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Abstract

This work presents an analysis of optoelectronic components fabricated in silicon-
on-insulator (SOI) technology. On one hand the thesis focuses on UV sensors
(A < 400nm) for bio-environmental applications, and on the other hand it stud-
ies integrated solar cells for solar micropower harvesting.

The SOI technology features a thin Si film (with a thickness of 80nm) in which
lateral PIN photodiodes are optimized. The responsivity is modeled to optimize the
spectral response in UV by adequate choices of anti-reflection coatings. The best
simulated SOI photodiode can reach efficiency up to 0.18A4/W at A = 400nm with a
dual layer anti-reflection coating of SiOy/Si3N4 and metal lines of minimal dimen-
sions. Other structures based on silicon-on-nothing and membrane technologies are
also investigated and reach efficiencies of 0.28 A/W around A = 400nm.

A current-to-frequency integrated circuit is designed to interface the UV pho-
todiodes for biomedical or environmental instrumentation. The circuit, consisting
of a Miller operational amplifier and a Schmitt trigger, consumes a total power of
27puW and is linear with respect to the responsivity of the photodiode on a range
of 3 decades. The design of the amplifier and a comparison of three Schmitt trig-
gers are presented. A deep analysis of the noise is described with its influence on
the thresholds of the trigger. Improvements are presented to increase the optical
dynamic up to 6 decades by reducing the minimal detectable signal when increasing
the power consumption of the amplifier.

The SOI sensors are used to quantify the concentration of biological material
(DNA, bacteria, proteins, ...) by UV transmittance. The UV source is implemented
by low wavelength LEDs which directly illuminate the sample contained either in
PCR tubes, or in well microplates or in PDMS channel. The optoelectronic trans-
ducer (i.e. the photodiode or the complete photosensor) is used to measure the
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transmitted light through the samples. The best quantification is achieved with the
complete UV photosensor for which DNA is quantified on a range from 400ng/uL
to 40f¢g/uL, within PCR microtubes. BSA is quantified in a range from 10ug/puL
to 1pg/pL in well microplates. In the PDMS channel, BSA is also quantified from
10pg/ L to 1pg/uL while DNA is quantified from 10ug/uL to 10pg/ L.

The SOI substrate is also used to integrate novel lateral solar cells, embedded
under the buried oxide. Under no active region of the SOI wafer, ungated solar cells
reach efficiencies from 10.5% up to 15% for outdoor and indoor irradiances respec-
tively. However, gated solar cells can be fabricated under active region of the SOI
wafer and the efficiencies increase from 12% to 22% for outdoor and indoor irradi-
ances respectively by applying a +50V frontgate voltage. A combined Atlas-Matlab
approach ensures a good modeling for the behavior of these devices. A lumped-
element modeling is also presented for circuit simulator integration. It fits perfectly
with the measured curves of the solar cells for each illumination.

Finally, it is proved that miniaturized SOI solar cells can be designed for sup-
plying various specific integrated circuits. For the case of our 27uW complete pho-
tosensor, the die areas needed are 0.21mm? and 1.14mm? for outdoor and indoor

irradiances respectively for gated solar cells with maximal +50V frontgate voltage.
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Lzp Depletion zone length of a PIN diode [m]
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INTRODUCTION

Light is probably, with the oxygen, the most important source of life on earth. Being
either biological or physical, the interactions with light are numerous and have be-
come subject of studies for many years. These interactions include the light emission,
propagation, reception and all the modulations that are described by photonics, a
science focused on the part of the electromagnetic spectrum corresponding to light.
More particularly, light can be emitted in various ways comprising inter alia the sun,
lasers or light-emitting diodes (LED). The modulation of light will not be discussed
in this work but its propagation may be more important, being very different either
in the air or through specific materials (e.g. optical fibers). Finally, the reception of
light constitutes the major part of this thesis. Light transducers can be for example
photosensors, or energy harvesters like solar cells.

The first light interactions in modern physics started in 1839 when the photo-
voltaic effect was discovered by Alexandre-Edmond Becquerel. This started a new
era of energy harvesting and the future development of the first solar cells later in
1954 at the Bell Laboratories. On the other hand, photonics has become an in-
evitable choice for communicating and transferring data with the discover of lasers
and optical fibers. Electronics and modern optics have really started their synergy

with the appearance of lasers in 1960.

Concerning the context of this thesis, it has to be noticed that years ago, high
wavelengths in the infrared (i.e. A = 1500nm) were usually preferred for optical
communication protocols. But low wavelengths close to blue and ultraviolet have
lately proved their interest for special systems such as optical storage (e.g. Blu-
Ray). This way, low-wavelengths light sources have been recently developed and
miniaturized, for example with deep UV LEDs. On the other hand, the biological
materials reacting to low wavelengths comprised from 200 to 450nm are numerous.
Indeed, bacteria, DNA, RNA and proteins can be quantified by low-wavelength ab-
sorbance, but blue and UV light can also enable reaction in the solution, such as
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light re-emission at upper wavelength. Owing to this opportunity of technological
progression and light source miniaturization, the development of complete portable
system-on-chip for biological field has raised up.

Furthermore, the light is also an energy supplier. The most obvious example
being the sun which delivers an amount up to 10007/m? on earth. When combined
with semiconductor absorption properties, a generation current can be processed
and power can be managed. For the past 30 years, different materials, process en-
hancements and device improvements have permitted a considerable increase of the
efficiencies up to more than 40%. However, small solar cells for integrated circuits
are still in development and request different challenges than those for industrial
solutions.

For every type of light sensor, it is almost always fabricated in a semiconductor
material ; the most common being silicon. Silicon-on-insulator (SOI) technology is
a particular silicon-based technology offering substantial benefits. From the point of
view of its structure, a SOI wafer is composed of two silicon layers separated by a
silicon dioxide called the buried oxide (BOX). After reviewing the physics of optics
in semiconductors, we will show that devices of two types can be designed in silicon.
The sensors are usually fabricated in thin layers and the generators in thicker ones.
A SOI wafer is precisely composed of these two types of layers. The thicker silicon
region is the substrate and is currently used as a rigid holder for the integrated cir-
cuit embedded in the thin silicon film. The thin Si layer contains integrated circuits
with high performances, among others thanks to the reduction of parasitic junction

capacitances and body effect for MOSFETs.

The goal of this thesis is thus twofold. Firstly, we know from previous works in
the same SOI technology that PIN lateral diodes can behave as excellent UV sensors.
In this dissertation, their optical optimization in terms of the device characteristics,
of advanced anti-reflection coating combinations and innovative specific structures
will be studied. An interface integrated circuit will be detailed for photocurrent

processing and provide an information easy to handle by the user. The purpose of



this first part is also to demonstrate the feasibility of an original complete system-
on-a-chip including the photosensor and its signal processing circuit on the same
chip for biological application aiming at higher performances than state-of-the-art
equipments.

Secondly, we study the design and optimization of new PIN lateral diodes as
solar cells embedded in the substrate of the SOI wafer. The device being currently
not much described in the literature, it implies thus a deep analysis from the fabri-
cation to the physic equations through the IV curves of the diodes and the circuit
modeling. The main objective is to provide enough power to supply integrated cir-
cuits embedded on the same chip, being for example ultra low-power circuits or even
circuits for signal processing associated with the UV sensors.

As a matter of published results, the optical optimization of the PIN lateral
diodes fabricated in the thin Si film as UV sensors has been presented at the FCS
Conference 2009 and published in the ECS Transactions, while the complete pho-
tosensor was described in a paper of the AICSP 2010. The biological applications
of the UV microsystem has been demonstrated and the results were presented in
MBEC 2008 and IEEE BIOCAS 2010 conferences. A complete description of the
experiments has been detailed in a book chapter from INTECH in 2011. Concerning
the SOI solar cells, the preliminary results were presented at the IEEE SOI Confer-
ence 2009. A total of 22 international publications were communicated during the
five years of the thesis, including one book chapter, three journal papers and seven

conference communications as first author.

The thesis is organized as follows : as we deal with optical considerations and
photosensitive devices, a first chapter will introduce the basic optical concepts com-
monly used in the study of optoelectronic devices. The photovoltaic effect and its
implication for silicon-based structures will be presented. The photodevices being
mainly photodiodes, a review of the photodiodes behavior will be presented as well
in dark conditions than under illumination. Then, the UCL SOI technology will be

detailed since most of the devices and circuits analyzed in this work were fabricated



in this silicon-based technology. To continue with the photonics fundamentals, a
short review of the different light sources used in the thesis will be presented and
will be followed by an introduction to the most commonly used figures of merit. The
photodiodes can be used as sensors or power generators according to the region of
the SOI wafer where they are fabricated. Thus, a short explanation of the devices
characteristics and differences will be discussed. Finally, a brief preview of the anti-
reflection coatings (ARC) will be presented.

The second chapter is dedicated to the study of the optimization of the PIN
lateral diode embedded in the thin Si film as an ultraviolet sensor. The context of
utilization and their interest for biomedical, biological and environmental applica-
tions will be detailed. An overview of the DC performances of the lateral PIN diodes
will be described before a study more dedicated to their optical properties. Different
techniques will then be presented to improve the optical efficiency of the photodi-
odes, including the device optimization and ARC discussion where simulations and
measurements will be compared. Some more complex SOI-based structures will then
be presented (i.e. silicon-on-nothing (SON) and membrane) and pre-studied as UV
sensors. As a final point, we will detail a comparison of the best results achieved
in this work with state-of-the-art UV sensors and we will present some perspectives
for ultra-thin SOI technologies.

The third chapter is mainly based on the design of signal processing circuits
for the UV photodiodes. The motivation of designing an integrated circuit for bio
and environmental measurements will be presented and the type of signal process-
ing described : a current-to-frequency converter. We will explain a first approach
of design which allows for choosing the external components of the system and for
evaluating the specifications of the different blocks of the system, i.e. the integrator
(and its operational amplifier), the comparator, a Schmitt trigger in this case and
the switch. Then, each component will be designed from a top-down methodology.
The operational amplifier will be designed according to the UCL % method while
three types of Schmitt triggers will be compared. A finer noise analysis will be pre-

sented including noise sources from the photodiode, the switch and the amplifier.



The measurements and the simulations of the behavior of the circuit will be com-
pared to observe and analyze the performances of the system in terms of linearity,
optical and transient responses with other realizations mentioned in the literature.
To finish, a methodology of design for a complete photosensor is proposed according
to application specifications.

As a matter of concrete applications, the fourth chapter presents the results of
experiments based on the quantification of biological material concentration. We
will first present the context by which biological material can be optically quantified
by UV transmission. Then, we will review the most commonly used quantification
methods and laboratory equipments and will quickly present the current UV light
sources used for biological material measurements. The application setup will then
be detailed and the principle of measurement will be demonstrated. We will propose
a modeling for the whole microsystem enabling a description of the light intensities
as a function of the biological concentration. The first measurements obtained with
in-tube solutions of DNA and bacteria measured with a SOI photodiode will be
presented and analyzed with the variation of the different parameters of the mi-
crosystem. The statistical considerations related to biological experiments will also
be reviewed for finer analyses. Moreover, we will present the measurement results
achieved with a complete microsystem combining an UV photodiode and a signal
processing integrated circuit (as described in the third chapter). In this case, the
measurement results will be detailed for in-tubes, in well-microplates and within a
PDMS channel containers for various biological material. Finally, we will compare
our microsystem with the other methods previously described and will propose some
improvements.

The fifth chapter demonstrates the interest of SOI CMOS technology for embed-
ded solar cell fabrication. We will present the purpose of integrated solar cells in
SOI technology for self-powered integrated circuits. The main figures of merit for
photovoltaic analysis will be presented and we will describe the solar spectra and
the thermodynamic efficiency limits for SOI solar cells. Then, we will describe the

structure of lateral PIN diodes embedded in the SOI substrate as solar cells, which



results on two possible devices : the ungated or gated solar cells. We will first char-
acterize the SOI wafer with capacitance analysis to extract defects of the technology.
Afterwards, we will study the ungated solar cells : their design and fabrication are
described, an analytical model for the dark electrical characteristics is presented and
a intuitive geometrical model is introduced to calculate the photocurrent. We will
then present the measurement curves and compare them with Atlas simulations for
the solar cell parameters extraction. After that, we will describe the gated solar cell
devices : their design and fabrication methods will be presented before we investi-
gate their photovoltaic behavior modeling. The characterization of the gated solar
cell will be extensively presented at that time. As we will explain, Atlas simula-
tions and analytic modeling are not sufficient to fully describe the solar cells. Thus,
we will model their I-V curves with an equivalent circuit model built from diodes,
resistances and current sources. Finally, we will compare the SOI solar cells with
other solar cells in various technologies and will propose some improvements for our
process before ending the chapter.

Finally, we will conclude the work with a summary of the achievements and pos-
sible improvements for all the optoelectronic components realized in this work. A
perspective will be presented concerning the size required for a solar cell embed-
ded in the SOI substrate to supply enough power for the complete UV photosensor
described in the third chapter of the thesis, and this, for various illumination con-
ditions. This perspective will also be discussed for other integrated circuits with
various power consumptions.

Three appendixes are added : the first one summarizes the light modeling inside
a SOI multi-layer structure. The second introduces the design of power management
circuits for solar cells. The first step, i.e. the charge pump, has been investigated
and described with experimental characterization under illumination. The third ap-
pendix concerns low-temperature measurements which have been realized in collabo-
ration with the FEI in Sao-Paulo, Brazil. We study the behavior of UV photodiodes
and solar cells in the SOI UCL CMOS technology in a range of temperature from
100 to 400K.



CHAPTER 1
PRINCIPLES OF
OPTOELECTRONICS IN SOI
TECHNOLOGY

1.1 Introduction

The purpose of this chapter is to briefly present the optoelectronic possibilities of
the SOI technology. Since the main part of this work is about optoelectronic, a brief
review of the optic principles inside a semiconductor structure is presented. As most
of the optical sensors are realized with diodes, a summary of the electrical behav-
ior of these devices under illumination is introduced. Then, the silicon-on-insulator
technology is presented by describing a standard SOI wafer, its dimensions and its
advantages compared to standard silicon technologies. This work also compares the
realized devices with existing works, thus the figures of merit of the photodiodes
are defined. As working with optical quantities, a presentation of the different light
sources types and their spectra properties is presented in this chapter. Because the
SOI technology includes two semiconductor regions, a study of the optoelectronic
devices is described for both of them, i.e. the silicon thin-film and the silicon sub-
strate. As it will be extensively explained in this work, the thin film is employed
for photosensors while the substrate is mainly used to incorporate power generators,

i.e. solar cells. Finally, a description of the anti-reflection coatings is presented.

1.2 Optical Principles in Semiconductors

In this section we review the basic principles of optics. Firstly from an energy point
of view, with the energy band theory of semiconductors, and secondly from a more
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optical point of view with the indexes of refraction and the generation rate.

Direct and indirect bandgap

To understand how semiconductors handle light, it is first important to analyze their
energy bands. Indeed, holes and electrons can move between the valence and the
conduction bands, by diverse mechanisms that differ if the semiconductor features
a direct or an indirect bandgap. Figure 1.1 shows the energy bands, as a function

of the wavenumber k, and the photon absorption mechanism for both types.

1. Direct 2. Indirect

Figure 1.1: E-k diagrams for direct (1) and indirect (2) bandgaps.

We denote Eq as the difference between the conduction band E- and the valence
band Ey. In figure 1.1(1), it is showed that in a direct bandgap, a photon can be
absorbed if its energy is higher than the bandgap, independently of the momentum.
Contrarily, one can clearly see the vertical misalignment of the energy bands in
the second case. It implies that, if the semiconductor crystal features an indirect
bandgap, a single photon will not be able to provide the correct couple energy-
momentum to a valence electron to reach an empty state in the conduction band.
Then, light absorption will only be possible with the contribution of a phonon, which
have less energy than a photon, but features a higher momentum in order to reach
the bottom of E¢ as showed in figure 1.1(2). In this same figure, one can observe that
the energy for which a photon can be absorbed is slightly inferior to the bandgap
8



1.2 OPTICAL PRINCIPLES IN SEMICONDUCTORS

when aided by a phonon absorption.
Now assuming that a photon with sufficient energy will be associated with a
lattice vibration phonon, then the energy of a photon is defined by the Planck’s

formula :
h-c

Eph: \ 5

(1.1)

where h is the constant of Planck, c¢ is the vacuum speed of light and X is the
wavelength of the photon. This implies a maximal wavelength \,,.. that will be
absorbed by the material according to the minimal energy of the photon which has

to be at least equal to the bandgap :
h-c
A< — = Mgz 1.2
<5 (12

This is resumed in table 1.1 for various technologies.

Technology | Bandgap [eV] | A\jae [nm]
Si 1.12 1110
Ge 0.66 1880
GaAs 1.424 870

Table 1.1: Comparison of the maximum absorption wavelength of light in various
technologies according to their bandgap.

While silicon features an indirect bandgap, the maximum wavelength to be ab-
sorbed is about 1100nm, in the near infrared. Contrarily, germanium and gallium-
arsenide are direct bandgap semiconductors. Due to its small bandgap, germanium
is preferred for large spectrum absorption while GaAs is used for lower wavelengths
pass-filters.

Since the other differences of the direct and indirect bandgap have been exten-
sively explained in previous works (for example : [1]), only the case of the silicon
indirect bandgap will be studied in this work but both types will be compared in
the following chapters.
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Generation and photovoltaic effect

For an optical formalism including the notions of absorption, reflexion and trans-
mission of light, the materials are defined by their refractive index . This index of

refraction N is defined by [1]:

N=n—j-Kk=/6. (1.3)

Equation 1.3 also defines the relation between the refractive index and the relative
permittivity of the material ¢,. If N is a complex number, so is the permittivity of
the material, which implies a loss of power in the material.

But when the light is absorbed into a material, its power is reduced with its
depth penetration following a decreasing exponential law. The power is related to
the photon flux density ®(\, z) and its evolution with the distance is expressed by
the Beer-Lambert law :

D\, z) = Dy(N) - e 2T, (1.4)

where ®y(A) is the incident flux density of photons, i.e. the light power at the
beginning of the material. In equation 1.4, the term « is called the absorption

coefficient. The parameter depends on the material structure and is defined by :

4 - K
o

(1.5)

o =

It then only exists if the material is lossy. We can also define the absorption length
L,ps of the material as i The absorption length of silicon can be plotted as a
function of the wavelength as showed in figure 1.2. This figure shows that high
energy photons below 370nm have a small absorption length, and thus are directly
absorbed by silicon while the influence of the phonon particle can be seen from 400nm
where the absorption length increases as well as the absorption of the photon with
less energy decreases. We can observe in figure 1.3 the optical power decrease (%?)
in silicon for wavelengths of 300, 400 and 500nm (a) and 600, 700 and 800nm (b).
It is remarkable that most of the low wavelengths are quickly absorbed in the first
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Figure 1.2: Absorption length in silicon as a function of the wavelength.

hundreds of nanometers. Contrarily, higher wavelengths are attenuated after a few
tens of micrometers.

When dealing with light inside a semiconductor, the notion of carrier generation
is used in the transport equations. It is defined as a function of the light wavelength

at a depth x inside a semiconductor by :

dd(\, )
G(A =7 1.6
(o) = ==, (1.6)
which becomes
1 ——x
G\ z) =a()\) - Dy(\) - e @Mz = cDo(N) - eTans ™ 1.7
(\ 1) = 6(0) - Bp() e = () e (1.7)

Finally, the term G corresponds to the rate of electron-hole pairs generated in vol-
ume in the silicon device by the photon whose energy is sufficient. This is called the
photovoltaic effect. The most common devices used to collect light by photovoltaic

effect are diodes.
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Figure 1.3: Optical power decrease in silicon as a function of the depth penetration.

The figure 1.4 illustrates the generation of electron-hole pairs phenomenon in a
diode. These electrons and holes are then pulled forwards the regions when they
are majority carriers by the electric field applied in the depletion zone. The current
is then formed by the carriers that have not recombined and are collected at the
contacts. On this figure the photon flux is represented as vertical to the PN junction,
but the phenomenon is the same for a lateral illumination since the carriers will move

towards the contacts under the influence of the electric field.

1.3 Electrical Behavior of Photodiodes

The diode behavior, in the dark, is described by its Ip = f(Vp) equation :
YD
Ip park(Vp) = Is - (e¥r — 1) + Ipg, (1.8)

where V7 is the thermal voltage and I ¢ is the generation-recombination current :

v

Tnc(Vp) = Isrg - (€27 — 1). (1.9)
12



1.3 ELECTRICAL BEHAVIOR OF PHOTODIODES

Photon

____________ ?téfﬁi:?_ﬂ_ﬂ_____________ C)VD

Figure 1.4: Electron-hole generation by photon absorption in a diode.

In silicon, Ig,, is usually greater than /g, which is why the generation-recombination
current dominates when Vp is well above Vi in reverse bias but also when the positive
voltage of the diode is small (i.e. from 0 to 300mV typically). This specific current
will be discussed in more details in this work because of its importance for the
devices. However, when illuminated, the diode receives generation, and its current-
voltage curve is shifted down vertically assuming a constant generated current I,

called the photocurrent :

]D,tot<VD) - ]D,Dark - ]ph- (110)

It has already been explained and proved in many previous works [1, 2](and so will
not be demonstrated again here) that I, is directly proportional to the depletion

and diffusion lengths in case of a volume generation :

Iy,xq-G-(Lzp+ L, + L,), (1.11)

where Lyzp is the depletion zone length and L, and L, are the diffusion lengths
of electrons and holes respectively. That is why PN diodes are improved by the
adjunction of an intermediate quasi intrinsic zone that increases the depletion zone
and so the photocurrent. The new device is called a PIN diode. The optimal choices

13
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of the structure dimensions will be discussed in the next chapter.

A

Ip

—Dark

I -=-[Mluminated

Diode current

_______________________________________________________________________

Diode voltage

Figure 1.5: Theoretical IV characteristic of a diode in the dark (continuous line)
and under illumination (dashed line).

The curve shift of equation 1.10 is illustrated in figure 1.5. On this figure, two
operation modes of the diode are distinguishable. Firstly, the diode can be used in
passive mode with a negative current for a negative voltage. Indeed, by increasing
the reverse voltage, the depletion area is increased which leads to a larger collection
of the photons. Such diodes may be embedded in thin layers for UV or blue detection
(see figure 1.3(a)) and act as light sensors (i.e. often, they are focused on a specific
spectral range). Secondly, the diode can also be used in active mode with a negative
current for a positive voltage. Compared to the reference directions of current and
voltage of a classical diode, the power loss in the device is then negative, which in
facts corresponds to a power generator. The diode serving in active mode is usually
utilized when collecting a larger part of a light spectrum, needing a higher thickness

of silicium according to figure 1.3(b), typically like a solar cell.

14



1.4 SILICON-ON-INSULATOR TECHNOLOGY

1.4 Silicon-on-Insulator Technology

SOI combines the advantages of silicon technology fabrication with high performance
in multiple fields. SOI yields a better behavior at high and low temperatures, a

higher resistance to radiations and a consistent reduction of power consumption.

UCL 2pum technology

The particular technology in which the circuits and devices have been fabricated
in this thesis is a 2um SOI FD (for fully-depleted) CMOS technology |3, 4]. The
wafers result from smart-cut process consisting in a wafer bonding process and thin
Si layer exfoliation after hydrogen ions implantation at small depth [5]. Figure 1.6
presents the sketch of a MOSFET fabricated in the UCL SOI thin film technology.
The technical node is 2um and the gate oxide thickness is of 30nm for a thin film
thickness of 80nm for a fully-depleted channel. The supply voltage and thus the
power consumption can then be reduced and the body factor is around n = 1.1

while it is of about 1.5 for classical bulk MOSFETs. Then, SOI technology seems a

S G D

Fully-depleted channel

BOX

i 1
i Silicon substrate i
i 1
i i

S —

B

Figure 1.6: Sketch of a MOSFET embedded in SOI technology.

perfect candidate to include an optical device and the processing signal circuit (in
case of a sensor) or the power regulator circuit (in case of a generator). It combines
high circuit performances, power reduction and portability for a complete low-cost
system-on-a-chip [3].
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1.5 Light Sources

1.5.1 Type of sources

Depending on the type of the device, the light quantity to measure can be very
different. The light power, the emitting spectrum may vary according to many

physical phenomena. The main light sources that are used in this thesis are :

e the large spectrum lamp. That kind of lamp is mostly used for research.
For example, halogen-deuterium lamps provide a spectrum from 200nm to
1200nm with large emitting power. Associated with a monochromator (or with
very narrow bandpass optical filters), they allow for selecting with precision
any wavelength and measurement of the spectral response of a photosensitive
device. They can also be used to simulate any monochromatic light source. But
often, the whole system (including the lamp and the monochromator/filters)

is too voluminous to be integrated in a portable device.

e the light emitting diode (LED). To combine the advantages of a high emitting
light power, a controlled and narrow emitting spectrum, and a low fabrication
cost, the LEDs are an opportunistic choice. To ensure a low wavelength emis-
sion spectrum, the materials used to fabricate a UV diode are diamond (C),
and Al-based materials (i.e. AIN and AlGaN) thanks to their large bandgap,
allowing a high energy photons generation when the electron-hole pairs are
recombining. The UV LEDs have to be biased with relatively high forward
voltage (e.g. Vp = 6V) which yields a current of about Id ~ 20mA. This
implies a consistent power needed to bias the diodes (compared to the power
needed to supply a microelectronic integrated circuit), which also has to be
very stable in time to minimize the fluctuations of the emitted light and re-
duce the measurement errors. However LEDs are miniaturized, portable and
low-cost UV light source, making them good candidates for a complete opto-

electronic microsystem aiming at biomedical applications.

e the sun. It is the most powerful natural light source on earth. Assimilated to

16
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a black body with temperature of 6000K, the sun irradiates from 200nm to
about 3um. Its light irradiance on earth is reduced by gases and particles of
the earth atmosphere. Thanks to its high energy properties, the sun is used

as a power source for the devices.

