used for DC, transient time domain and small-signal AC simu-

lations.

In Figure (3.1) the basic idea of the photodiode model is shown. The physical effects
mentioned above, should be modeled with a simple SPICE circuit by only using SPICE
primitive elements. This allows high simulation speed and good convergence for analog

simulator algorithms.

The photodiode current, defined by drift and diffusion currents in the photodiode layers
and generated from incident light power, is indicated by a controlled current source.
The input pins P,, can be connected to a variable voltage source and defines the time
dependent incident light power. The light power reduction due to reflections at oxide and

nitride photodiode surface layers is also included in the photo current model.
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In Chapter (3.2) the solution of the time dependent continuity and carrier generation
rate equations will be shown. The solution is based on the one-dimensional steady - state
solution presented in Subsection (2.2.6.5). The time dependency within the continuity
and rate equations can be described by an equivalent circuit using electrical elements
like capacitors, resistors and controlled current sources. The electrical circuit model is

indicated as current source in Figure (3.1).

The resistor R, and capacitor Cp4 shown in Figure (3.1) is an equivalent circuit for the
photodiode sheet resistance and capacitance, depending on photodiode area, geometry,
SCR width, light beam diameter and contact resistances. Therefore this R-C circuit
defines the 3 dimensional photodiode behavior. The calculation of R,q and C)q will be
shown in Chapter (3.3). They can be extracted from an equivalent photodiode network

model (PNM), by pole-zero analysis with additional reduction algorithm.

3.2 Analytical Drift and Diffusion SPICE Model

In this section the solution of time dependent continuity and rate equations will be pre-
sented, describing minority carrier generation, drift and diffusion through the different
photodiode layers. This will be done by converting the analytical equations presented
in Subsection (2.2.6.5) into an electrical equivalent circuit, also proposed by Chen and
Liu[23], extended to an integrated BiCMOS double-photodiode (DPD) (presented in
Section (2.3)). In addition the photo current dependency on photodiode reverse voltage
as well as the wavelength dependent light transmission and absorption coefficient is im-

plemented in this sub-circuit model.

The cross section of the BICMOS integrated double photodiode (DPD) is shown on left
hand side of Figure (3.2). The two photodiodes PD1 and PD2 are stacked. The upper
diode is between a shallow and highly doped p+ region laying in a low doped n- region.
The n- region is contacted by a highly doped n+ buried layer acting as cathode for the
2 photodiodes PD1 and PD2. The lower photodiode PD2 is between the n+ buried layer
and the lower doped p- substrate. Between the photodiode layers a space - charge - region
(SCR) is indicated, also called as intrinsic region or i-region. In the center of the picture,
the doping concentration N4, Np of the photodiode layers as well as the absolute value
of the electrical field is shown. It can be seen, that the SCR is mainly occurring in the
lower doped regions, while the higher doped regions are acting as low ohmic photodiode
contacts. The electrical field reaches high values only inside the SCR. For simplicity we
assume, that the electric field is uniformly distributed in the SCR and zero outside the
SCR. On right hand side of Figure (3.2) the decreasing light intensity inside the silicon
is shown. When light with a certain certain energy hv is falling onto the photodiode,

only a smaller percentage T is transmitted into the silicon. Inside the silicon, the light
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Figure 3.2: Cross section of a double photodiode with an upper pho-
todiode PD1 and a lower photodiode PD2. The doping

concentration N4, Np of the different layers, as well as the

absolute electrical field |E| and light transmission T'(x) is

shown.

intensity is decreasing due to absorption, depending on light wavelength. For following
calculations the number of absorbed photons is important, which is approximately the
number of generated carriers (carrier flux ¢(x)). It is proportional to the absorbed light

power P(x) as shown in Equations (2.13) and (2.14).

For the solution of continuity equations for the n and p-regions, the Equations (2.29)
and (2.30) are modified by introducing the number of excess electrons and the photon
flux. This leads to the rate-equations. As an example this modification is shown for the
p-region Equation (2.29).

ony, Np — Npo

9’n
_ L p
5 = G (t) E— + D, 52

(3.1)

By substituting the carrier generation G, (t) with d¢, /0x and integration on both sides
of Equation (3.1) we get

W, W,
» Ony, PN, —n on
—Pde = ¢, — e L Dn—p 3.2
/0 ot T=9 /0 Tn T ox (3:2)
With N, = [(n, —ny,) dz and I,, = —an%b:Wp the rate equation for the p-region has
the form ON N /
L —¢,— L -2 (3.3)

ot Tn q
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and identically for the n-region

oP, P, I,

BT :%_T_p_g (3.4)

with [V, is the number of excess electrons in the p-region and P, is the number of excess
holes in the n-region, ¢,, and ¢, is the number of absorbed photons in the n-region and

p-region respectively. I, and [, is the diffusion current from the p-region and n-region
into the SCR.

Now the time dependent rate equations (3.3) and (3.4), which are equivalent to the
continuity equations, must be solved for the two photodiodes PD1 and PD2 shown in

Figure (3.2). This will be done by following steps
e Write the rate equations for the n-region, p-region and i-region of PD1 and PD2
e (Calculate the generation rates ¢, ¢,, ¢; for the n-region, p-region and i-region

e Converting the number of excess carriers P,, N, to voltage sources by introducing

a parameter C equivalent to an electrical capacitor.
e Converting the generation rates ¢, ¢,, ¢; to electrical currents
e Converting the carrier life times 7, 7,, to electrical R-C time constants
e Substitute all electrical equivalent terms into the rate equations

e Substitute the diffusion currents I,,, I,, by the solution of the steady state continuity

equations shown in Subsection (2.2.6.5).

e Connect all equivalent resistors, voltage and current sources to a photodiode SPICE

model.

3.2.1 Solution of Rate Equations for Photodiode PD1

In this section, the rate equations for photodiode PD1 are solved according to the steps

mentioned above

3.2.1.1 Rate equations for the n-region, p-region and i-region

For photodiode PD1, shown in Figure (3.2), the following rate equations can be derived

N, N, I,
p-region: 0Ny =y — 2 - (3.5)
ot Tnl q
. apnl Pnl I 1
n-region: W = ¢p1 - a - % (36)
P Py Py I
i-region: O _ fi — —= — L L (3.7)

at Tpr1l Tpt1 q
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The third equation for the intrinsic i-region is valid under neutral conditions (P;; = N;1),
without electrons and holes impact ionization. The total current of the i-region (SCR)
consists of holes current from the n-region I,;, reduced by a recombination and drift term
(defined by 7,1 and 7). The 7,; and 7, are the electrons and holes lifetime in the
p-region and n-region. 7, is the recombination lifetime of holes in the SCR (given by
technology) and 7, is the holes transit time through the SCR. The transit time depends
on SCR width W;; (see Equation (3.14)) and the hole velocity v,; according to

Wi

’Upl

(3.8)

Tpt1 =

The holes velocity v,1, due to an electrical field inside the SCR, can be approximated by
[17]
Upl = ————— (3.9)

with f1,, is the holes mobility without electrical field (see Figure (2.8)) and vg, is the holes
saturation velocity for very high electrical fields (above 10* V/cm). v, is approximately
10°m/s as shown in Figure(2.9). The electrical field E; inside the SCR is given by
Ey = (—Vpm + ¢:)/ Wi with V)1 is the reverse voltage applied to PD1 and ¢; is the
diffusion voltage (approx. 0.8V).

3.2.1.2 Generation rates ¢,, ¢,, »; for the n-region, p-region and i-region

The minority carrier generation rates ¢,, ¢,, ¢; in the n-region, p-region and i-region, used
in Equations (3.5) to (3.7), can be calculated as (see Equation (2.13)).

Py T
i O = —— (1= exp[— (0, Wpn))) (3.10)
. PopT
i g = — 2 expl—(apWp)](1 — expl—(ciWi)]) (3.11)
PopT
n ¢y = o exp[—(ap,Wp1 + ai;Wir)](1 — exp[—(anWh1)]) (3.12)
with
) -
Wi = X,o — X,; with X, — [ 2crl®: ?’"1] (3.13)
qNai[1+ 2]
2¢p€, 1 1
Wi = + i — Von see Eq.(2.48 3.14
1 \/ o (et ) (6 V) seBa248) (310
Wit = Xpm — Wyr — W, (3.15)

The doping layer thicknesses Xpe, Xpe1, Xnm are defined by technology process.
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3.2.1.3 Converting the number of excess carriers P,;, Ny, N;; to equivalent

voltage sources

To convert the generation rate Equations (3.5) to (3.7) to electrical equivalents, the excess
carriers are substituted by electrical voltages. This can be done by introducing a constant
Co1 which is equivalent to a capacitor (this is correct, since voltage is the ratio of charge

over capacitance)

1 1 1
P, = 6001%1 Ny = 6001Vn1 Py = 5001‘/;'1 (3.16)

3.2.1.4 Converting the generation rates ¢,, ¢,, ¢; to electrical currents

The carrier generation rates ¢, ¢, ¢; can be seen as electrical currents by introducing
equivalent voltages Vi1, Vop1 and V1. Therefore Equations (3.10) to (3.12) can be written

as
P = 5:1 = I,p1 with V4 = 7 _eX;L[”_ ) (3.17)
= = L it Voo = e O e (318)

3.2.1.5 Converting the carrier time constants 7,,, 7,1, Tpr1, o to electrical R-C

time constants

The carrier life times 7,1, 7,1 and the transit and recombination time 7,4, 7,1 can be
expressed by an electrical circuit model as R-C products. Equivalent electrical resistors

Ry1, Ry, Ry and Ry were introduced

T = RniCo Tpr1 = Rpr1001
(3.20)
Tp1 = Rp1001 Tpt1 = Rptlool

3.2.1.6 Substitute all electrical equivalent terms into the rate equations

The electrical equivalent sources and devices calculated in previous paragraphs, can now

be substituted into the generation rate Equations (3.5) to (3.7)

P, Vo Vi,
pi Ly = v—pj — Oy (%1 + R—ll + 1y (3.21)
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P oV, Vi
D L= oo 2 3.22
n pl Vot 0, + R + Ip1 ( )
. P, oVii Vi Vit
: I,="2=C —1 3.23
' YT Vo oot - Ry * Ryn Pl ( )
I
21

These are the time dependent carrier rate equations, converted to electrical representation
with voltages, currents, resistors and capacitors. A SPICE circuit model can be generated
out of these equations. Only for the carrier diffusion currents 1,1, I, of the p-region and n-
region a representation is still missing. Assuming the time dependent behavior is included
in the arbitrary light input power F,, and the excess carrier densities V,;, V,; and Vj;
only, then currents I,,;, I,,; can be expressed as time in-depended functions of P,,;, V,; and
Vn1. Therefore I,,1, I,; can be calculated from the solution of the steady state continuity
equations presented in Section (2.2.6.5).

3.2.1.7 Substitute the diffusion currents /,,;, [,; by the solution of steady state
continuity equations

The steady state continuity equations for the p-region and n-region of photodiode PD1
can be written as presented in Equations (2.31) and (2.32).

p-region:
D, T Tt g (3.24)
nl 8252 T nl .
L? n?
with D,; = =2 and ny, = —
' Tnl pot Na
P, T
Gni(x) = Ali);/ o, exp[—a,]
n-region:
82pnl Pn1 — Pnol
D — G, =0 3.25
pl Ox2 Tl + Gp1 ( )
L? n?
with D, = -2 and ppo = ——
P Tp1 ! Np1
P, T —(a, W, Wi
Gy (z) = =2 exp|—(ap Wy + iV )] a, exp[—ay, z]

Ahv
Similar as shown before, the solution for 7,1, I,;;, presented in Equations (2.39) and (2.44),

can be converted to electrical parameters. This leads to

V,
Ipl = Rpl + ﬂplpopt + [pol (326)
pdl
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Vi
Inl = ! + 6n1Popt + [nol (327>
Rndl

with

- 1] (3.28)
—1

Wi,
Ry = Ry [cosh < 1)
L,

o = o oo ] (3.20)

qPno1 ALy [cosh (VLV;1> + 1]

ol = (3.30)
" Tp1 sinh (T:;)
qnpor ALn [cosh (VLVP11> + 1}
Inol == - (331)
Tn1 Sinh (Ev—ﬁ)
T nL2 € — W, + sz
6;01 _ gL« pl Xp[ (ap2 11;1 @ )] (332)
hv(l —a2Lz,)
Wnl
cosh (L—pl) +1 exp|—ap, W] — 1
X (679
L, sinh <VLV;1) an L2, [cosh (%) — 1]
qTor, L2 [cosh (VLV—”D + 1} exp[—a, W]
Bt = s - + (3.33)
hv(l = ajly,) Ly sinh <‘£V—:11)
—a, Wy —1
expl—ay 5;] + a, exp[—a, W]
a,L?, [cosh (L—:ll> — 1}
The total photodiode current of PD1 can now be calculated as
Ipdl =1+ 11+ 1n (334)

This current I,4 is the sum of p-region diffusion current I,,; and current I;; flowing
from SCR into the p-region. I;; is mainly the sum of drift current inside the SCR, plus
the diffusion current of the n-region flowing through the SCR into the p-region. An
additional current Iy is included in Equation (3.34), which is the dark current. This is
due to tunneling of majority carriers from the n-region through the SCR to the p-region,
against the electrical field. I is in the range of few pA’s dependent on photodiode size,
temperature and technology process quality. Since Iy is quite small for small photodiodes,

this term can usually be neglected for high speed applications.
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Now all terms of the time dependent continuity equations for PD1 are solved and converted
to electrical components. By using these components and relations, a SPICE circuit model
can be created. This will be demonstrated in Section (3.2.3). But first the electrical circuit

representation for photodiode PD2 will be calculated same as for PD1.

3.2.2 Solution of Rate Equations for Photodiode PD2

In this section, the rate equations for photodiode PD2 are solved identically as shown for
PD1 in Section (3.2.1. The results are mainly summarized. For more detailed explanations
see Section (3.2.1).

3.2.2.1 Rate equations for the n-region, p-region and i-region

For photodiode PD2 as shown in Figure (3.2), the rate equations can be derived as

. a—]\/;72 Np2 In2
. : =y — 22 22 3.35
p-region 5 On2 - J (3.35)
. aPnZ Pn? [p2
) : — _n2_ p2 3.36
n-region BT Op2 P p (3.36)
i-region: 8t2 =y — 2 22 (3.37)
Tnr2 Tnt2 q

The 7,2 and 7, are the electrons and holes lifetime in the p-region and n-region. 7,9 is
the recombination lifetime of electrons in the SCR and 7, is the electrons transit time
through the SCR. The transit time depends on SCR width W, (see Equation (3.14)) and

the electrons velocity v,,» according to
W,

o = 3.38
Tnt2 Uz ( )
The electrons velocity v,s inside the SCR is
o EZ,Uno
Up2 = 1 p tmoBa n M?/Zfz (3.39)

with g, is the electrons mobility without electrical field (see Figure (2.9)) and vy, is the
electrons saturation (approximately 10°m/s). The electrical field Ej inside the SCR is
given by Ey = (—Vpn2 + ¢;)/Wia with V2 is the reverse voltage applied to PD2.

3.2.2.2 Generation rates ¢, ¢,, ¢; for the n-region, p-region and i-region

The minority carrier generation rates ¢, ¢,, ¢; in the n-region, p-region and i-region, used

in Equations (3.35) to (3.37) is

P, T
hv

n: Ppa = eXp[_<04pr1 + o Win + 0, Wi1)] X
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X (1 - eXp[_(aan2)]) (340>
P, T
1 i = ff;i exp[—(apWp1 + a;Wis + Wit + i, Wia)] <
x (1 — exp[—(Wi)]) (3.41)
Py T
p: e = exp[—(ap,Wp1 + Wit + o, Wit + o, Wia + i, Win)| X
x(1— iaxp[—(apWPQ)l) (3.42)

~—
Wparoo = 0
with

an = XneQ — Xnm — XmQ with (343)

o 26067’ [¢z - V;m2]
Xni2 - Npo
qNDQ[l + N—Az]

B 2¢p€, 1 1 o
Wis = \/ . (NA2+ND2)(¢Z Von2)) (3.44)

00 (3.45)

Q

Wha

3.2.2.3 Converting the number of excess carriers P,;, N3, N;» to equivalent

voltage sources
The excess carriers are substituted by electrical voltages by introducing a capacitor Cps.

1 1 1
Png = 6002‘/1)2 Npg = googvrg Pz‘2 = 5002‘/1'2 (346)

3.2.2.4 Converting the generation rates ¢,, ¢,, ¢; to electrical currents

The carrier generation rates ¢,,, ¢,, ¢; were converted to electrical currents by introducing
equivalent voltages V2, Vopa and V. Therefore Equations (3.40) to (3.42) can be written

as
P, .
N Gp = V—pt = I,p2 with (3.47)
op2
hv expla, W1 + a; Wit 4+ an W]
‘/op2 = — —
qT(l eXp[ (O‘an2)]>
P
i =2 =1, with (3.48)

Voi2
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hv GXp[Oéprl + aiVVil + aanl + OéanQ]

Viis =
’ qT (1 — exp[—(;Wiz)])
b, .
D e = -2 =1, with (3.49)
V;)n2
Vv hv eXp[aprl + aiVVil + aanl + aanZ + aiVVi ]
on2 —

qT(1 — exp[—(,Wp2)])

3.2.2.5 Converting the carrier time constants 7,2, 7,2, Tur2, Tni2 to electrical R-C

time constants

The carrier life times 7,9, 7,2 and the transit and recombination time 7,2, 7,2 can be

expressed by introducing electrical resistors R,2, Rp2, 22 and Ry

T2 = Rp2Coo Tore = Lr2Co2
(3.50)
Tp2 = Rp2 Co2 Ttz = RuaCo2

3.2.2.6 Substitute all electrical equivalent terms into the rate equations

The electrical equivalent sources and devices can now be substituted into the generation
rate Equations (3.35) to (3.37)

Popt 8%2 ‘/p2

: I = —— =C —+1 3.51
. Ry T o TR, P (3:51)
Po t aan2 Vn2

: [on = D = C e In 352
P ? ‘/onZ 0 at * Rn2 * ? ( )
. Pyt Wiz Vi Vio

S G -1, 3.53
' 2 V;)iZ 0 at + Rnr2 * Rnt2 ? ( )

——

These are the time dependent carrier rate equations, converted to electrical representation
with voltages, currents, resistors and capacitors for photodiode PD2. After calculating
the steady state carrier diffusion currents I,,2, I,,» of the p-region and n-region, a SPICE
circuit model can be generated. I,» and I,» can be calculated from the solution of the

steady state continuity equations presented in Section (2.2.6.5).

3.2.2.7 Substitute the diffusion currents I,,, [,» by the solution of the steady

state continuity equations

The steady state continuity equations for the p-region and n-region of photodiode PD2
can be calculated as presented in Equations (2.31) and (2.32).
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n-region:
82 n n2 — Mno .
Dy 8];722 L 27_ Proz 4 Gp2 =0 with (3.54)
p2
2 2
ns:
D, = —r2 d o2 = _t
P2 oo and  Pne2 Npo
Py T
Gpa(x) = ay exp|—(ap, Wy + i Wit + o, W) exp[—a, 2]
Ahv
p-region:
02 - 0 .
Dy 8252 — np27_ :p 2 4 G =0 with (3.55)
L? n?
Dn = d 02 — !
? Tn2 ana Tpor Naz
Gralw) = L2 IL ot (0 W + il W, W + ;W -
n2 SL’) - Ahy eXp[ (ap pl + Wit + apnWipi + apWio + oy z2)]05p eXP[ Oépl’]

The solution for I,9, [,» presented in Equations(2.39) and (2.44) can be converted to
electrical parameters

Vv
[p2 = Rp2 + ﬂp2popt + [po2 (356)
pd2
|
In? = 2 + 6n2popt + [no2 (357)
Rnd2

with

Rpas = Ry [cosh (WS) } (3.58)
:)-

Ry = R [cosh ( ] (3.59)

qPno2ALps [cosh (

) ] (3.60)

02 —
P Ty sinh (Zz )
qNpo2ALps [cosh (W”2> + 1}
Lo = (3.61)
. Who
Tno sinh ( i )
ﬂ QTOénL 2 eXp[ ( Wpl + aiVVil + aanl)] %
e hv(1 — a2L?,)
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[cosh (%) + 1} exp|—a, Wha
X +
L9 sinh (%)

exp|—a, Wya] — 1
o L2, [cosh (IZ:;) — 1]

qTa, L2, exp|—(a, Wy + Wit + ay Wi + Wi + ;W) y
hv(l — a2L2,)

pn2

+ ay, exp|—a, Wal (3.62)

6n2 =

cosh <—L”2) +1
n2
X +

L5 sinh (VLVif )

exp[—a, W] — 1
a,L?, [cosh <12/—:22> — 1}

—a, (3.63)

The total photo diode current of PD2 can now be calculated as

Lao = Lo + Lio + 1o (3.64)

This current I,qo is the sum of n-region diffusion current /,; and current ;5 flowing from
SCR into the n-region. I;» is mainly the sum of drift current inside the SCR, plus the
diffusion current of the p-region flowing through the SCR into the n-region. The dark
current I is quite small for small photodiodes, so this term can usually be neglected for

high speed applications.

In this Section all terms of the time dependent continuity equations for PD1 an PD2
are solved and converted to electrical components. Now a SPICE circuit model can be

created. This will be demonstrated in next Section (3.2.3).

3.2.3 SPICE Model for Photodiode PD1 and PD2

The one-dimensional drift- and diffusion current model for a double photodiode (DPD)
structure shown in Figure (3.2) and Section (2.3) will be presented in this Chapter. The
calculation results shown in previous Sections(3.2.1) and (3.2.2) can be expressed by
electrical circuit components. The SPICE model shown in Figure (3.3) is a circuit repre-
sentation of Equations (3.21), (3.22), (3.23), (3.26), (3.27) and (3.34) for PD1 and Equa-
tions (3.51), (3.52), (3.53), (3.56), (3.57) and (3.64) for PD2.

The light depending photocurrent of PD1 is I,41 and for PD2 it is I,4. The input light

intensity can be applied via a voltage source between F,, and Ground. The photodiode
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Figure 3.3: SPICE circuit model for a double photodiode (DPD) with
an upper photodiode PD1 and a lower photodiode PD2.
The light dependent photodiode current for PD1 is I,,4; and
for PD2 is Ip42. The input light intensity can be applied
via a voltage source between P,,; and Ground. Al and A2
are the photodiode anodes of PD1 and PD2 and C is the
common cathode for PD1 and PD2

pins A1l and A2 are the photodiode anodes and C is the common cathode for PD1 and
PD2.

Now we have defined a model of the light dependent, one-dimensional photodiode drift
and diffusion current of a double photodiode structure. This current is indicated in the
simplified model of Figure (3.1) as controlled current source. What is still missing in a
realistic photodiode model, is the 3 dimensional behavior due to sheet resistance and
capacitance, indicated as R-C components in Figure (3.1). The calculation of the R-C

values will be presented in Section (3.3). But first we will show simulation results of the
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photodiode drift and diffusion SPICE model in next section.

3.2.4 Simulation Results for Photodiode SPICE Model

In this section simulation results of drift and diffusion current behavior, performed with
the SPICE model from Figure (3.3) will be shown. The simulations where done with
a SPICE based Infineon in-house simulator, called Titan. The full simulation SPICE
netlist for Figure (3.3) is attached in Appendix B. The netlist starts with the definition
of necessary parameters. After this, all equations for the SPICE netlist components of
photodiodes PD1 and PD2 are listed. In addition to the SPICE model of Figure (3.3), the
netlist contains the wavelength dependent light transmission Equation (2.11), presented
in Section (2.2.3). The absorption coefficient is calculated according to Equation (2.15).
After this, the circuit netlist for PD1 and PD2 is listed, using standard SPICE primitives
like resistors (R), capacitors (C), voltage and current-sources (V, I), current-controlled-
current-sources (F) and voltage-controlled-current-sources (G). The input light is applied

by a voltage source on pin Vin.

In Figure (3.4) the simulated photodiode responsivity (ratio of photodiode current per
input light power in [A/W]) is shown in dependence of light wavelength. The three
graphs are the responsivity for photodiode PD1, PD2 and the sum of PD14+PD2 of a
double photodiode (DPD) structure. The maximum responsivity for PD1 is at lower
wavelengths (550 nm) compared to PD2 (850 nm). This is because PD1 is located near
to the silicon surface. Therefore mainly light with lower wavelengths is absorbed, due to
low penetration depth. Light with longer wavelength is penetrating deep into the silicon
bulk and the resulting diffusion current is mainly collected by photodiode PD2. This is
the reason for a higher sensitivity of PD2 at higher wavelengths. Figure (3.4) also shows
significant sensitivity variation over wavelength of up to 60%, due to light interference
inside the nitrid-oxide-silicon stack. To reduce these spectral variations, the nitride layer
at the top of the photodiode can be removed as discussed in Section (2.2.3). Figure (3.5)
shows the simulation results of the same DPD structure, but without passivation nitride
layer covering the photodiode area. The variations are reduced significantly down to
about 15%.