1.5.2 Spectrum

Each of the light source presented above features a specific emitting spectrum. The
LEDs or the light following the output of a monochromator is almost monochro-
matic. More precisely the spectrum is very narrow around one wavelength, typically
AN = £5nm around the peak wavelength \g. The photon flux ®( referred in equa-
tion 1.4 is then integrated over these limits.

Contrarily, the halogen-deuterium lamps or the sun feature large spectrum emis-
sion. The photon flux is here integrated over a very large range of wavelengths,

typically from 200nm to 1.1pm in silicon.

1.6 Figures of Merit of Photodiodes

As optical-to-electrical transducers, photodiodes can be characterized by two kinds
of figures of merit. First, their spectral efficiencies which are a measurement of the
ability of the device to collect the electron-hole pairs generated by a photon at a
given wavelength. They are expressed as a function of the wavelength like spectral
filters characteristics. Secondly, their power efficiencies, more often used for the

active mode of the diode.

Spectral efficiency

To simulate and measure the spectral efficiency of a photodevice, three major figures

of merit are stated in the literature.

e The internal quantum efficiency, which is the ratio of the collected photocur-
rent to the total generated current in the photosensitive region. It allows a
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measurement of the recombination losses in the device and can be expressed
by :

JIph
[ =2
= e,

(1.12)
where J,, is the total photocurrent density (measured or simulated), G is the
generation term and L,y is the photosensitive distance on which the generation

term is defined (assuming a one dimension analysis). Then, if recombination

is unconsidered, QI = 100% for each wavelength.

The external quantum efficiency is a variant of QI including the reflectances
of the structure and the ratio of its photosensitive area compared to the total

area of the device :

PaS
QE=QI- ==, (1.13)

where P, is the real optical power absorbed in the semiconductor while P, is
the incident optical power to the total surface of the device. Due to internal and
external reflections, and to front metallic contacts reducing the photosensitive
area, the external quantum efficiency is consequently reduced compared to the

internal efficiency.

The spectral responsivity is similar to the previous quantum efficiencies, but
instead of being expressed as a percentage, the responsivity is the ratio of the

total photocurrent divided by the the incident optical power :
R — ]D,tot - ID,Dark Jph -A

_ - 1.14
Pin Pin (L14)

where A is the area through which the photocurrent is flowing. The respon-
sivity is a more global parameter that can directly estimate the photocurrent
induced by the illumination as a function of the light power at each wavelength.
The responsivity is the more commonly used figure of merit in literature and

will serve as the comparison factor for the sensing photodevices in this work.



1.7 PASSIVE OPTOELECTRONIC DEVICES

Power efficiency

Essentially when working in active mode, the power efficiency of photodiodes is

defined by :
Pout

Pi )

n= (1.15)

where P, is again the incident total optical power to the surface of the device but P,,;
is the maximal output electrical power supplied by the device under illumination.
P, is found as the I-V product corresponding to the values at the maximal point

of the P-V curve. The context will be explained in more details in chapter 5.

1.7 Passive Optoelectronic Devices

1.7.1 In SOI : the thin film

As previously said, optoelectronic devices may be embedded in the SOI thin film.
Due to its weak thickness, most of SOI thin film optoelectronic devices are lateral
carrier collectors : the electronic device is laterally fabricated and the light is col-
lected perpendicularly to the electrical flow of the carriers. The first PIN diode in
SOI technology were realized by Colinge [6]. Later, the AC and DC performances of
the basic structure of PIN photodiodes in the UCL SOI technology were studied by
Afzalian [7]. A description of the device with dimensions of the UCL technology is
shown in figure 1.7. Thanks to the low thickness of the thin Si film (i.e. 80nm), and
to the high doping of the anode and cathode regions (i.e. Ny = Np ~ 102%cm =3 for
the P and N regions respectively), the intrinsic zone is fully depleted which allows
an enhancement of the depleted zone and thus an increase of the generated pho-
tocurrent.

The internal quantum efficiency (QI, as referred to equation 1.12) for this struc-
ture has been simulated in figure 1.8, where it is plotted as a function of its maximal
value. The best QI occurs for 380nm which corresponds to the maximal wavelength
for a photon to be absorbed in silicon with its own energy (i.e without additional
energy from a phonon) as shown in figure 1.2. After this cut-off wavelength, the
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Figure 1.7: Lateral view of a lateral PIN diode designed in UCL SOI technology [§].

probability for a photon to be absorbed is decreased as well as the quantum effi-
ciency. Lower wavelengths reach a weak efficiency due to reflection at the surface of
the device which presents a top silicon oxide passivation layer of 300nm as shown in

figure 1.7.

1.7.2 Sensors in other technologies

Of course optical sensors have been developed in other technologies. Bulk silicon re-
mains the lowest-cost technology to fabricate a photodiode and can absorb photons
with a wavelength up to slightly more than 1100nm thanks to its 1.1eV bandgap.
Unfortunately, to realize a spectral filter, in order to only absorb photons with an
associate low wavelength, a low thickness of the silicon is needed since most of the
photons are absorbed in the first 5um of the silicon thickness.

This leads to reducing as much as possible the thickness of the silicon region
where the photons are absorbed and to reduce the reflections. Consequently, a high
responsivity can be achieved in the appropriate wavelength by other techniques like
spatial modulation of light [9] or special devices such as avalanche diodes [10].

Silicon is the most common semiconductor but other materials can be used to
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Figure 1.8: One dimensional analysis of a lateral PIN diode in SOI technology [§].
For L; = 20pum and Vp = —3V/, the figure represents the internal quantum efficiency
(QI, solid line), the ratio QE/QI (dashed line) and the total normalized photocurrent

(crossed line).

implement a photosensor. Thanks to their larger bandgap, materials based on gal-
lium nitride (GaN) can more easily absorb photons associated to low wavelengths
independently of its thickness and then achieve high responsivities below 400nm
[11, 12, 13, 14]. Another frequently used technology is the silicon carbide (SiC) that
has proven its interest by the past, despite its indirect bandgap, due to its use in

the first commercial LEDs [15, 16].

1.8 Active Optoelectronic Devices

1.8.1 In SOI : the substrate

Usually, the substrate of a SOI wafer is only used as a rigid holder for the integrated
circuits embedded in the thin silicon film. But by etching the buried oxide down to
the substrate, it is possible to implant the anode and cathode regions of a diode. A
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lateral view of such a device is showed in figure 1.9.

In the figure, the device fabricated is again a lateral PIN diode. Because of

Anode Passivation 510, Cathode
Optional Si thin-film

BOX

P,.

—

B

Figure 1.9: Sketch of a solar cell embedded in the substrate of an SOI wafer.

the existence of a back electrical contact under the substrate, the backgate voltage
has to be chosen carefully in order to avoid leakage currents through the P~ region.
According to whether the solar cell is below an active region for CMOS process or
not, the thin silicon film can be present or not. If the solar cell is fabricated outside
an active region, the thin Si film is oxidized and a three-layers oxide coating protect
the diode.

Otherwise the thin silicon film remains above the BOX on the solar cell and may
absorb a part of the light if the illumination is incident to the top of the wafer. The

performances of this type of device will be discussed in chapter 5.

1.8.2 Solar cells in other technologies

Solar cells have been studied for more than 35 years for high efficiency achievement.
The first ones were engineered in silicon-based technologies. A roadmap of the solar
cell efficiencies in research laboratories is presented in figure 1.10. Nowadays, the best
efficiencies for silicon solar cell are about 25% for monocrystalline silicon, reaching
a top efficiency of 27.6% [17]. As for sensors, diode in III-V materials such as GaAs
can reach higher efficiencies and the records are achieved by multijunctions cells
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Figure 1.10: Efficiencies of the best solar cell in laboratory research [18].

coupled with sun concentrators. Multijunctions solar cells are designed by a bandgap
engineering to absorb the greatest part of the solar spectrum as possible and thus
can reach efficiencies of 40% in the best case [17|. However, thin-film semiconductors
solar cells achieved efficiencies near 20% while new organic solar cells have recently
emerged but are not still offering high efficiencies. Most of efficiencies improvements
are based on contacts, anti-reflection coatings, and bandgap engineering in case of

multijunctions cells.

1.9 Anti-Reflection Coatings

The anti-reflection coatings (ARC) are layers deposited on the top of a photodevice
to prevent from optical reflections. The choice of the material and its thickness are
dependent on its refractive index and are chosen correspondingly to the adaptation
of the quarter-wavelength. The advantage of depositing a dual-layer anti-reflection
coating above a photodiode has been proven in [19]. It can considerably reduce

the reflections of light by an accurate choice of thickness according to the index of
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refraction of the material and the wavelength at which the efficiency has to be im-
proved. The most common ARCs are silicon dioxide (Si03), silicon nitride (Si3/Ny)
and alumina (AlyO3). Great advances have been made in the solar cell laboratory
research concerning ARC. Recently, the researches are more focused on the develop-
ment of texturized surfaces which are also often used to ensure a greater absorption
of the light in the device with multiple reflections at the incident interface. The
patterned protective layers allow an augmentation of their transmittance, leading to
an increase of the quantum efficiencies of the cells |20, 21, 22|.

For low wavelengths applications, transparent conduction oxide (TCO) are in
polyethylene terephthalate (PET) or indium-tin-oxide (ITO) [23]. But the optical
reflectivity under A = 400nm is poor, meaning accurate for UV sensors.

For the solar cells particularly, the reflections must be minimized for the largest
wavelength range as possible. Black silicon is thus often used, as well as nano pillar

structuration of the silicon [24].

1.10 Conclusion

In this chapter, we reviewed the basis of optoelectronic principles in semiconductors
more especially for the silicon regions inside a SOI wafer. Since diodes, are the most
common electrical devices to collect photons, we reviewed the electrical principles
of diodes and demonstrated that a PIN diode is an accurate solution for optical
sensors and generators thanks to an enlargement of the photosensitive area. Inside
a SOI wafer, photodiodes can behave as sensors in the thin Si film or as generators
in the substrate. But in both cases, they benefit from the advantages of the SOI
technology : low-power, temperature and radiation resistance. Finally, to improve
the responsivity of a device, a dual-layer anti-reflection coating of SiO,, Si3N, or
AlyO3 for example are suggested. The structuration of the ARC can also greatly

improve the transmission of light into the photodevice.
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CHAPTER 2
OPTIMIZATION OF PIN
PHOTODIODES IN SOI

TECHNOLOGY

2.1 Introduction

In this chapter, we present the lateral PIN diode used as a photosensor and its optical
optimization. Since the devices are embedded in a thin silicon film, their optical
sensitivity is mostly located in the low wavelengths close to blue and ultraviolet as
introduced in the previous chapter. The context of utilization of the sensors will
first be defined. A mathematical model was implemented to describe the electrical
behavior of the diode and has been adapted to a multilayer device to include the
anti reflection coatings (ARC) in the optical responsivities. An overview of the DC
performances and the optical properties is first presented. Then, the optimization
of the standard PIN photodiode in different SOI technologies is presented for deep
UV and blue applications including the tuning of the electronic device itself and of
different ARCs. Perspectives are described from simulations to adapt the model for
more exotic technologies such as silicon-on-nothing (SON) and membrane structures.
Finally, a comparison of the best results is made with current optical devices and

the evolution of the performances for ultra-thin SOI technologies is presented.

2.2 C(Context

Optical detection at low wavelengths close to blue and ultraviolet (i.e. for A <
480nm) is commonly used in biomedical and environmental fields. For example,
DNA concentration measurement, bacteria or proteins detection require optical light
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Figure 2.1: Electromagnetic spectrum [4].

whose emission wavelength is below A = 300nm [1, 2, 3]. On the other hand, UV and
ozone rates are measured in upper wavelengths close to A = 400nm. So, there is a
real need for miniaturized sensors able to quantify optical signals in this wavelength
range. In addition, such applications require low levels of detection, due to the low
power of the emitted optical signals to monitor. It is thus important to minimize
photodiode dark currents and to achieve high optical responsivities in order to reach

a detection level as small as possible.

Considered wavelengths

The PIN diodes are embedded in the thin silicon film of the SOI wafer, they can
only absorb light of low wavelengths as discussed in the first chapter. More precisely,
the targeted wavelengths lay in the range from 200 to 480nm. The electromagnetic
spectrum, as a function of the wavelength is shown in figure 2.1.The considered

wavelengths are located from deep UV to blue-violet in the visible spectrum.

Applications

The applications targeted by optical measurements of blue/UV lights are numerous.

More especially blue light, from 400 to 480nm, is directly linked to sleep-wake cycle
30
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in two ways :

e by melatonin production. Melatonin is a molecule, regulating the sleep cycle,
that is excited by darkness and suppressed by light, principally blue light at
480nm. It has been showed that people wearing blue-blocking light glasses

were in favorable sleepiness condition [5].

e by blue light exposure during night sleep. However blue light is blocking mela-
tonin production during day-light, Harvard scientist proved that blue light
exposure during the biological night directly and immediately improves alert-

ness and performance of the patient during its day work [6].

The combination of these opposed effects has also been observed and studied by a
Canadian research team [7]. It proves the need of blue light monitoring for this type
of studies.

On the other hand, UV is known for being harmful for health, particularly con-
cerning skin illnesses. Indeed, ultraviolet rays lying in the UV-B range (i.e. from
280 to 315nm) can induce skin cancers. But UV rays are also present in many ap-
plications such as security, communications, fire-detection, curing, water turbidity
measurement and many more. In biological field, DNA features an absorption peak
at 260nm [8], which also requires an UV measurement of light as will be extensively
described in chapter 4. However, measuring UV is also challenging due to the small

number of low cost sensors able to detect such low wavelengths with precision.

2.3 DC Performance of a Lateral PIN Diode : Overview

The DC behavior of a lateral PIN diode has been presented and discussed by Afzalian
in [9]. Then, we will not detail all the equations leading the computation of the
current in the device. However, some important characteristics will be discussed
in this chapter, and will be briefly described in this section. First, we define the
carriers characteristics :
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Figure 2.2: Sketch of the lateral PIN diode.

e their diffusion coefficients,

kgT kT
Dn:pm-% and Dp:,up-%, (2.1)

where p,, and p, are the electron and hole mobilities respectively.

e and their diffusion lengths,

L,=+D, -1, and L,=+/D, -7, (2.2)

where 7,, and 7, are the electron and hole lifetimes respectively.

If we refer to figure 2.2, the lateral depletion length is called Lzp. By integrating

the Poisson equation on the particular PIN lateral structure, we find:

: (2.3)

Lo — 2-esi (Vo—Vp)-(Nap-+ Npn+)
ZD = :
q NA,P* : ND,N+

where V[ is the built-in potential and Vp is the external voltage applied to the
diode. As we work on a slightly P doped substrate of silicon, the depletion length
will almost be concentrated in the intrinsic zone of the P~ /N interface.

As presented in chapter 1, the current in a photodiode under illumination has
the form of equation 1.10. The generation can be considered as constant, regarding
the small thickness of the silicon layer, and homogenous. So that the analysis can

32



2.3 DC PERFORMANCE OF A LATERAL PIN DIODE : OVERVIEW

be made in one dimension along = as demonstrated by Afzalian in [9]. But this total

current, as recalling the diode fundamentals can also be written by :

L

Ip ot = JIn.p— (L) + Jpn+(Li) + ¢ - / G dx, (2.4)

L

/
7

where L, = L; — Lzp. We can decompose the minority carriers current densities

under illumination by :

L
In. P~ (L) = Jpp- +q-G - L, -tanh <L—Z> and (2.5)
L
Jp,N+ (Lz) = Jp7N+ +q-G- L, - tanh (L—l) , (2,6)
P

where J, p- and J, y+ are the components of the saturation current of the diode in
the dark. Since, N* >> P~, J, y+ becomes neglectable compared to J,, p- and we

find that the total density of current in the lateral PIN photodiode is given by :

L L
Ip ot = Jnp- (L)) +q- G- (L, - tanh (L—Z> + L, - tanh (L_Z> +Lzp), (2.7)

n p

where Lzp reveals its importance and by the resolution of the transport equation

of minority carriers in the structure,

—q- D, L; YD
Ip.dark = Jnp- (L)) = qL - np- tanh (L—Z) (e T — 1). (2.8)

Nevertheless, as used in passive mode, the diode is usually biased with a reverse
voltage, typically ranging from Vp = —0.1V to Vp = —5V. In this regime the
generation current in the device becomes important and has to be added to the dark

current. It has been expressed by Afzalian in [9] as :

J— . . V.
T in(Li, Lyp) - (e3Vr — 1), (2.9)
2- Teff

Trg =

where 7.¢7 is the effective lifetime of electrons in the P~ region. J,, is the dominant

term in the particular operation regime in which the photodiode is used.
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However, these equations are valid for a single diode while PIN lateral photodiodes
are interdigitated diode with finger defined as in figure 1.7. If m indicates the number

of finger, the total density of current is

Iptot = Jp.p - m. (2.10)

2.4 Optical Properties

2.4.1 The responsivity

As introduced in chapter 1, a photodiode can be characterized by different figures
of merit. In this section, we will mainly discuss about the responsivity defined in
equation 1.14. With the definition of the photocurrent and equations 2.7 and 2.8,

the maximal responsivity becomes :

Pi 3

Rz = (2.11)
and is achieved when tanh (%) = 1. It also appears that the maximal responsivity
can thus be increased when increasing the depletion length. This can thus be made
when the quasi intrinsic P~ zone is doped as less as possible. Furthermore, a low-
doping zone increases the diffusion length of the electron which is also favorable for
the responsivity. But to take full advantage of the diffusing electrons, the intrinsic
length L; must be as close as possible to L,. However a too large intrinsic zone
decreases the number of interdigitated diodes for the same area, which is contrarily
opposed to a maximal responsivity.

The choice of the intrinsic length is thus a tradeoff to which we have to also add
the parameter m for a finite area available to design a photodiode. Moreover, the
anode and cathode regions, i.e. the NT and PT doped regions, are covered with
aluminum. The available electrons from anode region which have been optically
generated are limited due to reflections from aluminum and feature a low diffusion
length due to the weak mobility in a high doped area. It is the same phenomenon for
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holes generated in the cathode. Contrarily, the electrons generated in the intrinsic
zone are more numerous and feature a higher diffusion length for the exact opposites
reasons. So the L, and L, term in equation 2.11 have to be calculated carefully.

To maximize the photocurrent, L; has to be in the same order of magnitude of L,
due to the hyperbolic tangence dependency. Taking that into account and neglecting

the holes generated at the cathode, the responsivity becomes :

q-A-G- (L, tanh(2) + Lzp)  q-A-G- Ly,

R
P Pin

(2.12)

where L, is the photosensitive length of one PIN diode finger.

2.4.2 DMathematical implementation of the reflections

To simulate the responsivity, the generation term on equation 2.12 has to be com-
puted. Afzalian proposed an implementation of a mathematical model of reflections,
transmission and absorption of electromagnetic waves inside a classical SOI struc-
ture as in figure 1.7 in [9]. The generation term is the absorbed wave in the thin Si
film and is defined as the difference between the incident and the transmitted waves
in the thin silicon layer. More details are described in the first appendix concerning
the calculations of the responsivity.

For the measurement of the responsivity, a setup consisting of a halogen-deuterium
light source, emitting from 200 to 1200nm followed by a monochromator allowed for
selecting a single wavelength being incident to the surface of the diode thanks to
an optical fiber. For each selected wavelength, the incident light power density is
measured by a power meter and the total current is measured to which the dark
current is subtracted. Due to the very low currents, a four-wires sensing method is

preferred to monitor the current through the diode.
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Figure 2.3: Transversal view of one finger of an interdigitated PIN lateral photodiode
with typical dimensions of our UCL SOI technology.

2.4.3 Standard structure

A transversal view of one finger of a standard interdigitated photodiode is shown in
figure 2.3 for the classical PIN photodiode in SOI UCL technology. The UCL SOI
technology features an 80nm thick silicon layer which allows absorption of light be-
low A = 400nm. The thin Si film is separated from the silicon substrate by a 400nm
buried silicon oxide. A CMOS process silicon oxide of 280nm, which consists in a
gate oxide of 30nm and an interdielectric oxide of 250nm, covers the photodiode.
In addition to this standard process, anti-reflection coatings of silicon oxide (SiOx),
silicon nitride (Si3Ny4) or alumina (AlsOs3) can be deposited to reduce the reflections.

In most of the standard CMOS process on which the PIN photodiode can be im-
plemented, the ARC consists of a passivation silicon oxide whose thickness is 500nm
which implies a total SiOy of 780nm above the diode. The cathode and anode
lengths are chosen as the minimal dimension of the source and drain contacts, to
be of Ly = Lp = 10um in UCL SOI technology. With the mathematical model
implemented in Matlab, we simulated and measured the spectral responsivity of a
classical lateral PIN diode with intrinsic length of L; = 20pum and total area of
0.25mm? according to the methods explained above. The comparison of simulation
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Figure 2.4: Simulation (continuous line) and measurements (dashed line) of the
photodiode responsivity with SiOs ARC : Lp = 1000um, L; = 20um, Ly = Lp =
10pm and .55 = 0.1us for Vp = —0.5V and tqpc = 500nm.

and measurements of its responsivity is shown in figure 2.4. The doping concentra-
tions are Ny p+ = 4 x 10%cm ™3, Np y+ = 10%cm ™ and Ny p- = 10"%cm ™2 for the
intrinsic region. Dark measurements of the diode in the range of Vp = [0 ; 0.3V]
allows us for measuring the effective lifetime in the diode (see equation 2.9) whose
value was comprised between 0.07ps and 0.2us. For the simulations, 7.;; was then
fixed at the value of 0.1us which corresponds to a diffusion length of L, = 18um.
The good fit of the measurement curve with the simulated one validates the model
and the experimental setup. The global tendency of the responsivity is the same for
both curves, however small oscillations occur below 400nm in the simulation and are
not reported in the measurements. One reason may be related to small thickness
variations of the silicon oxide layer along the total area of the device.

Figure 2.5 presents the responsivity variation at A = 250, 300, 350 and 400nm for
a H0nm variation of the total S1Oy thickness around its 780nm expected thickness.
The 50nm variation was chosen as 10% of the thickness of the last deposited layer.

Indeed, the passivation silicon oxide suffers for more variability (and quality) than
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Figure 2.5: Responsivity variation of the photodiode at A = 250, 300, 350 and 400nm
with Si0y thickness varying from 755 to 805nm for Ly = 1000um, L; = 20um,
Ly = Lp =10pum and 7csy = 0.1us for Vp = —0.5V.

the gate and the inter-dielectric oxide. The slope deviance of responsivity varies at
each wavelength according to the index of refraction of silicon and silicon oxide, and
thus the global responsivity presents oscillations of variable amplitudes and loca-
tions below 400nm as can also be shown in figure 2.6. This reinforces the hypothesis
proposed in figure 2.5, and also shows that process uniformities are not significant
at upper wavelengths, since photons are not absorbed by the layer. By integrating
the variations of the curves in figure 2.6, the measurement curve in figure 2.4 could

be deduced and corroborate our hypothesis.

2.5 Responsivity Improvement

The curves of figure 2.4 show the potential of lateral PIN diodes to be excellent
candidates for UV-blue photodetectors. But, even if they offer a suitable solar-blind
filter shape, the responsivity magnitude in the targeted wavelength range can be
improved to surpass state-of-the-art devices and the shape of the curve can also be
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Figure 2.6: Responsivity variation of the photodiode with SiOy thickness of from
780+25nm for Ly = 1000um, L; = 20um, Ly = Lp = 10um and 7.5y = 0.1ps for
Vp = —0.5V.

adapted to be more wavelength sensitive, i.e. by having a higher cut-off slope after

400nm.

2.5.1 Device optimization

As previously introduced, the design of the PIN diode is always a trade-off con-
cerning the size of the intrinsic length. On one hand, a large intrinsic length will
reduce the number of fingers and thus reduce the dark current. On the other hand,
a large intrinsic length could increase the generated electrons-holes recombination.
Consequently, L; has to be reduced to increase the collection of generated carriers.
Finally, the intrinsic length has to be adequately sized to maximize the photosensi-
tive length of the diode.

As referred to equation 2.12, it would be possible to increase the responsivity by
increasing the photosensitive length. Figure 2.7 shows the evolution of the photo-
sensitive length L, of a single photodiode, i.e. one finger of the interdigitated diode.

It proves that the photocurrent will increase with the intrinsic length augmentation
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Figure 2.7: Evolution of the photosensitive length L,, with the intrinsic length L;
at 7epp = 0.1ps.

and will logically saturate when the intrinsic length will become greater than the

electron diffusion length where L,;, >~ L; = 18um .

This is also illustrated in figure 2.8, where the ideal photosensitive area ratio is

given by :
S = m - L (2.13)
proideal = m . (Ly + Lp + Li) + Ly’ '
while the real photosensitive area ratio is defined by :
- L
Sph,real = d ph (214)

for photodiodes with m fingers.
The saturation of the photosensitive area maximum arises around the diffusion
length of the electrons in the intrinsic zone as expected.
Moreover, a limiting factor is the surface of the light blocking regions, i.e. the
anode and cathode covered with aluminum. In UCL SOI technology, the standard
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Figure 2.8: Evolution of the photosensitive area ratios S,, with the intrinsic length
L; in the real (continuous line) and ideal (dashed line) cases at 7.5y = 0.1us.