Figure (3.6) shows the measured responsivity values of a DPD test structure without ni-
tride layer. Comparing these graphs with Figure (3.5), demonstrates a good correlation
between measurement and simulation results. The basic responsivity characteristic over
wavelength is very similar for simulation and measurement. Also the responsivity mod-
ulation amplitude over wavelength due to surface layer reflections is almost the same at
lower wavelengths. Only at higher wavelengths above 800 nm the model accuracy becomes
worse. One reason is that the responsivity modulation is very sensitive to layer thickness

variations. The second reason is, that the model is not accurate enough to show a good
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Figure 3.4: Simulated wavelength dependent photodiode responsivity
in [A/W] for photodiode PD1 and PD2. The photodiode is

covered with silicon nitrid.
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Figure 3.5: Simulated wavelength dependent photodiode responsivity
in [A/W] for photodiode PD1 and PD2. The silicon nitrid

is removed from photodiode surface.

representation of the responsivity drop at higher wavelength (near the band-gap energy).
Therefore the responsivity drop above 850 nm is too steep with the simulation model.

The simulation results of a DPD pulse response is shown in Figure (3.7) and Figure (3.8)

for 660nm and 780nm light wavelength. The y-axis shows the absolute photocurrent for
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Figure 3.6: Measured wavelength dependent photodiode responsivity in
[A/W] for a BECA BiCMOS double photodiode structure.

The silicon nitrid was removed from photodiode surface.

an input light pulse amplitude of 1 mW. It can be seen, that for 660nm light wavelength,
the PD1 is more sensitive than PD2. Furthermore, PD1 and PD2 show no significant
contribution of slow diffusion carriers. In difference to 660nm, at 780nm the PD2 has
a major diffusion current contribution with a very slow rise-time of about 20ns. The
simulation results of Figures (3.7) and (3.8) are matching very well to the measured DPD

pulse responses, presented in Figures(2.17, 2.18).
Finally the Figure (3.9) shows the simulated pulse response for PD1 and PD2 at 660nm

light, at different pn-junction reverse voltages. The rise-time of photodiode PD1 becomes
slow at low reverse voltages. The reason is, that for low V,; the SCR becomes smaller

and therefore the slow diffusion current component is increasing.

These simulation and measurement results concludes the section of photodiode drift and
diffusion current models. In next section a three dimensional R-C network model will be
introduced.

3.3 Photodiode Network Model

3.3.1 Introduction

In previous Section (3.2), an analytical solution for a 1-dimensional drift and diffusion
photodiode model, including light dependent carrier generation, was presented. In reality,

a l-dimensional model is not representative, especially for large photodiode structures.
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Figure 3.7: Simulated pulse response of a double photodiode PD1 and
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Figure 3.8: Simulated pulse response of a double photodiode PD1 and
PD2 for 780nm light wavelength.

The analytical solution of time dependent diffusion and rate equations for 2 or even 3
dimensions is significantly more complex, and therefore not feasible. In this section, an
alternative method for modeling the 3-dimensional photodiode behavior will be presented.
The idea is, to use the 1-dimensional photodiode model and expand it to a 3-dimensional
model, by building up a network. Every sub-cell of this network, is a photodiode SPICE

model, as presented in previous section. In addition, the electrical sheet resistance of the



— 58 —

250 T

T
PD1 (Vpd=0)
PD2 (Vpd=0)
PD1 (Vpd=3V)

PD2 (Vpd=3V)
— PD1 (Vpd=6V) | |

200 _
— — PD2 (Vpd=6V)

150 -

100 -

Photocurrent [ pA]

I I I I I I
-5 0 5 10 15 20 25 30 35 40 45 50
Time [ns]

Figure 3.9: Simulated pulse response of a double photodiode PD1 and
PD2, for 660nm light wavelength, in dependence on the

photodiode pn junction reverse voltage

different photodiode layers and the pn-junction capacitance of the photodiode must be
considered. It turns out, that for large area diodes, the photocurrent is most likely not
limited by diffusion effects, but simply by the R-C time constant of sheet resistance and

photodiode capacitance.

In next section, the realization of this photodiode network model (PNM) is described. A
Mathematica script will be used, to define, generate and simplify the PNM. It generates
a resistor-capacitor-current source (R-C-I) network as circuit model, representing the 3-

dimensional photodiode behavior.

3.3.2 Realization of the Photodiode Network Model

For the PNM, the 3-dimensional photodiode structure is split into a network of small
(1-dimensional) sections, as shown in Figure (3.10). Every section can be modeled as
an R-C-I circuit. R is the layer sheet resistance (R, R, ) of p-doped and n-doped
photodiode layers, C is the junction capacitance of the small photodiode section (Cpy.)
and I is the light dependent drift/diffusion photocurrent (/,4.) as presented in previous
Section (3.2). To reduce the complexity of the R-C-I network, a simple equivalent circuit
will be generated as shown in Figure(3.10). The single current source I,q represents
the total photodiode current, C,q4 is the photodiode capacitance and R,y is an equivalent
resistor. The photodiode capacitance C,, is well defined by the SCR-width as presented in
Section (2.2.7). The photodiode current [,4 and the equivalent photodiode series resistor

R.¢s depends on the photodiode and light beam geometry and will be calculated via the



— 59 —

PNM. For higher accuracy, the simple R.s, C,q low-pass model can be extended to a more
complex circuit. As an example a circuit model including 3 capacitors and 2 resistors will

be presented.

P-layer (prs)

N-layer (R

n,s)

Figure 3.10: The 3-dimensional dynamic behavior of the photodiode
PD1 from a BICMOS double photodiode structure can be
described with a distributed R-C-I network

In the following section, the PNM of a BICMOS double photodiode structure as presented
in Section (2.3) will be described. The photodiode network depends on the photodiode
dimensions, the electrical photodiode contacts and also the geometry and position of the
incident light beam. To define the photodiode geometry, a Mathematica script was written

called ”Photodiode Designer” (PDes). The script performs the following operations:

e With a graphical user interface, the photodiode can be designed. The photodiode
dimensions can be defined. It also allows to draw electrical contacts for the anode of
the upper photodiode PD1. The common cathode for PD1 and PD2 is a low ohmic
contact ring around the photodiode (as implemented in the presented BICMOS DPD
structure). The anode of the lower photodiode PD2 is modeled as a single low-
ohmic series resistor (approximately 20 {2 representing the resistor of substrate bulk
silicon. Also the light beam size and location can be defined with the user interface.
In Figure (3.12) two photodiode examples are shown. The left-hand photodiode 1
has anode contacts in the upper left corner and the right-hand photodiode has a
contact ring around the whole photodiode area (indicated as ’X’). A light beam is
indicated as ”*” in the center of the photodiode. The photodiode is divided into a
network of 20x20 segments. Every one of the 400 segments is modeled as a R-C-I

circuit as shown in Figure (3.10).
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e Out of this interactive drawing, a SPICE netlist of the R-C-I network is generated.

e Out of this netlist, a simplified model with few R’s and C’s is extracted by following
steps:

— Calculate the poles and zeros of the R-C-I network. In the PDes tool this
is done by using a mathematica extension package called ”Analog Insydes”
[32]. This package allows numerical analysis of SPICE circuits, by solving
the Kirchhoff equations. Most important circuit analysis methods like AC-
analysis, pole-zero analysis and also transient analysis can be performed, using
the analytical solutions of circuit equations. The pole-zero calculation can also
be done with a standard analog simulator by loading the results into the PDes

tool.

— Reduce the number of poles and zeros by a reduction algorithm. The reduction
algorithm cancels out pole/zero pairs with a similar frequency (defined by a
deviation factor). This reduces the total number of approximately 400 poles
and 400 zeros to about 20.

— Take the first dominant poles p;, po and zeros z1, 2o at lowest frequency

— Generate a simple R-C circuit model for PD1, representing these first poles
and zeros. The dominant pole p; can be expressed by a simple R-C first
order low-pass filter (see Figure(3.11a)). The capacitor of this low-pass is
the photodiode capacitance Cpg. The effective resistor R4 can be simply
calculated from the pole p; with R,q1 = 1/p1Cpa1. For higher accuracy, a model
representing the first two poles and two zeros can be used. The spice circuit for
this model is shown in Figure (3.11b). The evaluation of the capacitor values
for 4, Cs, C3 and the resistor values Ry, Ry out of the first 2 poles pi, ps and
Zeros 21, z3 is done with the PDes tool. In both circuits the photodiode PD2 is
modeled as single pole low-pass filter with C,4 is the capacitance of PD2 and
R4 is the series resistor containing the bulk resistance and contact resistance.
R4 is quite small (< 202). The substrate photodiode PD2 is in first order
independent on the photodiode geometry.

— Generate a netlist for the two simplified photodiode models, including extracted

resistors, capacitors and current sources.

— The photocurrent I,; and I,s is represented by the drift/diffusion SPICE

model shown in Figure (3.3).

— Generate two SPICE netlists for the two different photodiode models. One
netlist contains a simple R-C photodiode representation and the other netlist

is the more accurate model with C, Cy, C3 and Ry, Ry as well as photodiode
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currents I,y and I,go. The photodiode netlists are defined as SPICE sub-
circuits and can therefore be included in other circuit schematics. All standard

analog simulations like AC and transient simulations can be performed with
the photodiode SPICE model.

— The printout of the photodiode designer PDes Mathematica code is shown in
Appendix (A). An example for a single pole photodiode model netlist, contain-
ing all technology parameters necessary for I,; and I,4 calculation, is shown
in Appendix (B)

a.) b.) c.)
PDanode PDanode —
Ipp1 Ipp1 C +Cy+C3=Cpp; \V/ PD
N
PDcathode PDcathode — eo—e
Ipp2 Ipp2 T 7N PD,
Rep2
PDanode2 e |———« PDanode2 L—o

Figure 3.11: Simplified SPICE circuit models of a BICMOS double pho-
todiode structure. PD1 is the upper photodiode and PD2
is the lower substrate photodiode. In a.) the simple model
of one dominant pole for PD1 is shown. In b.) a circuit
model for PD1 representing 2 dominant poles and two ze-

ros is shown. c¢.) shows the photodiode representation.

3.3.3 Simulation Results of the Photodiode SPICE Model

The following section presents simulation results from the discussed photodiode SPICE
model of a BICMOS double photodiode. The PDes tool was used to generate the photo-
diode model. This model includes all presented photodiode characteristics like drift and
diffusion currents, wavelength dependent sensitivity and geometry dependent transient
behavior. The generated SPICE sub-circuits are used to perform analog transient and

small-signal AC simulations.

To demonstrate the influence of photodiode geometry on the speed performance, the
SPICE models of two different photodiodes are generated with PDes as shown in Fig-
ure (3.12). Both photodiodes have a size of 0.7mm x 0.7mm. The two photodiodes differ
in the anode contact geometry, where the left-hand photodiode 1 has anode contacts in
the upper left corner and the right-hand photodiode 2 has a contact ring around the whole
photodiode. A light beam is indicated as ’+’ in the center of the photodiode. In the simu-
lation test-bench, the photodiode anodes are connected to 3V and the cathode to OV. As

input signal, an ideal light pulse is used. Therefore a voltage pulse source is applied to
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Figure 3.12: Two different photodiode designs. The left hand photodi-
ode 1 has a contact only in one corner (indicated as X’).
The right hand photodiode 2 has a contact ring around
the whole photodiode. The light beam is in the center of
both photodiodes 1 and 2 (indicated as ’«’).

the photodiode model via pin ”vin”. The simulations were done with an analog simulator
called TITAN.

In Figures (3.13, 3.14, 3.15) a transient simulation of the photodiode current is shown for
three different models. One graph shows the (most accurate) full network model including
all 400 nets as described before. The other two graphs are showing the simplified models

including one dominant pole on one hand or 2 poles and 2 zeros on the other hand.

Figure (3.13) shows the results of photodiode 1, while Figures (3.14, 3.15) are from photo-
diode2. It can be seen, that the most significant difference between the two photodiode
designs is the speed. While photodiode 1 has a slow risetime of about 150ns, the photodi-
ode 2 is much faster with about 10ns risetime. The reason is the higher contact resistance
for photodiode 1, since the contacts are only located in one corner. But even the risetime
of photodiode 2 is significantly higher, as the photocurrent simulations presented in Sec-
tion (3.2.4) and shown in Figure (3.7). Due to the large photodiode area (0.7mm x 0.7mm)
the photocurrent speed is always limited by R-C time constants and not necessarily by

slow diffusion currents.

Comparing the simulations of the two simplified models with the full network model, it can
be seen, that even the 1p model is already an accurate representation. For photodiode 1
it is even better as the more complex 2p-2z model (which is not true for photodiode 2).
Therefore the simple one pole model is well suited for the design of OEIC’s, since it has

the fastest simulation speed with reasonable accuracy.
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In Figures(3.16, 3.17) the small-signal AC simulation of photodiode 1 and photodiode 2
is shown. These simulations show, that the simplified 1p and 2p-2z models are accurate
models for the photodiode bandwidth, but become inaccurate at frequencies higher as

approximately 10 times the bandwidth.

Not only the photodiode contact geometry but also the light beam position has a big
influence on photodiode speed. In Figure (3.18) two different photodiode models were
generated. The geometry of both photodiodes is equal to photodiode 2 presented before.
The only difference is, that the light beam on the right-hand graph is located in the
center and on the left-hand graph in a corner of the photodiode. Figure(3.19) shows
the transient pulse response simulation results for the two setups. It can be seen, that
the photodiode with the light beam in the center is much slower compared to the one
with light beam in the corner. The reason is once more the higher R-C time constant for

currents generated in the photodiode center compared to the edge.

3.4 Summary and Conclusion

The verification results of a real BICMOS double photodiode testchip, compared to the
proposed photodiode SPICE model, concludes the section of photodiode modeling. These
simulation and measurement results, shows a very good correlation for most significant
photodiode effects. On one hand the photodiode drift and diffusion currents are modeled
as SPICE circuit model including the dependence on input light intensity, light wave-
length and photodiode reverse voltage. On the other hand a photodiode network model
is used to extract a simplified SPICE model for the three dimensional dynamical pho-
todiode behavior. A ”"Mathematica” tool called PDes was developed that simplifies the
photodiode design and generates a full photodiode SPICE sub-circuit model. As far as we
know, the presented photodiode SPICE model is outstanding in accuracy in combination

with high simulation speed for this kind of integrated photodiodes.
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Figure 3.13: Transient simulation of a light pulse response with photo-
diode 1. The three graphs show the photodiode network
model and the simplified 1-pole model and the 2-poles / 2-

zeros model.
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Figure 3.14: Transient simulation of a light pulse response with pho-

todiode 2. The three graphs show the full photodiode

network model and the simplified 1-pole model and the

2-poles / 2-zeros model.
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Figure 3.15: Transient simulation of a light pulse response with photo-
diode 2. Detail of figure 3.14.
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Figure 3.16: Small-Signal AC simulation of photodiode 1. The three

graphs show the full photodiode network model and the
simplified 1-pole model and 2-poles / 2-zeros model.
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Figure 3.17: Small-Signal AC simulation of photodiode 2. The three

graphs show the full photodiode network model and the
simplified 1-pole model and 2-poles / 2-zeros model.
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Figure 3.18: Models of photodiode 2 with different light beam positions

in the center and in the corner.
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Figure 3.19: Transient simulation of a light pulse response from photo-

diode 2 with the lightbeam in the center and in the corner
of the photodiode.
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Chapter 4

Transimpedance Amplifier (TIA)

4.1 Introduction

As discussed in previous chapters, a photodiode converts light photon energy into an
electrical signal by generating minority carriers within the semiconductor. For most op-
tical sensor and data communication applications, the photodiodes are used as current
sources with a reverse bias voltage applied to the photodiode pn-junction. As an alterna-
tive solution, the photodiode can be used as voltage source like in solar cells. However,
this operating mode produces a highly non-linear output response with a very low band-
width and is therefore not used in optical sensor and data communication applications.
In next chapters we will restrict our discussion to reverse biased photodiode setups only.
A photodiode has an excellent linearity, dynamic range and temperature stability. The
main drawback of a reverse biased photodiode is a low sensitivity defined by the ratio
of input light power over output current. Therefore in almost all applications an analog
post-processing of the photocurrent is necessary. For sensor applications the photocurrent
is amplified with very high gains, filtered or processed by an analog-to-digital converter
(ADC) for further digital signal processing (DSP). Most optical data transmission appli-
cations, are using high-speed variable gain amplifiers (VGA) in combination with analog
equalizers, and clock-and-data-recovery circuits. But for almost all applications, a tran-
simpedance amplifier (TTA) circuit is used as first pre-amplifier stage. A TIA converts
the photodiode current into a voltage signal which is more convenient for following signal

processing.

Figure (4.1) shows a simple block diagram of a TTA with a photodiode connected to the
input. The basic principle of a TIA is the conversion of the photodiode current i,; to a
voltage v,q over a resistor R;. Figure (4.1 a.) shows a simple current-to-voltage converter
with only one resistor connected to the photodiode. As it will be explained in next section,
this solution has a lot of disadvantages especially for high speed applications. A more
complex but often used TIA structure is shown in Figure (4.1 b.). It uses an operational
amplifier (opamp) with a feedback resistor to realize a current-to-voltage conversion. Due
to high amplifier gain, the photodiode is now connected to a low impedance node at the

TIA input. This isolates the photodiode capacitance from the voltage swing. Therefore
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a) b.)
RS A Rt
ipd Ipd
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Figure 4.1: Basic block diagram of a transimpedance amplifier (TTA)
connected to a photodiode. a) shows a simple resistor Ry
as TIA and b.) shows an opamp with feedback resistor Ry
as TIA.

this structure improves the TIA’s speed performance significantly, as it will be shown
in next section. While the basic structure of the opamp TIA is very simple, the circuit
shows significant effort in design optimization, especially for high-speed applications. The
main advantage of a TTA is flexibility in gain and bandwidth optimization compared to

a standalone photodiode implementation.

Since the TTA is a key building block for most optoelectronics applications, the follow-
ing sections of this chapter will give an introduction to TTA theory and should provide
guidelines for the TIA design, especially for high-speed circuits. The next section will
investigate TIA’s bandwidth and stability behavior while following sections will point out
the noise performance optimization. Also different architectures of single-ended and dif-
ferential TIAs will be presented. All discussed TIA circuits were implemented in OEICs
within standard low-cost CMOS and BiCMOS technologies.

4.2 TIA Basics

In this section some important TTA properties like gain and bandwidth will be investigated
for two basic TIA structures as shown in Figure (4.1). This should give a first glance of
the issues in TTIA design which will be further investigated in following sections. The gain
of a TTA, also called as transimpedance, is defined as ratio of output voltage over input
current v,/i;,. (see Figure (4.2)). The current i, is the photodiode current flowing into
the TIA. The voltage v, is the TIA output voltage. Z; is the effective input impedance
of the TTA circuits, which defines together with C; the impedance of the input node and
so the bandwidth of the circuit. The capacitor C; in Figure (4.2) is more or less given
by the photodiode capacitance and therefore defined by application requirements. For
high sensitivity, the photodiodes might be very large, which means a high capacitance C;.
Ap(s) is the frequency dependent amplifier open-loop gain. In a first estimation, the gain

A(s) can be assumed as constant over frequency. This is true, if the amplifier bandwidth
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is high compared to the TIA input node pole frequency.

11 1

Figure 4.2: Two basic TIA structures (as also shown in Figure (4.1)),

with a.) a simple resistor and b.) with an opamp TIA.

Lets compare the small signal transfer functions of the two structures in Figure (4.2 a.)

and (4.2 b.), which is the transimpedance gain v, /i;,.

Figure (4.2 a.): Figure (4.2 b.):
A
o _ (4.1) Yo _ Ry e (4.2)
Lin 1+ SCiRt Vin 14+ SCZ' ARt ’
o+1

The DC-gain for the simple TTA in 4.2a.) is the transimpedance resistor value R;. For
high amplifier gains Ag this is also the case for 4.2b.). Comparing the frequency behavior,
the dominant pole which defines the small signal bandwidth fgy, for the two circuits are
defined by:

Figure (4.2 a.): Figure (4.2 b.):

1 Ao+ 1

few =

Equation 4.3 shows, that the bandwidth of the simple resistor TIA is completely defined
by a given transimpedance and photodiode capacitance. Equation4.4 shows, that the
opamp TTA has an approximately Ay times higher bandwidth fgy, compared to a simple
resistor TTA. The amplifier gain Ay is design dependent and higher than 1 for frequencies
up to the amplifiers transit frequency f;. Therefore the increased bandwidth for the
same transimpedance value, is one of the most important advantages of an opamp TIA
compared to a simple resistor solution. On the other hand, the simple resistor TIA has

the lowest possible noise.

Comparing the equivalent input impedance Z; of the two different TIA circuits, we get
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Figure (4.2 a.): Figure (4.2 b.):
v R R, R, R
Z;=—=R (4.5) Timg — 4 o T % ! 4.6
bin t T Ag(s) 49 Ao " Aopa” (46)

1+s/pa

Equation4.6 shows the input impedance of the opamp TTA, which is equivalent to an
inductance L., ~ R;/Aopa and a series resistor R., = R;/A. In combination with the
photodiode capacitance C;, the opamp TIA is therefore a resonance circuit, which might
cause significant stability issues. This circuit configuration produces a double pole instead
of a single pole behavior. Stability problems might occur, when the amplifier bandwidth
is smaller, as the pole generated by the photodiode capacitance. The high impedance,
for frequencies above amplifier bandwidth, often makes the TIA circuits oscillating. As
an example we assume an opamp TIA, with a photodiode capacitance of C;=10pF, a
transimpedance resistor of R;=10k(2, an amplifier gain of Ay=>50 and an amplifier band-
width of p,=200 MHz. According to Equation 4.4, this TIA has a small-signal bandwidth
of about fpyw =78 MHz. A simple resistor TTA with same transimpedance, would have a
low bandwidth of only 1.6 MHz. The equivalent inductance for the opamp TIA circuit is
Leq=1pH. This gives a resonance frequency of fre, = 1/ (2my/LegC;) = 50 MHz which is
inside the signal bandwidth of the TIA. These simple estimations should indicate, that

stability is an important issue in TTA design.

In next section, the TIA transfer function will be investigated in more detail. Stability and
bandwidth behavior will be analyzed, and design guidelines for bandwidth optimization

will be presented.

4.3 TIA Bandwidth and Stability

In this section the bandwidth and stability behavior of an opamp TIA will be further
investigated. As mentioned above, the opamp TIA forms a two-pole system, which can
act as L-C tank that makes a careful stability analysis necessary. Theoretically the opamp
provides a virtual ground node to the photodiode capacitance, which of course is not
perfect due to the finite amplifier gain. Therefore it defines the first pole of the system.
The second pole is given by a finite amplifier bandwidth, which further increases the

impedance of the input node for high frequencies.

For a detailed analysis of the opamp TIA bandwidth and stability, the transfer func-
tion from Equation 4.2 is rewritten in Equation 4.7 by introducing a frequency dependent
feedback factor G(s).

Yo Ry . 1
o ith Bls) = ——
Lin 1+ W 1+ SCZ'Rt

(4.7)
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The feedback factor ((s) has a low-pass behavior with a pole at the frequency f,3 =
1/27R,C;. Looking for the total phase of the transfer function, one gets a phase shift at
dc of -180° from the inverting amplifier and additional -90° phase shift from the amplifier
gain Ag(s) above the -3 dB bandwidth frequency. The third phase shift contribution comes
from [3(s), which is also -90° for frequencies higher f,3. This sums up to a total phase shift
of -360° which means positive feedback and therefore oscillation if the loop gain is higher
than 1. The loop gain of Equation4.7 is defined by 1/Ay(s)5(s). The critical frequency
is therefore when Agy(s) < S71(s).

A Bode-plot representation of the TIA feedback loop can be used to visualize the sta-
bility behavior [33] as shown in Figure (4.3). The blue graph in Figure (4.3) shows the
amplifier open-loop gain Ay(s) with an (assumed) 20dB roll-off and a transit frequency
(gain-bandwidth) at f;. The red curve shows the inverse feedback factor 7'(s) with
a zero (= pole for (3(s)) at the frequency f,3. The green curve is the overall TIA-gain
as shown in Equation4.7. As mentioned before, the critical frequency is at the crossing
point of Ag(s) = B71(s). At this frequency f; the overall phase shift exceeds -360° if
371(s) is further increasing (uncompensated). The TIA-gain is peaking at this frequency
(instability) and shows a 2-poles -40 dB roll-off for higher frequencies.

Al Ag(s)
X -40db/Decade
T 1/B
(uncompensated)

TIA—-gain

1/B
(compensated with Ct)

T T ?

Figure 4.3: Frequency representation of the opamp TIA small signal
transfer function with the overall TTA gain (green), the am-
plifier gain Ag(s) (blue) and the inverse feedback factor 57+
(red).