Ly and Lp lengths are of 10um. It could be reduced to less than one micron in
advanced industrial technologies. Figure 2.9 illustrates the benefit of this reduction
on the photosensitive area ratio. By reducing the anode and cathode lengths to less
than one micron, it is possible to almost double the photosensitive area and thus

the responsivity.

2.5.2 ARC optimization

Another way to optimize the responsivity is to maximize the generation term G. As
the standard basis of SOI wafer (consisting in the substrate and the buried oxide)
is imposed by the fabrication process, and the thin Si film and the CMOS process
oxide thicknesses are also constant on the wafer, the only parametrical layer is the
additional ARC, which replaces a standard SiO, passivation layer. The reflected
power can be minimized as described by the quarter-wave adaptation. The targeted
wavelength in this section is A = 400nm being at the corner of the UV and the
blue ranges. Silicon nitride (Si3N,) and alumina (AlxO3) are materials widely used
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Figure 2.9: Evolution of the real photosensitive area ratio Spjreq With the anode
and cathode length Ly p at L; = 18um and 7.5 = 0.1us.

in CMOS process as anti-reflecting coatings. Their index of refraction allows for

reducing reflections when combined to silicon oxide creating a dual-layer ARC [10].

Simulations

Figure 2.10 shows the responsivity evolution at A = 400nm, for a PIN diode with
top ARC in silicon nitride or aluminum oxide. The responsivity features a periodical
response with the second ARC thickness for which the first 100nm are presented in
figure 2.10. Both materials can improve the responsivity at 400nm by a factor of
about two even if nitride seems a little bit more performant for a lower thickness.

The spectral responsivities for the photodiodes with Lr = 500um, L; = 18um,
Ly = Lp = 10pum and 7.5y = 0.1us are simulated in figure 2.11 for a reverse
bias of Vp = —0.5V. The responsivity improvement compared to the standard
structure with the natural Si0, passivation layer is well confirmed at 400nm as
expected. The benefit of adding a nitride or alumina layer can also be observed at
upper wavelengths, for example around 500nm. However, the response in the UV
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Figure 2.10: Evolution of the responsivity of PIN lateral photodiode as a function
ARC thickness in Si3/Ny and AloO with Ly p at L; = 18um and 7.5 = 0.1ps for
silicon nitride (continuous line) and aluminum oxide (dashed line) over 280nm of

Si0s.

bandwidth seems lower. It is indeed difficult to minimize reflections at a precise
wavelength without handicap other ones when designing a photosensor for a specific
application. Nevertheless, previous measurements proved that regions where the

simulated responsivity features oscillations should not be worrying due to process

non-uniformities.

Measurements

The responsivity of photodiodes passivated with silicon nitride and aluminum oxide
has been measured and is showed in figures 2.12 and 2.13 for squared photodiodes
with Lr = 1000um, L; = 8um, Ly = Lp = 9um and 7.5 = 0.1pus at Vp = —0.5V.
The ARC thicknesses were chosen to minimize the reflections as in figure 2.10.
Measurements are fitting the simulated curves from A = 400nm to upper wavelength.
As for the silicon dioxide, the oscillations in the UV range leave place to a smoother

curve in the responsivity measurement. In the previous figures (2.11, 2.12 and
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Figure 2.11: Comparison of simulated photodiode responsivities : Lpg = 500um,
L; = 18um and Ly = Lp = 10um, 7.5y = 0.1us for Vp = —0.5V with different
ARCs : silicon nitride (continuous line) of 40nm over 280nm of SiOs, aluminum

oxide (dashed line) of 48nm over 280nm of SiO, and silicon dioxide (doted line) of
780nm.

2.13) the cut-off wavelength of the responsivity was of about A. = 435nm, and an

attenuation of 90% was reached after 50nm.

2.5.3 Improved SOI structures

Another important improvement would be the adaptation, i.e. the reduction, of the
front silicon oxide thickness while keeping an appropriate Si3/V4 thickness to increase
the absorption at 400nm. It could also reduce the oscillations in the bandwidth and
considerably increase the responsivity values at different wavelengths.

The figure 2.14 presents the responsivity at 400nm with the thicknesses of Si0Oy and
Si3 N, deposited as anti-reflection coatings on the top of the lateral PIN photodiode.
An optimal t4pc = 48nm of SisN, over a minimal silicon oxide layer allows a
maximal responsivity of 0.1A /W at 400nm. The total responsivity of the photodiode
with tarc = 48nm and tox = Inm+ k- 134 is shown in figure 2.15 (continuous line)
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Figure 2.12: Simulation (continuous line) and measurements (dashed line) of the
photodiode responsivity with SisNy, ARC : Ly = 1000um, L; = 8um and Ly =
Lp =9um 7e5p = 0.1us for Vp = —0.5V and tspc = 40nm with tox = 280nm.

where it is compared to other responsivities in various SOI technologies. However
the 1nm silicon dioxide is very difficult to fabricate, and the next periodical oxide
thickness of 135nm implies a more oscillating shape of the responsivity below 400nm.
That is why the simulation features a silicon dioxide thickness of tox = 6nm as it
has previously been realized in our SOI technology [11].

Based on the same structure (i.e. using similar material layers superposed in
the same order) but with lower thicknesses of the layers as well as lower lateral
dimensions of the PIN diode, a similar device has been investigated in a 150nm
fully-depleted SOI CMOS process by OKI Semiconductor [12]. Featuring a Si film
thickness of tg; = 50nm, the dark measurements of the diode showed an effective
lifetime in the diode whose value was comprised between 0.05us and 0.15us. The
associate value for the simulation was thus again 7.¢; = 0.1us. Our simulations in
figure 2.15 (dashed line) indicate higher responsivity values thanks to an increase of

the sensitive area (the anode and cathode lengths are reduced to less than 1um) but
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Figure 2.13: Simulation (continuous line) and measurements (dashed line) of the
photodiode responsivity with Al,O3 ARC : Lr = 1000um, L; = 8um and Ly =
Lp =9um 75 = 0.1pus for Vp = —0.5V and tarc = 50nm with tox = 280nm.

the cut-off wavelength is lowered to A\. = 380nm due to our reduction of the silicon
film thickness and the attenuation of 90% is now achieved over 200nm because of
the thicker top oxide (tpx = 8260nm) in that industrial process with a large number
of metal layers.

As observed with the 150nm CMOS process simulations and predicted by our
simulation in figure 2.9, an easy way to increase responsivity is to reduce the anode
and cathode areas. Nevertheless, the carriers lifetime which depends on the quality of
the material may be improved in industrial processes. The effective lifetime is mainly
determined by the surface recombination velocities at the interfaces between the thin
silicon film with front gate and buried oxides. These interfaces can be improved
which can reduce the recombination velocities leading to an augmentation of the
effective lifetime. In smart-cut process, the quality of the thin Si film interface with
BOX is determined by the wafer fabrication and can be improved by the fabricant
through technology advances [13]. Moreover, the quality of thin Si film interface
with gate oxide can be improved by using a vertical oven for example, ensuring no
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Figure 2.14: Photodiode responsivity at 400nm with SiO, and a Sig N, ARC thick-
ness variation : Ly = 500pum, L; = 18um and Ly = Lp = 10um 755 = 0.1ps for
Vp = —0.5V.

Techno tg; (nm) | Lyp (pm) | 7epp (p8) | tox (nm) | tage (nm) | R(A/W)
2um UCL 80 9 0.1 6 48 0.1
150nm OKI 20 1 0.1 8260 NA 0.1
Improved 80 1 1 6 48 0.18

Table 2.1: SOI photodiodes characteristics.

air contamination during the growth of the 30nm Si0O,. Recent experiments in the
UCL fabrication cleanrooms proved that the carrier lifetimes can be increased by a
factor near to 5 when the front gate oxide is grown in a Koyo vertical oven.

The doted curve in figure 2.15 presents the responsivity of an improved SOI
technology with minimal anode and cathode length, an ideal ARC thickness and
an effective lifetime of 7.5y = 1pus. We obtain high responsivity values in UV, close
to R = 0.2A/W with a spectral cut-off wavelength of A\, = 400 nm. The table 2.1
summarizes the characteristics of the three SOI simulations of figure 2.15 and gives
the responsivities at A = 400nm. A first observation is that the reduction of Ly and
Lp is very useful to improve the responsivity values. The thiner silicon dioxide is
as well appreciable to obtain a smoother curve in the UV bandwidth. However, the

decreasing slope of the curve is lower than with the standard thicknesses of the 2um
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Figure 2.15: Simulations of SOI improved structures with L; = 18um: UCL 2um

SOI with tspe = 48nm and tox = 6nm (continuous line), 150nm SOI (dashed line)
and improved SOI structure (doted line).

CMOS SOI process as presented in figures 2.12 and 2.13 where the silicon dioxide
was thicker (i.e. tox = 250nm). Finally, the material quality linked to the effective

lifetime is essential as seen with a double responsivity when 7.¢; is increased ten

times.

2.6 SOI-Based Specific Structures

The SOI substrate can also be the starting point of advanced technologies used
in complex electronic transducers and MEMS, for example, the silicon-on-nothing

(SON) and membrane SOI structures.

2.6.1 Silicon-on-nothing structure

The silicon-on-nothing technology consists in etching a part of the buried oxide under
the thin silicon film and fill it either with an appropriate dielectric or with air [14].
The air cavity can be realized either by vapor-HF etching (for full etching below the
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Figure 2.16: Structure of a silicon-on-nothing photodiode (a) and its simulated
responsivity at A = 260nm (continuous line), A = 400nm (dashed line) and A =
500nm (doted line), as a function of the air cavity thickness(b). At figure a, tox =
6nm, tapc = 48nm, L; = 18um, Ly = Lp = 1pum and 7.5y = 1us.

Si channel) or pre-etching (for a more controlled air thickness). In the last case, the
thin Si film is then deposited over the cavity. The SON structure has been realized
in SOI technology by pre-etched cavity method [15] and has proven good behavior.
Figure 2.16-a presents the structure of the SON photodiode embedded in the thin
film over the air gap with thickness t,;.. The responsivity of the SON structure
at 260, 400 and 500nm is showed in figure 2.16-b as a function of the air cavity
thickness. The other characteristics are similar to the improved SOI technology
as referred in table 2.1. The behavior of the responsivity is very different for each
wavelength. Indeed, for A = 260nm, the light is already entirely absorbed in the thin
Si film and the responsivity is thus constant for any layer below the thin film. We can
observe a maximal value of R at 400nm when ¢4, = 270nm for ¢, +tzox = 400nm.
The responsivity at this wavelength is minimal for 0 and 400nm air thicknesses (i.e.
for 400 and Onm BOX thicknesses respectively) for which destructive interferences
appear at this wavelength. Due to the interface with the BOX, light begins to be
reflected if an air cavity is created and the responsivity becomes flat from 100 to
300nm since all the reflected light will be absorbed in the thin film. Concerning
the responsivity at 500nm, it is also periodical but the destructive interferences are
shifted since the combined air/BOX thickness is not a multiple of its wavelength.

Indeed, in simulations, the evolution of the responsivity at 500nm is similar to figure
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Figure 2.17: Structure of a membrane (a) and its responsivity at A = 400nm as a
function of the air cavity thickness. At figure a, tox = 6nm, Ly = Lp = 1pm and
Teff = 1lps. tare = 48nm for un-mirrored membrane (standard), t4 = 900nm for
the mirrored membrane.

2.16-b) if t4+tpox = 500nm. The simulation of the complete responsivity in figure
2.18 (continuous line) shows that this structure could allow for reducing the spectral
sensitive bandwidth, in order to be more selective around A = 375nm while keeping

high responsivity values.

2.6.2 DMembrane structure

As for the SON technology, the SOI wafer can be adapted by flipping the wafer
and etching isotropically the silicon bulk [16]. By following the crystalline planes
of the silicon down to the buried oxide, a trapezoidal cavity can be obtained under
the photodiode resulting to a membrane as showed in figure 2.17-a. The membrane
structure could also be back illuminated and the responsivity of the photodiode
with characteristics similar to the improved SOI technology as referred in table 2.1
is showed in figure 2.17-b (continuous line) in the case of backside illumination.
The membrane can be improved by adding an aluminum layer, as for the an-
ode and cathode contacts over the top of the intrinsic region. The aluminum has
to be separated from the silicon by the thin 6nm silicon oxide in order to avoid
Schottky contacts and to prevent recombination issues at the interface. Of course
if the recombination speed is S = oo along the intrinsic zone, the responsivity will
drastically go down and the photodiode will loose its interest. The responsivity of
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the mirrored membrane photodiode is also showed in figure 2.17-b (dashed line).

A first observation is that the responsivity around 400nm is greatly improved with
the presence of a narrow peak of 0.28A/W around 410nm. However, the metal layer
also reflects light with higher wavelengths from 530 to 580nm. Nevertheless this can
also be an advantage if there is a need for increasing the spectral bandwidth without

increasing the thin silicon film thickness.

2.6.3 Best expected responsivities

A comparison and summary of the best responsivities achieved by the different SOI
technologies is presented in figure 2.18 : the improved SOI technology, the SON
and the mirrored membrane structures. For the device dimensions, each photodiode
features the following parameters : tox = 6nm, L; = 18um, Ly = Lp = 1um and
T.ff = 1pus. The SON and improved SOI feature a SizNy ARC with tqpc = 48nm
and the aluminum thickness in the mirrored membrane photodiode has a thickness
of t4; = 900nm.

At A = 400nm, the SON structure features the highest responsivity of 0.27A/W.
Both SON and the improved SOI photodiodes present a smooth response with a bell
shape from 300 to 450nm. However from 420nm to the upper wavelengths, the slope
of the SON structure is more favorable to a blue/UV sensor with a lower responsivity.
Both membrane and optimized SOI devices reach a responsivity of about 0.18A/W
at 400nm but the membrane behaves more oscillatingly under 500nm and presents

the disadvantage of a responsivity peak in upper wavelengths.

2.7 Comparison with Other Technologies

Table 2.2 summarizes most representative results for the previously cited technolo-
gies. For classical Si photodiodes (i.e. except for avalanche diodes or else), SOI
technology remains much more efficient than classical bulk silicon as can be seen
on the table above. Comparatively, larger bandgap materials can achieve a higher
responsivity, but their fabrication cost is much higher and even if SOI technology
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Figure 2.18: Simulations of lateral PIN photodiodes optimized in different technolo-
gies and their comparison to the improved SOI structure.

reaches a lesser responsivity, its value remains on the same order of magnitude than

the other semiconductor materials.

2.8 Responsivity Adaptation for Different Applica-

tions

As presented in the beginning of this chapter, the thin-film photodiodes are used to
measure light ranging from 200 to 480nm. This chapter was focused to improve the
responsivity of photodiodes around the precise wavelength A\ = 400nm. But in bio-
logical process, UV lights have to be monitored and measured with high precision.
For example in DNA quantification (A = 260nm) or purity and proteins quantifica-
tion (A = 280nm). The blue light around A = 480nm has also to be measured for
sleepiness studies.

Table 2.3 summarizes, for the optimized SOI and SON structures, the ARC
thickness and air cavity thickness (with the same ARC respectively as the optimized
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Source Techno Performance
This work Improved SOI R = 0.18@400nm
This work SON R = 0.27@Q400nm

[17] Bulk Si R = 0.025@400nm
[18] Bulk Si R = 0.05@400nm
[19] Bulk Si (lateral) QF = 67@400nm
[20] Bulk Si (Avalanche) R = 0.17@400nm
This work [21] SOI R = 0.1@400nm
[22] SOI NA
[23] GaN R = 0.15@[300 — 400]nm
[24] GaN R = 0.18@350nm
[25] AlGaN R = 0.1@250nm
[26] AlGaN R = 0.2@350nm
[27] SiC R = 0.15@280nm
[28] SiC R = 0.26@380nm
[29] Si and Patterned ARC QFE = 60@400nm
Table 2.2: Comparison of the photodiode characteristics among the different tech-
nologies.
A (nm) | tare (nm) | R(A/W) || ta (nm) | R(A/W)

260 16 0.14 NI 0.14

280 20 0.15 NI 0.15

400 48 0.18 270 0.27

480 55 0.1 75 0.11

Table 2.3: Parameters of the optimized SOI and SON structures for A\ = 260, 280,
400 and 480nm.

SOI diode associated with the same wavelength) at A = 260, 280, 400 and 480nm
with the responsivity obtained with the parameters at the targeted wavelength.

As showed in this table, the air thickness cavity has no influence (NI) at 260 and
280nm where the photons have completely been absorbed in the thin silicon film.
But the Si3N, thickness combined to a thin oxide film (tpx = 6nm) increases with
the absorption length. In terms of applications of the structures, the air cavity can
also be used for special application (e.g. by introducing particles or gases in the cav-
ity for a detection based on the refraction index variation) while the membrane can

be a receptacle for particles or biological components to be optically characterized.
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Figure 2.19: Simulations of UTSOI photodiodes responsivities with Siz/Ny ARC,
L; = 18um, Ly = Lp = 1pum and 755 = 1ps. tarc = 20nm for 260nm target
(doted line), and tapc = 60nm for 400nm target in SOI (continuous line) and SON
(dashed line) with full air cavity (tu; = 20nm).

Perspective in ultra-thin SOI technologies

For current state-of-the-art research technologies, the thin Si film is reduced to a
few nanometers leading to ultra-thin silicon-on-insulator (UTSOI) technology. For
example in IBM technology, the thin silicon film features a thickness of 10nm, while
the buried oxide is 20nm, and the top silicon oxide has an equivalent thickness of
3nm [30]. It has already been showed in figure 2.15 that a short reduction of the thin
film decreases the absorption of light for visible wavelengths. This is explained by the
dependency of the absorption length on the wavelength (cfr figure 1.2 in chapter 1).
It is thus supposed that a 10nm thin Si film will only absorb deep-UV wavelengths.
A simulation of lateral photodiodes in UTSOI technologies is presented in figure 2.19.
The photodiodes parameters for the simulation are L; = 18um, Ly = Lp = 1um,
T.rf = 1lps and a silicon nitride ARC of either 20nm targeted for deep-UV (A =
260 — 280nm) or 60nm to minimize the reflections at A = 400nm. The figure clearly
shows higher responsivity at deep-UV wavelengths than for A = 400nm, even with
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the 60nm Si3 Ny ARC due to the thiner Si film. Nevertheless, the ARC can greatly
improve the 400nm responsivity but the benefit of an air cavity is not significant
with a so small buried oxide. Indeed, to reflect light with higher wavelengths close to
400nm, a thicker buried oxide (for ticker air cavity) would be needed as previously
observed in figure 2.16-b). Moreover, the dark current is directly dependent on the
thickness of the film. Then, a thin film thickness reduction by eight (compared to
the UCL SOI technology) will also reduce the dark current by the same factor.

2.9 Conclusion

In conclusion, we demonstrated the potential of the SOI technology to implement
high efficiency blue and UV photodetectors fully compatible with a standard CMOS
process. Most of the work is based on the addition of anti-reflection coatings com-
patible with a CMOS process such as silicon nitride and aluminum oxide that show a
real benefit in terms of responsivity. For A = 400nm, the best responsivity achieved
is R = 0.1A/W in the current UCL SOI 2pm with a minimal SiO, thickness and
a 48nm second ARC. We simulated the evolution of the responsivity with the in-
trinsic length and technological parameters of the process, such as effective lifetime
and metal zone widths that can improve the responsivity up to 0.18A/W with an-
ode and cathode length less than 1pm and 7.5 = 1pus. Specific structures derived
from a classical SOI photodiodes like silicon-on-nothing and membrane proved their
ability to be excellent candidates for UV sensors in particular applications with a
maximal responsivity of 0.27A/W for the SON one. The membrane structure is also
interesting with high efficiency of 0.28A/W at 410nm for backside illumination.

A comparison to state-of-the-art photodiodes placed our photodiodes in excellent
position : the high responsivities added to their low-cost of fabrication proved that
the PIN SOI-based photodiodes are excellent blue-UV photodetectors. Moreover,
the different parameters of the structure are easily adaptable to the various applica-
tions lying in the UV-blue range. A perspective of evolution for UTSOI technologies
showed a very interesting behavior for deep-UV wavelengths, although thicker film
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will still be interesting for blue applications.
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CHAPTER 3
INTEGRATED PHOTOSENSORS
IN SOI TECHNOLOGY

3.1 Introduction

This chapter is about the design of an integrated circuit to process the photocurrent
of UV-blue photosensors. As for the devices, the circuits are designed in SOI CMOS
technology with the aim of co-integration. We firstly describe the context of utiliza-
tion of such a system to establish the adequate type of the processing signal circuit.
The circuit is then described and its major components, i.e. an operational amplifier
and a Schmitt trigger are studied in more details. A design of the Miller amplifier is
described for this photosensor and three Schmitt triggers are investigated and com-
pared. Due to the small quantities to measure, a finer noise analysis is presented
to ensure a minimal noise floor of the system. A realization of the photosensor is
analyzed and its performances are discussed and compared to the state-of-the-art.
Finally a global methodology is presented to design photosensors for biomedical and

environmental applications.

3.2 Context

Optical power measurement in the low wavelengths close to blue and ultraviolet
light finds many applications in the environmental and biomedical fields. In the
environmental sector, one will mention the measurement of the ultraviolet rate of
the sun light, the UV absorption of ozone or the turbidity of a liquid which is char-
acterized by a factor of reflection of the ultraviolet rays onto the liquid [1]. This
type of measurement system can also be used as a flame detector [2] e.g. in a car
motor or to prevent a forest fire. In the biomedical field, applications concern for
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example the absorption by bacteria in the low wavelengths or the quantification of
the concentration of a solution of DNA. Such applications may require a precise,
miniaturized and portable system. Basically, it consists of a photodiode and a read-
out integrated circuit.

In the previous chapter, we saw that the responsivity reached by the bulk Si
photodiode used in similar works was not accurate enough for those applications.
The system we propose contains a photosensor which is better suited to the target
applications implying the measurement of UV and blue light in the range of wave-
lengths from 200 to 480nm. It was shown that low thickness of silicon film around
100nm implies an optical responsivity increased around 400nm, which corresponds
to our applications. Moreover, the same SOI technology allows for including a low-
power /low-noise processing circuit on the same chip than this photodiode in order
to obtain a complete integrated photosensor [3]. Depending on the signal to measure
and the application, the photocurrent can be transduced into a analog or a digital

signal.

3.2.1 Analog output

A common way to monitor the light intensity is to transform the photocurrent into
a voltage. It allows real-time measurement and high speed applications, such as
blu-ray data storage. In order to read the voltage signal, the current has to pass
through an impedance. A transimpedance amplifier (TIA) may be a possibility as
presented in figure 3.1.

This configuration enables high speed applications such as studied in [4]. The
complete design of a photodetector using a multistage TIA in various CMOS tech-
nologies has been investigated by Afzalian in [5]. The performances reached in a
0.13um PD-SOI technology were a transimpedance gain of 623¢2 in dynamic range
from 22.5 to 465uA with a power consumption of 1.5mW for a 10GH z operating
frequency. These characteristics proved that the SOI technology is an excellent
candidate for analog high speed photoreceivers.
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Figure 3.1: Transimpedance amplifier for high speed analog measurement.

3.2.2 Digital output

However, depending on the application, it is sometimes more convenient to manip-
ulate a digital output, for example to be easily interfaceable with a microcontroller.
One way to do it is to make follow the TIA by an analog-to-digital converter. How-
ever, this kind of solution is complex and should require a high power consumption.
Nevertheless, for very high-speed applications, a TTA followed by a flash ADC can
be an appropriate choice. Other analog-to-digital circuits were studied for biomedi-
cal applications in a conventional CMOS technology in [6] and [7]. The schematic of
the architecture is showed in figure 3.2. If we assume that the optical illumination
acts as a slow phenomenon, the photocurrent will be regarded as constant during
one measurement time period of the circuit. This constant current will then be inte-
grated by the capacitor Cr and the slope of the integrated voltage will be as large as
the absolute value of the photocurrent. Then, the output voltage of the integrator is
compared to a reference value Vgzgr, and the output of the comparator is connected
to a monostable vibrator, the One shot block, which generates a rising edge that
starts a phase of resetting of the integrator. By short circuiting the capacitor, the
integrated voltage goes down abruptly until going below the reference voltage for
which the output of the vibrator becomes null and the integrator can restart its
integrating mode. It thus acts as a current to frequency converter. Indeed, for the
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Figure 3.2: The current-to-frequency circuit and voltage waveforms at the various
nodes.
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same period of observation, the larger the photocurrent, the larger the number of
the pulses generated at the output of the circuit. Other systems featuring a digital
output based on the same principle for different application are related in the lit-
erature. For example : ion current measurement [8|, distance measurement [9] or

bioluminescence detection [10].

3.2.3 Figure of merit

In addition, knowing that the luminous signals to be measured could feature either
weak levels (e.g. from luminescent labels) or higher levels (such as UV from the sun
lightning), we propose a new figure of merit for comparison purposes : the optical

dynamic (OD) of the measurable signal defined as :

OD = IM“‘”, (3.1)

Inrin
where Iy, and I, are respectively the maximum and minimum photocurrents
which the system is able to process. This definition is acceptable for a linear relation-
ship between the light source power and the photocurrent: i.e a given phenomenon
associated to a precise spectral emission or a single wavelength, as it is often the

case in biomedical or environmental applications.
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Figure 3.3: The photosensor implemented in this work.

Nevertheless, the minimal and maximal currents will be defined by several fac-
tors of the system such as the minimal detectable signal, noise considerations in the
circuit, temperature drift of the sensor and the dark current that will be discussed

in this chapter.

3.3 The System

The system we designed to interface the UV photodiodes presented in the previous
chapter is mainly based on a current-to-frequency converter. The block diagram of
the photosensor system we conceived is shown in figure 3.3. However, contrarily
to the circuit in figure 3.2, we choose a two-thresholds comparator : the Schmitt
trigger. As an inverting block, the trigger is followed by two cross-coupled inverters
in order to start the reset phase of the integration when the digital value of the
output is held at One. The latch also ensures a memorization of the output by
preventing the switch from small oscillations of the trigger. This implies a stable
state of the output and a faster swing of the trigger output since the second inverter
also switches during each phase. The behavior is thus slightly different. When the
output of the integrator reaches the high threshold level of the trigger, its output
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becomes null and the output of the system is then high due to the cross-coupled
inverters starting a reset phase of the integrator by closing the NMOS Mg. Then,
the integrated signal abruptly goes down reaching the low threshold level of the
trigger whose output becomes high. At this moment, the output of the system
becomes null again and the integrator can restart to integrate the photocurrent

until the next resetting signal.

3.3.1 'Top design of the system

In this section, we design each part of the microsystem as a black box before a more
specific transistor level design. The purpose of this global design is to determine
the specifications for each part of the system. We mentioned the importance of
miniaturizing the system for portability purpose. This would imply a battery cell
as power supply for example. In this case, the total power consumption would be

inferior to 1mW.

The photodiode

The properties of the photodiode were simulated with the MATLAB software ac-
cording to a formalism of reflection, transmission and absorption of electromagnetic
waves between various layers with different indexes of refraction and thicknesses
presented in the previous chapter (and described in details in the first appendix).
The current to measure will depend on the optical phenomenon to measure, i.e.
UV in sunlight will induce a far higher photocurrent than measuring fluorescence in
biomedical process. The design of the photodiode implies also a tradeoff concerning
its area.

A large sized photodiode will induce a higher photocurrent but also a greater
noise since the noise generated by this photodiode is of shot type as described here-
after. Moreover, a large photodiode implies less place left for the processing signal
circuit and a bigger internal capacitance to add to the input capacitance of the in-
tegrator. For example, the dark currents of the photodiode biased with a reverse
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voltage of Vp = —0.5V and an effective lifetime of 7.5 = 0.1ps are ranging from
15pA (Li = 18um) to 65pA (Li = 8um) for a photodiode with 0.25 and 1mm? total
area respectively. As for the photocurrent, measured values under deep-UV LED
illumination (for which the irradiance has been measured to be about 2.5W/m? in
the emission range from 260 to 280nm) reach maximal values around 100nA. We

then fixed the upper limit to 1A in case of unexpected higher irradiances.

The integrator

Based on the typical measurements of photodiodes, we considered a maximum pho-
tocurrent of 1uA and a minimal dark current of 100pA which is the worst case for
our SOI photodiodes of the size mentioned in the previous section. Considering an
output swing of 1V under a supply voltage of £1V, we then made the choice of a
feedback capacity for the integrator having a value of Cr = 10pF'. In this case, after
one second of observation, we may count 10° pulses for a photocurrent of 1uA and
only 10 pulses for a dark current of 100pA.

Taking a first order approximation for the transfer function of the operational am-

plifier in the Laplace domain:

G(s) = —— , (3.2)

where A, is the open-loop gain and s the cut-off frequency of the amplifier, the

transfer function of the integrator becomes :

- V(S) B 1 AU,O
H<S)_ ]Ph _S'CF <1+AU,0+%>' (33)

It can be seen that to ensure a sufficiently-good integrating function, the operational
amplifier has to feature a minimal open-loop gain voltage of 60dB for an error of
0.1% at the edge of its bandwidth. We also propose a minimum bandwidth of
fo >3- % where f,, is the maximal output frequency of the signal. In this example,
in order to measure a maximum number of 10° pulses per second, i.e. f,, = 100kH z,
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the bandwidth of the amplifier is fixed to a minimal value of 300H z (for a minimal

transition frequency of fr = 300kH z).

The trigger

The thresholds of the trigger are designed according to the dynamic range Vpg at
the output of the amplifier. Supposing a common supply voltage Vpp — Vg for the

system, the threshold values are :

Vop — Vss — Vbr
2 )

VTH,t'r’igg ==+ (34)

when their value is defined relatively to the supply voltage and if we assume that
the output swing is symmetrically positioned between the supply voltages. In the
current example, to have a dynamic range at the output of the operational amplifier
of 1V knowing that the circuit is powered at 1V, the thresholds have an absolute
value of 0.5V. However, the way to fix those levels depends on the implementation

of the trigger as it will be seen further.

The switch

The switch transistor, Mg, has to be designed carefully to some criteria:

- it has to feature the lowest on impedance when discharging the capacitor, or
at least the appropriate one according to the fall time requirements at the output
of the circuit.

- contrarily, it has to feature the highest off impedance during the integrating
period which is linked to a minimal leakage current in off mode in order to reduce

the error on the integrated current.

In SOI technology, a single NMOS transistor is sufficient to fill up the previous

conditions [11]. For example, a NMOS can thus be chosen and sized with a ratio

% = 1 and a minimal length of the technology to assume a minimal leakage current
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less than 10fA when off in a 2um node. In this case, its equivalent ON resistance is

2.5

1nCox ™ (vas — Vin)

Rswon = (3.5)

for a transistor passing from saturated region to triode during the discharge of the

capacitance [12].

3.4 The Operational Amplifier

It has been previously showed that an operational amplifier featuring a high open-
loop gain with a relatively small bandwidth, less than 1k H z, was suitable for biomed-
ical and environmental applications, where small intensities (i.e. small photocur-
rents) with long time constants of variations have to be quantified. These require-
ments, when adding a micropower consumption for the portability of the system,
fit very well with the Miller operational amplifier characteristics for example whose

architecture implemented in CMOS technology is presented in figure 3.4.

o] o

VSS

Figure 3.4: Architecture of the Miller operational amplifier in CMOS technology.
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3.4.1 Analysis

Inspecting in more details figure 3.4, the Miller compensation is ensured by the ex-
ternal Miller capacitance C¢. (', is the total output capacitance, consisting in the
feedback capacitance of the integrator, the drain-bulk capacitances of M5 — Mg and
the input capacitance of the Schmitt trigger. C; and Cy are the internal parasitic
capacitances due to transistors at the concerned nodes. The differential pair input
in a PMOS type ensuring a lower noise as demonstrated later. Finally the bias cur-
rents in each branch are imposed by a robust implementation of a current source :
an intrinsic NIN SOI transistor (My). Featuring a low channel doping, it acts like a
depletion transistor providing a constant current at zero temperature compensation
(ZTC) when short-circuiting the gate and source accesses. For harsh environment
measurements, i.e. high temperature, a more complex implementation has been

studied in the same technology [13].

The amplifier can be designed according to the £ method [14]. The open-
loop gain in the bandwidth A, and the dominant pole wy (or the gain-bandwidth

product, wy) can then be expressed by :

Ay = (g_m) : <g_m) *VEaza - VEass (3.6)
ID 2 ID 5

and
Ips Im2

= wWr = F,
C.- (%)5 : VEA2,4 : VEA5,6 ¢

Wy = —

(3.7)

where Vg a904 and Vi a5 6 are the equivalent Early voltages of parallel output impedances
of the transistors M, and M, and equivalently for the transistors M5 and Mg [15].

The Miller capacitance C. also implies a right-half plane zero :

WZ RHP = gg5 ) (3-8>
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and a non-dominant pole :

w _ gm5 - C’c
PND C.(Cy +CL)+ CiCp

(3.9)

Moreover a pole-zero doublet is created due to the mirror Ms— M, in the differential

pair :

wWpPzZD = —% and wz pzp = — C? > (3.10)
2 2

3.4.2 Design

The operational amplifier was sized with the % methodology assuming that A, wy
(or the GBW) and the slew-rate (SR) are the requirements that satisfy a sufficient
phase margin of 60° for insuring unconditional stability in the loop. Indeed in the
present case, the maximal number of pulse to be measured, i.e. the maximal pho-
tocurrent fixes thereby the bandwidth of the amplifier, while the precision needed
to get the most ideal integration function fixes the open-loop gain.

For the values that are mentioned at the system design level, we need a minimal
60dB open-loop gain at 300H z which implies a 300k H z gain-bandwidth product.
The parameters i—’; of the transistors M; o were fixed at 20V ! to keep these transis-
tors in moderate inversion, reduce their noise, and achieve high gain with low power
consumption. The slew rate fixes a 10uA current in the output branch in order to
ensure a reset time ten times smaller that the integration time in the worst case (i.e.
a photocurrent of 14A4). For stability issues, we imposed a non-dominant pole wpyp
five times higher than wy and the right-half plane zero wy gpyp ten times higher
than wy. We imposed by the same occasion identical % values for the transistors
of the mirror Mj; 4 and for the transistor Mj; to cancel the systematic offset. Then,
if we increase the ?—g values of these transistors, their sizes will incease for the same
specifications and the Miller capacitor C. must be increased to guarantee a sufficient
phase margin, which leads to an increase of the power consumption. The other sizes
were chosen to ensure the lowest power consumption but guaranteeing a sufficient

phase margin. Concerning the bias transistors : My has to be sized to obtain a
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(gmf ID) 1

Figure 3.5: % design flow for the Miller operational amplifier.

minimal 1V output swing and M;/Mjs are sized to ensure an adequate ratio current
2.1

TE,); with Mg. The design flow schematic according to the % methodology for the
present specifications is shown in figure 3.5.

A Matlab methodology of design enabled us to calculate the sizes and biases of
each transistor and the amplifier was simulated at SPICE level using the Eldo simu-
lator and a C..-continuous model for FD SOI MOSFETs |16, 17]. The comparison of
Bode diagrams of the amplifier is showed in figure 3.6 for SPICE and Matlab mod-
els for both magnitude and phase. According to both simulations, the operational
amplifier reaches a 86.8dB DC gain and gain-bandwidth product of 298k H z in the
SPICE simulation with a load capacitance of 10pF’, dominated by the feedback ca-
pacitance of the integrator. The reason of the slight differences between the curves
can be explained because Matlab does not take into account the additional parasitic
capacitances of the transistors. The amplifier consumes a total current of 12.5uA
which, with the voltage supply of 2V, implies a static power consumption of 25uW .
It also features a 64° phase margin for a Miller capacitor of Co = 4pF. The sizes
of the transistors are listed in table 3.1 and the performances of the amplifier are
detailed in table 3.2. In addition to the tables, the lengths of transistors M3 — M,

were fixed to 40pm which implies for the pole-zero doublet wppzp = 928kHz and
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Figure 3.6: SPICE (continuous line) and Matlab (dashed line) simulations of the
bode diagram of the Miller operational amplifier.

wz pzp = 1.856 M Hz, avoiding stability issues since far beyond the transition fre-

quency. More discussion on the sizes of the mirror transistors is provided in the

noise analysis section.

Transistor M172 M374 M5 Mﬁ M7,8 MQ(NIN)
W wm] | 18 | 8 |10.5]105]| 4 5
L [um] 4 40 2 2 10 10

Table 3.1: Sizes of the transistors for the low-power Miller operational amplifier.

Performances | Pow Ao fr PM
Values 25uW 86.8dB 298k H z 64°
Performances SR CMRR | PSRRpp | PSRRgg

Values 10°V/s | —=106.3dB | —96.3dB | —91.8dB

Table 3.2: Performances of the low-power Miller operational amplifier.

Our choice of a PMOS differential input with large sized NMOS transistors of

the current mirror is justified to guarantee a low noise amplifier at low operating

frequencies as it will be discussed in the noise analysis hereafter. Simulations showed

a higher phase margin if a RC-Miller compensation would have been used instead
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of the classical architecture of figure 3.4. Indeed, to reach the same A, , wr and
slew rate, a 25uW RC-compensated Miller implementation with phase margin of 71°
has been simulated in SPICE. The sizes of the transistors are as given in table 3.1
and the amplifier also features a Cc = 4.1pF" capacitance and a Rc = 45k nulling
resistance.

As mentioned earlier, the % parameters of transistors Mz, and M5 are equal
to cancel the systematic offset of the amplifier. However, we can calculate an offset
implied by process variations. More precisely, considering a mismatch of the in-

put transistors of the differential pair, we can express a variation of the output DC

voltage by:
Ips - Vpp + Alour - Vease
2-Ips + Aloyr

AVOUT = - VOUT,07 (311>

where Voyrp is the DC value of the output voltage when no process variation is
supposed. Alpyr is the parasitic variation of output current implied by the process

variations and is given by :

ms [ 1
A[OUT = & <ﬂ 08+ g1 - UVT) . (3'12)
9ma ﬁ

In equation 3.12, we can define the process variation parameters by :

2 2 2
o Ap s Ay
— d = 1
ﬁQ ”71 ] Ll an UVT ”71 . Ll’ (3 3)

where the parameters are respectively evaluated at Ay, = 13 x 107*mV - ym and
Ag = 0.05% - um in UCL FD SOI technology [18]. The variation process offset is
then of AVpyr = 35mV in this case.

3.5 The Schmitt Trigger

As mentioned above, the block comparator is a Schmitt trigger which we have im-
plemented in a CMOS technology. Its architecture is shown in figure 3.7.
The first stage (M1 to M4) behaves like a pseudo traditional CMOS inverter
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Figure 3.7: Classical CMOS architecture of the Schmitt trigger.

where two additional transistors (M5 and M6) are used to saturate the transistors
M1 and M4 more quickly for a faster swing due to a positive loop reaction as they
act as source followers. It can be useful in case of high photocurrents, when the slope
of the integrated signal is high. The latch (constituted with two simple CMOS in-
verters) is finally placed at the output of the trigger to retain the state and stabilize
the first stage of the output as indicated in figure 3.3. In comparison, when a single
threshold comparator is used as in [6] and [7], we could note that the integrated sig-
nal might oscillate too fast around this comparison threshold without letting time for
transistor Mg to reset the integrator. Our simulations further showed that the use of
a trigger and two comparison thresholds made it possible for our circuit to obtain an
optimal operation. Thanks to the hysteresis, any noisy effect should be larger than
the threshold difference to cause an error transition of the output. Moreover, this

Schmitt trigger features a high input impedance, a good robustness against noise

Vpp—VSS

and allows the threshold levels to be symmetrical with respect to 5
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3.5.1 Design
CMOS Schmitt trigger

According to [19] and assuming the strong inversion and a body factor of n ~ 1 as
in our FD SOI CMOS process 3], the transconductance ratio during the transition

phase yields the following sizes for the transistors :

(%)1 _ Vop — Var ’ d (%)4 _ Vir — Vss ? 3.14
WY\ Vyr — Vea — V- an WY T\ Vop — Vir — |V | ( . )
(L)5 HT Ss Tn (L)6 DD LT Tp

where Vg and V1 are respectively the high and low threshold levels of the trigger.
Vr, and Vp, are the threshold voltages of the NMOS and PMOS transistors. The

main disadvantage of this structure is its relative high power consumption. Indeed,
during the rising phase of the integrated signal, the output voltage node is high and
the power current consumption is mainly due to the transistor M; which is first
saturated until M; turns on for which the output node then falls down. The current
is then dominated by M;.

However, another important factor is the switching time of the trigger, deter-
mined by its slew rate at the switching node. It is thus defined as the ratio of the
maximal current during the switching phase by the total capacitance at the switch-
ing node. In this case, the capacitance at the switching node is composed of the
input capacitance of the latch following the trigger (i.e. two gate-source capacitances
and two drain-bulk capacitances of the inverters), of the gate-source capacitances of
transistors M5 and Mg and of the drain-bulk capacitances of the transistors M, and

M;.

Other implementations

Although the most common Schmitt trigger implementation fills up the require-
ments of the system, the Schmitt trigger can be implemented by other architec-
tures. First of all, an operational amplifier based-structure is commonly used to

realize monostable vibrators, and can be designed as a ratio of resistances according
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to the desired thresholds. The disadvantages are the realization of the resistances in
a standard CMOS process and the need of another operational amplifier which im-
plies a static consumption while an inverter based solution has not. With matters of
power consumption and miniaturization, this choice is not considered as convenient
for biomedical or low-power processing signals. Nevertheless, two slight modifica-
tions of the standard CMOS inverter-based implementation of the Schmitt trigger
presented in figure 3.7 are mentioned in the literature.

First, a low-power modification of the classical CMOS trigger was investigated
in |20]. The architecture is presented in figure 3.8. As for the classical trigger, the
architecture is complementary as a matter of transistors arrangement. If v;y is low,
M, is cut off while M3 is ON and thus inversely for M5 and Mg respectively. This
situation forces the output to be low and the transistors M, and M; to be ON and
OFF respectively. But as the input voltage rises, the first inverter will switch on for
a high voltage value, Vyr, since both M; and Ms are cut off. From this moment,
the second Mjy/Mjg inverter also switches and voyr goes high which then turns on
M; and cut off M,. A similar behavior is then observed for the low threshold, Vi,

of the trigger. The equations allowing the design of the transistors are as follow [20]:

Rp-(R+1) Rp-(2R—-1)—-1
Viar = Vpp - — |Vl - 3.15
Hr = PP R (R+1)+1 Vsl Rp-(R+1)+1 (3.15)
and
Ry +1 Ry-(2R-1)-1
Vir = Vpp - + Vo, - , 3.16
PP R (R+1)+1 ™ Ry-(R+1)+1 (3.16)
where the size ratios coefficients are given by
(3.17)

Its main disadvantage is the reduction of the output dynamic due to the transistors
My and M,. It requires the addition of two series CMOS inverters for keeping the

same output voltages values of the pulses as the supply voltage of the circuit. This
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Figure 3.8: Low-power architecture of the Schmitt trigger.

would ensure the expected behavior of the switch and avoid a parasitic delay. Nev-
ertheless, this Schmitt trigger presents the advantage of a lower power consumption
compared to the classical CMOS trigger. Indeed, in this case, the current is domi-
nated by the transistor M, during the rising phase, and its Vg and Vpg voltages are
reduced compared to the classical trigger due to the transistor M;. The capacitance
at the switching node is composed of the gate-source capacitances of the inverter
M;-M, and the drain-bulk capacitances of My and Mg to which we need to add the
input capacitance of the next inverter (2 - Cys).

Secondly, a new CMOS Schmitt trigger is showed in figure 3.9 and was studied
in [21]. In some applications, it is important to control the voltage range of the
hysteresis with high precision. In the present implementation of the Schmitt trigger,
it is exactly the role of transistor M3 which always guarantees the hysteresis. Con-
trarily to the two previous architectures, this trigger is not fully symmetrical with
regards to the supply voltages. As vy is low, the intermediary node, vy, is high
and the output is low which cuts off M3. As the input increases the first inverter
will switch with a Vg threshold voltage only defined by transistors M; and M,.
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Figure 3.9: Guaranteed hysteresis CMOS architecture of the Schmitt trigger.

But then, the second inverter has also switched and forced M3 to be ON. It thus
decreases still more the output voltage of the first inverter. This positive feedback
ensures the stable state of the output node. Contrarily, when vy is high, vx is low
and M3 is ON and acts like a current source. So, to switch the first inverter, the
second switching voltage has to be inferior to Vg to compensate the extra current
created by Mj3. This last case implies a lower threshold voltage, V1, which is thus
dependent on the sizes of M;, My and Mjs. Then, the thresholds are defined as [21]:

_ (Vop = Vrn) - Y
11X and Vir = Vir 21 +Y) ]

(3.18)

(3.19)

This trigger ensures a low-power consumption in addition to its high precision, and
the inverter composed of transistors M, and Mj5 prevents from an additional latch.
The power is here dominated by transistor M; and for this last implementation,
the capacitance at the switching node is composed of the input capacitance of the

inverter My-Mj5 and the gate-bulk capacitances of My, My and Mj.
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3.5.2 Comparison

Each Schmitt trigger was designed in the UCL FD SOI CMOS technology, and their
behavior was simulated when connected to the system consisting of the integrator
and the switch designed as previously detailed. The transistors dimensions were
chosen to ensure a 1V dynamic range between the thresholds under a 1V power
supply. We set the input swing at 1V symmetrical to the middle of the power supply
i.e. OV. Thus, Vygr = +0.5V and Vi r = —0.5V for our example.

The triggers were compared according to their power consumption Pryig,, the
switching time ST, the precision of the trigger and its transistors surface, S. For a
1nA photocurrent, the number of pulses to be measured at the output of the ideal
circuit has to be of 100 for a 1 second measurement time. A different amount of
pulses compared to the 100 expected indicates the precision of the trigger while the
power consumption is calculated as the average power supplied during one period of

measurement. Table 3.3 resumes those results as obtained by SPICE simulations.

Trigger PryiggluW] | ST[ns| | Precision | S [um?]
Classical CMOS (fig. 3.7) 30 2 99% 342
Low-power (fig. 3.8) 18 20 92% 980
Low-power and Hysteresis (fig. 3.9) 2 52 99% 352

Table 3.3: Performances of the three Schmitt triggers as described by SPICE simu-
lations.

As indicated in the table, the Schmitt trigger ensuring a low-power and a guaranteed
hysteresis is the most convenient for this applications. The classical CMOS trigger
reaches the same performances in terms of surface and precision but suffers from
higher power consumption while the low-power improvement of the classical CMOS
trigger suffers from precision and large area although it is a weak power consumer.
Logically, the benefit of a low power consumption imply a higher switching time
due to the slew rate, but compared to the period of 0.01s per pulse, the highest

switching time of 52ns remains totally acceptable.
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3.5.3 Temperature variation

It is known that in fully depleted SOI technology, the variation of the threshold
voltage of a transistor MOS is of 1mV/K. If one considers a rise of temperature
of 100K, the threshold voltage of each transistor decreases by 100mV in absolute
value. The consequence is an increase of the input swing of the Schmitt trigger which
varies according to the three structures : 60mV for the first classical trigger (fig.
3.7), 200mV for the second one (fig. 3.8) and 120mV for the third one (fig. 3.9). As
the desired initial integrated signal dynamic was of 1V, the rise of 100K increases
the dynamic range by 6%, 20% and 12% respectively. One can then suppose that for
one constant period of observation of the output of the circuit, the pulse repetition
frequency will be decreased by the same percentage for each implementation because
these pulses will be less quickly generated if the dynamic range of the two comparison
thresholds has increased. A solution for this problem is to control the trigger in
temperature or to introduce a temperature sensor featuring an adaptation of the
period of measurement according to the temperature.

As an other solution, the integrated circuit could be periodically recalibrated
using a current source constant with temperature in place of the photocurrent. Such
SOI current sources with low drift in a large temperature range have been proposed

in [13].

3.6 Noise Considerations

The noise analysis is a crucial point of consideration during the design of a low-
power microsystem designed to measure small electrical signals. Particularly in the
considered system, the noise sources in the circuit can induce a stochastic signal at
the output of the integrator. This undesired perturbation can induce an error on
the input swing of the Schmitt trigger, and thus a global error at the output of the
circuit. Each source is presented as a function of the frequency and must hence be
integrated along the desired frequency range.
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Figure 3.10: Noise sources influencing the trigger swing.

3.6.1 Noise modeling

The noise sources are presented in figure 3.10. They include, the noise current
sources of the photodiode and the switch and the voltage source at the input of the

operational amplifier.

Noise of the photodiode

As introduced previously, the noise generated by the photodiode is a shot noise type.
Its power spectral density of current noise is given by :

=2
,Lp

pn =2-q-Ip [A*/Hz]. (3.20)

This noise is directly dependent on the photocurrent and must be multiplied by the
transfer function of the integrator in order to evaluate its contribution to the voltage

at the output of the integrator.