There are mainly three possibilities to compensate the two poles stability issue. The
first way is to define a proper photodiode capacitance C; to ensure stability, which is not
feasible in real applications. The second possibility is to optimize the amplifier bandwidth
for stability. This would mean a reduction in the overall TIA bandwidth. Therefore the
third and only feasible way to ensure stability is to implement an additional zero in the
feedback path of ((s). This zero should avoid a further decrease of 3(s) (increase of
B71(s)) at the crossing point of Ay(s) = B71(s). The red 37!(s) curve in Figure (4.3) is
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now snapped off due to the zero at frequency f,s and stops increasing. The zero in the
feedback path can easily be realized with a capacitor C} in parallel to the transimpedance
resistor R;. This is shown in Figure (4.4).

l
\gg R

< o
Ci__ v} Zi —= ;Ao(S '—i’ v
T1 1

Figure 4.4: Block diagram of an opamp TIA with a compensation ca-

pacitor C; implemented in parallel to the feedback resistor
R;.

The transfer function of the compensated TTA circuit including the capacitor C; in the

feedback path can be derived from Equation4.7 as

wo_ R, (4.8)
Lin (1 + sCyRy) <1 + m>
' 1+ SRtCt
) _ 4.
with  5(s) 1+ sR(C; + Cy) "

Compared to Equation4.7, the feedback factor B(s) now includes a pole f,3 and an
additional zero f,s at following frequencies

1
fpﬁ QﬂRt(CZ + Ct) (41(])
/ ! (4.11)
=P 27TRtCt .

The pole f,3 is now slightly shifted to lower frequencies due to the additional capacitor C.
But in many applications the capacitor C; can be neglected compared to the photodiode
capacitance C}.

Now the compensation capacitor C; must be dimensioned for proper circuit stability.
As mentioned before, the zero f,3 should be located at the critical frequency f;, at the

intersection of Ag(s) = 371(s). The estimated phase margin at this frequency sums up
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to -180° (inverting amplifier) - 90° (Ag(s)) - 90° (pole f,3) + 45° (zero at f.3 = f;). This
gives a total TTA phase margin of 45° [33]. With the following estimation

Ao(s) ~ Lt and gi(s) ~ L (4.12)
f o3
the frequency f; can be calculated as
Ji Ji

= —— which gives
f ) f B

_ _ [
fi = sl = \/2th(62- O (4.13)

For the calculation of C}; the mentioned constraints can now be used

1 Ji
= _ 4.14
f s f o 27TRtCt \/QWRt(CZ + Ct) ( )
Solving Equation (4.14) gives a quadratic relation for Cy

Out of Equation (4.15) two solutions can be calculated. The first approximated solution

is valid, if the photodiode capacitance C; is much larger than the compensation capacitor

Ci
Cy~y/ nRT, (4.16)

The exact, but more complex solution of Equation (4.15) can be used, if the approximation

C; > C, is not valid.
1+ V1+8nRCify
AT R, fy
Equations (4.16) and (4.17) are estimations for the compensation capacitor C;. These

C;. This simplifies the solution to

C, = (4.17)

equations assume a phase margin of 45° for the closed-loop TIA transfer function, which
means a gain peaking of 2.4dB at frequency f;. Therefore this circuit is slightly un-
dercompensated, compared to an optimum flat transfer function, which means a phase
margin of about 69°. Nevertheless this estimation is feasible, since TTA bandwidth has to
be optimized as much as possible for most applications. An overcompensation with ca-
pacitor Cy also reduces the TIA bandwidth dramatically. With the assumed phase margin
of 45° and a gain peaking of 2.4 dB, the TIA’s -3dB bandwidth frequency is increased to

fi
27TRt (CZ + Ct)

fewria =14f; = 1-4\/ (4.18)

The presented relations for Cy (Equations (4.16) and (4.17)) and for the TIA bandwidth
fewrra (Equation (4.18)) are simplified estimations and only valid, if there are no ad-
ditional poles and zeros near the intersection frequency f;. Nevertheless these methods

provide an easy-to-use TIA design guideline for bandwidth and stability optimization.
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4.4 TIA Noise

The noise performance of opto electronic receiver circuits is a key design parameter, since
it is directly related to the receivers sensitivity and also to the bit-error rate (BER). The
BER defines the number of corrupted bits in a data-stream, divided by the total number
of bits. A typical BER requested in serial data links is 1072, To achieve a high BER,
the ratio of receivers peak-to-peak output voltage v, ,, to integrated RMS output noise
voltage Uy, o,y must be as high as possible. The reason for this is, that usually the receiver
output pins are connected to a decision circuit (comparator) with a certain threshold, that
determines if a bit is a zero or a one (see Figure (4.5)). With a high receiver output noise
voltage, the probability for a threshold violation (and therefore a wrong decision) increases
significantly. For a BER of 107'%) a ratio of v, ,p/Unout = 14 is necessary. If the ratio
decreases t0 v,/ Un.out = 7, the BER is already below 10™* [34]. Looking on this from the
other way round, for a receiver with bad noise performance, the signal amplitude must be
very high, to achieve a certain BER. This requires a high receiver gain and photodiode
sensitivity, which results on the other hand in lower speed performance. As a conclusion,

the noise performance must be optimized for competitive optical receivers.

4.4.1 Input-Referred Noise in Optical Receiver Circuits

- I'n,in .
\ ki
Y Receiver Threshold

ind { M jE

n,out i i
, = Clock
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J A
;
A\
"t i =T

Figure 4.5: Receiver block diagram with input refered noise current
source i, rms and receiver output noise voltage vy, rms. The
bottom graphs show the sprectral behavior of the input and

output noise due to the receiver transfer function H(f).

For a typical receiver circuit, the main noise sources are the photodetector noise and,
even more important, the TIA noise. This means, that the TIA circuit more or less

determines the optical receivers sensitivity and noise performance. Therefore, in this
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section a detailed TTA noise analysis will be presented. But lets start with a general
view on the noise behavior of a receiver circuit. Figure (4.5) shows a basic block diagram
including photodiode, receiver and digital decision circuit [34]. The receiver has a complex
transfer function H(f) that relates the output voltage to the input current i,4. The
decision circuit works as comparator which compares the receiver output voltage with a
threshold voltage and is latched with a clock signal. All receiver noise sources including
photodiode noise can be translated to a single input referred noise current source i,
connected to a noiseless receiver. This input noise current En,m generates the same output
noise voltage 7, o, as all noise sources in the receiver circuit. The left-hand bottom graph
in Figure (4.5) shows an example for an input referred power spectrum 2 ;. (f) of the
receiver noise. As it will be shown later, the i? ; (f) increases with frequency due to a f?
component of the input referred noise current. This input noise current is filtered by the
receiver transfer function H(f) and results in a frequency bounded output noise voltage

power spectrum v%out( f). The total RMS receiver output noise voltage vy, ot can now be

B \/ / 22 (f)df (4.19)

by integration of the shaped spectral input noise current 2 n(f). An integration up to

calculated with

oo is actually not necessary, since the roll-off due to H(f) is very step.

On the other hand, the total input referred RMS noise current En,m is an important factor
for receiver sensitivity. It can be calculated by Zn,m = Upn out/Ho where Hy is the receiver
DC-gain in the transfer function H ( f ) Therefore LL in can be calculated from the spectral

input referred noise current i, ;, (

Injin = \// 242 i (f) df (4.20)

Since the analytical solution of Equation (4.20) is not straight forward, we will look for

an estimation of Equation (4.20), that can be used during circuit design phase. As it will
be shown later in Equations (4.30) and (4.31), the input referred noise spectrum can be

written in a very general form as
inin(f) = A+ B f? (4.21)

The noise current contains a constant factor A and a f? dependent part B. An 1/f depen-
dent noise part, coming from MOS-transistor input stages, is neglected in this equation.

By inserting the Equation (4.21) into Equation (4.20), we get a relation

Toin = \A- BW, + B- BW}, (4.22)
with

1 © 9
B, = 4 / H () df (4.23)
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BW, = Hi / H)P- 2 df (4.24)

The bandwidths BW, and BW}2, are only dependent on the receiver transfer function
H(f). They are also known in the literature as Personick Integrals [34, 35]. Table (4.1)
shows numeric values for BW,, and BW,,5 for different basic receiver transfer functions
H(f). The values of BW,, and BW,s from the table can now be used together with
Equation (4.22) to calculate the total RMS input referred noise current i, ;, for different

receiver transfer characteristics.

H(f) BW, BW,s
1%%-order lowpass 1.57- BWsp 00
2"_order lowpass, real (Q=0.5) 1.22- BWs4p || 2.07- BWs.p
27d_order lowpass, Bessel (Q=0.577) 1.15- BWs4p || 1.78- BWs.p
2"order lowpass, Butterworth (Q=0.707) || 1.11- BWagp || 1.49- BWsyp

Table 4.1: numeric values for BW,, and BW,,5 for different transfer
functions H(f) [34]

4.4.2 TTA Noise Analysis

In previous section we pointed out that the input referred noise current has a big impact
on the receivers sensitivity. In particular the photodiode and the receiver input stage
are the main contributors to receiver noise. In most applications, the input stage is a
transimpedance amplifier (TTA). Therefore we will investigate the TTA noise performance

in more detail. In Figure (4.6) the main noise sources of a TIA are shown.

()
in,R®

—O

b Vo
L

Figure 4.6: TIA block diagram with equialent noise sources included.
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The photodiode shot noise can be modeled by a current source 4, ,q, directly connected
to the input node. The TTA noise can be specified by mainly three noise sources. On one
hand, the noise of transimpedance resistor R, can be expressed by a current source i, r in
parallel. On the other hand, all amplifier noise sources can be mapped to a noise current
source i, 4 and noise voltage source v, 4 at the amplifier input. All these noise sources

can be converted to a single input referred current source i, ;,. This leads to following

equations
Zi in . . 'U721 All+ sRCy)?
? = Z?Lpd + Zi7R + : R? + ZEMA
i2 4T 02 4(1+ sRC;)?
- min _ gnT m ‘ 2 4.25
i @lpa + =+ 2 + (4.25)

Equation (4.25) shows the input referred noise current power density, with f is the fre-
quency. The photodiode shot noise i, ,; = 2¢l,q with ¢ = 1.6 x 107"As is proportional
to the photodiode current I,;. The thermal noise of the resistor R, is defined by 4kT'/R;.
The amplifier noise voltage v, 4 is converted to a current by the impedance of the input
node, given by C; and R, and the amplifier noise current ¢, 4 directly contributes to the

input referred noise current.

As next step we will compare the noise performance of a TIA input stage, designed with
MOS-transistors on one hand and with bipolar transistors on the other hand. A simplified
schematic is shown in Figure (4.7). As an example a common source (common emitter)
stage is used at the TIA input with a DC bias current Ip (I¢).

a.) in,R@ b.) in’R@
1}
R
\Z N2
In,pd VhA 'n,pd Vin,A
777777 D Injn|" "~ @
Gl

Figure 4.7: Noise sources of a TTA circuit with MOS input stage (a)
and bipolar input stage (b).

Looking on a MOS transistor (see Figure (4.7 a.)), the input referred noise voltage source
shown in Equation (4.26), mainly consists of two parts. The first part is the thermal
channel noise due to drain current I that is transferred to an input voltage v, 4 via
transconductance g,,. A second noise source is the 1/f dependent flicker noise, which is

significant for low frequencies up to few MHz. It is proportional to a constant K and
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the drain current Ip. For high frequency applications, the 1/f-noise can be neglected.
The TIA input referred current noise i, 4 can be neglected for MOS transistors (see
Equation (4.27)).

2

21 I
Do ogri s 4 gl (4.26)
df mos 3 gm f

Thermalnoise  Flickernoise

-2
Zn,A

df wos

¢
o

(4.27)

The input referred noise voltage and current sources for a BIP transistor input stage
(see Figure (4.7 b.)), are shown in Equations (4.28) and (4.29). The input referred noise
voltage v, 4 is defined by the thermal noise of the base resistance rp on one hand and the
shot noise of the current I flowing through the collector pn-junction and transferred to
an input voltage via g, on the other hand. The shot noise part can be simplified by the
relations ¢, = I¢/V; with thermal voltage V; = kT /q. The input referred current noise
source i, 4 is mainly defined by the base current shot noise, while the 1/f flicker noise can

be neglected.

UrzzA 2q]c 1

’ = 4kTrp + = 4KT (rp + — (4.28)
df prp ~— 9 29m

Thermalnoise N~
Shotnoise

i 21 (4.29)
—= = 2qlp :
df BIP

Equations (4.30) and (4.31) represent the input referred spectral noise current 4, ;, for
MOS transistors and BIP transistors by substituting the terms of Equation (4.25) with
(4.26), (4.27) and (4.28) as well (4.29) respectively. For both transistors, the noise current
can be split into one frequency independent factor and a second term, that shows a f2

frequency dependence.

i2 AKT  32KTw*C?f?
ol = 2ql,4+ + : 4.30
df wmos g Ry 39m ( )
2 4kT 16kT 72 (TB + 2{]%) Cl2f2
ol = 2ql,4+ + +2q1 4.31
df prp ? Ry 39m b ( )

As an example, Figure (4.8) shows the different components of the spectral noise behavior
for a TTA with MOS transistor input in comparison to a TTA with BIP transistor input.

This calculation was done with following parameters:

e Photodiode current I, = 1uA
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e Transimpedance resistor R; = 10k

e Input capacitance C; = 500f F

e BIP base resistance rg = 1002

e BIP base current ip = 100 A (which means a current gain (3 = 50)

e Transconductance of MOS transistor g, yros = 3 - 1073A/V (assuming a drain current
Ip =500pA, a MOS gain factor K’ = 80uA and a W/L = 100)

e Transconductance of BIP transistor g,, prp = 2 - 10_2A/ V' (assuming a collector current

Ic = 500uA)
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Figure 4.8: Spectral noise behavior for a TTA with MOS transistor in-
put (a.) and BIP transistor input (b.). The total noise is
splitted into photodiode noise (PD noise), R; resistor noise

and amplifier noise.

The graphs in Figure (4.8) show, that for the same drain/collector current of 500uA, the
total noise values are similar. Due to the base current noise, the BIP transistor noise is
slightly higher. For low noise applications, the g,, of a MOS amplifier and therefore the
drain current Ip should be as high as possible. For a TIA with BIP input stage, a high
Jgm also decreases the noise at high frequencies. But for the low frequency range, the noise
even increases with a high collector current (high g¢,,), due to the higher base current. For
noise optimization, a BIP TIA needs therefore a low base resistance rg, high g,, and a
high current gain (8 to reduce the base current .
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4.5 TIA Realization Examples

In the previous section, we discussed basic TTA properties like bandwidth, stability and
noise. To show how the discussed TIA structures can be implemented in real circuit
topologies, different state of the art TIA implementations will be shown in the following
section. All presented circuits are dedicated to broadband applications in the field of
optical data communication and optical data storage. The main focus on these kind of
circuits is on high bandwidth in combination with low noise performance. The circuits
are designed in either pure CMOS or BiCMOS technologies.

4.5.1 Single-Ended TIA

The circuit shown in Figure (4.9) presents a TIA, realized in a BICMOS technology [36].
The single ended TIA input stage mainly consists of a common-emitter amplifier with
transistor (4. To increase the input resistance of the circuit, a Darlington configuration
of transistor (J; and ()4 is used. The photodiode is directly connected to the input node.
The TIA output voltage is buffered with an emitter follower ()3. The transimpedance
resistor R; is connected from the TTA output to the input node. For stability reasons, a
capacitor C; is in parallel to R; (as described in previous section). A small resistor in the
emitter path of () is implemented to improve the noise performance. At the TTA output
node a differential amplifier with Qg, ()7 is connected to convert the single-ended signal
to a differential output A, B. Preferably the second differential amplifier input V,.; can
be connected to a properly matched replica of the TIA circuit. Nevertheless the output
offset voltage is an issue with this kind of circuit implementation. The gain linearity of
the output differential pair is improved with two emitter degeneration resistors. With this
circuit a good noise performance with medium bandwidths up to 128 MHz was achieved.
Additionally the transimpedance gain was programmable in the range from R; <1002 up
to 100k as presented in [36].

Another single-ended TIA implementation is shown in Figure (4.10) [37]. As the previous
circuit, this is implemented in a BICMOS technology. Instead of using a common-emitter
amplifier, this circuit uses a common-base input stage, defined by transistor ();. The
output of the common-base amplifier is connected to the actual TIA input. This is (as
before) a common-emitter stage, using the MOS transistor M; as amplifier, the BIP
transistor ()2 and (Y3 as output buffers and the resistor R; as transimpedance. The main
advantage of this circuit is, that the capacitance of the input node is decoupled from the
TTA input by the common-base stage. Therefore the TTA bandwidth can be optimized,
since it is independent from the photodiode capacitance, which can be large and vary
for different applications. Compared to the realization in Figure (4.9), this circuit shows

an improved speed performance. On the other hand, the common-base input stage is an
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Figure 4.9: Single-ended TTA circuit with common-emitter Darlington

input stage.

additional significant noise source, which is the main drawback of this circuit. Also the

current consumption of this architecture will be higher, due to the additional input stage.

The circuit shown in Figure (4.11) is a single-ended TTA in pure CMOS technology, which
means a low-cost implementation [38]. In difference to the solutions presented before, this
circuit uses a 3-stage amplifier to achieve the necessary gain. The output of the 3¢ stage
is connected to the TIA input via the transimpedance resistor R;. Every one of the three
amplifier stages consists of 3 MOS transistors (like the first stage are M, My and Ms).
The gain of every stage is defined by the transconductances of the three transistors, as for
the first stage A1 = (g, m1+ 9m,m3)/gm.ar2- This equation shows, that the gain is given by
a g, ratio, and is therefore mostly defined by transistor matching. A significant advantage
of this circuit is the high amplifier gain, which means also a high TTA bandwidth according
to Equation (4.4). In reference [38] a transimpedance-bandwidth product of 18 THz(2 was
reported. Another advantage is the low supply voltage the circuit needs. The main
disadvantage of this circuit is the sensitivity to power supply noise. Another critical

design issue is the stability behavior due to the multi-stage amplifier feedback.

The TIA shown in Figure (4.12) is a single-ended TIA, with a differential input stage [39].
The differential pair ()1, ()2 is connected to the photodiode on one side and to a biasing
reference voltage V,.; on the other side. The TIA output is buffered with an emitter-
follower (5. The transimpedance resistor is R; with a compensation capacitor C;. The
base current of the BIP transistor (); always creates an output offset voltage, which can
vary over a wide range. To avoid this offset, a compensation circuit is implemented, which

is adding the base current into the input node, by mirroring a replica current. This is
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Figure 4.10: Single-ended TTA circuit with common-base input stage.
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Figure 4.11: Single-ended CMOS multi-stage TTA circuit.

coming from dummy transistors (3 and ()4 which have the same collector current as the
main transistors (01, (J2. Nevertheless this compensation can remove the offset error only

partially, since it relies on the S-matching of BIP transistors, which is not well defined.

4.5.2 Differential TIA

All presented circuits up to now, were single-ended TTAs. On one hand this is convenient
due to the photodiode, which in general can only provide a single-ended current signal.
On the other hand, a TIA with differential output would be preferable since it is less
sensitive to cross-talk and power supply noise which would mean a significant advantage.

Figure (4.13) shows basic topologies, how the single-ended photodiode input current can
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Vcc

Figure 4.12: Single ended TTA circuit in BiCMOS technology with dif-

ferential input stage and base current compensation.

be converted to a differential output voltage. Figure (4.13 a.) shows a standard single
ended TIA with a reference voltage V., that defines the common-mode level. Since the
input signal is only single ended, for a fully differential amplifier the second input must
be connected properly. Figures(4.13 b.) and (4.13 ¢.) show two different possibilities
for realizing a differential TTA. The first possibility is to connect a large capacitor C, to
the second input pin, as shown in Figure (4.13 b.) (ideally the capacitor should be oco).
For AC signals this means a ground connection like using a constant voltage source. The
output common-mode voltage is defined by a reference voltage source V,,,. The circuit
will more or less behave like a standard single-ended TIA. The differential transimpedance
gain for this configuration is two times the feedback resistor. In Figure (4.13) the gain
(differential and single-ended) of all three circuits is equivalent. Therefore in version (4.13
b.) the feedback resistor is drawn as R;/2. Unfortunately the power-supply rejection ratio
(PSRR) of version b.) is the same as for a single-ended TIA. Summarizing there is no
significant advantage of the differential amplifier version b.), compared to a single-ended
TIA. The second possibility for realizing a fully differential TIA is shown in Figure (4.13
c.). There the capacitance C, is matched to the photodiode capacitance. This makes the
circuit fully symmetrical which means a significantly optimized PSRR. On the other hand,
the differential transimpedance gain is as high as one single feedback resistor R;. This
means a gain loss of two compared to a single-ended TTA, if using the same number for the
sum of the two feedback resistors. Another significant disadvantage for the differential
solutions compared to the single-ended TIA is the noise performance. Comparing the
noise of the three circuits in Figure (4.13) it turns out, that the single-ended solution has

the best noise performance for the same single-ended and differential gain. According
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to Equation (4.25) the spectral noise of the feedback resistor R; is in gt = \/W
Comparing the noise performance of the two differential circuits, we can see that for
version (4.13 b.) only one of the two feedback resistors contributes to the noise. This is
because the high capacitance is shorting out the noise for the second feedback resistor.
But since the value of one feedback resistor is only R;/2, the resistor noise contribution
for this circuit is v/2 higher compared to a single-ended TIA. In the differential circuit of
Figure (4.13c), both feedback resistors contribute to the noise current, due to the small
capacitance value C,.. This means, that the feedback resistor noise current for this circuit is
actually two times worse compared to a single-ended TIA. Taking all these considerations
into account, the benefit of a differential TTA has to be analyzed carefully and strongly
depends on the application.
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Figure 4.13: Comparison of single ended vs. differential TIA stage.
Figure a.) shows a single-ended TIA, Figure b.) is an
unbalanced and c.) is a fully balanced differential TIA.

An example for a differential TTA implementation is shown in Figure (4.14) [11]. The
circuit is implemented in a BICMOS technology. The differential pair is realized with the
BIP transistors B; and B;. The transimpedance is indicated as R;. The capacitor C,
can either be matched to the photodiode or can be very large, as explained just before.
The output pins are buffered with BIP transistors as emitter followers B3 to Bg. High
bandwidths up to 9 GHz with a transimpedance of 55dB{2 were shown in [11] by using
additionally shunt peaking techniques and filter termination at the TIA input.

4.5.3 Variable-Gain TIA

Most applications in the field of optical data storage and fiber communication requires
a variable-gain TIA to cover the wide range of input light intensity. Looking to typical
TTA implementations with a transimpedance amplifier at the input connected to the
photodiode and a post amplifier as output stage implies two possibilities for gain variation.
On one hand the transimpedance R; of the TIA input stage can be tuned as shown in
Figure (4.15a.) and on the other hand a variable gain voltage post amplifier (VGA) can
be implemented after the TIA, as in Figure (4.15b.).
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Figure 4.14: Differential TIA circuit in BiCMOS technology.
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Figure 4.15: Variable-gain TIA implementations. Figure a.) shows
a TIA with variable transimpedance R; and Figure b.)
a variable-gain voltage amplifier with a constant trans-

impedance TTA.

4.5.3.1 TIA with variable transimpedance

A variable transimpedance as in Figure (4.15 a.) has the advantage of a high input current
overload level which means also a high dynamic range. The transimpedance R; is tuned
as high as possible (achieving required bandwidth), which means an optimum of noise
performance. The disadvantage of version a.) is the direct variation of the signal path via
TTA feedback R; which is critical for stability and requires sophisticated control circuits for
the compensation capacitor C;. A simple implementation for a tunable transimpedance is
a MOS transistor in the linear region as shown in Figure (4.16). It shows the TIA circuit
with a NMOS transistor (a.) and a PMOS transistor (b.) as feedback resistor as well as
the relation of the output voltage V,,; as function of the input current [, in dependence
on gate voltage V. The input voltage Vj, is constant at 2 V. The transistor geometries
are (W/L) =5 for the NMOS and W/L) =20 for the PMOS transistor.
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The bottom graphs of Figure (4.16) show the transimpedance value as function of the
input current I;,, for different Vi, settings. The photodiode current is flowing into the
TTA. Both graphs show a strong dependence on R; on the input current. For the NMOS
transistor the transimpedance is strongly non-linear for small input currents and R; de-
creases for higher currents. The reason is, that for a NMOS the R; mainly depends on
1/¢,, which is decreasing for higher drain-source currents. Therefore a NMOS is acting as
limiting amplifier since gain compression occurs for high input currents. A PMOS tran-
sistor in the TTA feedback path (b.) shows the opposite behavior. The transimpedance
increases with higher input current. The reason is that R, mainly depends on 1/g4s which
is increasing for high drain-source currents. So the PMOS transimpedance shows a lower
dynamic range. A critical issue for both circuits is stability, since the transimpedance is

strongly non-linear. For practical applications a gain control circuit for Vi, is necessary.

i Vgain i Vgain
Vout Vout
I n Vln I n Vln
o——4¢ —O o——4¢ —O
a.) b.)
2, Aip L 2, A L
Vout:Vgain*Vthf (Vin*VgainJthh) t— W Vout:vgainfvtth (*Vin+vgainfvth) t— W
NMOS PMOS
6000 ‘ 6000
\ —=—Vgain = 3V ==Vgain = 0V
T 5000 —e—Vgain = 4V T 5000 —o—Vgain = 0.5V
S \ —=Vgain = 5V 5 —=—Vgain= 1V
by = 4000
4 (4
8 8
c < 3000
© -
© ©
2 2 MW‘M JOOORSCT and
£ £ 2000 —
‘@ @ PN S SR HHH
c c
o
= £ 1000
0 1 0
0 0,0005 0,001 0,0015 0,002 0,0E+00 1,0E-04 2,0E-04 3,0E-04 4,0E-04
Input Current lin (A) Input Current lin (A)

Figure 4.16: TIA with variable transimpedance R; using a NMOS tran-
sistor (W/L)=5 (a.) and a PMOS transistor (W/L)=20
(b.) with input voltage V;,=2V.