Noise of the amplifier

The noise induced by the behavior of the transistors in the operational amplifier
can be modeled by an equivalent voltage noise source at the input of the integrator
Vamp.in- 1he equivalent power spectral density of voltage noise at the input of the
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amplifier is given by :

1
v2 = —2 (3.21)

amp,in A2 ,Uamp,ouh
v

where 72

amp.out 15 the power spectral density of voltage noise at the output of the

operational amplifier in open-loop :

2
_92 gm2 * gm5s —2 -2
Uam ou = U n + /U n

prout ((ng + gaa)(gas + 9d6)) ( b > )

2
+(( gmd ~ Ims, )) (@2, +72.,)

9a2 + 9aa)(gas + Gas

2
+ ( gms ) 6? .
9ds + 9de ’

2
dme _9 —2 —2
+(—— ) (0, + 72, +75,),
(gd5+gd6)<6, 2 )

(3.22)

and A, is the open-loop transfer function of the amplifier. This definition is ac-
ceptable assuming that the non dominant poles and zeros are beyond the transition

frequency, which is the case here. 72

amp.n depends thus on the internal small-signal

characteristics of the amplifier and of the equivalent power spectral density of voltage

noise generated by each transistor, E?’n, defined by :

K €
OH = AKT— [V?/HZ7|, 3.23
UMOS,TL W . L A OOX2 A f + gm [ / Z] ( )

where € = 2/3 and € = 1/2 in strong and weak inversion respectively [22]. Since
operating at low frequency, we only consider the thermal and flicker noises in the
channel, where the flicker dominates. In UCL SOI technology, the K parameters
in equation 3.23 are K,, = 7.5 x 107*'V2F and K, = 5 x 107V?2F for N and P
type transistors respectively. The choice of a P-type differential pair input if then
justified to minimize the flicker noise at the input of the amplifier as it is showed
by equations 3.21, 3.22 and 3.23. Indeed, the flicker noise coefficients are much
smaller for P-channel MOSFETs but transistors M3z — My have to be sized according
to minimize their contribution (see table 3.1) and hence reduce the excess of noise

from the mirror.
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Noise of the switch

According to its mode, the noise of the switch is modeled by a power spectral density
of current noise Eéw. When cut off, the switch can be considered as a current source

whose value is the leakage current as discussed before [23], and then :
=2
isworr =2-q- Iorp [A*/Hz]. (3.24)

While when discharging the feedback capacitance, the switch can be modeled by the
equivalent resistance defined by equation 3.5 and the associate source noise is the

thermal power spectral density of current noise source :

9 4kT
Lsw,oN =

oo [A2/H 2. (3.25)

3.6.2 Effect on the trigger thresholds

When the integrated voltage is rising up, the switch is cut off and its resulting noise
due to the leakage current can be neglected with regards to the shot noise of the
photodiode. Contrarily, during the reset phase, the current flowing through the
feedback capacitance is dominated by the drain current of the switch as well as for

the noise. The noise voltage density at the input of the trigger is thus :

2 2
— _ _ Vou =2 =2 Vou
U?Tig,in = Uzznt,o = Uczzmp,in ’ ( v t) + (th + ZSI/V) ' ( - t) ) (326)
- int mn int
where
Vout . AUCF + Ci(SCFRO — Av) (3 27)
V- ) N1+ A, + sRoCo)Cp — (Cy + Ci) (A, — sCpR,) '
and
(Uout) o ( _(Av + SCORO) >
lin )i \8[(Ay +5R,C0)(Ca+ Ci) — (1 + Ay = sCoR,)(Ca+ Ci + Cp)] ) -
(3.28)
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In those transfer functions of the integrator, C; is the equivalent capacitance at the
input of the integrator in parallel with the photodiode capacitance Cy. Ro being
the output resistance of the amplifier (composed of the output resistances of the
transistors My and Mg as referred in figure 3.4) and C, its output capacitance,
i.e. the input capacitance of the trigger and the internal output capacitance of the
amplifier. The switch noise current depends on the ON or OFF mode as discussed
before. The RMS voltage can thus be estimated by taking the square root of 77, ,

integrated along the frequency range (i.e from w = 0 to wyeise = 10 - wr):

WNoise
— 2
Utrig,in = / Utrig,in dw. (329)
0

For the values of the designed Miller amplifier (i.e. associated with the Bode

diagram of figure 3.6), the noise contributions of each component of figure 3.10 have
been simulated in MATLAB according to the previous detailed models. For a diode
current of 1nA, the values are as follow : 300uVgars for the photodiode, 15uVzys
for the Miller amplifier, 10mVgzys for the switch when ON and 0.54Vgy s when
OFF. The evolution of the total noise superposed to the rising and falling integrated
signals is showed in figure 3.11 as a function of the diode current. To understand
how this noise can perturb the behavior of the circuit, we consider a photocurrent of
1nA for example. It is thus integrated in 0.01 second and the circuit would generate
100 pulses in one second. Each noise contribution during the rise and fall periods of
the integrated signal, can make the trigger swing earlier or later than expected. The
noise amplitude has to be compared to the slope I’C% of the integrated signal during
the phase in which it has to be considered and where Iy is the current through
Crp.

Indeed, for 1nA, the noise during the rising phase is of 315uVzys superposed
to the integrated signal whose slope is 100V/s. The associated time error is of
315 x 1078s for a period of 0.01s implying a possible error of 0.03% for each pulse.
Contrarily, for the reset period of the integrator, the switch yields an average current

of 10pA and thus the slope of the decreasing signal is of —1 x 10°V/s for a reseting
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Figure 3.11: Noise voltage evolution at the input of the Schmitt trigger as a function

of the diode current. The noise voltage are represented for the rise (continuous line)
and fall (dashed line) phases of the integrator.

time of 1us. A noise of 10mVgyss is superposed on quasi vertical decreasing signal
implying an error time of 10ns, thus 1% compared to the time required to reset
completely the integrator and of 107%% compared to the total period of a pulse.
Due to the very high slope of the reset signal, the 10mV amplitude of the noise is
thus negligible and the total error on one pulse is dominated by the noise on the

rising signal, i.e. 0.03%.

3.7 Measurements and Performance Analysis

We fabricated a lateral PIN photodiode type in UCL CMOS SOI technology. Its
cross-section was introduced in figure 2.3. As said above, the structure of the SOI
PIN photodiode features a maximum absorption of the photons whose energy cor-
responds to a wavelength of A\ = 400nm in a silicon film for which the thickness is
ts; = 80nm. A realization of the complete current-to-frequency system featured a
0.25mm? photodiode for which the parameters were L; = Sum, Ly = Lp = 10um
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Figure 3.12: Pulse repetition frequency at output of the circuit over one period
of 40ms under various surface power densities of illumination for 400 and 470nm
emitting LED wavelengths.

and a passivation silicon oxide of 500nm. The classical CMOS Schmitt trigger fea-
turing a 1V dynamic range followed the integrator including a Miller operational

amplifier.

3.7.1 Linearity of the system

In order to measure the response of the photosensor to an optical input, we selected
four LEDs to be used as light sources with various wavelengths. Two blue LEDs
emit at 470nm, while the two other UV LEDs emit at 400nm. By integrating the
spectrum of a LED, one obtains, for a given emission wavelength of a LED, the total
power density per unit area emitted by the LED [W/m?. While varying the bias
of LEDs, we swept a range of power densities for each LED. This allowed us to test
the circuit at room temperature by illuminating it under two different emitting LED
wavelengths and this, with various power densities. The graph given in figure 3.12
illustrates this result. We observe a better responsivity at 400nm than at 470nm,
which consolidates the simulation of the responsivity of the photodiode (see figure
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2.11). A ratio of responsivity, between A = 400nm and A\ = 470nm, close to 3 is
indeed observed in both figures 2.11 and 3.12.

3.7.2 Analysis of results and proposals for improvement
Optical dynamic

By taking again our figure of merit (equation 3.1), the minimal signal detectable
depends on the signal-to-noise ratio (SNR) during the integrating period. The noise
voltage at the output of the integrator (equivalent to the continuous line in figure
3.11) can be transposed into an equivalent noise current at the input of the integrator.
This can be calculated when dividing the noise at the trigger input by the transfer
function <%>m (see equation 3.28) for which we obtain the continuous line in
figure 3.13 as result. The figure 3.13 presents the evolution of the photocurrent
and this equivalent noise current during the integrating period as a function of
the diode current at the input of the integrator. Their ratio defines the SNR and
their intersection gives, the minimum signal detectable (MSD), Ip;,,. On this figure
the equivalent noise at the input of the integrator is almost constant because it is
dominated by the noise of the amplifier. We can establish that I;;, = 200pA due
to the noise of the integrator by the intersection of the two curves. It can be seen
that from this threshold value, the photocurrent to be processed by the integrator
dominates the noise of the system.

As for Ipq., simulations showed that a maximum photocurrent of 1uA was the
limit so that the circuit preserves its normal operation and for which the falling time
of the integrated signal is ten times higher than its rising time. In other words, the
precision of the system, i.e. the trigger, is still of 90%. Beyond this limit, the rise and
fall times of the integrated signal are of the same order of magnitude. The output
voltage of the integrator is then not able anymore to decrease correctly during the

phase of resetting. We can thus write that for this circuit:

1uA 3
— =5 x10°.
soopa 0 <10
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Figure 3.13: Evolution of the noise (continuous line) and the photocurrent (dashed
line) as a function of the diode current during the integrating period at the input of
the integrator.

Moreover, we can improve our circuit with a design methodology especially studied
to minimize the noise. It showed a possible reduction of the equivalent noise at the
output of the amplifier allowing the noises of the amplifier and of the photodiode
to be of the same order of magnitude for [,, = 10pA. This can be achieved by
increasing the % parameters of transistors M; o to increase the voltage gain of the
Miller and by increasing the lengths of transistors M3 4 to reduce their noise.
Reducing the noise of the switch is possible by increasing its length, however it
would increase the reset time of the integrator while it has been previously showed
that the noise of the switch during the falling phase was not significant. In the same
purpose, the maximal current can also be increased by increasing the slew-rate of
the amplifier, and thus, its power consumption. For example, following the same
% methodology (see figure 3.5), the table 3.4 presents the features of the amplifier
allowing for increasing the optical dynamic. The last line of the table summarizes the

performances of the amplifier used for biomedical experiments in chapter 4. It was
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however designed with a different methodology, not adapted for low-power purpose

at this time.

POW Auo[dB] fT PM[O] ]Min [pA] [Max [,LLA] OD
25uW 86.8 300kHZ 64 200 1 5% 10°
800uW 79 IMHZ 61 50 40 8 x 10°
ImW 96 AMHZ 60 10 50 5 x 10°
ImW 68.7 32MHZ 64 20 1 2 x 10

Table 3.4: Evolution of the optical dynamic according to different Miller amplifier
performances.

Finally, it is also possible to reduce the dark current of the photodiode by a
CMOS-mirror trick [25]. Indeed, by copying the photocurrent of the diode when
illuminated, the system is as before. But, when in the dark, if the mirror is off,
the diode dark current is not recopied and the leakage current of the mirror, whose
value is of a few fA as previously demonstrated, is dominating and processed by
the integrator. It also could greatly improve the OD and reduce the noise of the
photodiode in the dark.

Transient performance

We estimate that one output pulse data is generated for an integrated charge of 10pC
(i.e. the 1V voltage drop on the 10pF feedback capacitance) which corresponds to :

-either a maximum current of 1uA during 10us. This is compatible with the
settling time of the amplifier (given the simulated GBW) and with the slew rate
(given its maximum output current of about 10uA). For the improved cases, the
slew rate is still adapted to keep a reset time at least ten times small that the lowest
integrating time.

- or a minimal 200pA photocurrent (for the current case) which corresponds to
an integration time of 0.05s. For the improved cases, the noise-limited 10pA current
implies a 1s period time compatible with the requirements of the typical biomedical
applications.
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Comparison

Finally, a comparison with other current-to-frequency converters is shown in table
3.5. The comparison is made on the total power consumption of the system (P;), the

minimum signal detectable (MSD) and the optical dynamic (OD). Our work presents

Criterias Techno Pyt [W] MSD OD
[6, 7] 05um Bulk | NA | 0.15fA | 1.3 x 10°
8] 0.5um Bulk | 130uW 1pA 2 x 10°
[10] 0.18um Bulk | 26mW | 1nA/cm? NA
This work 2um SOI 27uW 200pA 5 x 10°
This work improved 2um SOI ImW 10pA 5 x 10°

Table 3.5: Performances of current-to-frequency converters.

the advantage of a low power consumption due to SOI technology. However, due
to small intensities to measure, the photodiode is large and its photocurrent fixes
the MSD relatively high. We showed that a noise reduction and a higher power

consumption could increase the OD to be highly competitive.

3.8 Methodology of Design

The realization of a complete signal processing signal circuit is complex and requires
loops of re-design due to noise analysis and optical dynamic performances for exam-
ple. The choice of the architectures for the components of the system depends on the
application and the magnitudes of the optical signal to measure. A block diagram
of design is presented in figure 3.14 according to a similar system as in figure 3.2
and especially as our system of figure 3.3.

Firstly, the precision of the system and the frequency to measure give specifications
for the first block of the integrated circuit (IC), the integrator and its operational
amplifier. In the same time of design, the application fixes the design of the photo-
diode (i.e. the targeted wavelengths) and a primary idea of the expected range of
photocurrents to be processed. The application would also give an idea of the ex-
pected time of observation which, combined with the predicted photocurrents, will
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Figure 3.14: Block diagram of design of a photosensor for environmental or biomed-
ical applications.

fix the feedback capacitance value C'r. The choice of the operational amplifier is
made based on these specifications, for example a Miller architecture for high gain
at relatively low frequencies requirements, or a folded cascode amplifier for higher
gain and bandwidth imperatives (but lower output swing). The design of the am-
plifier is then achieved based on the specifications according to a design algorithmic
method such as the % one. The power consumption of the system depends on the
portability of the system for example and will also be decisive for the design choice
of the amplifier. Furthermore, it is related to the dynamic range of the digital signal
generation block, i.e. the Schmitt trigger in our case.

The output of the system would then decide whether its accuracy is sufficient
as a matter of noise and optical dynamic that are inter-related. A too great noise
increases the value of Iy, (see figure 3.13) and thus reduces the OD. A re-design of
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the operational amplifier is thus needed. On the other hand, to increase the optical
dynamic, the maximal current /., can be increased by increasing the power supply
of the amplifier and its GBW in order to be able to process bigger photocurrents

and have a sufficient slew-rate.

3.9 Conclusion

In order to process the photocurrent of SOI PIN photodiodes for biomedical and
environmental applications, a high-performance current-to-frequency integrated cir-
cuit is proposed. After reviewing different kinds of processing signal circuits, a
current-to-frequency converter appears to be the most appropriate choice for small
current sensing and interface. We presented an architecture composed of a integrator
including a Miller operational amplifier followed by a Schmitt trigger. The Miller
operational amplifier is designed following the 5}—*; method and consumes 25uW for a
87dB open-loop gain and a 300k H z gain-bandwidth product. A single SOI NMOS
transistor appears to be sufficient as a switch in terms of leakage currents in this
application fields.

Three Schmitt triggers are investigated and we compared their power consump-
tion, slew rate, precision and surface. A low power and guaranteed hysteresis imple-
mentation seems to be the most appropriate in terms of dynamic power consumption
and precision.

A noise analysis of the system allows to estimate an error on the trigger thresh-
olds due to the noise of the photodiode, the switch and the operational amplifier.
The modeling of the noise takes into account the imperfections of the amplifier and
the parasitic capacitances of the system in the bandwidth. It is shown that the noise
is dominated by the falling edge of the integrated signal due to the large current
flowing through the switch. However, the measurement error would be dominated
by the noise amplifier during the rising phase. An equivalent modeling of the noise
also shows that for the 25uW amplifier, the minimal detectable signal is of 200pA
that can be reduced to 10pA by increasing the power consumption up to 1mW.
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The system has been fabricated and it proves to be highly sensitive and selective
to UVs and adopts the expected behavior of photocurrent to frequency conversion
in a broad dynamic range of 3 orders of magnitude (which could be improved to
6 decades with the 1mW power consumption). Its function is linear regarding the
photodiode responsivity and the comparison with state-of-the-art confirms the real-
ization as competitive.

Finally a global design method has been proposed as a diagram flow taking into ac-
count the design of the amplifier with specifications of the applications, the design of

the trigger and a re-design loop function of the noise and optical dynamic accuracy.
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CHAPTER 4
BIOLOGICAL APPLICATIONS OF
THE UV PHOTOSENSORS

4.1 Introduction

In this chapter we demonstrate the capacity of the SOI photosensors to be exploited
in a concrete biological application. UV photodiodes and processing signal circuits,
as described in chapters 2 and 3, are used to measure biological material concen-
tration. We first describe the context in which the SOI devices and circuits will
be used, and then review the current laboratory methods and apparatus able to
perform similar analysis. Since the principle that we exploit is based on the UV
absorbance of DNA, the most common UV light sources that will be used in these
applications are also reviewed.

The principle of measurement is then explained and the experimental setup is
detailed. Afterward, a modeling of the complete system is presented, aimed at being
adaptive for any type of optical biological material concentration measurement by
light transmission. Preliminary measurements are performed with DNA and bacte-
ria contained in laboratory tubes. The measurements results are first described for
a single photodiode. Then, measurements with the complete photosensor including
the photodiode and the processing signal circuit are presented. New experiments
of a complete system including well microplates or a microfluidic channel for the
biological materials are investigated. Finally, we propose some improvements and
compare our implementation with the current lab equipments and most used clinic
methods.
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4.2 Context

Biological agents may be characterized (in terms of quantity (or concentration), pu-
rity, nature) using optical means like spectrometry, fluorometry and real-time PCR
for example. Most of these techniques are based on absorbance or fluorescence. In-
deed, many biological molecules can absorb the light when excited at wavelengths
close to blue and ultraviolet (UV). For example, DNA, RNA and proteins feature
an absorption peak in the deep UV, more precisely around 260 and 280nm [1|. This
work is widely focused on those wavelengths. A biological sample concentration
measurement method can be based on UV light absorbance or transmittance, as al-
ready known and realized with high-cost and large-size biomedical apparatus. But,
often, the difficulties come from the limitation for measuring very small concen-
trations (close to a few ng/uL or lower) since the measurement of such small light
intensity variations at those low wavelengths requires a precise light source, and very
efficient photodetectors. Reducing the dimensions of such a characterization system
further requires a small light source, a miniaturized photosensor and a processing sys-
tem with high precision to reduce the measurement variations. Some light-emitting
diodes (LED) performing at those UV wavelengths have recently appeared and may
be used to implement the light source. Concerning the optical sensor, while accu-
rate but high-cost photosensors in technologies such as AlGaN and SiC provide high
sensitivities in UV low wavelengths thanks to their semiconductor bandgap [2], the
silicon-on-insulator (SOI) layers absorb the photons in that specific range thanks to
an appropriate thickness of the silicon. Adding excellent performances of low power
consumption, good temperature behavior and high speed [3, 4], the SOI technology
allows the designers to integrate a specific signal processing CMOS circuit to trans-
form the photocurrent into a digital signal for example. This opens the possibility
to build a low-cost, complete and portable microsystem, including the light source,

the photodetector and a recipient for the sample to characterize.
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4.3 Current DNA Quantification Optical Methods

Nowadays the DNA concentration in liquid samples may be measured by different
techniques. For example, it is possible to quantify DNA by its property to absorb
light around 260 nm. However, the DNA quantities are usually too small to be
detected, so the DNA concentration has to be amplified. A very-well known method
to amplify DNA is the polymerase chain reaction (PCR).

4.3.1 PCR related methods

The polymerase chain reaction consists in a cyclic repetition of different temperature
stages of a solution containing the DNA to amplify, ANTPS, primer and the DNA
polymerase enzyme. A heating stage is necessary to separate the two strands of the
DNA. At the lower temperature, each strand is used as a template for the synthesis
of a new complementary strand by the DNA polymerase. After a consistent number
of cycles, the target DNA (determined by the primer) is amplified by a factor 2*
(where x is the cycle number). The DNA concentration can next be measured by

two different ways :

e the agarose gel electrophoresis. This consists in a migration of the DNA in
an agarose gel under a bias voltage. The size of the double stranded DNA
is revealed by a luminescent incorporation agent and estimated by compari-
son with a DNA ladder used as reference. The detection is visual which is

inconvenient because of its dependence on the personal visual accuracy.

e the quantitative real-time PCR. This method allows the measurement of DNA
concentrations during the amplification of the DNA by the addition of aspecific
fluorophores. Basically, one type of fluorophore is initially added to the solu-
tion and engraft to the double stranded DNA along with the increase of the
DNA. After each cycle, the DNA solution is illuminated and the fluorophores
grafted to the DNA emit a light at a specific wavelength. The emitted fluo-
rescence is thus proportional to the DNA quantity. The main problem of the
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real-time PCR is the relatively poor efficiency of the fluorophores and thus the

light emission does not always reflect the accurate DNA concentration.

Anyway, the PCR-based methods feature the disadvantages of a long measurement
time before obtaining the results, usually between 2 and 3 hours. Moreover, it re-
quires a large-sized laboratory equipment, including a specific software for analyzing
the results. They also depend on the PCR amplification efficiency which is not con-
stant with the number of cycles and thus introduce a high variance on statistical

analyses.

4.3.2 Spectrometry

Spectrophotometers are used in molecular biology to quantify DNA and also to assess
its purity. The spectrometers use a method combining optical fiber and liquid tension
to illuminate a droplet of a DNA sample with a UV light. The instrument measures
the DNA absorbance at 260nm and can also perform a measurement at 280nm to
detect the presence of contaminating proteins in the sample. The spectrometers
allow for quick measurement but with a poor reproducibility when the analysis is

made on a stretched droplet.

4.3.3 Fluorometry

Fluorescence spectroscopy is used in biological quantification techniques. It requires
fluorescent dyes that can specifically bind to the DNA or RNA molecules. The
fluorometry is based on a measurement at 90° of a fluorescent light emitted by a dye
excited by the instrument. The fluorometry features a very statistically significant
(i.e. inducing a very low variance) result but implies several manipulations, and a

long analysis time.
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4.4 The UV Light Sources

In order to fully take advantage of the UV absorbance property of the DNA, the
samples must be illuminated with a light source at appropriate wavelength and
power. In laboratories, the equipments described in the previous section feature
light sources that are encumbering or expensive. Hereunder is a non-extensive list

of such sources :

e the flash lamp. In the spectrometers, Xenon flash lamps are used. They feature
an emitting spectrum for which the high emission peak is around 260nm. This
kind of lamp provides a high power but unfortunately generates second order
peaks at higher wavelengths so that a precise photosensor is required to detect
only the transmitted light at 260nm or precise filters must be integrated to cut

off the parasitic wavelengths. This could lead to a sensible loss of light power.

e the laser. In the PCR apparatus for example, the light source used to excite
the fluorophores has to be very powerful and narrow around the exciting wave-
length. The best choice is thus a laser. But apart from these excellent optical
characteristics, a laser is very expensive and not suitable for a portable appli-

cation, since it requires a stabilized supply power and is not miniaturizable.

e the fluorophores. These chemical components allow the detection of a molecule.
They are used in the PCR to visually follow the amplification of a target DNA
during the exponential stages of the PCR. The nature of the fluorophores
may be various. For example, SYBR Green fluorescent dyes bind to the dou-
ble stranded DNA molecules and emit after excitation a light at a specific
wavelength when the DNA is re-assembled. So the emission depends on the
hybridization rate of the DNA. Another example is the Tagman probe which,
contrarily to the SYBR Green, is based on the FRET principle : a probe
is covalently bonded with a fluorophore and a quencher inhibits its fluores-
cence. Once the exonuclease activity of the polymerase degrades the probe,
fluorescence is generated by the fluorochrome. But even if the nature of the
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fluorophore may be quite different, their common characteristic is their depen-
dence on their affinity with their target and a relatively poor emission requiring
so a long observation time (in order to integrate a sufficient photocurrent) and

a very low-noise photosensor.

e the light emitting diode (LED). The LEDs were introduced in the first chapter,
and we saw that due to their narrow emitting spectra and their reduced size,
they act as excellent portable light source for embedded biological measure-
ment microsystem. The LEDs have also been characterized with a spectropho-
tometer showing the inverse correlation between their illuminating power and
the distance. Therefore a modulation of the optical power of the LED is pos-

sible when displacing it from its target.

4.5 Biological Application of the SOI Photodiodes

The current optical measurement methods (presented above in this chapter) require
a lot of manipulations (e.g. pipetting, purification, etc.) and are not convenient for
portable and low-cost applications. We present here an innovating system to measure
DNA concentrations by optical transmittance. As previously introduced, the DNA
features an absorption peak around 260nm, so that its concentration in a liquid
sample can be assessed by measuring a ray of light passing through the DNA solution.
According to the Beer-Lambert law, the DNA concentration can be directly deduced
from the light transmitted through the sample. Previous results demonstrate the
feasibility of such a system [6] with a monochromator and our SOI photodiode
based on measurements. These early results of the experiments were compared to
spectrometry, fluorometry and quantitative real-time PCR. It was shown that the
PCR featured the highest detection range but a poor precision and reproducibility.
The spectrometry-based method has the lowest detection range and a poor precision.
Fluorometry-based quantification presented the highest precision and a relatively
good detection range, reaching the one obtained with the SOI photodiode.
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4.5.1 The setup

Figure 4.1 shows a setup of the experiment. Starting with a light source, imple-
mented with a LED with appropriate wavelength, we can place the DNA in its
container to be directly illuminated by the almost monochromatic light. Finally the
sensor is positioned to receive the light that has passed through the DNA in order

to measure the transmitted light.

e e i o et i o o ' e ™

I/\V source

meter

Figure 4.1: Schematic of the system : an UV LED illuminates the DNA sample and
the transmitted light is measured by a SOI photodiode coupled to a IV meter.

4.5.2 Measurement of DNA samples in quartz containers

First of all, we wanted to confirm the literature reported results and compare them
with those obtained with our system. Thus, we measured DNA samples from Es-
cherichia coli in a reference absorption cell from Hellma. These cuvettes are 50uL
quartz containers whose good UV transmittance is a well-known property. The light
is focused on a 2.5mm diameter circular transparent window confining the DNA in a
small cylinder illuminated by the light source. For the first step, the emitting wave-
length of the LED was 260nm. The LED was biased and monitored by a Keithley
236 IV source associated with a four-wire connection ensuring a minimal noise floor

needed for the small currents to measure (i.e. a few nA).
Genomic DNA was pipetted and deposited in the quartz cuvettes with concen-
trations ranging from 400ng/uL to 400pg/puL. Three currents were measured for
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calibrating the system : the dark current of the photodiode, the photocurrent gen-
erated directly by the light source (denoted Light), and the photocurrent resulting
of a blank measurement consisting of 50uL of water in the quartz cuvettes (denoted

Hy0) as referred in figure 4.2 showing the photocurrents of the experiment. Under

a Vp = —0.5V reverse bias, an average dark current of 45pA was measured. A
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Figure 4.2: Detection of different DNA concentrations (FEscherichia coli) in the
quartz cuvettes: Light and H,O concentrations were used as references.

monotonic relation between the photocurrent and the DNA concentration was ob-
served. As previously demonstrated in [6], the higher the DNA concentration, the
more UV light is absorbed, and the lesser the induced photocurrent is generated in
the diode. Evenly the lowest DNA concentration implied the highest photocurrent.
This photocurrent was not significantly different from the blank sample. The error
bars also shown in the figure correspond to the standard variations at each DNA

concentration and pose another limit to the precision as discussed below.
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4.6 Modeling

All the experiments feature a certain amount of common characteristics : a minia-
turized UV light source, a biological material to quantify, the container and finally,
the optical sensor. The UV light source, would be preferably a LED as is has been
shown that it offers the best compromise between portability and monochromaticity
at low-price. All these components induce a loss of power at each step of the path
followed by the light from the LED to the photodiode. The photocurrent can then
be modeled as a function of the initial LED power density and the losses at each
interface as in figure 4.3 where the evolution of the optical density I(x)[W/m? /)] is
schematized as a function of the distance x.

The LED emitting spectrum has been discussed before as well as its evolution

Ix),

Biological
LED ——* Material + —* Photodiode
Container |
m—
& 1 3 g

Figure 4.3: Model of the light intensity in the system as a progression through the
interfaces.

as a function of the distance. Then, we can write :

—=a+— and —=c+

L b I3 d (A1)
[0 T ]2 T ’

where a, b, ¢ and d are the fitting parameters deduced during the characterization
of the LEDs.
The container, whatever its type (assay tube, well or PDMS channel), it can also

be modeled as in chapter 2 by a mathematical implementation of electromagnetic
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waves. Moreover, since most of the measurements are monochromatically defined,
a global transmittance expressed in percentage can simply model the container be-
havior with the light.

The most difficult part to model is the biological material which responds to the
light absorption phenomenon defined by the Beer-Lambert law as already mentioned
in chapter 1 for the light flux. Of course, the transmitted light can be deduced as
the light intensity at a length equal to the total path through the sample. To mea-
sure the DNA concentration, we can rewrite this law by decomposing the absorption

coefficient for biological substance. The Beer-Lambert law then becomes :
I(x)=1;-e N7 (4.2)

where o is the surface of light absorption per particle of the biological material and
N is the volume density of particles. I; and I(x) being defined as the incident light
intensity and the light intensity at a x depth of the material.

As the volume of solution is constant, the length of light path (x) is constant
for each measurement, as well as o since the section of the beam is also the same.
Then the extinction of the light will relate only to N which is logically an image
of the sensitive particles density [5], i.e. the biological material concentration. We
saw in chapter 3 that the circuit was linear with regards to the responsivity of the
photodiode. Then, when plotting the results, as a function of a base-10 logarithm
progression of the decreasing concentration, it is logical to observe a curve shape as
the one of figure 4.2. This confirms the hypothesis of the observed phenomenon. To
model the combined behavior of the biological material and its container, the Beer-
Lambert law is thus sufficient. This is valid as unless the material concentration, all
the other parameters are constant and only depend on the materials composition.

Then, as referred to figure 4.3, we can write :

I
2N (4.3)
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In this equation, « is a constant term for each wavelength and represents the re-
flection (and eventual (constant) absorption of the container if it is not exactly
insulating). [ represents the extinction due to the nature of the sample and its
depth. Depending on the material, it is also dependent of the wavelength. Those
parameters are difficult to exactly define with a single equation but can be deduced
from measurement curves and thereby can be useful for a global system calibration.

Finally, the photocurrent (or the number of pulses as they are linearly related),

can be expressed by :

Is I, I
Ip=[ = -Z.—. Io(A\) - R- Sp d), 4.4
L VA R LR Y
b d
]D:/(a+ ) - (c+ ) - a(N)e PIN A - R(N) - Sp d, (4.5)
A To-1 T2-3

where R is the responsivity and Sp the surface of the photodiode. As can be seen
in these equations, an integral bounded on the emitting spectrum of the LED is
needed to obtain the total photocurrent. Finally, the parameters a, b, ¢ and d can

be deduced by measurements as well for a and 3 as explained before.

4.7 Results of In-Tube Measurements with Photo-
diode

The first step of our methodology demonstrated the principle of DNA measurements
in a quartz container with a LED as light source and SOI diode as photosensor. But
one condition to be fulfilled by the DNA container is to be as transparent as possible
so that the light can interact with the DNA sample with as much optical power as
possible. Therefore, we next practiced our experimentations on 200uL PCR tubes,
as they have already proven their usability [6]. Another advantage is that while
the quartz absorption cells require pipetting, drying and cleaning steps, the tube
containers allow wasteless measurements with minimal manipulation steps and are
much cheaper. A photograph of the setup is shown in figure 4.4. On the left of the
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Figure 4.4: Photograph of the tested system for in-tube measurements.

photograph, one can see a rack line of four LEDs emitting respectively at 260nm,
280nm, 295nm and 360nm. They are mounted on a XYZ displacer allowing for
a selection of the most suitable wavelength according to the molecular nature of
the biological target. The photodiode stands on the right of the picture and is
encapsulated in a DIL-24 package (also mounted on a XYZ displacer for alignment)
while the PCR tube is centered in the photograph on a two dimensional YZ displacer.

4.7.1 Detection limit and other statistical considerations

When dealing with biological samples in order to establish faithfully their concen-
tration, it is crucial to compare the results to commonly used statistical definitions
[7]. The most used functions are the precision limit (PL), the minimum detection
limit (MDL) also called the limit of detection (LOD) for the laboratory measure-
ments, and the limit of quantification (LOQ). Those are first linked to the blank
sample measurements. So, for 20 measurements of a blank tube containing a solution

without DNA (i.e. H50), the precision limit can be defined as :

O Blank

pPL =3. Blnk (4.6)

Blank

where ¢ is the standard deviation and X is the mean. Since the number of our
measurements is less than 30 per sample, the results are distributed along a Student
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distribution, associated with its t-value (i.e. the result of a t-test). Secondly the
MDL for a DNA concentration is defined with its t-value compared to the blank

measurements as :

MDL = (t —value),, - 0gjanx, = LOD. (4.7)

And finally, the LOQ is calculated as follow :

LOQ =10- O Blank- (48)

The precision limit will be mainly discussed furtherly on this chapter.

Error bars are displayed for each figure of experimental results in the chapter.
The error bars were calculated as the standard deviation for each DNA concentration
and are centered around the mean of each DNA concentration. They represent the
samples variation, the unhomogeneity of the solutions, and the random behavior
of tube placements. Indeed, each tube was regularly vortexed and replaced in the
system. Thus, this takes into account the manipulations errors, the placement and

samples variations.

4.7.2 Placement

The system is firstly calibrated with no assay tube. For a fixed position of the LED
and the blocking mask, the photodiode is placed for obtaining a maximal value of
the generated photocurrent under illumination. Then, a PCR tube containing an
europium-diluted solution is hold on the YZ tube displacer and positioned to induce
a minimal value of the photocurrent while fluorescence of the europium can confirm

the correct alignment of the LED, the sample and the photodiode.
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4.7.3 Description of the varying parameters
4.7.3.1 The light source

Since the LEDs are packaged with a hemispherical lens providing a straight illumi-
nation diagram, an aperture mask composed of a dark mask with a 2.5mm diameter
circular window is used to focus the light on the tube. The blocking mask is shown
in figure 4.4 between the LEDs and the assay tube. The aperture mask also prevents
from the diffraction of the light on the rounded boundaries of the PCR tube, which
could perturb the measurements.

Among the four available LEDs in the system previously presented, the two with
emitting peak wavelengths of 260nm and 280nm were used, respectively for the
DNA and proteins measurements. It is established that DNA absorbs the light at
260nm while proteins are more sensitive to a 280nm illumination, but both wave-
lengths were tested on each target, the ratios of the measurements enabling purity

assessments.

4.7.3.2 The distance

As discussed in the modeling section above, the LED power illuminating the sample
tube can be modulated by the distance between the LED and the tube. While the
tubes are at 1 cm from the photodiode, and the blocking mask is also fixed (at
a distance of 1.5¢m of the tube, i.e. 2.5¢m from the photodiode), the LEDs were
disposed at three distances from the photodiode : 4.5¢m, 6.5¢m and 8cm, which
corresponds to a reduction of the power by respectively two and three whereas the

closest distance displaying the highest power was 4.5cm.

4.7.3.3 The photodiode bias

As discussed before, the choice of the photodiode bias is a trade-off between the dark
and the photogenerated currents. Moreover, the measurement noise is highly related
to the shot noise of the diode, as discussed and estimated in chapter 3. This implies
a limit for the current to fill with the MDL of the system. In the experiments, a
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reverse voltage sweep range from 0 to —5V was applied to the diode and has lead
to choose a reverse bias of Vp = —0.5V to maximize the photocurrent under a
constant A = 280nm illumination. The photodiode features a Si3/N; anti-reflection
coating with thickness of t4gc = 40nm and its other characteristics are L; = 8um,

Ly = Lp = 9um and Ly = 1000um for a total area of 1mm?

. It implies a dark
current Ipgi of about 60pA/mm? for the following experiment results. The optical
dynamic (OD) is the value of the current of a blank sample reported to the dark
current [8]. When PCR tubes were used, the current measured with a blank sample
was of 3nA. We then calculated that the OD was of 50, while it was of 700 with the

quartz cuvettes.

4.7.4 Results and discussion

To validate the system, two types of samples were tested and the results are reported
in this section. Firstly, pure genomic DNA (FEscherichia coli), and secondly, spores
from bacteria (Bacillus subtilis). Fach substance was diluted into the microtubes
to a volume of 50uL (corresponding to the same volume as in the quartz cuvettes)
and each tube was measured four times with the LEDs emitting at A = 260nm and
A = 280nm. The repeated measurements are essential to take into account the tube
displacements, the heterogeneity of the solution (each tube is periodically vortexed
to re-homogenize the solution) and other measurement fluctuations. As discussed
for the quartz calibration experiment, since the lowest concentration provides the
highest photocurrent, all results are displayed as a percentage of the maximal mea-
sured current. This enables a normalization of the different tests over the optical

dynamic.

4.7.4.1 Measurement precision

The precision of our system, as introduced above in the statistical considerations
section, was calculated to be 2.16% over 20 blank measurements and multiplied by

3 to compute the precision limit (PL) from the maximum measured current, as can
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been seen in the curves of figures 4.5 to 4.7. The intersection of the precision limit

and the sample curve yields an estimate of the lowest limit of detection range.

4.7.4.2 The DNA

The genomic DNA was extracted from FEscherichia coli, a Gram negative bacterium,
and diluted in concentrations ranging from 400ng/uL to 4 pg/uL. Figures 4.5 and
4.6 report the data for the DNA concentrations that have been measured for the

two wavelengths (260 and 280nm), at the three LED-to-photodiode distances.
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Figure 4.5: DNA concentration measurements from 400ng/uL to 40pg/pL for dif-
ferent distances between the 260nm LED and the photodiode : 4.5¢m (solid line),
6.5cm (dashed line), 8cm (dashed and doted line). Precision limit is indicated as PL
(doted horizontal line) and the standard deviation at each concentration by error
bars.

As expected, one can observe a monotonic relation between the photocurrent and
the DNA concentration in both figures and shown by the calibration data of figure

4.2. Nevertheless, a closer analysis of the curves can point out the influence of the

parameters.

e A first observation is that the LED emitting at A = 280nm allows a detection
range down to 4pg /L, which is better than the detection threshold of 40pg/uL
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Figure 4.6: DNA concentration measurements from 400ng/uL to 4pg/pL for dif-
ferent distances between the 280nm LED and the photodiode : 4.5¢m (solid line),
6.5cm (doted line), 8cm (dashed and doted line). Precision limit is indicated as PL
(doted horizontal line) and the standard deviation at each concentration by error
bars.

when the LED of A = 260nm is at a distance of 4.5¢m. Concerning the other
distances, the low detection range limits appear for 4ng/uL and 40pg/pL at
260nm and 280nm respectively. This observation has already been made [6],
and the phenomenon may be explained by the fact that the peak absorption
is too high at 260nm, implying a lower threshold for the detection. On the
opposite, the slope of the absorption spectrum is lower at A = 280nm [1]| and

that would so enable more accurate measurements.

e About the LED emitting at A\ = 260nm, when decreasing the power, the upper
detectable concentration decreases. The upper limit of the detection seems to
increase linearly with the distance. This makes sense since the measurement is
made at the absorption peak wavelength. In opposition, the distance relation

is less clear for A = 280nm.

e [t appears that the measurements realized at A\ = 280nm are more precise with
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regards to standard deviation and are more reproducible than at A = 260nm.
The excessive absorption at 260nm might disturb the level of detection, and
this phenomenon may increase if the power fits with the maximum absorption.
Contrarily, the measurements carried out at 280nm imply less variations on
the results because of the lower but more reproducible absorption of DNA

around this wavelength.

e The standard deviation generally increases at both wavelengths, except for the
shortest distance at 280nm, with the diminution of the concentration under
characterization. A usual trade-off between sensitivity and noise must hence
be determined. In figure 4.6, the best threshold of detection then appears to

be 0.02ng/puL when the PL line crosses the measurement curve.

4.7.4.3 The bacteria

Lyophilized spores of a Gram positive bacterium (Bacillus subtilis), were resus-
pended in water in concentrations ranging from 6x 10 spores/mL to 6 x10*spores/mL.
Figure 4.7 presents the in-tube measurements for both wavelengths. The measure-
ments at A = 260nm can cover a range down to 6 x 107spores/mL, and a decade
lower for the LED at 280nm. Nevertheless, the measurements at 280nm are more
precise in the measured range compared to those at 260nm. Indeed the standard

deviation at 260nm for the concentration of 6 x 108spores/mL is larger.

4.8 Measurements with the Integrated System

As previous experiments have demonstrated, DNA concentration can be measured
with a UV SOI photodiode and a UV light source. Therefore, it should also be
possible to repeat the results with the complete integrated system presented in the
chapter 3. The experiment has been performed by replacing the photodiode chip
with a current-to-frequency converter and its associated photodiode in a single chip.
The photodiode is 0.25mm? squared and covered with a 500nm SiO2 ARC. The
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Figure 4.7: Bacillus subtilis concentration measurements from 6 x 10 spores/mlL
to 6 x 10%spores/mL at A = 260nm (solid line) and A = 280nm (dashed line) at
a LED-to-photodiode distance of 6.5¢cm. Precision limit is indicated as PL (doted
horizontal line) and the standard deviation at each concentration by error bars.

device dimension are L; = 10um and Ly = Lp = 10um. The operational am-
plifier features a 68.7dB open-loop gain, a GBW of 3.2M Hz and a phase margin
of 64°. The Schmitt trigger was implemented with the CMOS classical architec-
ture (see chapter 3 for details) and the total power consumption of the chip is of
1.2mW. The optical dynamic is comprised between I, = 50pA and Ip., = 1A
(OD =2 x 10%).

Following the integrated circuit, a digital system interface (i.e. a digital counter)
was externally included to automatically take measurements on a definite time pe-
riod. The interface send the data to a monitored interface by ZigBee modulation as
already made with other biological sensors [9]. For the very low DNA concentrations,
a high number of pulses is expected. It was thus required to set the measurement
time to 20s to observe a significant response below concentrations of 1pg/uL and

hence observe a difference between small concentrations.
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4.8.1 In tubes

The 260nm LED has been used to light the DNA tubes at a distance of 4.5¢m to
the tubes. It was biased with a Keithley 2400 I-V source as well as the integrated
circuit. A dark measurement gave a result of 3 pulses only for a 50 seconds obser-
vation period. The precision limit has been measured over 20 blank tubes as for the
photodiode experiments and computed to be of 11.6%. Figure 4.8 shows the results
for this first experiment as a percentage of the maximum number of pulses obtained

for the lowest detectable DNA concentration.
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Figure 4.8: DNA concentration measurement from 400ng/uL to 40fg/uL for A =
260nm with the I-f circuit during a 20 seconds measurement period (solid line).
Precision limit is indicated as PL (doted horizontal line) and the standard deviation
at each concentration by error bars.

One can observe that the circuit is able to measure DNA concentrations over the
whole tested range. However, the 11.6% precision limit fixes the detection limit at
200fg/uL. Nevertheless, using a current-to-frequency converter may imply a bet-
ter noise stability as can be seen with the small standard deviations at each DNA
concentration. A non-ambiguous detection appears maintained down to the low-

est tested DNA concentration and allows to yield a detection range of 8 orders of
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magnitude.

4.8.2 In well microplates

Since in-tube measurements of DNA associated with the integrated system are con-
cluding, commercial well polystyrene microplates by Greiner Bio-One have been
used to contain Bovine Serum Albumin (BSA). They offer the advantage of a single
cell polymer wall and thus less power loss. Indeed, a spectrophotometry measure-
ment of the bottom well indicated a 90% transmittance from 260nm to upper wave-
lengths.

For the microplate experiment, the LED and the photosensor are vertically ro-
tated in order to illuminate the well along its depth. The range of tested BSA
concentration was from 10ug/puL to 1pg/uLl. The figure 4.9 presents the results of
the experiment for BSA.
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Figure 4.9: BSA concentration measurement from 10ug/uL to 1pg/uL for A =
260nm with the I-f circuit during a 20 seconds measurement period (solid line).
Precision limit is indicated as PL (doted horizontal line) and the standard deviation
at each concentration by error bars.

A detection over the whole BSA concentration tested range is achieved for this ex-
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periment with the I-f circuit. It confirms the interest of transparent microplates.
Here again, the standard deviation is very narrow around each concentration. The

limit of detection is almost maximal with 3pg/uL due to the precision limit of 1.72%.

Influenza measurements

As a perspective of future measurements, Influenza virus strains have been measured
in the well microplates. The strains were diluted from their initial concentration
into dilutions of 1/100, 1/1000 and 1/10000. The measurements resulting from the

experiment are presented in figure 4.10. We can observe the previous monotonic
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Figure 4.10: Influenza concentration measurement in dilutions from 1/100 to
1/10000 for A = 260nm (continuous line) and A\ = 280nm (dashed line) with the I-f
circuit during a 20 seconds measurement period. Precision limit is indicated as PL
(doted horizontal line) and the standard deviation at each concentration by error
bars.

relation between the different dilutions and the induced number of pulses generated
by the system during 20s even if the detection range is limited to three orders of
magnitude. A preliminary estimation of the limit of detection is set to a dilution of
4/10000 with a precision limit of 1.72% again for the well microplates.
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4.8.3 Within a microfluidic PDMS channel

The DNA container may also be optimized, as well in size for more portability, as
in optical transmittance. Recently, PDMS (for poly(dimethylsiloxane)) microflu-
idic channels have been fabricated for biological applications [10]. The big advan-
tages of PDMS are UV transparency, electrical insulation, chemical stability, bio-
compatibility and a fabrication cost fifty times lower than silicon. Hybrid microsys-
tems for biomedical applications have been realized and demonstrate the benefit of
using PDMS as a component of bio-SoC [11, 12, 13].

The setup of our experiment was also slightly different from the in-tube measure-
ment, because the measurement was vertical again. The PDMS channel dimensions
were a width of 1mm, a height of 400pum and a length of 4cm. The channel was
suspended just between the photosensor chip and the LEDs which were on top, il-
luminating the whole system. A photograph details the experiment in figure 4.11.

For the PDMS measurements, both BSA et DNA were measured in concentrations
from 10ug/pL to 1pg/pL. The results of the experiments are detailed in figure 4.12.
The photosensor coupled with the PDSM channel is able to measure DNA over
the 7 orders of magnitude of the concentrations. BSA was detected over the first 8
decades. However, for the DNA, the results are very narrow in terms of the number
of pulses, as they are ranging in the last 7% of the dynamic. Due to the precision
limit of 1.57%, it implies a limit of detection of 200pg/uL. For the BSA, the limit
of detection is of 10pg/uL.

4.9 Comparison and Improvements

4.9.1 Comparison

Our system was compared to most commonly used methods and laboratory equip-
ments used for DNA quantification : the spectrometry, the fluorometry and the
PCR, described previously. Table 4.1 summarizes the results of the experiment
where, for each DNA concentrations, the sign 4/ indicated a detection and X an
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Figure 4.11: Photograph of the setup with PDMS channel.

absence of detection (or an irrelevant measurement result).

It can be seen that the SOI microsystem associated with in-tube measurements
yields the largest detection range with the smallest concentration detectable of
40fg/uL. Even if spectrophotometry was proven as the most accurate according
to standard deviation [6], its detection range is quite limited, added to its manipula-
tion inconvenience. The fluorometry features the worse detection range and precision
while PCR is also limited in precision due to a combination of different factors : the
PCR efficiency, the precision of the optical measurement and the emission efficiency

of the fluorophores.

4.9.2 Improvements

One of the major limits of the system is the increase of the standard deviation of light
measurements for low DNA concentrations for in-tube measurements with the pho-
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Figure 4.12: BSA (continuous line) and DNA (dashed line) concentration measure-
ment from 10pg/puL to 1pg/puL within a PDMS container at A = 260nm. Precision
limit is indicated as PL (doted horizontal line) and the standard deviation at each
concentration by error bars.

todiode. To reduce these variations, a first step could be to measure replicates and
multiply the number of measurements therefore reducing the standard deviation. On
the other hand, the mechanical setup may be improved. With the miniaturization
of a future completely portable system, more combined measurements (e.g. concen-
trations, wavelengths and distances) or increasing the optical dynamic of the system
(e.g. by modulating the LED power or improving the photodiode responsivity as
demonstrated in [14]) can increase the detection range or reduce the variations at
very low concentrations.
Concerning the integrated circuit measurements, it has been showed in chapter
3 that noise reduction and an increase of the optical dynamic could greatly increase
the performances of the system. A longer measurement period allows for finer anal-
ysis in the small concentrations.
The PDMS channel proved its high interest but complete microsystem including
a PDMS channel deposited over the photodiode should be investigated and lead to
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[DNA] \Technology | SOI | Spectrometry | Fluorometry | PCR

400ng/pL v Vv Vv X
40ng/plL v Vv Vv Vv
40ng/pL v Vv Vv Vv
400pg/pL v v v v
40pg/pL v X X v

Apg/pL v X X v
400fg/ L vV X X X
40fg/ L V X X X

Table 4.1: Performances of laboratory equipments and current biomedical methods
with our systems.

complete microsystems such as real-time PCR on-chip [15].

Currently, a high-stability Keithley DC source biases the LEDs. A temperature
and current stable source would be miniaturized to deliver the current biasing the
LED. Commercial devices already exist and feature high precision programmable
current sources for optoelectronic applications and are indicated for this purpose

[16].

4.10 Conclusion

Our experimentations have proven the ability of new photosensors implemented in
SOI technology and combined with UV LEDs to establish a monotonic relation be-
tween a DNA concentration and the resulting photocurrent after UV transmittance
through assay microtubes containing the samples under test. The photodiode alone
achieves a current measurement precision of 2% and a detection range over 5 decades
of concentrations, down to 4pg/uL in optimal conditions. The threshold of quantifi-
cation was estimated at 20pg/uL. With the same PCR tubes, the photodiode is also
able to establish a relation between the diode photocurrent and bacteria samples.
The integrated circuit including a SOI photodiode and a CMOS current-to-
frequency converter is able to measure DNA concentration down to 40fg/uL with a
precision of about 10%. However, the current-to-frequency converter was also used

to measure BSA concentration in well microplates in a range of concentration from
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10pg/pL to 1pg/pL with a limit of detection of 3pg/uL due to the precision limit
of 1.72% in this configuration. Influenza strains were also correlated to the mea-
surement curve when using the microsystem and the microplates on a range of three
decades.

Finally, as opening a new field of experiments, a PDMS channel was used to con-
tain DNA and BSA in the microsystem. The results showed a monotonic relation
between the number of pulses generated by the circuit and the concentrations in the
ranges from 10ug/pL to 1pg/pL for BSA and from 10ug/uL to 10pg/uL for DNA.
In this experiments, the LODs are of 10pg/uL and 200pg/uL for BSA and DNA
respectively with a precision limit of 1.57%.

Compared to optical apparatus and laboratory equipments commonly used to
quantify the concentration of biological samples, the detection limits are improved
with a very high accuracy. The SOI technology next offers the possibility to inte-
grate the measurement setup into a complete lab-on-a-chip, while the miniaturized

components of the system will drive a cost reduction.

Acknowledgments

The authors thank Coris BioConcept for supplying the genomic DNA and the Center
of Applied Molecular Technologies (CTMA) of the Université catholique de Louvain
and the Defense Laboratory Department (DLD-Bio) for supplying the Bacillus sub-

tilis spores.

125



CHAPTER 4. BIOLOGICAL APPLICATIONS OF THE UV PHOTOSENSORS

References

1]

2|

3]

4]

[5]

6]

17l

8]

9]

126

A. Karczemska and A. Sokolowska, "Materials for DNA sequencing chip", 3rd
International Conference on Nowvel Applications of Wide Bandgap Layers, pp.
176, Zakopane, June 2001.

R. Yotter and D. Wilson, "A Review of Photodetectors for Sensing Light-
Emitting Reporters in Biological Systems", IEEE Sensors Journal, Vol. 3, No.
3, pp. 288-303, June 2003.

D. Flandre et al., "Fully-Depleted SOI CMOS Technology for Low-Voltage Low-
Power Mixed Digital/Analog/Microwave Circuits", Analog Integrated Circuits
and Signal Processing, Vol. 21, No. 3, pp. 213-228, Decembre 1999.

D. Flandre et al., "Fully depleted SOI CMOS technology for heterogeneous
micropower, high-temperature or RF microsystems", Solid-State FElectronics,

Vol. 45, No. 4, pp. 541-549, April 2001.

J.D.J. Ingle and S.R. Crouch, "Spectrochemical Analysis", Prentice Hall, New
Jersey, 1988.

O. Bulteel, P. Dupuis, S. Jeumont, L. Irenge, J. Ambroise, B. Macq, J.-L. Gala
and D. Flandre, "Low-cost miniaturized UV photosensor for direct measure-
ment of DNA concentration within a closed tube container", Proceedings of

the fourth European congress for medical and biomedical engineering 2008, pp.