4.5.3.2 TIA with variable-gain post amplifier

A VGA circuit as post amplifier as shown in Figure (4.15 b.) is widely used in receiver
architectures. Several circuits are well suited for this application enabling a continuous

gain variation over a wide gain range without switching of signal paths or feedback. But
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this architecture does not provide a noise optimum. It also has a low input dynamic

range, since the TIA circuit has a fixed (not optimized) gain.

One of the most famous VGA circuits is a Cherry-Hooper stage [40, 41, 42, 10] combined
with a four-quadrant mixer (Gilbert cell) [43] as shown in Figure(4.17). The Cherry-
Hooper stage is built up as differential pair with emitter degeneration resistors R, (bottom
of Figure (4.17)) and a transimpedance amplifier (top of Figure (4.17)). Between these two
building blocks of the Cherry-Hooper stage, a 4-quadrant current mixer also called Gilbert
cell is implemented for gain tuning. With the gain control voltage of the current mixer,
the amplifier gain can be tuned continuously between 0 (Vj,;,=0) and a maximum gain
value of R;/R, for a high Vi ,. Vi must always be positive, since the signal is inverted
for the other polarity, which means instability of the amplifier. Since only 2 quadrants
of the Gilbert cell are used for gain tuning, a simple current divider can be used instead.
Unfortunately the common-mode output current is then varying with gain setting, which

makes an offset control circuit necessary.

The bandwidth of this circuit is high, since the emitter degeneration reduces the input
capacitance and therefore increases the frequency of input pole of the differential pair.
Furthermore the capacitor C,, which is in parallel to the emitter resistors R,., introduces
a zero for high frequency boosting. Also the transimpedance amplifier (TIA) speeds up
the circuit bandwidth, because of the low impedance of the TTA input node, as explained
in Equation (4.6). To increase the amplifier driving strength, the TTA output nodes V,
must be buffered accordingly (not shown in Figure (4.17)).

All discussed variable-gain TIA circuit implementations use a TIA input stage directly
connected to the photodiode. Several advantages and disadvantages were discussed within
this section. An alternative TTA architecture with a current amplifier as TIA input stage
will be discussed in next section. This alternative circuit architecture overcomes most of

the discussed issues.

4.5.4 TIA with Current Pre-Amplifier (ITIA)

For optical data storage applications there is a strong demand for high-bandwidth and
low-noise transimpedance amplifier circuits. Due to the broad variety of operating condi-
tions (CD, DVD, Blu-ray, read, write, single or double layer disc...) the transimpedance
amplifiers must be programmable over a wide range of gains. The input light intensity for
such applications can vary over several orders of magnitude, from below 1 uW for Blu-ray
read, up to 30 mW for CD write applications. Therefore the TIA must be programmable

over a wide range of gains.

We used an alternative architecture to classical variable gain TTA’s (presented in previous

section), that combines a TIA with a variable gain input current preamplifier (ITTA)
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Figure 4.17: Variable gain amplifier. Cherry-Hooper stage combined

with a four-quadrant current mixer.

as shown in Figure (4.18)). This architecture allows a continuous variable gain over a
wide range in combination with high-speed and low-noise performance. Since the gain is
programmed already in the input stage, the circuit has a high input dynamic range. The
TTA circuit as output stage of the ITIA is a classical implementation with or without a

programmable gain.

In this section we will introduce circuit implementations for a variable gain current am-
plifier. A circuit stability and bandwidth analysis and a comparison to a standard TIA

concerning noise performance will be presented.

G G
[ |—o | |—o
[=X Current Amplifier R
iin
[ in ‘ Y Vout

Vgain |

Figure 4.18: Classical TIA with post variable gain amplifier on left
hand side, compared to an ITTA with variable gain current

amplifer as input stage on right hand side.
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4.5.4.1 Current amplifier implementation

The most simple current amplifier is a current mirror structure. A MOS current mirror
is shown in Figure (4.19). A lot of different implementations are discussed in books for

analog circuit design [44, 45].

Figure 4.19: Classical current mirror with a current amplification of
n = (W/L)s/(W/L):.

The current gain of a MOS current mirror circuit is defined by the ratio of the transistor

geometries
iout o (W/L)2
i OV/L) (4.32)

neglecting the output impedance of transistor M,. The current gain of a BIP transistor

mirror is given by the ratio of emitter areas of the two mirror transistors. An additional
error source of BIP mirrors is the transistor base current. Another way to make the
gain of a current mirror programmable, is to use source (emitter) degeneration resistors.
Therefore the gain is approximately defined by a resistor ratio. The disadvantages are a
smaller dynamic range due to the resistor voltage drop and the additional resistor noise

source degrading the sensitivity.

To implement a variable gain amplifier by using standard current mirrors, switches has
to be implemented that adds or remove additional transistors (or resistors) within the

current mirror. Therefore a variable gain is not really applicable.

The speed performance of a current mirror is defined by a pole at the current mirror input
node v, which is given by the transconductance of transistor M; and the capacitance of

the input node C},

o gm1
fo = G (4.33)

Since the capacitance of the input node is low, the current mirror can be operated up to
high frequencies.

An alternative current amplifier structure is a regulated current mirror. A circuit imple-
mentation using BIP transistors is shown in Figure (4.20).

The current mirror is given by the BIP transistors 7} and T5. The emitters of T} and

T, are regulated by an operational transconductance amplifier OTA. The input node dc-

voltage of the current mirror v;, is defined by the voltage source V.. The amplifier gain
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Figure 4.20: Current amplifier implemented as regulated current mir-

ror.

is given by the ratio n of BIP emitter areas. The speed of this circuit is high and limited
by the OTA speed. Like for a simple current mirror, the input pole is defined by the OTA

transconductance Gm(s) according Equation (4.33).

4.5.4.2 Regulated current mirror stability

A critical issue with this kind of circuits is stability. The impedance of the amplifier input

node v;, can be calculated as

Vin R lin 10 ~ ! (n+1)s with  Gm(s) = “r

Gm(s) wr s
Un o Pt (4.34)
Lin wr

with wr is the OTA gain-bandwidth.

Equation (4.34) shows an inductive behavior of this regulated current mirror circuit. In
combination with the parasitic capacitance at the input node, this gives an L-C tank
which can lead to stability issues. The equivalent inductance is given by L;, = (n+1)/wr.
A simple estimation with an input capacitance (including photodiode) of Cy,=1pF, an
amplifier gain n=10 and an OTA transit frequency of wr=10GHz gives an inductance
of L;,=1.1nH. Together with the input capacitance this gives a resonance frequency of
fr = 1/(2 * n/Lin * Ci,) = 4.8 GHz. Therefore the resonance frequency might cause
stability problems.
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Figure 4.21: Implementation of a variable-gain regulated current mir-

ror.

4.5.4.3 ITIA variable-gain current amplifier

In next paragraph we will present a variable gain regulated current mirror structure
that can be used within an ITTA implementation. Figure (4.21) shows a more detailed
circuit implementation of a regulated current mirror discussed before. The current mirror
includes the bipolar NPN transistors 7} and 75 that are regulated with a n-MOS transistor
as OTA. The OTA has a transconductance g,,; = ’:Z—’: which regulates the input node to
a defined and low-ohmic potential Vj,. The current mirror gain n is the current ratio
n = Z@"—f This current amplifier architecture has the advantage of a simple continuous
gain adjustment with a variable voltage source Vg, = V, — V,,. Compared to other
solutions [46] no switching in the current signal path is necessary. The current gain n is

defined by the Equation (4.35) where Vr is the thermal voltage of 26mV.

[ou Vp — Vm
n= Imt = exp (pT> (4.35)

The small-signal transfer function of the circuit is shown in Equation (4.36). The AC
behavior is more or less defined by two poles P; and P, with P is associated to the input
node impedance at V;, and P, to the common emitter node of the current mirror. An

approximation of the pole frequencies can be seen in Equation (4.37 and 4.38)

7;out n
~ 4.36)

) . % 2 Cpmcin (

ZZTL 1 + ngl (1 + n) + s Im19m2

gmi
P~ ——mMm— 4.37
. 1
p, ~ Im(ntl) (4.38)

Cpm
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For circuit stability the two poles have to be split away from each other. On the other
hand both poles should be as high as possible for amplifier speed. To shift the P; to high
frequencies the g,,; of the OTA can be increased to high values. The input capacitance
C;n is more or less defined by the photodiode capacitance. The pole P, increases with
Jme of the current mirror NPN transistors and decreases with a high parasitic capacitance
Cpm in the common emitter node. An additional input DC-current through the current
mirror with NPN transistors 75 and T3 increases ¢,,» and ¢,,3 and therefore shifts the
pole P to high frequencies. Higher values of amplifier gain n also splits the poles and
increases stability. Dependent on the photodiode capacitance and the gain n one has to
decide which pole P; or P, is the dominant and therefore the bandwidth limiting pole.
For our application the pole P; is the dominant pole. So this current amplifier input stage
can be optimized to even higher speed values compared to a classical TTA implementation
with a resistive feedback amplifier as input stage. The bandwidth of a classical TIA input
stage is approximately determined by the value of Ay/R;(Cy + C;,) with Ag is the TIA -
amplifier gain, R, is the transimpedance resistor connected to the input node and C} is
the compensation capacitor in parallel to R;. As in our implementation the TIA is located
in the output stage, the capacitances and the R; can be minimized to achieve an overall
higher bandwidth.

The noise performance of the circuit is dominated by the shot noise of the transistors 75
and 75. To minimize the input referred noise current, the input DC current I;,, 4. must be
as low as possible. On the other hand the small - signal - bandwidth of the circuit depends
on the transconductance g,,; of OTA transistor 77 (see Figure (4.21)) and therefore de-
creases with lower [, 4. as mentioned before. This can be solved by applying a DC-current
source connected to the drain of the NMOS-OTA T;. Figure (4.22) shows the dominant

noise sources of the ITIA variable gain current amplifier.

Figure 4.22: Noise sources of a variable-gain regulated current mirror.

Looking into more detail for the noise performance of our current amplifier ITIA archi-

tecture one can find that the noise can be reduced compared to a classical TTA imple-
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mentation. In Equation (4.39) the input-referred noise current i, 774 of a classical TIA

is shown (see also Section4.4.2)

ifl,TM ~ 2l + 4kT vg,A(l + SRtC'm)z \

4.39
df Rt + Rt2 + Zn,A ( )

where 2¢1;, is the photodiode shot noise, 4kT"/ R; is the thermal noise of transimpedance
resistor Ry, v, 4 and 7, 4 are the amplifier input noise voltage and noise current. In Equa-
tion (4.40) the input referred noise current 4, jrya of the current amplifier (Figure4.22)
is shown. 4ql;, 4. is the shot noise of transistors 75 and 73, rp is the base resistance of

transistor 75 and 73 and v, 4 and ¢, 4 are the OTA input referred noise voltage and noise

current.
Z12’L ITTA -2 ) ZEL c2 2 2 2 2 2 2
7df ~ lnpd + tnel + 771 + ('Un,bl + Un,bl)gml + Un,A(SCin) + In,A
2 2 2
Un, ITIA 8¢° B inge 2 | 2
df q + qLin,d + kT + Un,A(S ) + 7’n,A ( )

Comparing Equations (4.39) and (4.40) the noise behavior is approximately the same
except for a few terms as shown in Equation (4.41). Figure4.23 shows a comparison of
these different noise terms in dependence on transimpedance resistor R; on one hand and
different input DC - currents [;;, 4. on the other hand. These graphs demonstrate that for

low Iy, 4c values the ITIA shows a better noise performance compared to a TIA input

stage.
2 2
4kT 8(] TBIin de
— =\ 4l g+ —— (4.41)
R, ’ kT
~—— ~ —
TIA ITIA
4,0E-12 ; ; 4,0E-12 ; ;
‘ TIA ; ITIA
= 35E-12 2 35E12
N N | |
I 5 I I
£ 3,0E-12 £ B0E-12 oo
3 = | |
@ o | |
< 25E-12 - L 2512 T
"E E | |
o 2,0E-12 - g 2,0E-12
3 5
o 15E-12 S 1,5E-12
2 2
2 10E-12 1 S 1,0E-12 -
5 ]
2 5,0E-13 - 2 5,0E-13
£ £
0,0E+00 ‘ i 0,0E+00 1 1
0 5000 10000 15000 20000 25000 0,0E+00 1,0E-06 2,0E-06 3,0E-06 4,0E-06 5,0E-06
Transimpedance Resistor (Ohm) Input DC current (A)

Figure 4.23: Comparison of significant ITIA input noise and standard

TTA input noise terms.
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4.6 Summary and Conclusion

For OEIC’s in the field of optical data storage there is a strong demand for variable
gain transimpedance amplifiers. These amplifiers should have a high bandwidth up to
approximately 150 MHz but also low noise in combination with variable gain over a wide
range of more than 3 decades. An example for such data storage OEIC will be presented
in Chapter (5). We have shown within this section, that a TIA architecture with variable
gain current amplifier input stage (ITIA) shows significant advantages to fulfill these
requirements. It combines a high bandwidth with low noise and continuously variable

gain.
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Chapter 5

OEIC for CD/DVD /Blue-laser
Optical-Data-Storage Applications

5.1 Introduction

The optical pickup unit (OPU) is a key component implemented in modern optical data
storage systems like CD, DVD or future applications with blue laser light (”Blu-ray”).
Figure (5.1) shows the basic optical setup for a pickup unit in Figure a.) and a photograph
of a modern multi-standard optical pickup unit in b.) presented by Philips Semiconduc-
tors. The OPU is a complex optoelectronic system including several optical devices like
lenses, beam-splitters and mirrors. Since the three standards (CD, DVD and ”Blu-ray”)
are using different light wavelengths, three laser diodes are integrated in an OPU. A CD
laser at 780nm, a DVD laser with 660 nm and a blue laser with 410 nm wavelength. All
three laser beams are focused onto the disk media and reflected back to the optoelectronic
detector IC (OEIC). In this section we will present a prototype OEIC that covers all three
standards. The OEIC converts the reflected light from the storage disc to a proportional
electrical output signal. On one hand the data rates in optical storage applications like
Blu-ray increase rapidly up to 500 Mb/s and on the other hand the reflected light inten-
sity for read application is decreasing below 1uW. Therefore there is a strong demand
on OEICs including integrated photodiodes with high-speed and sensitivity performance
combined with high-bandwidth and low-noise transimpedance amplifier circuits. Due to
the broad variety of operating conditions (CD, DVD, ”Blu-ray”, read, write, single or
double layer disc...) the transimpedance amplifiers must be programmable over a wide

range of gains.

In the presented prototype IC the circuits are implemented in the novel 0.5 ym BiCMOS
technology called B6CP including an integrated PIN-photodiode with a high speed and
light sensitivity for all 3 wavelengths used for optical data storage like CD (780 nm), DVD
(660nm) and ”Blu-ray” (410nm). As presented in Section (2.4) the measured photodi-
ode sensitivity is 0.35 A/W for 780nm, 0.4 A/W for 660 nm and 0.25A/W for 410 nm
wavelength. The 3dB small-signal-bandwidth of the photodiode is above 1 GHz without

slow diffusion effects of photo - generated minority carriers. A detailed description of the
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Figure 5.1: Basic optical setup (a.) and photograph of an optical picup
unit for a multi standard CD, DVD and Blue-Laser drive
(Source: Philips).

B6CP technology can be find in Section (2.4). The technology as well as OEIC prototype
development was done within a EC funded Project called ”INSPIRED” under reference
IST-2000-28013.

The photodetector configuration on the OEIC is the typical 8-photodiode arrangement
(see Figure (5.12) and (5.2)) used by most of the OPU manufacturers [47]. It consists of 4
central segments (A...D) and 4 satellite segments (E...H). The central segments are used
for data detection as well as laser beam focussing and tracking for DVD and ”Blu-ray”.
The CD operation additionally requires so called satellite segments to the left and right
of the central segments. They are used for CD tracking.

Each photodiode segment is connected to a programmable transimpedance amplifier
(TTIA) stage. Compared to classical solutions for the transimpedance amplifiers [48] we
used a new architecture that combines a classical TIA with an input current preampli-
fier (ITTA) as discussed in Section (4.5.4). This architecture allows a very flexible gain
programming in combination with high-speed and low-noise performance. The prototype
OEIC has 12 different gain settings for read and write applications and additional 17
gain settings in a special write/clip mode programmable with a serial interface. Another
critical issue for an OEIC in OPUs is the data transmission over the flex cable to the
controller unit. We implemented an impedance matching of the output driver stage to
the 1302 cable impedance to avoid signal reflections. To increase the output dynamic

range the impedance is generated by active impedance synthesis.

5.2 OEIC Architecture and Building Blocks

The IC architecture is shown in Figure (5.2). The 8 photodiode segments (4 central
segments A to D and 4 satellite segments E to H) are located in the center. Left and right

to the segments the 8 amplifier channels can be seen. Every single photodiode current is
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amplified to a single-ended output voltage V4 to V. In addition a differential signal RFP
and RFM for the RF-data output is implemented which is a summation of the central
photodiode signals (A to D). Every amplifier channel consists of a current preamplifier
(CA to CH) as input stage, followed by a transimpedance amplifier (TA to TH) and an
output buffer (Buf). All stages are programmable with a serial I?C-interface. A DC
output reference voltage between 2V and 2.4V can be applied to an external pin V,.;.
To avoid channel crosstalk and stability problems, every channel has its own decoder
(Dec) with reference voltage and current generation and a power supply filter network is

implemented.

|

=erial Interface

— At o rmib
i S b -

Figure 5.2: OEIC architecture with integrated photodiodes (A to H)
connected to a current amplifier (CA to CH), a tran-
simpedance amplifier (TA to TH) followed by an output
buffer (Buf). RF is a differential transimpedance ampli-
fier for the current CA+CB+CC+CD. The gain is pro-
grammable with a serial interface in combination with a

gain decoder (Dec).

Due to the high range of input signal levels for the different operating conditions as read,
write and write/clip we implemented a large number of different transimpedance gain
settings. The gains in read and write operation for the central segments A to D can be
programmed between 130€2 and 270k(2 in steps of two. The gain for the satellite segments
is even 4 times higher and the differential RF gain is 2/5 of the central segments gain. For
the so called write/clip mode additional 17 gains can be programmed. The objective for

the write/clip mode is to use a much higher central segments gain as RF-gain compared to
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the standard write mode. This allows a low’ level measurement during write with a high
central segment gain which is used for tracking calculation. During the write "high’ level
a gain clipping circuit for the central segment becomes active. This circuit adaptively
reduces the central amplifier gain at the input stage when the input current becomes too
high for maximum central segment output voltage swing. The central segment output
voltage swing is reduced to nearly 0 during the high’ phase. This dramatically decreases

the current consumption during write mode.

5.2.1 Transimpedance Amplifier Architecture

To implement the required number of different gains and operating modes we used a new
multistage transimpedance amplifier (TTA) architecture. The TTA for one central segment

and the differential RF-amplifier is shown in Figure (5.3).

RI,C
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Aqe Ape Centzal Output
s o
~ - Voul,c
- Buffer
Iin,c +

Decoder [

+ : A A é
Reference [ Ie 2.
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+
Reference :
currents |—» CA2 Vref
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Ay Aps ) e uf )

*

Serial interface
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+ N Y .
/! TI> Buffer> Vot
+ +

Figure 5.3: ITIA architecture for central and RF channel.

In difference to a classical TIA solution we used a 2-stage current preamplifier (CA1 and
CA2) as input stage followed by a classical TIA stage and a buffer at the output (ITIA).

The input current I, . coming from a central segment photodiode is preamplified in the
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Central Segments || Satellite Segments

An 0.375/1.5/6 0.9/4/16
Ap 0.25/0.5/1/2/4 0.5/1/2/4/83
Ay 0.375/1.5/6
Apar || 0.25/0.5/1/2/4
Ri. 1.4kQ /11kQ 1.4kQ /11kQ
Ry 5300 /4kQ)

Table 5.1: Gain values of the OEIC TIA gain stages

current amplifiers CA1 and CA2 with a gain of Ajy . *x Ajs .. For the offset compensation
of output current I,, . a matched replica of amplifiers CA1 and CA2 are implemented
without input current. The output offset current of the replica amplifiers is subtracted
from current I,,; . by a precise current mirror circuit. The offset compensated current is
then fed into a classical TIA with programmable transimpedance R;.. Finally the TIA
output voltage is buffered to an output voltage V... The output reference voltage V,.¢

is applied to the TTA and buffer amplifier inputs from an external pin.

Also a differential TIA is implemented as shown in Figure (5.3). The input current of
this TIA is the sum of the 4 central segment currents I, ,; coming from a second path
in current amplifier CA2. The common-mode output voltage of the differential output
buffer is defined by V..

The main advantage of this TTA implementation is a high flexibility in gain programming
since we have designed a variable gain current amplifier as input stage with a high gain -

bandwidth and low noise (see Section (5.2.2)) compared to classical TTA implementations.

All amplifier stages are programmable with the serial interface. The gains of the amplifier

stages are shown in Table 5.1.

5.2.2 Current Amplifier Circuit

The input current preamplifier stage was presented in Section 4.5.4. A simplified schematic
of the current amplifier is shown in Figure (4.21). The amplifier consists of a gain pro-
grammable regulated current mirror. The current mirror includes 2 bipolar NPN transis-
tors that are regulated with a n-MOS transistor as Operational Transconductance Ampli-
fier (OTA). The OTA has a transconductance g¢,,; = ’:—ZL which regulates the input node

Vin to a defined and low-ohmic potential V;,. The current mirror gain n is the current
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ratio n = I, /Il;n. This current amplifier architecture has the advantage of a simple

continuous gain adjustment with a variable voltage source Vyqin =V, — Vip,.

out,clip

in,dc out

CSE - circuit/ﬁ
G | -
T3 v, lthreshold Iin,clip
: e o
. ff:

lvpm : J : |
W :

Y lom

Vem
----- SRRREEE gain,m
M M lin clip | ;
1 2 J A out,clip
] | Clipping —

Circuit

Figure 5.4: OEIC implementation of current amplifier including

capacitive-speed enhancement (CSE) and clipping circuit.

The final current amplifier implementation for our OEIC is shown in Figure (5.4). It
consists of two NPN current mirror transistors 75 and 73 and a NMOS transistor M;
acting as OTA. For current mirror biasing a dc voltage source V,,, and a current source
Iin 4. was used. As mentioned before, the current gain of this amplifier can be tuned by
the NPN current mirror base voltage difference (V,, — V,,). This was implemented by
transistors Ty and Ty which are matched pairs to transistors 75 and 73. Therfore the
current mirror gain n = I,/ I;, is equivalent to the ratio of currents I q:n.p/1gain,m, Which
realizes simple gain programming.

To enable the clipping functionality described in Section 5.2 an additional clipping circuit
block is included in our application. This circuit non-linearly reduces the amplifier gain
in the input stage via current sources Iyqin.p/gain,m after reaching a defined input current
level (I, > ILipreshoia). Therefore the high input currents up to 5mA in write operation
are only flowing through the input NPN transistor 75 and the OTA M; to ground. There
is no amplified signal current flowing through the following circuit blocks anymore. This
results in a lower current consumption for the write/clip mode compared to the normal
write mode. The circuit implementation for the clipping circuit is shown in Figure (5.5).

It works as fast current comparator which compares the input current I, i, with a
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Figure 5.5: Clipping circuit implentation.

reference current Iip,eshoig- 1he basic parts of the comparator are three NPN-diodes 717,
T, and T3 in series which are powered by a voltage V., smaller than three times the
base-emitter voltages V;.. Depending on the input current direction the transistors 15, T3
and therefore T} are switched on or off. To increase the comparator gain an identical 2™
stage is implemented. Since all nodes in the circuit are low impedant and there is also no
direct feedback included, the comparator speed is high. The comparator characteristic is
indicated in Figure (5.5).

The noise performance of the circuit was discussed in Section (4.5.4). There it was shown,
that for low input dc-currents I, 4. the input referred noise current decreases to very low
values. On the other hand, the bandwidth of the current amplifier also decreases with
lower I;;, 4 current. To optimize the noise as well as the speed performance, we reduced
the I 4. to low values of about 1pA. Additionally we introduced a capacitive speed
enhancement circuit also shown in Figure (5.4). This circuit by-passes the current mirror
transistor 73 by adding a fast feed-forward current I, to the output current. The forward
current is generated by a buffered capacitor C; which is connected to a low ohmic node
(NPN cascode transistor) at the mirror output. The feed-forward current is approximately

defined by the relation
AVim

dt
with A is the buffer gain. In our case we used an emitter follower circuit as buffer, which

Iy = ACyy (5.1)

means a gain of about 1. Depending on the dynamic behavior of node V,,, the output

current risetime can be optimized via feed-forward buffer gain and Cy; value.