1057-1061, Springer, Berlin, 2008.

J. Ripp, "Analytical detection limit guidance & Laboratory Guide for Deter-
mining Method Detection Limits", Wisconsin Department of Natural Resources

Laboratory Certification Program, April 2006.

O. Bulteel, A. Afzalian and D. Flandre, "Fully integrated blue/UV SOI CMOS
photosensor for biomedical and environmental applications", Analog Integrated

Circuits and Signal Processing, Vol. 65, No. 3, pp. 399-405, Springer, 2010.

N. Andre, S. Druart, P. Gerard, R. Pampin, L.. Moreno-Hagelsieb, T. Kezai, L.

Francis, D. Flandre, and J.-P. Raskin, "Miniaturized Wireless Sensing System



[10]

[11]

[12]

[13]

[14]

[15]

[16]

for Real-Time Breath Activity Recording", IEEE Sensors Journal, Vol.10, No.
1, pp. 178 - 184, January 2010.

J.C. McDonald, D.C. Duffy, J.R. Anderson, D.T. Chiu, H. Wu, O.J.A.
Schueller and G.M. Whitesides, "Fabrication of microfluidic systems in

poly(dimethylsiloxane)", Electrophoresis, Vol. 21, No. 1, pp. 27-40, 2000.

L. Griscom, Y. Chateau, J.-P. Pennec, L. Misery and B. Le Pioufle, "Co-culture
of cells in PDMS microsystem for sensitized artificial skin", Proceedings of 3rd
IEEE/EMBS Conference of Microtechnology in Medicine and Biology, pp. 184-
187, May 12-15, 2005.

J. Blain Christen and A.G. Andreou, "Design, fabrication and testing of a hy-
brid CMOS/PDMS microsystem for cell culture and incubation", IEEE Trans-
actions on Biomedical Circuits and Systems, Vol. 1, No. 1, pp. 2-14, April 2007.

N.H. Moreira, A.L. de Jesus de Almeida, M.H. de Oliveira Piazzeta, D.P. de
Jesus, A. Deblire, A.L. Gobbi and J.A. Fracassi da Silva, "Fabrication of a
multichannel PDMS /glass analytical microsystem with integrated electrodes

for amperometric detection", Lab on a Chip - Miniaturisation for Chemistry

and Biology, Vol. 9, No. 1, pp. 115-121, 2009.

O. Bulteel and D. Flandre, "Optimization of Blue/UV Sensors Using PIN Pho-
todiodes in Thin-Film SOI Technology", ECS Transactions of 215th ECS Meet-
ing, Vol. 19, No. 4, pp. 175-180, San Francisco, May 2009.

Q. Xiang, B. Xu, R. Fu and D. Li, "Real Time PCR on Disposable PDMS Chip
with a Miniaturized Thermal Cycler", Biomedical Mircodevices, Vol. 7, No. 4,
pp. 273-279, 2005.

Datasheet available online :  http://www.analog.com/en/fiberoptic/laser-
drivers/adn8810/products/product.html



CHAPTER 4. BIOLOGICAL APPLICATIONS OF THE UV PHOTOSENSORS

128



CHAPTER 5
DESIGN AND MODELING OF
SOLAR CELLS IN SOI
SUBSTRATE

5.1 Introduction

In this chapter, we present an analytical numerical analyze of solar cells embedded
in the substrate of an SOI wafer. The context of photovoltaic science for silicon solar
cell is described as well as the main figures of merit and thermodynamic considera-
tions.

As a premise, the wafer is analyzed with C-V characterization in order to extract
the interface charges in the buried oxide and the surface recombination velocities.
This also allows for discussing the different conditions (i.e. accumulation, depletion,
inversion) of the space charge layer under the BOX. Two devices based on a PIN
lateral diode are investigated.

Firstly, an ungated diode acting like a solar cell under the buried oxide of the
SOI wafer is investigated. Its modeling and design are studied and discussed, and
the measurements curves are presented for different illumination conditions. The
comparison between simulated and measurements curves are then discussed. The
operating temperature will be extracted from measurements while the values of the
surface recombination velocities are extracted from fitted Silvaco Atlas simulations.

Secondly a gated solar cell with transparent electrode is studied in more details.
Its electrical and photovoltaic behavior according to the gate modulation voltage
will be discussed. Measurements of the device are presented and analyzed and also
compared with the simulations curves.

Typically, solar cells are connected to circuitry implying a circuit modeling for
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simulation softwares like SPICE. The gated and ungated solar cells are modeled
with circuit elements like diodes, current sources and resistances to implement an
equivalent circuit which models the physics of the photovoltaic cell. The values of
the components and the solar cells characteristics are discussed according to the
illumination conditions.

Finally, the SOI solar cells are compared to photovoltaic devices in other tech-

nologies, and we will propose future improvements to increase their efficiency.

5.2 C(Context and Solar Cells Characteristics

5.2.1 Interest of SOI solar cells

Sparing silicon and decreasing fabrication costs have become challenging nowadays,
in particular for embedding energy autonomy in microsystems such as wireless sen-
sor networks [1]. When using SOI technology, the silicon substrate is usually just
considered as a passive rigid holder. But by the use of only one more fabrication
mask, with regards to our UCL SOI CMOS process, we can integrate a diode, in the
same wafer as CMOS circuitry, just under the buried oxide of a SOI wafer. This can
be used as a solar or photovoltaic (PV) cell, whether or not an integrated circuit is
realized in the active Si layer of the SOI wafer.

The solar cell can be illuminated by the upper side of the wafer (containing the cir-
cuitry), but in future applications, the wafer would be flipped. As for new thin-film
solar cells, the substrate can be thinned to a few tens of micrometers and then be
back illuminated. This way, the sun would only illuminate the solar cell, and the
generated power would supply the active circuitry contained in the active regions of

the thin silicon film as schematized in figure 5.1.

5.2.2 Solar spectra

The sun irradiates electromagnetic waves and behaves like a black body whose tem-
perature is about 6000K. However, the emitted total power of the sun is far different
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Figure 5.1: Future perspective of embedded solar cell in the substrate of an SOI
wafer in the case of a backside illumination.

from the power density of light reaching the solar cell, due to space distance at-
tenuation mainly. The power density of sunlight reaching the outer atmosphere is
characterized by the terrestrial spectrum AMO. Nevertheless, the light power density
lightning the solar panels is reduced from the AMO spectrum due mostly to gas atten-
uation and cloud reflection. For classical solar cells, the irradiation is characterized
by the AM1.5G solar spectrum whose total power density is of about 10001//m?.
Solar cells featuring a concentrator can only concentrate the direct spectrum (called
AM1.5D) which irradiates 775W/m?, the remaining part being dispersed by clouds
is the diffuse spectrum. The AM1.5 solar spectra are represented in figure 5.2.

5.2.3 Figures of merit of solar cells

To characterize the solar cells, the current versus voltage (I-V) and power versus
voltage (P-V) curves are often plotted based on measurements. The I-V curve has
already been showed in the first chapter but both curves for a typical solar cell are
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Figure 5.2: Solar spectra densities AM1.5 as a function of the wavelength: the global
spectrum (continuous line), the direct (dashed line) and the diffuse spectrum (doted

line).

presented in figure 5.3. On the P-V characteristic, we can observe the maximum
of the curve, Py;ax which corresponds to the current and voltage Ip;ax and Visax
respectively. On the I-V curve, we can define the maximal values for the current
and voltage obtained at the intersection of the axes, i.e. the short-circuit current
Isc and the open-circuit voltage Vpe. Of course, as the I-V characteristic follows a
curve, the product of Isc x Ve is always greater than the product Iy;ax X Vasax.
The fill factor F'F' is defined as the ratio of the maximal area of the rectangle found

under the real I-V curve of the solar cell by the area of the rectangle of length Voo

and width Isc. The fill factor is given by the equation :

mazx ° ]max
Vinaz  Inas (5.1)

FF =
‘/oc'[sc
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Figure 5.3: Power and current versus voltage of a solar cell [2]. The P-V curve is
above in blue and the I-V curve is below in red.

Similarly, the efficiency of the solar cell, n is defined as the ratio of Py;4x by the
total light power to the surface of the photodiode, P, :

p = —nar_mar, (5.2)

5.2.4 Thermodynamic considerations

The upper efficiency limit of a single PN diode in silicon has been estimated at
40.7% while the efficiency of a solar converter can reach higher values up to 86.8%
when using array of different solar cells with appropriate bandgaps [3]. However, the
maximal photocurrent density equivalent to the maximal number of electron-hole
pairs generated can be computed as the integration of the generation term on the

thickness of the silicon as indicated by equation 5.3 :

JPh,Maz =q- / G dy. (5-3>
0
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For a solar spectrum AM1.5G with incident energy of 1000W/m?, the maximal
current density in silicon is Jpp prar = 4204/ m?. However, the photocurrents will
generally be smaller because all electron-hole pairs cannot participate to the effective
current due to various recombination phenomena. It will be discussed later in more
details.

However, it has been shown that impact ionization phenomenon can improve
efficiency. Indeed, under the influence of an intense electric field, an avalanche
breakdown is created and additional electron-hole pairs are generated. Then internal

quantum efficiencies can reach values higher than 100% [3].

5.3 Solar Cells in UCL SOI Technology

5.3.1 Fabrication

As previously explained in chapter 1, in order to capture the largest part of the sun
irradiation, the thickness of the silicon must be large enough for light absorption.
That is why we fabricated the solar cells in the silicon substrate of a SOI wafer. The
substrate is naturally low doped with an acceptor concentration of Ny- = 10%em =3
like for the thin silicon film and is covered at the back of the wafer with aluminum.
To implant the anode and cathode regions, it is necessary to etch the buried oxide
whose thickness is of 400nm. This is done by reactive ion etching (RIE) for the first
370nm and finished with buffered hydrofluoric etching (BHF) for the last 30nm. This
is the only additional step compared to our basic fully-depleted SOI CMOS process.
However, substrate contacts through oxide exist in more complex SOI technologies.
Then, the MOS oxide is grown on top of both thin Si overlayer and Si substrate in
the contact regions with thickness of about 30nm and the anode and cathode regions
are implanted through this last oxide. The implantation parameters are a dose of
4.5 x 10%em™2 at 40keV of Arsenic for the N region and a dose of 5 x 10¥%¢m ™2
at 20keV of Bore for the P region. The junction would then be at a depth of

about 200nm as simulated with the Silvaco Athena process simulator. Concerning
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the dopings , they reach values of N* = 10%cm ™2 and PT = 4 x 10%%cm ™3 for
the contacts within a slightly P~ doped substrate in which the concentration is

P~ = 10%cm ™3 for the intrinsic region.

Process defects

Two major problems occur during the fabrication of a SOI solar cell in the substrate
causing parasitic recombination. The first one comes from the fabrication of the
wafer by a smart-cut process. Indeed, during the wafer bonding which creates the
buried oxide, the BOX may feature defects near the interface with the substrate
[4]. A density of fixed charges and defect interface traps (DIT) with the associated
surface recombination velocities can be expected and extracted from various mea-
surement techniques. For example, pseudo-MOSFET characterization technique can
be used to measure the surface recombination velocities and defects in SOI wafers
[5, 6]. Otherwise, gated diode techniques allow for determining the lifetime in SOI
from separate sources (at top interface, bottom interface and in the volume) [7, §|.

Secondly, the interface can be further contaminated with the deposition of ARC
layer in the process. If the additional layers are deposited by plasmas method, ions
can increase the trap density. For example, during the UCL fabrication process
of the solar cells, PECVD Si3N,; was deposited during the final passivation of the
wafer, like for the UV sensors (cfr. chapter 2). From those phenomena, a net charge
density can be used to model the different mobile and fixed charges in the oxide and
at its interface with the substrate, as described in [9]. This will be discussed and

studied in more details hereafter.

5.3.2 Devices

On a CMOS die, some places in the SOI layer do not contain active circuitry. In
this case, the thin silicon film is fully oxidized in a step called local oxidation of the
silicon (or the LOCOS [10]). Two types of devices can thus be fabricated : if the
thin silicon film is oxidized, the solar cell is just protected with silicon dioxide on its
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top and is called an ungated solar cell. Otherwise, the thin silicon film remains over
the BOX and can be biased to modulate the charges in the solar cell under it. The
second device is called a gated solar cell and the biased active circuitry in the thin
film is called the frontgate by opposition with the classical backgate of the substrate.
The frontgate consisting of the thin Si film is thus transparent to electromagnetic
waves for which the wavelength correspond to the visible spectrum. Both devices

will be extensively studied in this chapter.

5.4 BOX/Substrate Interface Characterization

As discussed here above, the interface between the buried oxide and the silicon
substrate is the main source of recombination for the two types of solar cells that we
designed. The study of the interface and the oxide charge density is thus primordial.
To characterize it, we study the MOS capacitor of a gated structure. The tested

structure is showed in figure 5.4. To evaluate the modes of operation of the space

i

X

—
—

Figure 5.4: Test structure for the CV characterization of the BOX/substrate inter-
face.

charge region under the BOX, a MOS capacitor analysis is needed to calculate the
flatband and the threshold voltages. The frontgate must be mostly semiconductor
in order to be conductive but not metallic to avoid reflections in case of a front
illumination. The gate can then be for example a silicon resistor or a PIN diode.
The silicon frontgate featuring a global Fermi level Erg, and the substrate itself for
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which Eqyp = %ln (NAL), the flatband voltage is calculated as:

ng

—(Er¢ — Esup) ~ Q@pox
q Cox

Vg = ®uvs + Vo pox = (5.4)

where () pox is the total equivalent density of charges at the oxide/substrate interface
and Cpy is the surface capacitance of the BOX. ()pox consists in the fixed oxide
charge Qox ¢, the mobile oxide charge Qoxm, the oxide trapped charge Qor and
the interface trapped charge Q7 at the flatband voltage as referred in [9]. For our
technology, the BOX capacitance is of 8.62nF/cm? for a total oxide thickness of
400nm. The threshold voltage of the capacitor is given by the classical formula :

7

: 5.5
Con (5.5)

Vrbncox = Ve +2|Psup| —

where (Qp are the depletion charges expressed by Qp = —\/4qu,~]\7 ap-Psyp. In
this case, the BOX depletion charges is Qp = —1.4 x 1078C. Those considerations
allows for evaluating the charge type under the BOX as a function of the frontgate
voltage Vrg. If Vieg < Vpp, the solar cell is in accumulation and if Veg > Ve oy s
the solar cell is in inversion. Otherwise, the solar cell stays in depletion, and so it is
when no voltage is applied on the frontgate.

Even if the resistor is the most accurate choice of frontgate, the PIN diode was
investigated creating a structure consisting of a UV sensor superposed on a solar
cell. As a three different doping device, the PIN diode implies a spatial distribution
of the flatband and threshold voltages like for a graded channel transistor [11].

The C-V characteristic of the BOX capacitance has been measured by AC sweeps.
The figure 5.5 shows the curves for frequency ranging from 100H z to 1M H z for front-
gate to backgate voltages from —10 to +10V. From this figure, estimations for the
global flatband and threshold voltages are 0V and 2V respectively. A representation
of the depletion voltage ranges of the three regions of the PIN diodes is shown in
figure 5.6.

An average flatband voltage of Vrp 4, = OV calculated as the mean of the three
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Figure 5.5: C-V measurement of the BOX capacitance for frontgate voltage from
—10 to +10V" at frequencies of 100H z (continuous line), 1kH z (dashed line), 10kH z
(doted line), 100kH z (-+-) and 1M Hz (-x).

flatband voltages of each region implies a total equivalent QQpox charge density of
—10'cm ™2 while the average threshold voltage is of Vg a, = 2.2V. These values
coincide with the measurement curve of figure 5.5 if we consider the same doping
levels as for the CMOS process. For a doping of N* = 102%cm 3, the flatband volt-
age is of —0.86V" while the threshold voltage is of +1.5V. The associated flatband
and threshold voltages of the P~ and P are shifted by 0.9V and 1.2V respectively
to the positive voltages due to their lower Fermi level as represented in the figure 5.6.
This value is quite high for photovoltaic applications but is however good for CMOS
processes [12]. The Qpox value can be explained by the particular bonding interface
of the SOI technology and by the use of plasma etching (i.e. RIE for the BOX and
the inter-dielectric Si0,) and deposition (PECVD SiO, for the inter-dielectric and
PECVD Si3N, for anti-reflecting coatings). In smart-cut SOI process, the interface
charges are usually positive but the three-doping frontgate implies shifted and multi
levels flatband and threshold voltages. The associated equivalent interface charge
is thus negative in this case, due to this particular structure and the average value
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Figure 5.6: Representation of the depletion voltage ranges for the three semi-
conductor doping levels of the PIN diode in the thin-film. Nt = 10%cm™3,
Pt =4 x10%cm=3, P~ =10%cem ™3 and Qpox = —10%cm 2.

extraction.

The interface trapped charges capacitance Cjr can be calculated from the val-
ues of the low-frequency (Cpr) and the high-frequency (Cyr) capacitance for the
voltage corresponding to the minima of the low-frequency capacitance. According

to [9], the D7 is then expressed as :

D = Cox ( Crr Cur )
IT=—5 - .
q Cox —Crr  Cox —Cgr
From curves of figure 5.5, Dy = 2.2 x 10%cm=2C/eV.
The value of the D1 allows for calculating the equivalent surface recombination

velocities at the interface S. Both are related by the expression (8] :

s kT
S:§‘Ueq‘vth'7'D[T, (57)

in which o, = /0, -7, is the equivalent capture cross section related to the capture
cross sections o, and o, for electron and hole respectively. vy, is the thermal velocity
of the carrier whose value is about 2.5 x 107em/s. For solar cells, S is ranging from 0
to 10%cm /s for passivated interfaces and from 10° to 3 x 10%m /s for metal contacts
[13]. The interface fabrication is the result of wafer bonding as explained above
and is thus of a poor quality. The surface recombination velocities must probably
range between both values, from 10 to 10°cm/s. The value of S will be discussed
hereafter when comparing the P-V curves of simulated and measured solar cells
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under illumination. Another phenomenon to observe is the bell shape of the C-
V curve from in the [-5V, —2V] range. This may be explained by the particular

constitution of the gate, i.e. a gate with three Fermi levels short-circuited.

5.5 Ungated Lateral PIN Diode as Solar Cell

5.5.1 Design and fabrication

As introduced at the beginning of this chapter, a lateral PIN diode can be fabricated
in the substrate of a SOI wafer. Compared to a standard CMOS process, a single ad-
ditional step is required : etching the BOX before anode and cathode implantations
which are separated by an intrinsic region naturally P~ doped. The cell Nt and P
type zones are implanted with same impurities as source and drain concentrations
of transistors in the thin film, i.e. N* = 102%cm ™3 and P™ = 4 x 10®°cm ™3 and their
width is of Ly = Lp = 10um. The interconnect vias and layers are also shared with
the CMOS process. The fabricated diodes were designed as interdigitated devices
of intrinsic length L; = 34um in a square of 500um side. As a result, three semi-
conductor devices appear in the substrate as this can be seen in figure 5.7: a lateral
PIN diode just below the buried oxide, a vertical PN diode between the PIN anode
and the substrate back contact, and finally, a resistance between the cathode of the
PIN and the substrate back contact. To only take into account the behavior of the
PIN lateral diode during the measurements, the resistor has to be short-circuited or
the backgate left floating.

On top of the BOX and hence over the intrinsic zones of the PIN diodes, a thin
silicon film of 80nm (or less) is usually used to integrate the FD SOI CMOS circuits.
For ungated diodes, this thin Si film can otherwise be oxidized for the same thickness
(by recessed LOCOS), if no active zone is needed over the diode area. In both cases,
in a CMOS process, interdielectric and passivation oxides (with a total thickness of
750nm here) are deposited on the top of the structure and added to the gate oxide
of 30nm and the buried oxide of 400nm where it is left.
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Back electrical contact

Figure 5.7: Schematic of the ungated solar cell in the SOI UCL substrate and the
three electronic devices resulting of the fabrication.

5.5.2 Modeling

To model the PIN diode, a sketch of the device is presented in figure 5.8. As
discussed previously, the depth of junction is of ¢; = 200nm but the depletion
length whose formula was given in chapter 2 is of about Lzp = 1um. The depletion
area surrounds thus the cathode of the solar cell and L, = L; — Lzp. Then, the
electric field is concentrated in the depletion region around the N7 region. The
diode current equation is calculated using the minority carrier concentrations in the

quasi-neutral regions as usual.

Si0,

T o

vy

Figure 5.8: Lateral view of the ungated solar cell in the SOI substrate.
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5.5.2.1 Dark characteristic

The dark characteristic of the diode is derived from classical transport equations
but in two dimensions. However, when no generation is assumed, the carrier con-
centration is assumed constant in the y direction over a thickness of tzp = t; + Lzp.
In a first point, the recombination is neglected in the depletion region and the hole
current in the N region is also neglected due to the weak number of carriers p;, .

The total current due to diffusion is given by :
Ipdist = Inp- (L) + Jpn+(Li) 2 Jup- (L7) + Jpn+ (L7) = Jup-(L7),  (5.8)

where J,, p-(L}) is the minority carriers (electrons) density of current in the sub-
strate at « = L} and J, y+(L;) is the minority carriers (holes) density of current in
the cathode at z = L.

The resolution of the transport equations is obtained with the boundary condi-
tions An(L}) = (e“% — 1) and S = 0 at x = 0 which implies J,(0) = 0 [14]. We
demonstrated the presence of a net charge of Qgox = —10%m =2 in the oxide in
the case of a gated structure. This can create a small depletion layer under the BOX
and thus increase the real depletion length, i.e. decrease the value of L. in the above
formula. Moreover, the solar cells are mostly biased with a middle forward voltage
for which the recombination current in the depletion zone is not negligible and the
high and low injection levels have to be taken into account. Then, the total dark

current, as already explained in chapter 2, has a form given by :

\ Vp

ID.dark = Js1 - (6# — 1)+ Jgo- (e¥'r — 1), (5.9)

and Ip gark = Jp.dark - A Where A = Lp - t; - ¢, Lp being the length of one finger of
the interdigitated diode and ( is the volume amplification factor taking into account

the three-dimensional volume current distribution.
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Influence of DIT on the dark characteristic

We mentioned previously that the Si/SiO, interface below the buried oxide was
contaminated during the smart-cut process. The resulting flatband voltage creates
a depletion layer below the BOX at Vrpg = 0V. The DIT will imply a surface recom-
bination velocity for the carriers under the BOX. The total recombination current
will then include the SRH recombination term and the surface charge recombination,
at both high and low injection levels. The saturation currents of the diode can be

estimated in equation 5.9 by :

Dn-n - L N, -
Jsi=4q- (—L LU no,p- + —Z2D_ . ;}P ) ) (5.10)
Lup-mi
Jsa=q- (S-m—l—ﬂ), (5.11)
2-Teff

where the first term in equation 5.10 is the solution of equation 5.8. As for the lateral
PIN diodes in the thin Si film, the effective lifetime can be extracted from dark cur-
rent measurements [15]. The dark current being mostly dominated by surface gener-
ation /recombination and thermal volume SRH recombination, described by equation
5.11, it is easy to relate .f¢ to Ip gark- Figure 5.9 illustrates the comparison between
the measured and simulated dark current of the solar cell if Jg; ~ 6 x 107" A/em ™2
and Jgo ~ 5 x 107°A/em™2. The second term, Jso, dominates the dark current
but the slope of the first exponential term (below Vp = 300mV) is poorly put in
evidence in the model for which the shift is at worse of 10 below Vp = 100mV. The
effective lifetime is extracted to be 7.y = 0.1us from figure 5.9 and equation 5.11.
Other lifetime extraction techniques for solar cells are based on a pulse of light
applied to the solar cell. The purpose is then to measure the extinction of photocur-
rent, i.e. the decay of the carriers, related to the lifetime. Those methods include
the photo-conductivity decay and the open-circuit voltage decay [13]. However the
decay-based techniques are really efficient when the diffusion length of the carriers
is longer than the anode-to-cathode distance, i.e. for a short base solar cell, which

1S not our case.
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Figure 5.9: Comparison of the measured (continuous line) and simulated dark cur-
rents (dashed line) of the ungated solar cell.

5.5.2.2 Illuminated characteristic

The illuminated characteristic of a lateral photodiode have been investigated within

a two-dimensional model in [16]. It has been showed in chapter 1 that the generation

rate follows a Beer-Lambert law decreasing along vy :

Gy, \) =a-Dy-e %, (5.12)

where « is the absorption coefficient of the material (Si) and ®q is the incident

photon flux at the beginning of the silicon.

Then, when considering the minority carriers in the quasi-intrinsic region, we

can assume that it also follows a decrease along y :

An(z,y) =n(x,y) —ng = f(z)e” . (5.13)
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The diffusion equation becomes

T (02 ) S = 519

n

for which f(x) is a solution depending if the product (« x L,,) is superior, inferior

£

7- also corresponds to a precise wavelength in silicon.
n

or equal to 1. The value a =
For example if the lifetime of carriers is assumed to be 7 = 0.1us in P~, then the
value corresponds to A = 840nm.

The photocurrent term is then obtained by derivation of An(z,y) along . How-
ever, as demonstrated in the paper, three currents are obtained according to the
wavelength. In our case, all currents resulting from a wavelength A < 840nm are
described by an oscillating equation implying an abnormal behavior for this situa-
tion. The problem may come from invalid geometrical limits for the resolution of the

equation : indeed, the limit conditions are taken at the edge of the junction depth

while the light is penetrating far beyond this depth in the semiconductor.