Another important parameter especially in data communication systems is the circuit jit-
ter performance. This is defined by the amplifier output signal phase difference between
the minimum and maximum transmitted data frequency. Therefore a good jitter perfor-
mance requires high linearity (constant gradient) in the phase response. A measure for

the phase linearity is the group delay 7; which is related to the phase ¢ by 7, = —dp/df



- 103 —

with f is the frequency. An alternative method for jitter investigation is shown in Fig-
ure (5.6). It is defined by the maximum deviation of a real amplifiers phase response from
ideal phase behavior with constant gradient. The simulated phase response of the ITTA
output voltage from Figure (5.3) is shown as solid line in Figure (5.6). The doted line
indicates the ideal phase response, which is the tangent at frequency f=0. The maximum
simulated amplifier phase gradient deviation between f=0 and 250 MHz is 12°. With an
250 MHz input signal this relates to an effective group delay of about 130 ps.
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Figure 5.6: Simulated phase response of the ITIA from Fig-
ure (5.3)(solid line). The doted line shows an ideal phase

response with a constant gradient.

5.2.3 Output Buffer

For RF data transmission over a flex cable an impedance matching is necessary for signal
frequencies above 200 MHz. Therefore the output buffer stage has a 1302 4+ 15Q output
impedance matched to the flex cable. The 1302 impedance is generated with active
impedance synthesis. Figure 5.7 show the circuit concept for a single ended output buffer
with a positive feedback path. The resistor values for the buffer feedback circuit can
be calculated according to Equation (5.2) with a synthesis factor m and Equation (5.3)
showing the amplifier gain G including load. The factor k defines the value of m and
therefore the value of G. Hence the integrated output resistor Ry/m can be m times
smaller than the effective output resistance R, which matches to the load impedance

Zy. 'This increases the output voltage dynamic range by a factor of m. In our IC the
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synthesis factor m=2 and gain G=1.5. The factor m was designed to optimize the output
voltage dynamic range with respect to the limited supply voltage headroom for the output
buffer. The maximum buffer output voltage swing is 0.8V. The gain G was dimensioned
to optimize gain and bandwidth for the combination of TTIA and buffer in the output

stage.

kE+1
G = mTH (5.3)

Figure 5.7: Output buffer with active impedance synthesis.

5.2.4 Noise Shielding for Sensitive Amplifier Stages

An important issue for high gain amplifier circuits in general is the signal-to-noise ratio
(SNR). An improvement of SNR is essential for a low bit-error-rate in data transmission
systems. We discussed in previous sections how to reduce the input referred noise current
due to circuits shot noise and thermal noise contributions. The circuits noise performance
is determined mainly by the amplifier input stage. But especially for high gain and
high bandwidth opto-electronic applications another noise source might be significant.
Substrate cross coupling from high power amplifier output stages to sensitive low-current
amplifier input stages might be a dominant factor. Minority carriers are capacitively
injected into the substrate and may cause noise currents. Also parasitic light that is
reflected to analog circuit areas generates minority substrate currents. An effective noise
shielding is therefore essential to increase SNR. The presented BICMOS technology B6CP
offers an efficient possibility for noise shielding. The deep PIN-photodiode n*-buried layer
together with the n™-buried layer contacts can be used to generate a shielding diode as

shown in Figure (5.8). This shielding diode is enclosing sensitive circuit parts completely
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and acts as a guard ring. For an efficient shielding the guard ring needs a low ohmic
connection to power supply VDD while the p-substrate bulk is connected to ground VSS.
Since the nt-buried layer is about 10 um deep the sensitive circuit components can be
integrated within the shielding structure with a standard process flow without changing

the transistor parameters.

Bias Currents

Vss! VDD!

Figure 5.8: Technology option for enhanced noise shielding of sensitive
analog blocks by using PIN photodiode technology steps.
The circuits are shielded by photodiode buried layers.

5.3 Measurement Results

The IC is mounted in an optically open LGA type package including supply filter caps.
For characterization a PCB was developed with external 130 (2 load resistor simulating
a flex-cable. The measurement setup is fixed on an optical bench. As light source we
used laser diodes with a wavelengths of 650nm and 780nm focused on the chip with
optical lenses. The laser diode current is modulated with a pulse generator over a bias-tee
circuit. The transient output voltages are measured on the external load resistors with a
high impedance probe.

Figure (5.9) shows a transient pulse of the central segments signal with highest gain value
of 270 k). The measured rise/falltime is 1.3ns. This means a small - signal bandwidth of
approximately 260 MHz. The eye diagram of the differential RF signal at highest gain is
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Figure 5.9: Transient signal of central channel with highest gain setting

at 650nm wavelength.

shown in Figure (5.10). The diagram shows a well opened eye with a 200 Mbit /s pseudo
random data signal with a length of 231 — 1. Due to the rise/fall times of 1.3ns even a
higher data rate up to 400 Mbit/s is possible even with the highest transimpedance gain

value.

The write/clip mode behavior is shown in Figure (5.11). The diagram includes the input
light signal and the clipped central channel output signal. During the ’low’ phase of the
input signal the output is amplified with a high gain. After input signal is switching to
’high’ state the amplifier gain is reduced to a very low value. Therefore the output voltage
is decreasing to approximately 0 which decreases the IC current consumption during the

write.

The maximum output voltage swing for the single-ended signals and for the differential
output signal is 800 mV. The power consumption of the ASIC is 300 mW with a supply
voltage of 5V.

Figure (5.12) shows a photograph of the OEIC. In the center the 8 photodiodes can be
seen. The whole chip except the photodiodes is covered with a metal plane for light

shielding.

5.4 Conclusion

An optical receiver IC for the data storage applications CD, DVD and ”Blu-ray” has been
realized. The IC consists of integrated PIN-photodiodes connected to programmable tran-

simpedance amplifiers (TIA). The PIN-photodiode shows a superior high-speed and sen-
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Figure 5.10: Eye diagram at 200 Mbit /s of differential RF output signal

at 650nm wavelength.

sitivity performance for all three wavelength needed for CD, DVD and ”Blu-ray” applica-
tions (780 nm, 660 nm and 410 nm) without any slow diffusion effects. The new multistage
TIA architecture with a current pre-amplifier stage (ITIA) gives a high flexibility in gain
programming for read, write and write/clip operation mode with 29 different gain settings.
A special write/clip mode with active gain control in the input stage is implemented. The
rise/fall time for the central segments is 1.3 ns which means a small-signal-bandwidth of
260 MHz for the highest gain of 270 k(2. In combination with the photodiodes this leads
to a sensitivity of 100% for 650nm wavelength which is an improvement by a factor of 2
compared to other publications [46]. For an optimized RF data transmission the amplifier
output buffers are matched to the 1302 flex cable impedance. To improve the amplifier
output dynamic range the impedance is generated by an active impedance synthesis with

a synthesis factor of 2.

Therefore the OEIC was a fully functional prototype for optical data storage applications,
that covers all three standards CD, DVD and Blu-ray. Nevertheless the prototype needs
some improvements to bring it to a final product quality. One optimization is necessary
to decrease the power consumption, which is at the moment 300 mW. The specification
requests for values below 200 mW. This can be reached by reducing a number of gain
settings that are not needed within a final product implementation. Another improvement
has to be done on amplifier offset. Actually the measured amplifier offset can reach values
up to 150 mV, which is to high for a final product. This can be solved by including an
offset compensation circuit using laser-fuses for offset compensation during production
wafer test.
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Figure 5.11: Input signal and clipped output signal of central channel
in write/clip mode.

To solve the mentioned problems, an OEIC redesign was started called ” Demonstrator”
[49]. The Demonstrator design can be seen as optimized version of the described pro-
totype OEIC. It has implemented a reduced number of gain settings as well as lower
bandwidth compared to the prototype. On the other hand an offset compensation cir-
cuit was realized that reduces the output offset voltage to below 20 mV. Also the power
consumption was reduced to about 150 mW, which is significantly lower compared to the
prototype. Therefore an optimized competitive product version was developed that covers
the standards CD, DVD and Blu-ray.

MUY RO

Figure 5.12: OEIC photograph.
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Chapter 6

Summary and Conclusion

Optoelectronics integrated circuits became more and more popular within the last 10 years
also for high speed applications especially in the field of optical data storage and optical
fiber communication. The two driving forces behind this trend are technical performance
and production costs. Integrated solutions offers a better speed and noise performance
compared to discrete solutions assuming same kind of low-cost PIN photodiodes. On
the other hand the integration of photodiodes, analog amplifiers and signal processing
circuits on one piece of silicon also provides an advantage in production costs. For sure
the OEIC applications can not cover the highest speed applications up to 10 of GHz,
since the integrated photodiodes are based on silicon and therefore they can only be used
for light wavelengths below 1 pum. Also the analog circuit performance of the used low-
cost IFX BiCMOS technology B6CP is not as high compared to special Si-Ge double
poly transistor based BIP technologies. But a lot of low cost applications requests for
bandwidths of 100 MHz up to few GHz with light wavelengths from 400 nm up to about

800 nm where the used technology option shows an optimum in performance and costs.

This work can be divided into two main areas related to optical data storage OEIC’s.
The first part covers the integration and modeling of high-speed photodiodes in BiCMOS
technology. Necessary photodiode theory like light transmission, absorption and reflection
at semiconductor surfaces, as well as the dynamic carrier behavior including the solution
of steady-state continuity equations is presented in Chapter (2). An additional section of
Chapter (2) shows the integration of photodiodes in a standard 0.5 um BiCMOS process
flow as well as integration of high performance PIN photodiodes that requires additional
process steps. The PIN-photodiode BiCMOS process development was done within an
EC funded project called "INSPIRED”. In Chapter (3) a detailed description of a SPICE
model for the BICMOS double photodiodes is presented. The model includes time de-
pendent photodiode drift and diffusion carrier effects with arbitrary input light transient.
Additionally the 3-dimensional photodiode behavior is modeled by using a network ap-
proximation. A "Mathematica” tool called PDes was developed to design the photodiode
geometry and automatically generate a SPICE netlist for analog circuit simulations. The
proposed photodiode model provides high accuracy and simulation speed for this kind of

integrated photodiodes.



- 110 —

The second part of this work is introduced by Chapter (4). It presents the theory of the
transimpedance amplifier (TTA) which is an important building block for all optoelec-
tronics integrated circuits. This chapter mainly covers the analysis and optimization of
TIA bandwidth, stability and noise. Another section of Chapter (4) presents different
single ended and differential TIA realization examples. Especially for optical data storage
OEIC’s variable gain amplifiers are needed. Therefore variable gain TIA’s were discussed.
A new TIA concept was presented, that uses a variable gain current pre-amplifier stage
(ITTA) that reaches a very wide gain range with high bandwidth. The following Chap-
ter (5) presents the development of a prototype OEIC used in pick-up units for optical
data storage drives. The specification was defined together with the company Philips who
was a partner within the project INSPIRED. The prototype was specified to cover all op-
tical data storage standards CD, DVD and also the new ”Blu-ray” standard within one
OEIC. This prototype should investigate the performance limits using the B6CP technol-
ogy option with integrated PIN photodiodes. The gain is programmable from 130 €2 to
270 kS for the RF central segment photodiodes. A special write/clip mode is implemented
with additional 17 gain settings used for write operation. The different operation modes
and gains can be programmed with a I2C' serial interface. Despite the high gain values a
small-signal bandwidth of 260 MHz was reached at highest gain. This bandwidth is suf-
ficient for next generations Blu-ray discs. In combination with the high PIN photodiode
performance this leads to a sensitivity of 100 mV/uW for 650 nm light wavelength which
means an improvement by a factor of 2 compared to other publications. The output driver
stage is matched to 1302 flex cable impedance. Active impedance synthesis is used to
increase output dynamic range. To summarize, the prototype was a fully functional OEIC
for optical data storage, that covers all three standards CD, DVD and Blu-ray. Neverthe-
less two issues came up with the prototype OEIC. On one hand the output offset voltage
was about 150 mV and therefore to high. On the other hand, the OEIC power consump-
tion was above the specified 200 mW. A redesign called ” Demonstrator” was started, that
solves the mentioned problems. It reduces the power consumption to about 150 mW and
the output offset voltage to below 20mV. Additionally the demonstrator was simplified
by reducing the number of gain settings and also bandwidth requirements. Therefore
an optimized competitive OEIC was developed that covers all three optical data storage
standards CD, DVD and Blu-ray.
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Appendix A

”Photodiode Designer”

The following pages are showing the printout of a developed Mathematica tool "Photodiode
Designer’ (PDes). This tool enables the graphical design of photodiodes including the
generation of a photodiode SPICE circuit model netlist.
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Photodioden - Designer

by J.Sturm (09.2005)

Confidential

1. Allgemeines

Das Script generiert die Spice Netzliste eines vereinfachten Ersatzschaltbildes fiir eine Double-Photodiode Struktur in der Technologie B6CA.
Weiters enthilt die Netzliste ein Spice Modell fiir die Drift- und Diffusionsstrome.

2. Generierung des Photodioden Netzwerk Modells / Spice Netzliste

In diesem Abschnitt wird die Photodiode definiert indem die Abmessung, die Anodenkontaktierung (p), sowie die Beleuchtung der Photodiode
grafisch designt werden. Aus der definierten Photodiode mit Beleuchtung wird anschlieBend eine Spice-Netzliste des R-C- Netzwerk Modells mit
den zugehorigen Photodiodenstromen generiert. AnschlieBend werden die Pole und Nullstellen des Netzwerk Modells berechnet. Nach einer
Extraktion der aktiven Pole und Nullstellen, werden 2 vereinfachte Spice Ersatzschaltungen fiir das Photodioden Netzwerk Modell generiert. Die
erste modelliert nur einen dominanten Pol. Die zweite modelliert 2 dominate Pole und 2 Nullstellen. Die generierten Netzlisten enthalten neben
dem vereinfachten R-C Ersatzschaltbild, auch ein SPICE Model fiir die Drift und Diffuissions Stréme.

Beschreibung der einzelnen Funktionen

Mit der Funktion "makephotodiode[ ]" werden in einem eigenen Notebook "thenotebook" die Buttons mit dem Titel "Photodiode ganzfléchig
beleuchten" und "Netzliste generieren" sowie aus der Table "buttontable" eine Buttonmatrix mit der GroBe pdcols *pdrows erzeugt, bei der alle
Buttons leer sind. Diese Buttonmatrix entspricht den Photodiodenabmessungen. Durch driicken eines Buttons der "buttontable" wird die Funk-
tion "buttonmatrixneu[ ]" aufgerufen und das Notebook "thenotebook" iiberschrieben. Dabei dndert sich allerdings der gedriickte Buttoninhalt
von "leer" auf "*" wird der selbe Button ein zweites Mal gedriickt, andert sich der Button inhalt von "*" auf "X". Dabei bedeuted "*", daf} die
Photodiode in desem Netzknoten beleuchtet wird, und "X", daB3 die Photodiodenanode in diesem Netzknoten kontaktiert ist. Wird der Button
"Photodiode ganzflachig beleuchten" gedriickt, werden alle Buttons geleichzeitig auf "*" gestellt. Dabei ruft sich die Funktion buttonmatrixneu[ ]
bei jedem Driicken wieder selbst auf, und iiberschreibt im Notebook"thenotebook" den Inhalt mit den neuen Werten. Ist die Photodiode fertig
definiert, so wird durch driicken des Buttons "Netzliste generieren" aus der Photodiode die Titan-Netzliste mit den R,C und Stromquellen
generiert.

In[1]:=

Setze das Directory in dem dieses Notebook liegt, zum Arbeits Directory.

Inf2]= $NotebookDirectory =
ToFileName@First["FileName" /. NotebookInformation[EvaluationNotebook[]]]:

SetDirectory[$NotebookDirectory];
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In[4]:= makephotodiode[] :=
(*# Photodiodengréfe definieren und Anzahl der Zellen berechnen. Gesamtzahl ca. 400 =*)
pdlength = Input["Geben Sie die Photodiodenldnge in mm ein:"];
pdwith = Input["Geben Sie die Photodiodenbreite in mm ein:"];
pdcols = IntegerPart[Sqrt[400 * pdlength / pdwith]] // N;
pdrows = IntegerPart[400 / pdcols] // N;
areapd = pdlength * pdwith;

(#*Photodiodentable generieren =)
buttontable = Table[" ", {i, pdrows}, {j, pdcols}];

(* Button, um die ganze Photodiode zu beleuchten =)
ButtonPDganzfl =
ButtonBox["Photodiode ganzfldchig beleuchtet", ButtonEvaluator -» Automatic,
Active » True, ButtonFunction :> (buttontable = Table["*", {i, pdrows}, {j, pdcols}];
NotebookFind[ButtonNotebook[], "DieNeuePhotodiode", All, CellTags]:;
NotebookWrite[ButtonNotebook[], buttonmatrixneu[]]), ButtonSource -» ButtonContents];

(# Button, um die Netzliste zu generieren =)
GenNet = ButtonBox["Netzliste generieren", ButtonEvaluator -» Automatic, Active - True,
ButtonFunction :> (GenerateNetlist[]), ButtonSource -» ButtonContents];

(* Notebook generieren, in der die Photodiode bearbeitet wird =)

thenotebook = NotebookPut [Notebook[ {ButtonPDganzfl, GenNet, buttonmatrixneu[]},
WindowElements » {"HorizontalScrollBar", "VerticalScrollBar", "MagnificationPopUp"},
WindowToolbars - "EditBar", WindowFrameElements -» {"CloseBox", "ZoomBox", "ResizeArea"},
WindowSize -» {Fit, 500}, WindowClickSelect -» True, WindowFrame - "Normal",
WindowTitle -> "Photodiode", Active -» True, Background -» RGBColor[0.1, 0.2, 0.5]]1];

SelectionMove[thenotebook, Before, Notebook];

)

In[5]= buttonmatrixneu[] := (Cell[ButtonPDganzfl];
Cell[GenNet]; Cell[
BoxData[GridBox[Table[ButtonBox[buttontable[[x, y]], Background -» RGBColor[1l, 0.8, 0.4],
ButtonEvaluator -» Automatic, Active -» True, ButtonFunction :»

({buttontable[ [#2[[1]], #2[[2]]1]] = #2[[3]]: NotebookFind[ButtonNotebook[],
"DieNeuePhotodiode", All, CellTags]; NotebookWrite[ButtonNotebook[],
buttonmatrixneu[], AutoScroll -» True]} &), ButtonSource -» ButtonData, ButtonData ->

{x, vy, If[buttontable[[x, y]] =" ", "%", If[buttontable[[x, y]] == "*", "X", " "]]1}],

{x, pdrows}, {y., pdcols}], ColumnSpacings -» 0, RowSpacings - 0,
ColumnWidths -» 1.5, RowMinHeight » 1.5]],
NotebookDefault, CellMargins -» {{0, 0}, {0, 0}},
ShowCellBracket -» False,
Active -» True,
CellTags -> "DieNeuePhotodiode"])

Eine Netzliste wird aus der aktuellen Photodiodenmatrix "buttontable" generiert, in der die Netzknoten mit den Strémen und Anschliissen defini-
ert sind. Der Name der Netzliste sowie die Bezeichnung der Photodioden Anode und Kathode wird eingegeben.

Die erste Netzliste (Variable=Netzliste) dient zur Berechnung der Ubertragungsfunktion (Eingangsphotodiodenstrom / Ausgangsphotodioden-
strom). Der Eingangsstrom wird mit spannungsgesteuerten Spannungsquellen realsiert, die auch AC Quellen sind. Der gesamte Phtodioden-
strome (Summe aller Netzknotenstrome) ergibt sich aus der eingestrahlten Lichtleistung (entspricht der angelegten Spannung an der gesteuerten
Stromquelle) multipliziert mit der Photodiodenempfindlichkeit Spd.

Inf6]:= GenerateNetlist[] :=
(
(*# Parameter =*)
RsgAn = 1000; (*Square Widerstand der p-Anode (p-Basis oder p-S/D) =*)
RsgKat = 100; (#*Square Widerstand der n-Kathode (n-buried layer) =)
Spd =0.4; (* Empfindlichkeit d. Photodiode in A/W =*)
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LightPower = 1; (* Eingangslichtintensitdt fir die berechnung des PD-Stromes =)
Cpd = pdlength * pdwith % 70 %107%2%; (* Kapazitdt der Photodiode;

nur geschédtzter Wert, der aktuelle Wert wird in der Netzliste definiert =)
CpdNet = Cpd / (pdcols % pdrows) ;

(* Eingeben des Netzlistennamens

und der Photodiodenanschlussnamen fiir Kathode und Anode =)
Netzliste = InputString["Geben Sie den Netzlistennamen ein"];
PDanode = InputString["Geben Sie einen Namen fiir die Anode von PD1l ein:"];
PDanode2 = InputString["Geben Sie einen Namen fiir die Anode von PD2 ein:"];
PDcathode = InputString["Geben Sie einen Namen fiir die Kathode von PD1+PD2 ein:"];

(* Generieren der Photodiodenstrommatrix und der Anschlussmatrix )
PDcurrentTable = buttontable /. {"X" >0, " "> 0};
PDcontactTableP = Table[buttontable[[i, j]] /. {"*" » SequenceForm["p", i, "p", j].
" " 5 SequenceForm["p", i, "p", j], "X" » PDanode}, {i, pdrows}, {j, pdcols}];
PDcontactTableN = Table[If[(1i==1|| i=pdrows || j=1]]| j == pdcols),
PDcathode, SequenceForm["n", i, "n", j]], {i, pdrows}, {j, pdcols}]

(*# Schreiben der Netzliste des gesamten Photodioden Netzwerkmodells in ein Textfile. Die
Netzliste liegt dabei in einem Subcircuit mit den Anschliissen Anode,

Kathode und 2 Steuerleitungen fir die eigestrahlte Lichtstarke «x);

pdmodelname = ToString[SequenceForm["PDmod ", Date[][[1]], "_",
Date[][[2]], "_", Date[][[3]], "_", Date[][[4]], "_", Date[][[5]1111:

FullNetlist = "Full " <>Netzliste;
outputstream = OpenWrite[FullNetlist];

WriteString[outputstream,
" H G S S S H S R  HH EE EEE \n,
"x#HH###H##### Titan-netlist of the photodiode Model ##########\n",
W HE G S S S S \n T,
"+ by J.Sturm (2002)\n",

"+ The photodiode model is a subcircuit with 4 external Pins:\n",

ToString[SequenceForm["* ", PDanode, " = Photodiode anode ",
PDcathode, " = Photodiode cathode", "\n"]],
"% PdLightP, PdLightM = input pins for light intensity in W\n", "\n",

"+ The light intensity falling on the photodiode is the voltage\n",

"x between the pins PDLightP and PDLightM. The pins must be\n",

"%+ connected to an external voltage source.\n", ToString[

SequenceForm["* The size of the photodiode is ", pdlength, " x ", pdwith, " mm.\n"]],

ToString[SequenceForm["* The photodiode model is an R/C/I network with ",
pdcols * pdrows, " nodes.\n"]], "+\n", "+\n"];

WriteString[outputstream, "* The name of the subcircuit is ", pdmodelname,
"\n", "\n", "%x The netlist:\n", "\n", ToString[SequenceForm|[".SUBCKT ",
pdmodelname, " ", PDanode, " ", PDcathode, " PdLightP PdLightM\n", "\n"]]];:

(*# Schreiben der Widerstande der p-Schicht in die Netzliste %)
WriteString[outputstream, "# p layer resistors of photodiodemodel\n"];
Do[ (WriteString[outputstream, ToString|[

SequenceForm["R ", j, "p", i, " ", j, "p", i+1, " ", PDcontactTableP[[]j, i]], " ",

PDcontactTableP[[j, i +1]], " ", RsgAn, "\n"]]])., {i, 1, (pdcols-1)}, {j, 1, pdrows}];
Do[ (WriteString[outputstream, ToString[SequenceForm["R ", j, "p", i, "_", j+1,

"p", i, " ", PDcontactTableP[[j, i]], " ", PDcontactTableP[[j +1, i]],

" ", RsgAn, "\n"]]1]), {i, 1, pdcols}, {j, 1, (pdrows-1)}];

(*# Schreiben der Widerstédnde der n-Schicht in die Netzliste %)
WriteString[outputstream, "* n layer resistors of photodiodemodel\n"];
Do[ (WriteString[outputstream, ToString[
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SequenceForm["R_", j, "n", i, "_", j, "n", i+ 1, " ", PDcontactTableN[[]j, i]], " ",

PDcontactTableN[[j, i +1]], " ", RsgKat, "\n"]]]), {i, 1, (pdcols-1)}, {j, 1, pdrows}];
Do[ (WriteString[outputstream, ToString[SequenceForm["R ", j, "n", i, "_", j+1,

"n", i, " ", PDcontactTableN[[j, i]], " ", PDcontactTableN[[j +1, i]].,

" m, RsgKat, "\n"]]]), {i, 1, pdcols}, {j, 1, (pdrows-1)}];

(# Schreiben der Kapazitdten in die Netzliste %)
WriteString[outputstream,
"x Capacitances of photodiodemodel between the anode and cathode nets\n"];
Do[ (WriteString[outputstream, ToString[
SequenceForm["Cpd_", j, "x", i, " ", PDcontactTableP[[j, i]], " ",
PDcontactTableN[[j, i]], " ", MantissaExponent[CpdNet // N][[1]], "E",
MantissaExponent [CpdNet // N][[2]], "\n"]]1]), {i, 1, pdcols}, {j, 1, pdrows}];

(*# Schreiben der Photodiodenstréme in die Netzliste, wenn Sie ungleich 0 sind =*)
WriteString[outputstream,
"x+ Photodiode net currents. Voltage-controlled-current-sources\n",
"+ with G = (Photodiodesensitivity Spd / number of currentnodes)\n"];
Do[ (WriteString[outputstream, If[PDcurrentTable[[j, i]] == 0, Continue[],
ToString[SequenceForm["GIpd ", j, "x", i, " ", PDcontactTableN[[]j, i]].,
" ", PDcontactTableP[[]j, i]], " PdLightP PdLightM ",
(Spd / Count [buttontable, "*", 2]), "\n", "\n"]]]1])., {i, 1, pdcols}, {j., 1, pdrows}];

WriteString[outputstream, ToString[SequenceForm["R cathode ", PDcathode, " 0 1g", "\n"]],
ToString[SequenceForm["R anode ", PDanode, " 0 1g", "\n"]]]:
WriteString[outputstream, ".ENDS\n", "\n"];
WriteString[outputstrean,
"% Subcircuit call of photodiodemodel. Name of subcircuit is: XPD\n",
ToString[SequenceForm["XPD ", PDanode, " ", PDcathode,
" PdLightP PdLightM ", pdmodelname, "\n", "\n"]]]:
WriteString[outputstream, "x######## End of the photodiode model ###########\n"];

Close[outputstream] ;

(* Schreiben der Netzliste fiir die AC-Analyse des Photodiodenstromes in ein
Textfile. Dabei liegt die AC-Quelle an der Photodioden stromquelle =*);

TFNetlist = "TF " <> Netzliste;

DeleteFile[TFNetlist];

CopyFile[FullNetlist, TFNetlist];

outputstream = OpenAppend [TFNetlist];

WriteString[outputstream, "#\n", "x########## Titan Runset #######H##### \n",

"x This is a TITAN runset for simulation of the AC photodiode transfer function \n",

"+ The AC source is located in the photodiode current sources. \n",

"x\n", ToString[SequenceForm["V_cathode ", PDcathode, " 0 dc 3", "\n"]],

ToString[SequenceForm["V_anode ", PDanode, " 0 dc 0\n"]], ToString[SequenceForm[
"V_1light PdLightP PdLightM PULSE(0 ", LightPower, " 0 100p 100p 25n 50n) AC 1\n"]],

"Rpdlightp PdLightP 0 1g\n", "Rpdlightm PdLightM 0 1g\n",

"kkkkkkk* Analysis xkxkk*xkxkx*%x\n", ".tran 20p 50n\n", ".op\n", ".ac dec 50 10 100g\n",

".pz V_1light i(V_anode) dec 20 1000 100g\n", "x%%*****x* Output #****x**x*x*x%x%xx\n",

".plot tran level=1l v(%) i(V_anode,np)\n", ".plot ac level=0 i(V_anode)\n",

" _SAVE pdmod FORMAT=SCOPE\DN", "kkkkkkkkhkkkkhkkkhkkkkhkkkkkkrrsrrx\n", " END\n"]

Close[outputstream];

(* Schreiben der Netzliste fir die AC-
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Analyse zur Bestimmung der Photodiodenimpedanz. Dabei liegt die AC-
Quelle an der Photodioden Kathode. Der Name der Netzliste ist Z xxxx *);
ZNetlist = "Z_" <> Netzliste;
DeleteFile[ZNetlist];
CopyFile[FullNetlist, ZNetlist];

outputstream = OpenAppend[ZNetlist];

WriteString[outputstream, "*\n", "x########## Titan Runset ######H#H#####\n",
"+ This is a TITAN runset for simulation of the photodiode Output inpedance \n",
"%+ The AC source is the photodiode cathode voltage source. \n", "x\n",
ToString[SequenceForm["V_cathode ", PDcathode, " 0 dec 3 AC 1", "\n"]],
ToString[SequenceForm["V anode ", PDanode, " 0 dc 0\n"]],
ToString[SequenceForm["V light PdLightP PdLightM PULSE(0 ", LightPower,

" 0 100p 100p 25n 50n)\n"]], "Rpdlightp PdLightP 0 1g\n", "Rpdlightm PdLightM 0 1g\n",
"gkkkkdkkdx ANnalysis xkxkkkkx%xx%x%x\n", ".tran 20p 50n\n", ".op\n", ".ac dec 50 10 100g\n",
".pz V light i(V _anode) dec 20 1000 100g\n", "x###%***x* Output #****x*xkk*x*x%xx\n",

".plot tran level=1l v(%) i(V anode,np)\n", ".plot ac level=0 i(V anode)\n",
" .SAVE pdmod FORMAT=SCOPE\N", "#x*kkkkkkkkkkkkkkkhkkkkkkkhkkxkkxxx\n", ".END\n"]

Close[outputstream];
NotebookWrite[thenotebook, Print["Die Netzliste ", Netzliste, " wurde erstellt."]]:

)

inf7l= makephotodiode[]

3. Generierung eines vereinfachten Photodiodenmodels

In[8]:=

In diesem Abschnitt werden die 2 Titan-Runset Files mit der Netzliste des Photodiodennetzwerks fiir die Bestimmung der Ausgangsimpdenzin
sowie fiir die Bestimmung der Photodiodeniibertragungsfunktion in Analog Insydes eingelesen.

Mit den 2 Netzlisten wird eine AC-Analyse sowie eine Pol/Nullstellen Analyse durchgefiihrt. Aus der Pol/Nullstellen Liste werden die signifi-
kanten Pole und Nullstellen herausgefiltert. Mit den signifikanten Polen und Nullstellen wird nun eine einfache Ersatzschaltung mit Spice-
Primitives generiert. Die Ersatzschaltung wird in ein Titan Runset geschrieben und kann anschliefend entweder mit Titan simuliert werden. Zur
Verifikation des vereinfachten Modells wird die Netzliste der Ersatzschaltung wieder ins Mathematica geladen, eine AC sowie Polnullstellen
Analyse durchgefiihrt und mit der vollstdndigen Photodioden Ersatzschaltung verglichen.

Initialization

Einige Warnings ausschalten

inf9}= Off[General::spell, General::spelll];

Loading and Configuring Analog Insydes

Analog Insydes laden.

In[10}= << AnalogInsydes”
in[11]:= ReleaseInfo[AnalogInsydes]

Default Option settings fiir einige Graphic Funktionene.

In[12]= SetOptions[{BodePlot, NicholPlot}, PlotPoints -» 200, ImageSize -» 500];
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m Photodioden Ubertragungsfunktion

Hier wird die Ubertragungsfunktion der Photodiode berechnet (AC-Analyse sowie Pole/Zero Analyse) sowie daraus ein Ersatzschaltbild in spice
generiert. Fiir die Berechnung wird das Runset mit der Variablen Netzliste eingelesen. Die AC Quelle liegt dabei am Eingang der spannungsgest-
euerten Stromquellen, die dem Photodiodenstrom entsprechen.

Einlesen des Titan Runset-Files mit der Photodioden Netzliste. Der Name ist in der Variable "Netzliste" definiert

In[13]:= tivnetTF = ReadNetlist[TFNetlist, Simulator -» "Titan"];

In[14]= (% tivnetTF//DisplayForm =*)

Circuit Equations, AC Analysis

Erstellen der Schaltungsgleichungen
In[15]:= Clear[s];
In[16]:= tivegsTF = CircuitEquations[tivnetTF, AnalysisMode -» AC, Protocol -» {All, All, All}];
In[171= (% tivegsTF // DisplayForm #*)

Numerische AC-Analyse mit den Schaltungsgleichungen

010

In[181:= (* acsweepTF=ACAnalysis[tiveqsTF,{f,1,1 }.,PointsPerDecade-»20, Protocol-»All]; =*)

Numerical Pole/Zero Analysis
Numerisch Pole und Nullstellen des Verstirkers berechnen.
In[19]:= Clear[s];
Inf20]= pzTF = PolesAndZerosByQZ[tivegsTF, I$V$ANODE] ;

Darstellen der Pole und Zeros in einem Root-Locus-Plot

in21]:= rloc2 = RootLocusPlot[Evaluate[pzTF],
LinearRegionLimit -» Infinity, PlotRange » {{-2*% 10%, 1}, {-1, 1}}]

Extrahieren der aktiven Pole und Zeros

Pole und Zeros aus pz extrahieren und nach der Grof3e sortieren. Das Zero bei 0, das von der Kapazitit kommtsoll entfernt werden

In[22]= POTF = Sort[ (Poles /. p2TF), Re[#2] < Re[#1] &];
zeTF = Sort[ (Zeros /. pzTF), Re[#2] < Re[#1] &];

In[24]:=

in[25]= (% POTF>>"PdPoles TF.m"
ze>>"PdZeros TF.m" x)

In[26]= (* POTF=<<"PdPoles TF.m"
zeTF=<<"PdZeros_TF.m" x)

Absolutwert der Pole und Zeros ausrechnen und nach der Grof3e sortieren

Inf271:= AbsPOTF
AbsZeTF

Sort [Abs [poTF], Re[#2] > Re[#1] &];
Sort [Abs[zeTF], Re[#2] > Re[#1] &];

In29]:= Length[AbsPoTF]
Length[AbsZeTF]

Toleranzbereich innerhalb dessen ein Pol und ein Zero sich autheben: wenn (Zero -Pol<Zero*tol)

Inf31= tolTF =0.1;

Active Poles (ActPoles) und active Zeros (AcatZeros) suchen:
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In[32]:= ActPolesTF = poTF;
zerTF = zeTF;
ActZerosTF = {};
j=0;
While[Length[zerTF] > 0,
(
mark = 0;
For[i =1, i < Length[ActPolesTF], i++,
If[ (Abs[Re[Extract[ActPolesTF, i] - First[zerTF]]]) < (tolTF x Abs[Re[First[zerTF]]]) A
(Abs[Im[Extract [ActPolesTF, i] - First[zerTF]]]) < (tolTF xAbs[Im[First[zerTF]]]).,
mark = 1; (ActPolesTF = Delete[ActPolesTF, {i}]; Break[])]
1:
If[mark == 1, zerTF = Delete[zerTF, {1}],
(ActZerosTF = Append [ActZerosTF, First[zerTF]]; zerTF = Delete[zerTF, {1}])]
)
1

Absolutwert der aktiven Pole und Zeros ausrechnen und nach der Gré8e ordnen:

In[37]:= AbsActPolesTF = Sort[Abs[ActPolesTF], Re[#2] > Re[#1] &]
AbsActZerosTF = Sort [Abs[ActZerosTF], Re[#2] > Re[#1] &]

In[39)= RedAbsActPolesTF = Take[AbsActPolesTF, 2]
RedAbsActZerosTF = Take[AbsActZerosTF, 2]

Berechnen von R und C fiir den erten dominaten Pol, wobei C der Photodiodenkapazitit Cp entspricht:

In[41]:= rpoll = ToString[SequenceForm["'l/ (", CForm[Abs[poTF[[1]]]], "*Cphdl) '"]]

Berechnen der 2 Rs und 3 Cs des vereinfachten Ersatzschaltbildes fiir 2 Pole und 2 Nullstellen:

Inf42]:= Clear[rl, r2, c¢l, c2, c3]

In[43]:=
gll = (1/RedAbsActPolesTF[[1]]) + (1/RedAbsActPolesTF[[2]]) ==rl*xcl+r2xc2+r2xcl;
gl2 =1/ (RedAbsActPolesTF[[1]] * RedAbsActPolesTF[[2]]) ==rl*cl*r2*c2;
gl3 = (1 /RedAbsActZerosTF[[1]]) + (1 / RedAbsActZerosTF[[2]]) ==
(rlxclxc2+r2*xcl*xc3 +r2*c2*c3 +rlxclxc3)/ (cl+c2+c3);
gl4 =1/ (RedAbsActZerosTF[[1]] * RedAbsActZerosTF[[2]]) == (rl*cl*r2*c2%c3)/ (cl+c2+c3);
gl5 =cl +c2 +c3 ==Cphdl;
Zelems = Solve[{gll, gl2, gl3, gl4, gl5}, {rl, r2, cl, c2, c3}]
Inf49})= rl =rl /. First[Zelems];
r2 =r2 /. First[Zelems];
cl=cl /. First[Zelems];
c2=c2 /. First[Zelems];
c3 =c3 /. First[Zelems];
In[54]= rl = ToString[SequenceForm["'", CForm[rl], "'"]]
r2 = ToString[SequenceForm["'", CForm[r2], "'"]]
cl = ToString[SequenceForm["'", CForm[cl], "'"]]
c2 = ToString[SequenceForm["'", CForm[c2], "'"]]
c3 = ToString[SequenceForm["'", CForm[c3], "'"]]

Schreiben einer Netzliste fiir den vereinfachten Photodioden Subcircuit der Ubertragungsfunktion.
Es werden 2 Netzlisten geschrieben:
1. PDsubckt 1p: Subcircuit mit einem dominanten Pol (Photodiodenkapazitit + Widerstand)

2. PDsubckt_2p_2z: Subcircuit der Ubertragungsfunktion mit 2 Polen und 2 Nullstellen von RedAbsActPoles bzw. RedAbsActZeros.
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In[59]:= Clear[postr];
postr = {};
For[i=1, i<2,
postr = Append[postr, ToString[SequenceForm[MantissaExponent [RedAbsActPolesTF][[i, 1]].,
"E", MantissaExponent[RedAbsActPolesTF] [[i, 2]]1]]]1; i++];
Clear|[zestr];
zestr = {};
For[i=1, i<2,
zestr = Append[zestr, ToString[SequenceForm[MantissaExponent[RedAbsActZerosTF][[i, 1]],
"E", MantissaExponent[RedAbsActZerosTF] [[i, 2]]1]]]1; i++];

In[65]= postr
zestr

Schreiben einer Netzliste eines Subcircuit Modells mit 2 Polen und 2 Nullstellen :

Inf67]:= outputstream = OpenWrite["PDsubckt TF_2p 2z"];

WriteString[outputstream,
Uk hHHHHHHAEEHH S A HH A A A A SR S S #H \n ",
"x# SPICE Subcircuit of B6CA Double-Photodiode with 2 pole and 2 zeros #\n",
Uk hHHHHHHAEEAH S AR R AR R AR AR A SR S \ 0,
"y by J.Sturm (2005)\n",
"%+ The SPICE model of the double photodiode consists of a simplified R-C-I model ",
"\n",
"+ The R-C Model for the upper photodiode PD1 is
extracted from the photodiode network model.", "\n",
"y It models two dominant poles and two zeros with resistors
R1,R2 and capacitors C1,C2,C3.", "\n",
"+ The Model for the lower (substrate) photodiode PD2 is a
single fixed resistor Rpd2 and capacitor Cpd2.", "\n",
"% The photodiode current for Pdl and PD2 is represented by a
SPICE model for the drift and diffusion currents. ", "\n",
"x The 2 poles and 2 zeros of the transferfunction are:\n", "\n",
ToString[SequenceForm["* Poles: ", postr, "\n"]],
ToString[SequenceForm["* Zeros: ", zestr, "\n"]], "\n",
"% Input pins:\n",
"y vin = input pin for light intensity in W\n",
"x The vin pin must be connected by an external voltage source to 0.\n", "\n",
"x Output pins:\n",
ToString[SequenceForm["* ", PDcathode, ", ", PDanode, " ", PDanode2,
" = Photodiode cathode and anodel (PD1l) and anode2 (PD2)"]], "\n",
"\n",
"+ The photodiode model in this netlist is given as subcircuit:", "\n",
"% .SUBCKT PDsubckt TF 2p 2z vin PDcathode PDanode PDanode2", "\n",
"% XPD vin PDcathode PDanode PDanode2 PDsubckt TF_2p_ 2z", "\n",
"\n",
Mhkkhhkhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhkkkhkhhkssx ", "\n",
"xx%x%x SPICE Model of Drift/Diffusion currents x%x ", "\n",
L I I I I I I T I T I I IITIT R A AN L
"\n",
Mhkkkkhkkhkkhkhhkhkkhkkkkkkkkkkkkkkkx", "\n",
"xParameters", "\n",
Ukkkkkkkkkhhkkkkhkhkkkhk kb kkhkrx", "\n",
ToString[SequenceForm|[".param A=", areapd, "e-6 xphotodiode area in m2"]], "\n",
".param xpe=0.3e-6", "\n",
" .param xnel=2e-6", "\n",
".param xne2=4e-6", "\n",

" _param xnm=3e-6", "\n",
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" .param Nal=1e24 xp-Base doping concentration", "\n",

" _param Na2=2e21 xp-Substrate doping concentration", "\n",

" .param Ndl=2e21 *n-Epi doping concentration", "\n",

" .param Nd2=2e25 *n-BL doping concentration", "\n",

" _param phi=0.8", "\n",

" ,param epsilon0=8.85e-12", "\n",

" .param epsilonr=12", "\n",

" _param g=1.6e-19", "\n",

" ,param Vpnl=-3 xpn-junction reverse voltage of pdl", "\n",

" .param Vpn2=-3 xpn-junction reverse voltage of pd2", "\n",

" _param munl=1300e-4", "\n",

" ,param mun2=1300e-4", "\n",

" .param mupl=500e-4", "\n",

" .param mup2=500e-4", "\n",

" _param Eth=3.5e5", "\n",

" .param vsn=le5", "\n",

" param vsp=1le5", "\n",

" _param taunl=le-6", "\n",

" ,param taun2=le-6", "\n",

" .param taupl=le-6", "\n",

" _param taup2=le-6", "\n",

" ,param tauprl=le-6", "\n",

" .param taunr2=1le-6", "\n",

" _param Dnl=10000e-4", "\n",

" ,param Dn2=10000e-4", "\n",

" .param Dpl=30e-4", "\n",

" .param Dp2=30e-4", "\n",

" _param ni=1.5el6", "\n",

" .param lambda=780e-9 *light wavelength", "\n",

" param c=3e8", "\n",

" _param h=6.626e-34", "\n",

".param C0l=le-12", "\n",

" _param C02=le-12", "\n",

" _param Idl=100e-12", "\n",

" ,param Id2=100e-12", "\n",

".func sinh(x)='(exp(x)-exp(-x))/2'", "\n",

" func cosh(x)="'(exp(x)+exp(-x))/2'", "\n",
Wydkkhhhdhhhhhhhhhhhhhhhhhhkhhhhhhkhkrrdcxx", "\n",
"xAbsorption coefficient", "\n",

"#in (1/m) mit lambda in (m)", "\n",

Makkdkhkhhhdhhhhhhhhhhhhhhhhhhhhkhkhkrkrrxx", "\n",

" .param alphasi="'((84.732e-6/lambda)-76.417)*((84.732e-6/1lambda)-76.417)*1e2'", "\n",

" .param alphan=alphasi", "\n",

" _param alphap=alphasi", "\n",

" .param alphai=alphasi", "\n",

Makkdkhkhhhhhhhhdhhhhhhhhhhhhkhhkhkhkhkrexx", "\n",

"xLight transmission T", "\n",

Hakdkhhkhhhhhhhhhhhhhhhhhhhhhhhhhrhhkhkrrsx", "\n",

" .param nsn=2.5", "\n",

" _param nox=1.46", "\n",

" ,param nsi=4.,18", "\n",

" .param xsn=0%500e-9 xthickness of silicon nitrid", "\n",

" .param xox=2300e-9 xthickness of oxid", "\n",

" .param rl='(l-nsn)/(l+nsn)'", "\n",

" .param r2=' (nsn-nox)/ (nsn+nox)'", "\n",

".param r3='(nox-nsi)/(nox+nsi)'", "\n",

" . param Al='2%cos(4*3.l4*nsnxxsn/lambda)'", "\n",

" .param A2='2xcos (4%3.1l4*nox*xox/lambda)'", "\n",

" .param A3='2%cos((4*3.l4*nsn*xxsn/lambda) - (4*3.14*nox*xox/lambda))'", "\n",
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" . param A4='2xcos((4%*3.l4*nsnxxsn/lambda)+ (4%3.14*nox*xox/lambda))'", "\n",
" .param AS5=' (Alxr2% (1+ (r3+*r3))+r3% (Ad4+ (r2%r2%A3)))/ ((r2%r2)+ (r3*r3)+ (r2+r3xA2))'",

"\n",

".param A6="'(l+(r2+r2*r3*r3)+ (r2+r3xA2))/ ((r2*r2)+(r3*r3)+ (r2*xr3*A2))'", "\n",
".param T='1l-((1l+(rl*rlxA6)+(rlxA5))/(A6+(rlsrl)+(rlxA5)))'", "\n", "\n",
Maededkdkdkhkkkhhkkkhhkhhhkkkhhkkhrhkkrhkkkrrkrx", "\n",
"¥Photodiode 1", "\n",
Makkkhdkkkhdkkkhddkkhhkkhhdkhkhkkkkhdkkkrdrrx", "\n",
"\n",
" .param pnOl='nixni/Nd1'", "\n",
".param npO0l='nisni/Nal'", "\n",
"\n",
".param Lnl='sqgrt(Dnlxtaunl)'", "\n",
".param Lpl='sqrt(Dpl«taupl)'", "\n",
"\n*,

" .param Wpl='xpe-sqrt((2xepsilonOxepsilonr* (phi-Vpnl))/(g*Nalx (1+(Nal/Nd1))))'", "\n",
" .param Wil='sqrt((2*epsilonOxepsilonr* (phi-Vpnl)*((1/Nal)+(1/Nd1l)))/q)'", "\n",
".param Wnl='xnm-Wpl-Wil'", "\n",

"\n",

" .param El='(-Vpnl+phi)/Wil'", "\n",
".param vvnl='((El*munl)/(1l+((munl*El)/vsn)))'", "\n",
".param vvpl='((El#mupl)/(1l+((mupl*El)/vsp)))'", "\n",
"\n",

".param tauntl='Wil/vvnl'", "\n",
".,param tauptl='Wil/vvpl'", "\n",
"\n",

"gkkkkrx", "\n",

".param Vonl=' (hxc)/(lambdax*q*T* (1-exp (-alphap*Wpl)))'", "\n",
".param Vopl="' (hxcxexp((alphap*Wpl) +

(alphai*Wil)) )/ (lambda*q*T* (1-exp (-alphan*Wnl)))'", "\n",

".param Voil=' (hxcxexp(alphap*Wpl))/(lambda*q*T* (1l-exp(-alphai*Wil)))'", "\n",
"\n",

".param Rpl='taupl/COl'", "\n",
".param Rnl='taunl/CO1'", "\n",
",param Rprl='tauprl/CO1'", "\n",
".param Rptl='tauptl/cO01'", "\n",
"\n",

" ,param Rpdl='Rplx(cosh(Wnl/Lpl)=-1)'", "\n",
".param Rndl='Rnlx (cosh(Wpl/Lnl)-1)'", "\n",
"\n",

" . param Ipol=' (g*pn0lxA*Lplx(cosh(Wnl/Lpl)+1))/(taupl*sinh(Wnl/Lpl))'"™, "\n",
".param Inol=' (g*np0lxA*Lnlx (cosh(Wpl/Lnl)+1l))/(taunl*sinh(Wpl/Lnl))'", "\n",
"\n",

".param betapl='((lambda*g*T*alphan*LplxLplxexp (- (alphap*Wpl)-(alphaixWil)))/ (h*
c* (1- (alphan*alphan*Lpl*Lpl))))* (((cosh(Wnl/Lpl)+1l)/ (Lpl#*sinh(Wnl/Lpl)))+
((exp (-alphan*Wnl) -1) / (alphan*Lpl*Lpl* (cosh(Wnl/Lpl)-1)))-alphan)'", "\n",

"\n",

".param betanl=' ((lambda*q*T*alphap*Lnl%Lnl)/ (h*xc*(1l- (alphap*alphap*Lnl*Lnl))))=*
((((cosh(Wpl/Lnl) +1) *exp (-alphap*Wpl) )/ (Lnl*sinh (Wpl/Lnl))) + ( (exp (-alphap*Wpl) -
1) / (alphap*Lnl*Lnl* (cosh(Wpl/Lnl)-1))) + (alphap*exp (-alphap*Wpl)))'", "\n",

"\n",

Mdkkkkhkkkhkkkhhkhhkhk bk khkkkkkhkkkrkrr", "\n",

"«Photodiode 2", "\n",
Mkkkkhkkkhkkkhkkhhhkhhkkhhkhkhhkkkkkkkkrx", "\n",
"\n",

".param pn02='ni*ni/Nd2'", "\n",

".param np02='nixni/Na2'", "\n",
"\n",

" . param Ln2='sqgrt(Dn2xtaun2)'", "\n",
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" .param Lp2='sqrt(Dp2xtaup2)'", "\n",
"\n",
" .param Wn2='xne2-xnm-sqrt ((2xepsilonO*epsilonr* (phi-vpn2))/ (q*Nd2# (1+(Nd2/Na2))))'",
"\n",
".param Wp2=100e-6", "\n",
".param Wi2='sqrt((2+epsilonOxepsilonrx (phi-Vpn2)*((1/Na2)+(1/Nd2)))/q)'", "\n",
"\n",
".param E2='(-Vpn2+phi)/Wi2'", "\n",
".param vvn2='((E2#mun2)/(1l+((mun2«E2)/vsn)))'", "\n",
".param vvp2=' ((E2#mup2)/ (1+((mup2+E2)/vsp)))'", "\n",
"\n",
".,param taunt2='Wi2/vvn2'", "\n",
".param taupt2='Wi2/vvp2'", "\n",
"\n",
"akkkkkx", "\n",
".param Vop2=' (hxc*exp((alphap*Wpl) + (alphai#
Wil) + (alphan*Wnl) ) )/ (lambda*qg*T* (1l-exp (-alphan*Wn2)))'", "\n",
" .param Von2=' (hxcxexp ((alphap*Wpl) + (alphai*Wil) + (alphan*Wnl) + (alphanx
Wn2) + (alphai*Wi2)) )/ (lambdaxqg*T* (1-exp (-alphap*Wp2)))'", "\n",
" .param Voi2=' (hxcxexp ((alphap*Wpl) + (alphai*Wil) + (alphan*Wnl) +
(alphan*Wn2)) )/ (lambdaxqg*T* (l-exp (-alphai*Wi2)))'", "\n",
"\n",
" .param Rp2='taup2/C02'", "\n",
".param Rn2='taun2/C02'", "\n",
",param Rnr2='taunr2/C02'", "\n",
".param Rnt2='taupt2/Cc02'", "\n",
"\n",
".param Rpd2='Rp2# (cosh(Wn2/Lp2)-1)'", "\n",
" .param Rnd2='Rn2# (cosh(Wp2/Ln2)-1)"'", "\n",
"\n",

".param Ipo2='(qg¥pn02*AxLp2x (cosh(Wn2/Lp2)+1))/(taup2+sinh(Wn2/Lp2))'", "\n",
".param Ino2="' (g*np02*xA*Ln2x (cosh(Wp2/Ln2)+1))/(taun2xsinh(Wp2/Ln2))'", "\n",
"\n",

" . param betap2='((lambda*g*T*alphanxLp2*Lp2+*exp (- (alphap*Wpl) - (alphaix*
Wil) - (alphan*Wnl) ) )/ (h*xc* (1- (alphan*alphan*Lp2%Lp2)))) * ((( (cosh(Wn2/
Lp2) +1) *exp (-alphan*Wn2) ) / (Lp2*sinh (Wn2/Lp2))) + ( (exp (-alphan*Wn2) -1) /
(alphan*Lp2*Lp2* (cosh (Wn2/Lp2) -1))) + (alphanxexp (-alphan*Wn2)))'", "\n",

"\n",

" .param betan2=' ((lambda*g*T+alphap*Ln2*Ln2+exp (- (alphap*Wpl) -
(alphai*Wil) - (alphan*Wnl) - (alphan*Wn2) - (alphai*Wi2))) / (h*c* (1- (alphap#*
alphap*Ln2*Ln2))) ) * ((((cosh(Wp2/Ln2)+1))/ (Ln2%*sinh (Wp2/Ln2))) + ( (exp (
-alphap*Wp2)-1) / (alphap*Ln2*Ln2 (cosh (Wp2/Ln2)-1)))-alphap)'", "\n",

"\n",

Makkhkhkhkhkkkhhkkhhhhkkkkkkkkkhkkkkkkxxx", "\n",

"¥Photodiode capacitance”, "\n",
Madkdhdkkhdkhhhhhhhhhkhkhhkhkkkkkkkhkxdkxx", "\n",

".param Cphdl=' (epsilonOxepsilonr*A)/Wil'", "\n",

".param Cphd2='(epsilonO*epsilonr*A)/Wi2'", "\n",

"\n",

Madkkdkkhkkhhkhhhhkhhhhhhhhkhhkkhhhhkhhkkhkkkkhkrkkkxx ", "\n",

"% Subcircuit of the double photodiode model:", "\m",

Mddkkdkhkkkhkhhhhhhhhhhhhkhhhkh bk khrhkhhhkkkrkkrr®s ", "\n",

ToString[SequenceForm[".SUBCKT PDsubckt TF 2p 2z vin ",

PDcathode, " ", PDanode, " ", PDanode2, "\n"]], "\n",

Mdkkkkhkkkhhkhhhkhhhdhhhkhkhkh bk khkhkkrrkcr", "\n",

"«Circuit Modell for Photodiode 1", "\mn",
Makkkkhkhhhkkkkhhkkhhhhhkkkkkkkkhkkkkkhkkrkxxx", "\n",

"\n",

"Vionl vin onl dc 0", "\n",
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"Viopl vin opl dc 0", "\n",

"Vioil vin oil dc 0", "\n",

"\n",
"Rvonl onl 0 Vonl", "\n",

"Rvopl opl 0 Vopl", "\n",

"Rvoil oil 0 Voil", "\n",
"\n",
"Fonl 0 nl Vionl 1", "\mn",

"Cnl nl 0 CO1", "\n*,

"Virnl nl nla dec 0", "\n",

"Rnl nla 0 Rnl", "\n",

"vinl nl nlx dc 0 *vsource for cCcCsS", "\n",

"Virndl nlx nlxa dc 0", "\n",

"Rndl nlxa 0 Rndl", "\n",

"Vinol nlx nlxb dec 0", "\n",

"Inol nlxb 0 Inol", "\n",

"Vibetanl nlx nlxc dc 0", "\n",

"GIbetanl nlxc 0 vin 0 betanl", "\n",

"\n",
"Fopl 0 pl Viopl 1", "\n",

"Cpl pl 0 CO1l", "\n",

"Vrpl pl pla dc 0", "\n",

"Rpl pla 0 Rpl", "\n",

"Vipl pl plx dc 0 xvsource for CCCS", "\n",

"Vrpdl plx plxa dc 0", "\n",

"Rpdl plxa 0 Rpdl", "\n",

"Vipol plx plxb dec 0", "\n",

"Ipol plxb 0 Ipol", "\n",

"Vibetapl plx plxc dc 0", "\n",

"GIbetapl plxc 0 vin 0 betapl"™, "\n",

"\n",
"Foil 0 il Vioil 1", "\n",

"Fipl 0 il Vipl 1", "\m",

"cil il 0 coi", "\n",

"Vrprl il ila dc 0", "\n",

"Rprl ila 0 Rprl", "\n",

"viil il ilx de 0 »vsource for CCCS", "\n",

"Rptl ilx 0 Rptl", "\n",

"\n",
ToString[SequenceForm["Finl ", PDcathode, " alx Vinl 1"]], "\n",

ToString[SequenceForm["Fiil ", PDcathode, " alx Viil 1"]], "\n",
ToString[SequenceForm["Idl ", PDcathode, " alx Id1"]], "\n",
"\n",
ToString[SequenceForm["Vimess alxxx ", PDanode, " dc 0"]], "\n",
"\n",
Madkddkhkdhhdkdkhhdkhdhhhhhdhhhhhhhhhhkhkkkkhkrxx", "\n",
"xCircuit Modell for Photodiode 2", "\mn",

Ukkkkhkhhhhhhkkhhhhhhhhhhhhhhkkkkbbkkhdhkkrkrrx", "\n",
"\n",
"Vion2 vin on2 dc 0", "\n",

"Viop2 vin op2 dc 0", "\n",

"Vioi2 vin o0i2 de 0", "\n",

"\n",
"Rvon2 on2 0 Von2", "\n",

"Rvop2 op2 0 Vop2", "\n",

"Rvoi2 0i2 0 Voi2", "\n",

"\n",
"Fon2 0 n2 Vion2 1", "\n",

"Cn2 n2 0 CO2", "\n",
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"Vrn2 n2 n2a dc 0", "\n",
"Rn2 n2a 0 Rn2", "\n",
"Vin2 n2 n2x dc 0 #*vsource for CCCS", "\n",
"Virnd2 n2x n2xa dc 0", "\n",
"Rnd2 n2xa 0 Rnd2", "\n",
"Vino2 n2x n2xb dc 0", "\n",
"Ino2 n2xb 0 Ino2", "\n",
"Vibetan2 n2x n2xc dc 0", "\n",
"GIbetan2 n2xc 0 vin 0 betan2", "\n",
"\n",
"Fop2 0 p2 Viop2 1", "\n",
"Cp2 p2 0 C02", "\n",
"Virp2 p2 p2a dec 0", "\n",
"Rp2 p2a 0 Rp2", "\n",
"Vip2 p2 p2x dc 0 xvsource for CCCS", "\n",
"virpd2 p2x p2xa dc 0", "\n",
"Rpd2 p2xa 0 Rpd2", "\n",
"Vipo2 p2x p2xb dc 0", "\n",
"Ipo2 p2xb 0 Ipo2", "\n",
"Vibetap2 p2x p2xc dc 0", "\n",
"GIbetap2 p2xc 0 vin 0 betap2", "\n",
"\n",
"Foi2 0 i2 Vioi2 1", "\m",
"Fin2 0 i2 Vin2 1", "\n",
"Cci2 i2 0 CO2", "\n*,
"Virnr2 i2 i2a de 0", "\n",
"Rnr2 i2a 0 Rnr2", "\n",
"vii2 i2 i2x dec 0 *vsource for CcCs", "\n",
"Rnt2 i2x 0 Rnt2", "\n",
"\n",
ToString[SequenceForm["Fip2 ", PDcathode, " a2x Vip2 1"]], "\mn",
ToString[SequenceForm["Fii2 ", PDcathode, " a2x Vii2 1"]], "\n",
ToString[SequenceForm["Id2 ", PDcathode, " a2x Id2"]], "\mn",
"\n",
"Vimess pd2 a2x a2xx dc 0", "\n",
"\n",

Whkkdkdkkddhhhhkhdhhhhhhdhhhhhkhdhhdhhhhdhhhdhhhdhhhhhhhhhkhkhddkhdrnx ", "\n“,

"x%%*% SPICE Model of simplified network model *%% ", "\n",
Mhkkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhrhkhkrrssx ", "\n",
||\n|| ,

"xx%x%x%* Photodiode PD1:", "\n",

||\n|| ,

ToString[SequenceForm["Cl ", PDcathode, " alxx ", cl]], "\n",
ToString[SequenceForm["R1 alx alxx ", rl]], "\n",
ToString[SequenceForm["C2 ", PDcathode, " alxx ", c2]], "\n",
ToString[SequenceForm["R2 alxx alxxx ", r2]], "\n",
ToString[SequenceForm["C3 ", PDcathode, " alxxx ", c3]], "\n",
"\n",
"x%%x%%* Photodiode PD2:", "\n",
ToString[SequenceForm["Cphd2 ", PDcathode, " a2x Cphd2"]], "\mn",
ToString[SequenceForm["Rphd2 a2xx ", PDanode2,

" 20 % estimated series resistor for anode of PD2"]], "\mn",
"\n",
" _ends", "\n",
"\n",
Mgddkhdhdkdkdhhhhdhhhhhdhhhhdhhhhhdhhhhhhhhhhdhhhhhhhhhhhhhhhhhhkkhkrkkkhkrkkxx", "\n",
"x Subcircuit call of photodiode model. Name of subcircuit is: XPD\n",
B T L T YT T T T T L ILAN - L

ToString[SequenceForm["XPD vin ", PDcathode, " ",
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PDanode, " ", PDanode2, " PDsubckt TF 2p 2z", "\n", "\n"]], "\n", "\n"
1;

Close[outputstream];

Schreiben einer Netzliste eines Subcircuit Modells mit einem dominanten Pol :

In[70]= outputstream = OpenWrite["PDsubckt TF_ 1p"];

WriteString[outputstream,
"G S S SR S R S S # \n
"x# SPICE Subcircuit of B6CA Double-Photodiode with 1 pole #\n",
Wl S S S S S S\,
"x by J.Sturm (2005)\n",
"% The SPICE model of the double photodiode consists of a simplified R-C-I model ",
"\n",
"% The R-C Model for the upper photodiode PD1l is
extracted from the photodiode network model.", "\n",
"+ It models one dominant pole with a resitor Rpdl and Cpdl.", "\n",
"% The Model for the lower (substrate) photodiode
PD2 is a single fixed resistor Rpd2 and capacitor Cpd2.", "\n",
"% The photodiode current for Pdl and PD2 is represented by a
SPICE model for the drift and diffusion currents. ", "\n",
"+ The pole of the transferfunction is:\n",
ToString[SequenceForm["* Pole: ", CForm[Abs[poTF[[1]]1]1]], "\n",
"% Input pins:\n",
" vin = input pin for light intensity in W\n",
"4+ The vin pin must be connected by an external voltage source to 0.\n", "\n",
" Output pins:\n",
ToString[SequenceForm["* ", PDcathode, ", ", PDanode, " ", PDanode2,
" = Photodiode cathode and anodel (PDl) and anode2 (PD2)"]], "\n",
"\n",
"+ The photodiode model in this netlist is given as subcircuit:", "\n",
"% .SUBCKT PDsubckt TF 1lp vin PDcathode PDanode PDanode2", "\n",
"y XPD vin PDcathode PDanode PDanode2 PDsubckt TF_1p", "\n",
"\n",
Mhkkkkhkkhkkkkkhhhkkhhhkkkhhhkkkhhkkkkkhkkkkhkkkkkkrx ", "\n",
"sx%%% SPICE Model of Drift/Diffusion currents #*x ", "\n",
Madkkdkdkhdkhdhkhhhdhhhhhkhhhhhhhhhhhkkhhkkkhkkkkhkhkkkxx ", "\n",
"\n",
Makkhkhhhhhkhhhhkhhhkhkhkhkkhkhkkkxvx", "\n",
"xParameters", "\n",
Hakdkhkhkhhhhhhhhhhhhhhkhhhhkhkhkkkxx?, "\nn",
ToString[SequenceForm[".param A=", areapd, "e-6 xphotodiode area in m2"]], "\n",
" .param xpe=0.3e-6", "\n",
" .param xnel=2e-6", "\n",
" .param xne2=4e-6", "\n",
" . param xnm=3e-6", "\n",
" _param Nal=le24 xp-Base doping concentration", "\n",
" .param Na2=2e2l1 *p-Substrate doping concentration", "\n",
" _param Ndl=2e2l *n-Epi doping concentration", "\n",
" _param Nd2=2e25 *n-BL doping concentration", "\n",
" .param phi=0.8", "\n",
" .param epsilon0=8.85e-12", "\n",
" _param epsilonr=12", "\n",
".param g=1.6e-19", "\n",
" .param Vpnl=-3 xpn-junction reverse voltage of pdl", "\mn",
" _param Vpn2=-3 xpn-junction reverse voltage of pd2", "\n",
" .param munl=1300e-4", "\n",

" .param mun2=1300e-4", "\n",
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" .param mupl=500e-4", "\n",
" _param mup2=500e-4", "\n",
" .param Eth=3.5e5", "\n",
" .param vsn=1le5", "\n",
" _param vsp=le5", "\n",
" ,param taunl=le-6", "\n",
" .param taun2=le-6", "\n",
" _param taupl=le-6", "\n",
" ,param taup2=le-6", "\n",
" .param tauprl=le-6", "\n",
" _param taunr2=le-6", "\n",
" ,param Dnl=10000e-4", "\n",
" .param Dn2=10000e-4", "\n",
" .param Dpl=30e-4", "\n",
" _param Dp2=30e-4", "\n",
".param ni=1.5el6", "\n",
" param lambda=780e-9 *light wavelength", "\n",
" _param c=3e8", "\n",
" ,param h=6.626e-34", "\n",
" .param C0l=le-12", "\n",
" _param C02=le-12", "\n",
" ,param Idl=100e-12", "\n",
" .param Id2=100e-12", "\n",
" func sinh(x)='(exp(x)-exp(-x))/2'", "\n",
", func cosh(x)='(exp(x)+exp(-x))/2'", "\n",
Mhdkkhkhkdkhhhkhhhhkhhhhhhkhhhkhkhhkkhkrkkkxx", "\n",
"xAbsorption coefficient", "\n",
"#in (1/m) mit lambda in (m)", "\n",
Mhkkhkhkhhhhhhhhhhhhhhhhhhhhrhhkkhhhkkrrs%x", "\n",
" param alphasi="'((84.732e-6/lambda)-76.417)*((84.732e-6/1lambda)-76.417)*1e2'", "\n",
" _param alphan=alphasi", "\n",
" .param alphap=alphasi", "\n",
" _param alphai=alphasi", "\n",
Makkdkhkhhhdhhhhhdhhhhhhhhhhhhhhhkhkhkrkrexx", "\n",
"xLight transmission T", "\n",
Makkhkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhkkrrsx", "\n",
" param nsn=2.5", "\n",
" ,param nox=1.46", "\n",
" .param nsi=4.18", "\n",
" .param xsn=0%500e-9 xthickness of silicon nitrid", "\n",
" _param xox=2300e-9 xthickness of oxid", "\n",
".param rl='(l-nsn)/(l+nsn)'", "\n",
".param r2='(msn-nox)/(nsn+nox)'", "\n",
" param r3='(nox-nsi)/(nox+nsi)'", "\n",
" .param Al='2xcos(4%3.1l4*nsnxxsn/lambda)'", "\n",
".param A2='2%cos (4*3.l4*xnox*xox/lambda)'", "\n",
" .param A3='2%cos((4*3.l4*nsn+xsn/lambda) - (4+3.1l4*nox*xox/lambda))'", "\n",
", param A4='2%cos((4*3.l4*nsn*xsn/lambda) + (4*3.14*nox*xox/lambda))'", "\n",
".param A5=' (Al*r2% (1+ (r3%r3))+r3% (A4+ (r2%r2%A3)))/ ((r2%r2)+(r3*r3)+ (r2%r3%xA2))'",
"\n",
", param A6="'(l+ (r2*r2+r3+r3)+ (r2*r3*A2))/ ((r2%r2)+ (r3*r3)+ (r2+%r3*A2))'", "\n",
".param T='1l-((l+(rl*rl*A6)+(rl*A5))/ (A6+ (rlxrl)+(rl*A5)))'", "\n", "\n",
Mgdkdkhdhdkdkhhhhdhhhhdhhhhhhhhkhkkhkhhkkhkhkkkrxx", "\n",
"yxPhotodiode 1", "\n",
Mhkkhkhkhhhhhhhhhhhhhhhhhhhkhkhhkkhrhhkkrhs%x", "\n",
"\n",
".param pnOl='nixni/Nd1'", "\n",
".param np0l='nixni/Nal'", "\n",

n \nll .
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".param Lnl='sqgrt(Dnlxtaunl)'", "\n",
".param Lpl='sqgrt(Dplxtaupl)'", "\n",
"\n",

".param Wpl='xpe-sqgrt((2xepsilonO*epsilonr* (phi-Vpnl))/(gq*Nal(1l+(Nal/Nd1))))'", "\n",
".param Wil='sqgrt((2+epsilonOxepsilonrx (phi-Vpnl)=*((1/Nal)+(1/Nd1)))/q)'", "\n",
".param Wnl='xnm-Wpl-Wil'", "\n",

"\n",

".param El='(-Vpnl+phi)/Wil'", "\n",
".param vvnl='((El#munl)/(1l+((munl*El)/vsn)))'", "\n",
".param vvpl=' ((El#mupl)/ (1+((mupl*El)/vsp)))'"™, "\n",
"\n",

".,param tauntl='Wil/vvnl'", "\n",
".param tauptl='Wil/vvpl'", "\n",
"\n",

"xxkkkkx", "\n",

" .param Vonl=' (hxc)/ (lambda*q*T (l-exp (-alphap*Wpl)))'", "\n",

".param Vopl=' (hxcxexp ((alphap*Wpl) +
(alphai*Wil)))/(lambdax*g*T* (1-exp (-alphanxWnl)))'", "\n",
",param Voil=' (hxcxexp (alphap*Wpl))/(lambda*gq*T* (1-exp(-alphaixWil)))'", "\n",
"\n",
" . param Rpl='taupl/CO1l'", "\n",
" param Rnl='taunl/CO01'", "\n",
" .param Rprl='tauprl/C01'", "\n",
" . param Rptl='tauptl/cO01'", "\n",
"\n",
" .param Rpdl='Rplx(cosh(Wnl/Lpl)-1)"'", "\n",
" . param Rndl='Rnlx (cosh(Wpl/Lnl)-1)'", "\n",
"\n",

" .param Ipol=' (qgq*pn0lxA*xLpl* (cosh(Wnl/Lpl)+1l))/(taupl*sinh(Wnl/Lpl))'", "\n",
" . param Inol=' (g*npO0l*A*xLnlx (cosh(Wpl/Lnl)+1l))/(taunl*sinh(Wpl/Lnl))'", "\n",
"\n",

" .param betapl=' ((lambda*g*T*alphan*Lpl*Lpl*exp (- (alphap*Wpl) - (alphai*Wil)))/ (h*
c* (1- (alphan*alphan*Lpl*Lpl))))* (((cosh(Wnl/Lpl)+1l)/ (Lpl*sinh(Wnl/Lpl)))+
((exp (-alphan*Wnl) -1) / (alphan*Lpl*Lpl* (cosh(Wnl/Lpl)-1)))-alphan)'", "\n",

"\n",

".param betanl=' ((lambdaxg*T*alphap*Lnl*Lnl)/ (h*c* (1- (alphap*alphap*Lnl%Lnl))))*
((((cosh(Wpl/Lnl) +1) *exp (-alphap*Wpl) )/ (Lnl*sinh (Wpl/Lnl))) + ( (exp (-alphap*Wpl) -
1) / (alphap*Lnl*Lnl* (cosh(Wpl/Lnl)-1))) + (alphap*exp (-alphap*Wpl)))'", "\n",

"\n",

Mgdkdkhdhdkdkhhhhdhhhhdhhhhhhhhhkkhhhkkhkkkkkxx", "\n",

"xsPhotodiode 2", "\n",
Mhkkhkhkhhhhhhhhhhhhhhkhhhhhkhkhkhkhrhhkkrkx%x", "\n",
"\n",

".param pn02='nixni/Nd2'", "\n",

" .param np02='nixni/Na2'", "\n",
"\n",
".param Ln2='sqrt(Dn2xtaun2)'", "\n",
".,param Lp2='sqgrt(Dp2*taup2)'", "\n",
"\n",
" .param Wn2='xne2-xnm-sqrt((2xepsilonOxepsilonr* (phi-Vpn2))/ (q*Nd2* (1+(Nd2/Na2))))'",
"\n",
" .param Wp2=100e-6", "\n",
" .param Wi2='sqrt((2*epsilonOxepsilonr* (phi-Vpn2)*((1/Na2)+(1/Nd2)))/q)'", "\n",
"\n",
" .param E2='(-Vpn2+phi)/Wi2'", "\n",
".param vvn2='((E2#mun2)/(l+((mun2«E2)/vsn)))'", "\n",
".param vvp2='((E2#mup2)/(1l+((mup2«E2)/vsp)))'", "\n",
"\n",

" param taunt2='Wi2/vvn2'", "\n",



- 132 —

".param taupt2='Wi2/vvp2'", "\n",
"\n",
Tekkkkk%x", "\n",
" . param Vop2=' (h*xc*exp ((alphap*Wpl) + (alphaix*
Wil) + (alphan*Wnl)))/ (lambdaxqg*T* (1-exp (-alphan*Wn2)))'", "\n",
" .,param Von2=' (hxcxexp ((alphap*Wpl) +(alphai*Wil) + (alphan*Wnl) + (alphanx
Wn2) + (alphai*Wi2)) )/ (lambda*q*T* (1-exp (-alphap*Wp2)))'", "\n",
" .param Voi2=' (hxcxexp ((alphap*Wpl) + (alphai*Wil) + (alphan*Wnl) +
(alphan*Wn2)) )/ (lambda*qg*T# (1-exp (-alphai*Wi2)))'", "\n",
"\n",
".param Rp2='taup2/C02'", "\n",
".param Rn2='taun2/C02'", "\n",
" .param Rnr2='taunr2/C02'", "\n",
".param Rnt2='taupt2/Cc02'", "\n",
"\n*,
" .param Rpd2='Rp2x (cosh(Wn2/Lp2)-1)"'", "\n",
".param Rnd2='Rn2% (cosh(Wp2/Ln2)-1)'", "\n",
"\n*,

".param Ipo2='(g*pn02xAx*Lp2x* (cosh(Wn2/Lp2)+1))/(taup2#sinh(Wn2/Lp2))'", "\n",
".param Ino2=' (g*np02*xA*Ln2x (cosh(Wp2/Ln2)+1))/(taun2xsinh(Wp2/Ln2))'", "\n",
"\n",

" ,param betap2='((lambda*g*Txalphan*Lp2*Lp2+*exp (- (alphap*Wpl) - (alphaix*
Wil) - (alphan*Wnl)) )/ (h*c* (1- (alphan*alphan*Lp2*Lp2)))) * ((((cosh(Wn2/
Lp2) +1) *exp (-alphan*Wn2) ) / (Lp2+*sinh (Wn2/Lp2)) ) + ( (exp (-alphan*Wn2) -1) /
(alphan*Lp2*Lp2+ (cosh (Wn2/Lp2) -1))) + (alphan*exp (-~alphan*Wn2))) '", "\n",

"\n",

" .param betan2='((lambdaxg*T*alphap*Ln2*Ln2*exp (- (alphap*Wpl) -
(alphai*Wil) - (alphan*Wnl) - (alphan*Wn2) - (alphai*Wi2))) / (h*xc* (1- (alphap*
alphap*Ln2%Ln2)))) * ((((cosh(Wp2/Ln2)+1))/ (Ln2*sinh (Wp2/Ln2))) + ((exp (
-alphap*Wp2)-1) / (alphap*Ln2*Ln2+ (cosh (Wp2/Ln2)-1)))-alphap)'", "\n",

"\n",

Makkkkhkkhhkhhhhkhhkhhkhkhrkkh kb kkrkkrr", "\n",

"xPhotodiode capacitance", "\n",
Madkhdhdkkhkhdhhhhhhhhkhkhhkhkkhkkkkhkkxkkxx", "\n",

".param Cphdl=' (epsilonO*epsilonr*A)/Wil'", "\n",

" .param Cphd2=' (epsilonOxepsilonr*A)/Wi2'", "\n",

"\n",

Mkkkkkhkhkkkhkhhhkkkhhhhhhhhhhkkkkkkhhhkhhdkkkkkkknx ", "\n",

"% Subcircuit of the double photodiode model:", "\n",

Mhdkdkdkkdkhkdkhdkhkkkdhhkkdhhhhkhdkhkhkdkkkhkdkkkhkkkkhkkksxx ", "\n",

ToString[SequenceForm[".SUBCKT PDsubckt TF 1p vin ",

PDcathode, " ", PDanode, " ", PDanode2, "\n"]], "\n",

Mhkkdkdkkdkhkdkhdkhkdkhhdkhdkhhhkkkhkhhkkhkhkkhkdxxx",  "\n",

"xCircuit Modell for Photodiode 1", "\n",
Mkkkkhkkkhhkhhhkhhhkhhhkhhkhkhkhkkhkkkkkkkrrx", "\n",

"\n",

"Vionl vin onl dc 0", "\n",

"Viopl vin opl dc 0", "\n",
"Vioil vin oil de 0", "\n",
"\n",

"Rvonl onl 0 Vonl", "\n",
"Rvopl opl 0 Vopl", "\n",
"Rvoil oil 0 Voil"™, "\n",

"\n",

"Fonl 0 nl Vionl 1", "\n",
"Cnl nl 0 CO1", "\n",

"Virnl nl nla dc 0", "\n",
"Rnl nla 0 Rnl", "\n",
"Vinl nl nlx dc 0 *vsource for CCCS", "\n",
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"Virndl nlx nlxa dc 0", "\n",
"Rndl nlxa 0 Rndl", "\n",
"Vinol nlx nlxb dc 0", "\n",
"Inol nlxb 0 Inol", "\n",
"Vibetanl nlx nlxc dc 0", "\n",
"GIbetanl nlxc 0 vin 0 betanl", "\n",
"\n",
"Fopl 0 pl Viopl 1", "\n",
"Cpl pl 0 CO1", "\n",
"Vrpl pl pla dc 0", "\n",
"Rpl pla 0 Rpl", "\n",
"Vipl pl plx dc 0 xvsource for CCCS", "\n",
"Vrpdl plx plxa dc 0", "\n",
"Rpdl plxa 0 Rpdl", "\n",
"Vipol plx plxb dc 0", "\n",
"Ipol plxb 0 Ipol"™, "\n",
"Vibetapl plx plxc dc 0", "\n",
"GIbetapl plxc 0 vin 0 betapl", "\n",
"\n",
"Foil 0 il Vioil 1", "\m",
"Fipl 0 il Vipl 1", "\n",
"cil il 0 CO1", "\n*,
"Vrprl il ila dec 0", "\n",
"Rprl ila 0 Rprl", "\n",
"viil il ilx dc 0 *vsource for CcCS", "\n",
"Rptl ilx 0 Rptl", "\m",
"\n",
ToString[SequenceForm["Finl ", PDcathode, " alx Vinl 1"]], "\n",
ToString[SequenceForm["Fiil ", PDcathode, " alx Viil 1"]], "\n",
ToString[SequenceForm["Idl ", PDcathode, " alx Idi"]], "\n",
"\n",
"Vimess_pdl alx alxx dc 0", "\n",
"\n",
Madkkdkdkhkdkhdhhhhhdhhdhhhhhhhhhhhhhhhkhkkkkhkksxx", "\n",
"xCircuit Modell for Photodiode 2", "\n",
Thkkkkkkkhkhkkkkhkkhkhhhkkkkhhkkkhkkkkkkrk k%", "\n",
"\n",
"Vion2 vin on2 dc 0", "\n",
"Viop2 vin op2 dc 0", "\n",
"Vioi2 vin o0i2 de 0", "\n",
"\n",
"Rvon2 on2 0 Von2", "\n",
"Rvop2 op2 0 Vop2", "\n",
"Rvoi2 o0i2 0 Voi2", "\n",
"\n",
"Fon2 0 n2 Vion2 1", "\n",
"cn2 nm2 0 CO2", "\n",
"Vrn2 n2 n2a dc 0", "\n",
"Rn2 n2a 0 Rn2", "\n",
"Vin2 n2 n2x dc 0 vsource for CCCS", "\n",
"Virnd2 n2x n2xa dc 0", "\n",
"Rnd2 n2xa 0 Rnd2", "\n",
"Vino2 n2x n2xb dc 0", "\n",
"Ino2 n2xb 0 Ino2", "\n",
"Vibetan2 n2x n2xc dec 0", "\n",
"GIbetan2 n2xc 0 vin 0 betan2", "\n",
"\n",
"Fop2 0 p2 Viop2 1", "\n",
"Cp2 p2 0 CO2", "\n",
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"Virp2 p2 p2a dc 0", "\n",
"Rp2 p2a 0 Rp2", ||\n||'
"Vip2 p2 p2x dc 0 xvsource for CCCS", "\n",

"virpd2 p2x p2xa dc 0", "\n",

"Rpd2 p2xa 0 Rpd2", "\n",

"Vipo2 p2x p2xb dc 0", "\n",

"Ipo2 p2xb 0 Ipo2", "\n",

"Vibetap2 p2x p2xc dc 0", "\n",
"GIbetap2 p2xc 0 vin 0 betap2", "\n",

n \nll .

"Foi2 0 i2 Vioi2 1", "\mn",

"Fin2 0 i2 Vin2 1", "\n",

"ci2 i2 0 co2", "\n",

"Virnr2 i2 i2a de¢ 0", "\n",

"Rnr2 i2a 0 Rnr2", "\n",

"vii2 i2 i2x dc 0 %vsource for CCCS", "\n",
"Rnt2 i2x 0 Rnt2", "\n",

n \nll .

ToString[SequenceForm["Fip2 ", PDcathode, " a2x Vip2 1"]], "\n",

ToString[SequenceForm["Fii2 ", PDcathode, " a2x Vii2 1"]], "\n",

ToString[SequenceForm["Id2 ", PDcathode, " a2x Id2"]], "\n",

n \nll .

"Vimess_pd2 a2x a2xx dc 0", "\n",

n \nll .

1;

Mgdkhkhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhkhhhhkhhhhhkrrhsx ", "\n",
"x%x%%* SPICE Model of simplified network model *%% ", "\n",
Mgddkddhdkddkhhhdhhhhhdhhhhdhhhhhdhhhhhdhhhhkdhhhhkkhhhkhhhkkhkhrksxx ", "\n",
"\n",
"x%%%x%* Photodiode PD1:", "\n",
ToString[SequenceForm["Cphdl ", PDcathode, " alx Cphdl"]], "\n",
ToString[SequenceForm["Rphdl alxx ", PDanode, " ", rpoll]], "\mn",
"\n",
"sxx%x%%* Photodiode PD2:", "\n",
ToString[SequenceForm["Cphd2 ", PDcathode, " a2x Cphd2"]], "\mn",
ToString[SequenceForm["Rphd2 a2xx ", PDanode2,

" 20 % estimated series resistor for anode of PD2"]], "\m",
"\n",
",ends", "\n",
"\n",
Mhddkdkdkkkdkdkhdkhkdkhkdkhdkhhhkhdkhhhhdkhkhkdhhdkhkdkhdhdkhkhkkhhdkhkkhkkkkhkkkkrxx", "\n",
"sx Subcircuit call of photodiode model. Name of subcircuit is: XPD\n",
B L T T T T e YT T T T L ILAN - L
ToString[SequenceForm["XPD vin ", PDcathode, " ",

PDanode, " ", PDanode2, " PDsubckt TF 1p", "\n", "\n"]], "\n", "\n"

Close[outputstream];
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Appendix B

SPICE Netlist for Drift and Diffusion Model

Following pages show a SPICE netlist for a double photodiode drift and diffusion circuit
model. The netlist is automatically generated by the ’Photodiode Designer’ (PDes) tool.
It is defined as SPICE subcircuit and can directly be used for simulation with an analog

simulator.
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KA A AR A A AR A A A AR A A AR A A AR A A AR A A I A A A A AR FA A AN FA A AR A A XA A AR A KK, K

Photodiode circuit model including

photodiode pins:

vin = voltage source representing input light intensity
k = photodiode cathode

al = anode of photodiode PD1

a2 = anode of photodiode PD2

o ok ok o X o

* sth, 04.2005

R R R e b I I b I b b b e b b b S b b S I b

* Parameters
khkkhkhkhkkhkhkhkkhkhkhkkhkhkhkkhkhkkhkkhkhkkhhkhkkhkhkhkkhkkkx%x

.param A = le-6 * photodiode area in m2

.param xpe = 0.3e-6

.param xnel = 2e-6

.param xne2 = 4e-6

.param xnm = 3e-6

.param Nal = le24 *p-Base doping concentration
.param Na2 = 2e2l *p-Substrate doping concentration
.param Ndl = 2e2l1 *n-Epi doping concentration
.param Nd2 = 2e25 *n-BL doping concentration

.param phi = 0.8
.param epsilon0 = 8.85e-12

.param epsilonr = 12

.param g = 1.6e-19

.param Vpnl = -3 “*pn-junction reverse voltage of pdl
.param Vpn2 = -3 “*pn-junction reverse voltage of pd2
.param munl = 1300e-4

.param mun2 = 1300e-4

.param mupl = 500e-4
.param mup2 = 500e-4
.param Eth = 3.5e5
.param vsn = le5
.param vsp = leb5
.param taunl = le-6
.param taun2 = le-6
.param taupl = le-6
.param taup2 = le-6
.param tauprl = le-6
.param taunr2 = le-6
.param Dnl = 10000e-4
.param Dn2 = 10000e-4

.param Dpl = 30e-4
.param Dp2 = 30e-4
.param ni = 1.5el6

.param lambda = 780e-9 *light wavelength
.param c = 3e8

.param h = 6.626e-34

.param CO0l = le-12

.param C02 = le-12

.param Idl = 100e-12

.param Id2 = 100e-12

.func sinh(x) = '(exp(x)-exp(-x))/2"'
.func cosh(x) = '(exp(x)+exp(-x))/2"'

R R e e S b I I b R I I b b I b b e S b e I b b I b b I

* Absorption coefficient

* in (1/m) mit lambda in (m)

Ak hkhkhkhkhkhkhkkhkkhkhhhkhkhkhkhkhkhkhkkhkkhkkhkhkhkhkhkhkdkhkhkkkkkhk

.param alphasi="'((84.732e-6/lambda)-76.417)* ((84.732e-6/1lambda) -
76.417) *1le2’

.param alphan = alphasi
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alphap alphasi
alphai = alphasi

KA A A KR A A AR A A AR A AN A AT A AA XA A A XA A A AR AR, K, K

* Light transmission T
R b b e b b b b b i S b e S b I e I i R I i I B b b R i b b R I i

.param nsn=2.5

.param nox=1.46

.param nsi=4.18

.param xsn=0 *500e-9 *thickness of silicon nitrid

.param xox=2300e-9 *thickness of oxid

.param rl="'(l-nsn)/(l+nsn)'

.param r2="'(nsn-nox)/(nsn+nox)"'

.param r3="'(nox-nsi)/(nox+nsi)"'

.param Al='2*cos (4*3.14*nsn*xsn/lambda) '

.param A2="'2*cos (4*3.14*nox*xox/lambda) '

.param A3='2*cos((4*3.14*nsn*xsn/lambda)—-(4*3.14*nox*xox/lambda) )"
.param Ad="2*cos ((4*3.14*nsn*xsn/lambda)+ (4*3.14*nox*xox/lambda))"'
.param AS5=" (Al*r2* (1+(r3*r3))+r3* (A4+(r2*r2*A3)))/ ((r2*r2)+(r3*r3)+
(r2*r3*A2))"'

.param A6=" (1+(r2*r2*r3*r3)+ (r2*r3*A2))/((r2*r2)+(r3*r3)+(r2*r3*A2))"
.param T="1-((1l+(r1l*rl1*A6)+(r1*A5))/ (R6+(rl*rl)+(r1*A5)))"

KA IR K KA AR KAAIAAA A IR A AT A A A KA AT A A AR AR KKK

* Subcircuit of photodiode model
* ok hkok ok ok ok ok ok ok ok kk ok ok k ok ok kokkkkkkhkkkhkkkkkkkkxk

.SUBCKT pd_mod_subckt vin k al a2

KA KA KR KA AR A AR A AR A A IR AA I A A A XA AR A A KKK, K

* Photodiode 1

khkhkhkhkkhkhkhkdhhkhkhkkhhkhkhkhhkhbhhkhkhkhhkhkhkhhkhdkhkhkhdxkk

.param Cpdl = 1p

.param pn0l = 'ni*ni/Ndl"'

.param np0l = 'ni*ni/Nal'

.param Lnl = 'sqgrt(Dnl*taunl)'

.param Lpl = 'sgrt(Dpl*taupl)'

.param Wpl = 'xpe — sqrt((2*epsilonO*epsilonr* (phi-Vpnl))/(g*Nal* (1+
(Nal/Ndl))))'

.param Wil = 'sqgrt((2*epsilonO*epsilonr* (phi-Vpnl)*((1/Nal)+
(1/Nd1)))/q)"

.param Wnl = 'xnm - Wpl - Wil'

.param E1 = '(-Vpnl + phi) / Wil'

.param vvnl = ' ((El*munl)/(1+((munl*E1l)/vsn)))"

.param vvpl = " ((El*mupl)/ (1+((mupl*El)/vsp)))"

.param tauntl = 'Wil / vvnl'

.param tauptl = 'Wil / vvpl'

* Kk kkk kK

.param Vonl = '(h*c) / (lambda*g*T*(l-exp(-alphap*Wpl)))"
.param Vopl = ' (h*c*exp((alphap*Wpl)+(alphai*Wil))) / (lambda*g*T* (1-
exp (—alphan*Wnl)))"'

.param Voil = ' (h*c*exp(alphap*Wpl)) / (lambda*g*T* (l-exp (-
alphai*wil)))"'

.param Rpl = 'taupl / CO1'

.param Rnl = 'taunl / CO1'
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'tauprl / CO01°

.param Rprl

.param Rptl = 'tauptl / CO01'

.param Rpdl = 'Rpl*(cosh(Wnl/Lpl) - 1)°'

.param Rndl = 'Rnl*(cosh(Wpl/Lnl) — 1)'

.param Ipol = '(g*pnOl*A*Lpl* (cosh(Wnl/Lpl)+1))/(taupl*sinh
(Wnl/Lpl))"'

.param Inol = '(g*np0l*A*Lnl* (cosh(Wpl/Lnl)+1))/(taunl*sinh
(Wpl/Lnl))"

.param betapl = ' ((lambda*g*T*alphan*Lpl*Lpl*exp (- (alphap*Wpl) -
(alphai*Wil)))/ (h*c* (1-(alphan*alphan*Lpl*Lpl)))) * (((cosh(Wnl/Lpl)+
1)/ (Lpl*sinh(Wnl/Lpl))) + ((exp(-alphan*Wnl)-1)/(alphan*Lpl*Lpl* (cosh
(Wnl/Lpl)-1))) - alphan)'

.param betanl = ' ((lambda*g*T*alphap*Lnl*Lnl)/ (h*c* (1-
(alphap*alphap*Lnl*Lnl)))) * ((((cosh(Wpl/Lnl)+1)*exp(—alphap*Wpl))/
(Lnl*sinh (Wpl/Lnl))) + ((exp(-alphap*Wpl)-1)/(alphap*Lnl*Lnl* (cosh
(Wpl/Lnl)-1))) + (alphap*exp(—alphap*Wpl)))"

khkhkhkhkkhkhkhkkhkhkhkhkhhkhkhkhkhkhkhkhkhkrhhkrkhkhhkhdhhhdxkkx

* Photodiode 2

KAk I AR A A AR A A AR A AR A A IR AA XA A A XA A A AR A KK, K

.param Cpd2 = 1lp

.param pn02 = 'ni*ni/Nd2'

.param np02 = 'ni*ni/Na2'

.param Ln2 = 'sgrt(Dn2*taun2)'

.param Lp2 = 'sgrt(Dp2*taup2)'

.param Wn2 = 'xne2 — xnm — sqrt((2*epsilonO*epsilonr* (phi-Vpn2))/

(g*Nd2* (1+(Nd2/Na2)))) "'

.param Wp2 = 100e-6

.param Wi2= 'sqgrt((2*epsilonO*epsilonr* (phi-Vpn2)* ((1/Na2)+
(1/Nd2))) /q) '

.param E2 = '(-Vpn2 + phi) / Wi2'
.param vvn2 = ' ((E2*mun2)/(1l+((mun2*E2)/vsn)))"'
.param vvp2 = ' ((E2*mup2)/ (1+((mup2*E2) /vsp)))"

.param taunt2 '"Wi2 / vvn2'!
.param taupt2 = 'Wi2 / vvp2'

* k Kk Kk ok Kk kx
.param Vop2 = ' (h*c*exp((alphap*Wpl)+ (alphai*Wil)+ (alphan*Wnl))) /
(lambda*g*T* (1-exp (-alphan*Wn2)))"'
.param Von2 = ' (h*c*exp((alphap*Wpl)+ (alphai*Wil)+ (alphan*Wnl)+
(alphan*Wn2)+ (alphai*Wi2))) / (lambda*qg*T* (l-exp(—alphap*Wp2)))"
.param Voi2 = ' (h*c*exp((alphap*Wpl)+ (alphai*Wil)+ (alphan*Wnl)+

)

(alphan*wWn2))) / (lambda*g*T* (l-exp(-alphai*wi2)))"
.param Rp2 = 'taup2 / C02'
.param Rn2 = 'taun2 / C02'

'taunr2 / C02"
'taupt2 / C02'

.param Rnr2
.param Rnt2

Il

.param Rpd2 'Rp2* (cosh (Wn2/Lp2) - 1)
.param Rnd2 = 'Rn2* (cosh(Wp2/Ln2) — 1)'

.param Ipo2 ' (g*pn02*A*Lp2* (cosh(Wn2/Lp2)+1))/ (taup2*sinh
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(Wn2/Lp2) )"

.param Ino2 = '(g*np02*A*Ln2* (cosh(Wp2/Ln2)+1))/(taun2*sinh
(Wp2/Ln2) ) '

.param betap2 = ' ((lambda*g*T*alphan*Lp2*Lp2*exp (- (alphap*Wpl) -
(alphai*Wil)—-(alphan*Wnl)))/ (h*c* (1-(alphan*alphan*Lp2*Lp2)))) *

((((cosh(Wn2/Lp2)+1) *exp(—alphan*Wn2))/ (Lp2*sinh (Wn2/Lp2))) + ((exp(—
alphan*Wn2)-1)/ (alphan*Lp2*Lp2* (cosh (Wn2/Lp2)-1))) + (alphan*exp (-
alphan*wn2)))"'

.param betan2 = ' ((lambda*g*T*alphap*Ln2*Ln2*exp (- (alphap*Wpl) -
(alphai*Wil)—-(alphan*Wnl)—-(alphan*Wn2)—(alphai*wWi2)))/ (h*c* (1-
(alphap*alphap*Ln2*Ln2)))) * ((((cosh(Wp2/Ln2)+1))/(Ln2*sinh

(

Wp2/Ln2))) + ((exp(-alphap*Wp2)-1)/ (alphap*Ln2*Ln2* (cosh(Wp2/Ln2) -
1))) - alphap)'

hhkhkhkhkhkhkhkkhkhhhkhkhkhkhkhkhkhhkhkhkhhkhkkhkhhhhhkhkhkhhkkhkkhkkkxkk
* Circuit Modell for Photodiode 1
Ak kA hhkhkhkhkkhkkhhhkhkhkhkhkkhkhkdhhkhkhkhkhkkhkkhkhk ok hkkhkk,k,hhkkxkx k%

* Kk Kk k kK model * Kk ok k kK Kk

Vionl vin onl dc O
Viopl vin opl dc O
Vioil vin o0il dc O

Rvonl onl 0 Vonl
Rvopl opl 0 Vopl
Rvoil o0il 0 Voil

Fonl 0 nl Vionl 1

Cnl nl 0 CO1

Virnl nl nla dc O

Rnl nla 0 Rnl

Vinl nl nlx dc 0 * vsource for CCCS
Virndl nlx nlxa dc O

Rndl nlxa 0 Rndl

Vinol nlx nlxb dc O

Inol nlxb 0 Inol

Vibetanl nlx nlxc dc 0
GIbetanl nlxc 0 vin 0 betanl

Fopl 0 pl Viopl 1

Cpl pl 0 CO1

Vrpl pl pla dc O

Rpl pla 0 Rpl

Vipl pl plx dc 0 * vsource for CCCS
Vrpdl plx plxa dc O

Rpdl plxa 0 Rpdl

Vipol plx plxb dc O

Ipol plxb 0 Ipol

Vibetapl plx plxc dc O
GIbetapl plxc 0 vin 0 betapl

Foil 0 i1 Vioil 1

Fipl 0 il Vipl 1

Cil il 0 CO1

Vrprl il ila dc O

Rprl ila 0 Rprl

Viil i1 ilx dc 0 * vsource for CCCS
Rptl ilx 0 Rptl

Finl k alx Vinl 1
Fiil k alx Vviil 1
Idl k alx TIdl
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Cpdl k alx Cpdl

Ik hkkhkhkhkhkhkkdhkhkhkhkhkhkdhdhdhhkhkhkhbhkrdddhkhkrhkrkhkhhkkxk
* Circuit Modell for Photodiode 2
hhkhkhkhkhkhhhhhhkhkhkhhhhhhkhkhkhkhrhhhkhkhkhhdrhhhkhkhkhix
*xkkxk* model FrErxAAX

Vion2 vin on2 dc 0
Viop2 vin op2 dc O
Vioi2 vin 0i2 dc 0

Rvon2 on2 0 Von2
Rvop2 op2 0 Vop2
Rvoi2 0i2 0 VoiZ2

Fon2 0 n2 Vion2 1

Cn2 n2 0 CO2

Vrn2 n2 n2a dc 0O

Rn2 n2a 0 Rn2

Vin2 n2 n2x dc 0 * vsource for CCCS
Virnd2 n2x n2xa dc O

Rnd2 n2xa 0 Rnd2

Vino2 n2x n2xb dc 0

Ino2 n2xb 0 Ino2

Vibetan2 n2x n2xc dc 0
GIbetan2 n2xc 0 vin 0 betan2

Fop2 0 p2 Viop2 1

Cp2 p2 0 CO2

Virp2 p2 p2a dc O

Rp2 p2a 0 Rp2

Vip2 p2 p2x dc 0 * vsource for CCCS
virpd2 p2x p2xa dc O

Rpd2 p2xa 0 Rpd2

Vipo2 p2x p2xb dc O

Ipo2 p2xb 0 Ipo2

Vibetap2 p2x p2xc dc O
GIbetap2 p2xc 0 vin 0 betap2

Foi2 0 12 Vioi2 1

Fin2 0 12 Vin2 1

Ci2 i2 0 CO02

Virnr2 i2 i2a dc 0

Rnr2 i2a 0 Rnr2

Vii2 i2 i2x dc 0 * vsource for CCCS
Rnt2 i2x 0 Rnt2

Fip2 k a2x Vip2 1
Fii2 k a2x vii2 1
Id2 k a2x Id2
Cpd2 k a2x Cpd2

Vimess_pdl alx al dc O
Vimess_pd2 a2x a2 dc O

.ends

KK A KK A AR R A A AR A AR AR A AR A A AR A AR A A A KA A A AN AA IR AR AN A A AN A A AR A A AR AR A A Ak kK

* Subcircuit call of photodiodemodel. Name of subcircuit is: XPD
LRSS S SRS S E S SE SRS SRS SRR EE SR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEES]

XPD vin k al a2 pd_mod_subckt
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