New interpretation of the photocurrent

However, the usual expressions for analytical photocurrent expression are often dif-
ficult to obtain in more complex structure and present the disadvantage to be only
valid down to a thickness of tzp. It may be thus more convenient to derive the
photocurrent from geometrical analysis. Indeed, the photocurrent consists in the
electron-hole pairs generated in the depletion zone and those within a distance less
or equal to the diffusion length so that they would be able to reach this depletion
area and be accelerated by the electric field of the diode. We can then use the
equation 5.3 which has to be integrated down to a depth of tzp + L, so that the
generation takes into account the electron-hole pairs generated in the depletion layer
and those able to reach the depletion region (i.e. with diffusion length less or equal
to Ly).
For example, in our photodiodes with an effective lifetime of 7.;; = 0.1us (i.e.
L, = 18um), an intrinsic length of L; = 34um and a width of 500um, the generated
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calculated photocurrent is of 95uA for a standardized AM1.5 solar spectrum with
irradiance of 10007W/m?. This value takes also into account the carriers generated
outside the diode area within a distance less or equal to L,, and the photosensitive
area does not include all the metal interconnections. Another hypothesis is that
with a supposed equilibrium 0V potential on the top of the oxide, the intrinsic re-
gion under the BOX/substrate interface is in depletion. The measurements gave a
short-circuit current of 98 A. This close result demonstrates the method and the

slight difference probably comes from the calculation of the diffusion length.

5.5.3 Characterization

Photoelectric characterization of the solar cells shows a poor responsivity as light
sensors, contrarily to the thin film UV FD SOI diodes of the same wafer [17]. Indeed,
the responsivity exhibits a flat response along the visible wavelength range with val-
ues around R = 1073A/W. The main explanation is that the difference between
the total and the dark currents is not significant in reverse mode. This implies poor
values of the responsivity as recalled by equation 1.14 and can be explained by two
reasons. First, during reverse operation, the dark current is dominated by gener-
ation and yields values around Ip pe = —0.51A for Vp = —0.5V. This is much
higher than lateral PIN diodes in the thin Si film, which can be mostly explained
due to the higher thickness of the silicon substrate. Secondly, the contribution of
each monochromatic light used during the responsivity characterization only implies
currents comprised between 0.8uA and 4uA according to the different wavelengths.
The dark and total current ranging in the same order of magnitude, for the small
light power densities, the responsivity is thus weak.

Photovoltaic analysis has been carried out, yielding excellent results. The diodes
were illuminated, perpendicularly, by an Oriel solar simulator featuring the reference
AM1.5 spectrum for terrestrial PV cells for three different light power densities of
1000W/m?, 500 /m? and 100W/m? while the electrical characterization has been
made with a HP4145 analyzer. The current versus voltage and power versus voltage
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curves summarizing those measurements are plotted in figures 5.10 and 5.11 respec-
tively.

During this characterization, the backgate was left floating. Similar results were

0
-20¢ -
E -40 -
E
o
S -60 y
-80 .
_100 | | I | |

0 0.1 0.2 0.3 0.4 0.5
Voltage [V]

Figure 5.10: Measured I-V curves of lateral PIN diodes implanted in the substrate
with L; = 34um, Ly = Lp = 10um, and Lp = 500um. The light power densities
were of 1000WW/m? (solid line), 500WW/m? (dashed line) and 100W/m? (doted line)
for AM1.5 solar spectrum.

however obtained when short-circuiting the P /P~ resistor. As mentioned before,
the short-circuit current for a 1000W/m? illumination was measured to be 98uA.
However, values corresponding to the lower illuminations were of 59 A and 24.5uA
for the irradiances of 500W/m? and 100W/m? respectively. The ratio of power is
thus not respected at lower light power densities. For example, between 1000 and
500W/m?, the Isc ratio should be 2 and it should be of 10 with the 1001W/m? con-
dition according to equation 5.3. Instead of these ideal values, the measured ratios
are of 1.69 and 4 respectively, i.e. the photocurrents are too large with regards to
the theoretical thermodynamic limits. This imply another phenomenon not taken
into account in the previous predictions, and discussed in the analysis hereafter. An-
other remark is the varying behavior of the current at irradiances of 500/ /m? and
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Figure 5.11: Measured P-V curves of lateral PIN diodes implanted in the substrate
with L; = 34um, Ly = Lp = 10um, and Lr = 500um. The light power densities
were of 1000W/m? (solid line), 500W/m? (dashed line) and 100W/m? (doted line)
for AM1.5 solar spectrum.

1000WW/m? contrarily to the smoother curve at 100W/m? which can be explained
by the larger variation of the irradiance of the Xenon lamp at high driving currents
(i.e. 40A) of the Solar simulator.

The parameters of the solar cell as defined at the beginning of the chapter were

extracted from measurements and are listed in the table 5.1. Several observations

Irradiance [W/m?| | Isc[nA] | Voc[mV] | FF[%)] | n[%)]
1000 98 482 54.3 | 10.3
500 o8 472 476 | 10.5
100 25 436 36 15.5

Table 5.1: Performance of the measured ungated solar cells.

can be made with the values of the table concerning the values related to the light
power.

First of all, the decrease of current is normal even if the corresponding values do
not correspond with the literature as discussed above. An attempt of explanation
is given at the end of the section. The open-circuit voltage decrease is as predicted
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by the literature and can also be explained by a light power decrease. The decrease
of the fill factor is logically due to the drastic reduction of Igs current compared to
a slow decrease of Vpe. Finally, the increase of the efficiency is due to the slowest

decrease of Is¢ with regards to the decrease of power.

5.5.4 Parameters extraction
Temperature

As an irradiance of 1000W/m? illuminates the diodes, it is logically supposed that
heat losses will occur in solar cells, as already predicted and verified in the literature
[18, 19, 20]. To measure the temperature reached in the wafer under illumination,
the solar cells have been previously characterized in the dark. It is known that the
voltage under a constant current yields a shift of about —2mV/K. Then, by apply-
ing a constant forward current at different temperatures, it is possible to calibrate
the diode deviance and hence obtain a temperature sensor. Concerning our measure-
ments, different temperatures ranging from 293 to 348 K were applied to the backside
with the thermal controlled chuck of the probe station while a constant 5uA forward
current was flowing through the solar cell. The measured forward voltage allows us
for plotting the temperature versus voltage graph of the solar cell showed in figure
5.12. Under the illumination of 1000WW/m?, a voltage of 338mV was measured for

the same 5uA forward current : this corresponds to a temperature of 320K.

Atlas comparison and surface recombination extraction

Simulations were carried out with Atlas and the module Luminous. The models used
to simulate the solar cells were : a concentration and temperature dependent mobil-
ity (ANALYTIC), a parallel field dependent mobility (FLDMOB), a Shockley-Read-
Hall (SRH) concentration-dependent lifetime model (CONSRH), the Auger recom-
bination (AUGER), the band-to-band tunneling (BBT.STD), the Klaassen model
for bandgap narrowing (BGN.KLAASSEN), self-heating simulation (HEAT.FULL)
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Figure 5.12: Temperature versus forward voltage relation of a lateral ungated PIN
diode with forward current of 5 A.

and the impact ionization according to the Selberrherr model (SELB), tuned for our
SOI technology.

The BOX /substrate interface was parametrized with a surface density of charge
Qr = —10"%m™2 (to implement the value of Qpox) and surface recombination
velocities for both carriers of S = 2.5 x 103¢m/s to fit the open-circuit voltage of
482mV at 1000W/m?. Based on equation 5.7, the equivalent capture cross section
is of 0., = 1.5 x 107 "em?. Values of the fitting parameter o, for SOI technologies
were comprised between 5 X 107*® and 4 x 107*7¢m? in [8] which confirms thus the
possible explanation of the phenomenon.

We choose to compare the P-V curves because the short-circuit currents are dif-
ferent between simulation and measurements. Indeed, a single finger was simulated
in Atlas. Thus, simulations do not take into account the generation outside the solar
cell finger within a diffusion length distance for example. The comparison of P-V
measured and simulated curves at 7' = 320K for an irradiation of 1000W/m? with
an AM1.5G solar spectrum is presented in figure 5.13.
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Figure 5.13: P-V simulated (continuous line) and measured (dashed line) curves at

T = 320K for an irradiation of 1000W/m?. The measured solar cell features the
following dimensions: L; = 34um, Ly = Lp = 10pum, and Lp = 500um.

Even if the curves have similar shape, differences occur between simulation and
measurements for different reasons.

Like explained here above, the short-circuit
current is slightly different from simulation to measurements, i.e. Isc = 77.6uA in

Atlas compared to Isc = 95 A in measurements. Secondly, the Atlas simulation is

based on one finger of interdigitated solar cell. Thus, the series resistance which is

mostly composed of fingers and the metal lines is underestimated. Concerning the
figures of merit, the efficiency is 11.6% with Atlas simulations while it was 10.3%
during the characterization, thus a slight difference of only 1.3%. Similarly, the fill
factor is 63.3% in Atlas simulations and 54.3% in measurements which corroborates

our hypothesis due to incomplete value of the real resistances.

Similar observations can be made for the lower irradiances but the differences

increase due to the photocurrent estimation. Indeed, we mentioned previously an

abnormal to high value of the measured photocurrent at 500W/m? and 100W/m?.
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The impact ionization model was activated in Atlas but does not reveal the phe-
nomenon. This can be due to a particular mesh of the structure for ionization impact
simulation. Indeed, in order to obtain convergence for the electrical characteristic
under illumination, the grid space has to be increased. This may cause the mesh to
be inadequate for taking into account the impact ionization at the junctions where
the electric field is though in the order of magnitude of 10°V/m.

To conclude this analysis, the ungated solar cell cannot be fully described with
a Matlab or Atlas approach : both simulations must be used in parallel. A circuit

modeling may be an asset and will be described later in this chapter.

5.6 Gated Lateral PIN Diode

5.6.1 Design and fabrication

For this second kind of device, the solar cell is embedded under an active region of
the SOI wafer. The thin silicon film is thus superposed over the intrinsic zone of the
solar cell. The anode and cathode regions of the solar cell are implanted during the
same step as the source and drain regions of the active circuitry of the thin silicon
film. Then, the process continues like a standard CMOS process.

It has been introduced that thin silicon film can be used as a gate to modulate
the charges in the intrinsic region of the solar cell. To realize this gate, a lateral
PIN diode was fabricated. The device in the thin film behaves optically like the UV
sensors described in the second chapter. To distinguish both lateral photodiodes in
this section, we will refer to the lateral PIN photodiode in the substrate as the solar
cell while the lateral PIN photodiode in the thin film is the UV photodiode.

Since the thickness of the film is not large, i.e. 80nm, only a small part of the
light is absorbed in it, leaving the greatest part of energy being absorbed by the
solar cell in the substrate. As a matter of bias, the UV photodiode is short-circuited
to apply a constant bias on the frontgate. As a matter of design, the N* and P*
regions of the UV photodiode have to be the smallest as possible, since as they are

152



5.6 GATED LATERAL PIN DIODE

covered with metal, they reflect light and thus reduce the photosensitive area of the

solar cell.

5.6.2 Modeling

When the photodiode is fabricated under an active area, the thin silicon film lies
above the buried oxide. This may absorb a part of light (constituted mostly of
UV and blue light as demonstrated in chapter 2) and then reduce the efficiency of
the photodiode. However by applying a voltage on this front gate, it is possible to
modulate the space charge below the BOX. Indeed, like in classical MOS capacitor,
a negative voltage will create an accumulation layer of holes while a large positive
gate voltage will induce an inversion layer. A depletion layer occurs when the gate
voltage is null or slightly positive as demonstrated during the C-V characterization.

A two-dimensional schematic of one gated solar cell is presented in figure 5.14.

Due to design rule convenience, the minimal distance between the electrodes of the

Figure 5.14: Schematic of the gated solar cell in SOI substrate.

two different devices is 6um. The depletion region is still present around the cathode
while a charge area is located below the BOX interface. The width of the charge
region induced by the front gate is denoted Wr¢ and its thickness is t4 p  according
to the accumulation, depletion or inversion layer. When modeling the photocurrent
of the ungated solar cell, it was demonstrated that a geometrical analysis was more
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appropriate than a complex analytical model. We then try a similar approach for
the gated solar cell when the intrinsic region is in accumulation, depletion or inver-
sion. As a reminder, when analyzing the BOX capacitance of the wafer, the used
structure was a gated solar cell. The average flatband and threshold voltages are

thus of 0 and 2.2V respectively (see figure 5.6).

Accumulation

If a voltage inferior to the flatband voltage, i.e. about 0V, is applied at the front-
gate, the electric field in the substrate attracts the holes against the BOX /substrate
interface creating an accumulation layer. This can be seen as an extension of the Pt
zone under the frontgate. Then the new depletion area is then smaller and spread
around the cathode and the photocurrent will be constituted of the electron-pairs
generated in the depletion zone and of those able to reach it. Geometrically, this is

represented in figure 5.15.

$i0, -
T 3 = |
T o y
T ten = - T
| v? |

Figure 5.15: Schematic of the gated solar cell in SOI substrate in accumulation
mode.
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The photocurrent is then the integration of the generation term on the quarter-

circle surface with radius » = L,, + Lzp as described by :
Ln+Lzp f($)
Ly =q-Go(N\) - Lp - / / e Y dyd, (5.15)
0 0

where f(x) = L, sin (arccos <%>) is the function describing the quarter-circle
in which the generation term is integrated. This equation must be resolved by
numerical simulation due to integration of the function f(x). For a solar cell with
a supposed effective lifetime of 7.5y = 0.1us (i.e. L, = 18um), an intrinsic length
of L; = 34pum and a width of 500um, the photocurrent under an irradiance of
1000W/m? is estimated at 32.5uA while it has been measured at 37uA when a
negative frontgate of —10V was applied. This estimation takes into account the real
photosensitive area of the solar cell, including the generation outside the solar cell
at a distance of L,, and considering the reflections due to metal lines of the solar cell
and the UV diode and the absorption in the thin film. As for the ungated solar cell,
there is a slight underestimation, probably due to the simplicity of our geometrical

approach and the estimation of the diffusion length.

Depletion

When no voltage is applied on the frontgate, the solar cell interface with the BOX
is in depletion everywhere below the frontgate. This bring us to a geometrical
model identical to the ungated diode : a depletion layer is under the BOX and the
absorption term has to be vertically integrated along the photosensitive area at a
distance Lzp + L,. The presence of the thin silicon film and the metal lines of the
UV diodes reduces the 95uA short-circuit of the ungated by a factor 1.55 for the
gated case, i.e. Isc = H7uA with the geometrical model. The measurements were
of Is¢ = 63uA, thus a ratio of 1.62 was observed compared to the 98 A measured

in the ungated case.
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Inversion

The inversion case is more complicated when using a geometrical approach. Indeed,
as a first point of view, the inversion layer simply increases the width of the N*
region, then the photocurrent would be the same as in depletion mode. But in
measurements the photocurrent straightly rises up to values of 140uA for a +50V
frontgate voltage. Even if the thickness of the inversion layer increases, the main
possible reason would be a reduction of the surface recombination velocity S at the
interface. Another reason could be an impact ionization phenomenon due to high
electric field of 5 x 10"V /m if Vrg = 50V. However, this phenomenon is too difficult
to be only described by a geometrical model and the Atlas simulation does not seem

able to put it in evidence.

5.6.3 Characterization

The gated solar cells were characterized under the Oriel solar simulator with AM1.5G
terrestrial spectrum and irradiances of 100, 500 and 1000W/m? like for the ungated
solar cell measurements. The front gate was biased with the backgate as a ground
reference, and the anode of the solar cell was grounded too. Figures 5.16 and 5.17
show the I-V and P-V curves of the gated solar cells for a front gate voltage of +5V
since it has been showed that a 0V voltage would be near the edge of the three
modes.

A similar behavior as the ungated solar cells can be observed in those figures.
Finally, the evolution of the measured fill factor and efficiency of the solar cell under

solar illumination of 1000 /m? are presented in figure 5.18.

Analysis

Concerning the I-V and P-V curves, some observations identical to the case of the
ungated solar cells can be made. The efficiency is at its best for the lowest solar
irradiations. A record efficiency of 22% is even achieved for a 50V front gate voltage
at 100WW/m?. The open-circuit voltage is logically decreasing with light power as for
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Figure 5.16: Measured I-V curves of lateral PIN diodes implanted in the substrate
with Vpg = +5V. For the solar cell, L; = 34um, Ly = Lp = 10um, and Lp =
500pum. For the UV diode, L; = 10um, Ly = Lp = 10um, and Lr = 500um. The
light power densities were of 1000W/m? (solid line), 5001 /m? (dashed line) and
100W/m? (doted line) for AM1.5 solar spectrum.

the short-circuit current.

It can be seen that fill factor and efficiency evolve oppositely with the front gate
voltage. Indeed, the efficiency is increasing with the front gate voltage and the fill
fill factor is straightly decreasing to reach very poor values as soon as Vg = 0V.
This can be explained in particular by the rise of current with the frontgate voltage
increase. The loss voltage on the series resistances is then high enough and the fill
factor reaches the same values as for the ungated solar cell.

The table 5.2 summarizes the main parameters of the gated solar cells for front

gate voltages of 0 and +5V.

5.7 Equivalent Circuit Model

The solar cell being often connected to circuitry for maximum power point tracking

or energy harvesting, a circuit equivalent model is needed to simulate the behavior
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Figure 5.17: Measured P-V curves of lateral PIN diodes implanted in the substrate
with Vrg = +5V. For the solar cell, L; = 34um, Ly = Lp = 10um, and Lp =
500pum. For the UV diode, L; = 10um, Ly = Lp = 10um, and Lp = 500um. The
light power densities were of 1000W/m? (solid line), 500WW/m? (dashed line) and
100W/m? (doted line) for AM1.5 solar spectrum.

of the complete system. The most used model consists in a current source corre-
sponding to the photocurrent Ip,, two diodes modeling the dark characteristic of
the solar cell (for Shockley-Read-Hall and space charge region recombination mecha-
nisms at low and high injection levels), a parallel resistance Rp which represents the
edge effects and surface recombination losses and finally a series resistance Rg cor-
responding to the resistance of the fingers and metal layers. The multi-diodes model
can even be extended to six diodes according to different recombination mechanisms
occurring in the diode, but a two-diodes model is sufficient for low open-circuit
voltages and Si solar cells. A third diode can be used for Auger recombination
mechanism [13], but it is mostly used for LED modeling.

The circuit equivalent is showed in figure 5.19. The two diodes have ideal fac-
tor of n = 1 and saturation current Ig; for diode D1 which holds for SRH and
surface recombination at low injection and of n = 2 and Igs for diode D2 which
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Figure 5.18: Evolution of the gated solar cells efficiency and fill factor as a function
of the Si thin-film bias referred to back side at 1000W/m?. For the solar cell,
L; =34um, Ly = Lp = 10um, and Lr = 500um. For the UV diode, L; = 10um,
Ly = Lp = 10um, and Lp = 500um.

Irradiance [W/m?] | Vig|V] | LelpA] | Voe[V] | FE|%] | n[%]
1000 0 63 491 52.3 6.5
500 0 47 470 45.9 8.2
100 0 19 432 35.3 | 11.5
1000 5) 98 479 47.7 8.9
500 5) 66 475 42.3 | 10.7
100 5 26 428 37.8 | 16.4

Table 5.2: Performance comparison of the gated solar cells.

represents the same recombination mechanisms at higher injection. The values of
Rp and Rg must be compared to the characteristic resistance of the solar cell Ro
defined by the ratio % In order to have a high FF value, the values of Rg and Rp

must be significantly small and high compared to R¢ respectively to avoid losses [18].
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Figure 5.19: Equivalent circuit model of a solar cell with two-diodes implementation.

The equation of the current defined as positive when flowing out of the solar cell

18 :

V+IxR VIR
1) = = [1sa- (% 1) - (555 1) (VL)
P
(5.16)

The resolution of this equation is made numerically but some of the unknowns can
be pre-estimated. At the open-circuit point, the measured current is I = 0 for which
V' = Vpe. We can then express Ipy, in equation 5.16 by :

Ton = Is: (erCTO - 1) sy - <ezv»cv? - 1) + %. (5.17)
The saturation currents can be estimated by equations 5.10 and 5.11 which will con-
stitute an initial condition for the resolution of equation 5.16. The series resistance
is the sum of the resistance of the metal lines and of the fingers which dominates this
term. Nevertheless, the metal lines resistance has been estimated to 25¢2 while the
finger resistance is more complicated to calculate due to the non-uniform distribu-
tion of the current in the structure. The resolution of the system leaving a minimal
error between the modeling and the experimental curves gives the following values
for the ungated solar cell and the gated solar cell with Vpg = 5V at 1000W/m?,
500W/m? and 100W/m? : Ig; ~ 3 x 10718 A, Igy ~ 6.7 x 1071YA and Rg ~ 2501.
Concerning the series resistance, its value is dominated by the finger resistance but
due to the microcurrents of the solar cells, the voltage loss in it is almost negligible.

160



5.7 EQUIVALENT CIRCUIT MODEL

The figure 5.20 illustrates the comparison between the extracted and the measured

I-V curves for the three irradiances.

The values of the parallel resistance are very variable and are listed in table
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Figure 5.20: Comparison of the measured (continuous line) and extracted I-V curves
(dashed line) of the ungated solar cell for irradiances of 1000W/m?, 500W/m? and
100W/m?.

5.3 for the ungated solar cell and the gated solar cell with frontgate voltages of 0
and 5V along with the characteristic resistance Ro. We presented in figure 5.18 the
evolution of the fill factor and the efficiency of the gated solar cell as a function of
its frontgate voltage. The fill factor was decreasing when the frontgate voltage was
increasing. This phenomenon can be explained by surface conditions changes and
thus a decrease of the parallel resistance. The extraction of the parallel resistance
of the measurement I-V curves of the gated solar cell gave parallel resistance values
which are plotted in figure 5.21 along with the fill factor evolution. The poor fill
factor results can thus be explained in particular with the slow values of the parallel
resistance which are in the same order of magnitude as the characteristic of R¢ as

can be seen in table 5.3. By increasing the frontgate voltage, the parallel resistance
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Solar cell type Irradiance [W/m?] | RplkQY] | Ro[kQ)
Ungated 1000 14.8 4.9
Ungated 500 16.5 8
Ungated 100 26.5 17.5

Gated and Vpg = 0V 1000 20 7.8
Gated and Vpg = 0V 500 19.5 10
Gated and Vpg = 0V 100 30.5 22
Gated and Vpg = 5V 1000 10 4.9
Gated and Vpg = 5V 500 12 7.2
Gated and Vpg = 5V 100 22.5 16.5

Table 5.3: Extracted parallel resistance and characteristic resistances of equivalent
circuit modeling for the SOI ungated and gated solar cells at Vpg = 0V and Vig =
5V under an irradiance of 10000 /m?.

decreases quickly from Vi = 5V and reaches value of 10£€) or less while the char-
acteristic resistance is juste twice times smaller. This can explain the decrease of

the fill factor.

5.8 Comparison with Other Technologies and Im-

provements

5.8.1 Comparison

Solar cells have been fabricated for many years and record of efficiencies have been
achieved in various technologies. The table summarizes the efficiencies of different
silicon technologies and other semiconductor and organic technologies in the table
5.4. The table lists the top efficiencies of industrial process and the efficiencies
achieved by CMOS compatible process. We achieve results comparable with other
CMOS SOI technology and industriel amorphous silicon even if the efficiencies are
well below results of classical industrial Si solar cells.

Moreover, under indoor illumination, i.e. 100WW/m?, the solar cells feature higher
efficiencies. For example, our photodiodes reach an efficiency of 15.5% and 22% for
ungated and gated (with Vpg = 50V) solar cells respectively. The benefit for indoor
daily use is indisputable.
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Figure 5.21: Evolution of the measured fill factor and the extracted parallel resis-
tance for the gated solar cell as a function of the frontgate voltage.

5.8.2 Improvements

As it has been shown here above, SOI solar cells have great potential but still suffer
from poor fill factor which decreases the efficiency drastically. This is mainly due
to the bad BOX/substrate interface. Particularly, in our first design, the parasitic
resistances are not negligible, as it can be deduced from the low fill factor.

The fabrication process could also be improved to approach the state of the art
efficiency limit of 25% in c-Si. A first step is to improve the silicon quality which
imply a higher lifetime of the carrier. A better anti-reflective layer (e.g. in silicon
nitride) could also improve the efficiency. Passivating the substrate interface would
be the better solution and is possible if the solar cell is ungated. However it requires
more steps if the solar cell is fabricated under an active region. Fortunately, the
efficiency can be improved if the solar cell is gated but still with a poor fill factor.

Finally, reducing the metal lines width and length would allow for increasing the
photosensitive area and thus the efficiency. Moreover, following our perspectives,
an improvement to significantly increase efficiency (or fill factor) would be to thin
the silicon substrate allowing for backside illumination, to avoid the optical losses
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Technology n[%]

Multi Si (Industrial ; record) [21] 20.3
Mono Si (Industrial ; record) [22] 24.7

a-Si (Industrial ; record) [23] 12.1

CdTe (Industrial ; record) [13] 16.7

Thin film CIGS (Industrial ; record) [24, 25| | 19.9
Organic (Industrial ; record) [13] 6.8

SOI (CMOS ; SmartDust) [1] 12

a-SI (CMOS) [26] 5.2

CIGS (CMOS) [26] 7.1

Ungated SOI (CMOS) - This work 10.3
Gated SOI (CMOS ; Vg = 50V) - This work | 11.6

Table 5.4: Performance comparison of the state-of-the art solar cells in various
technologies at 1000WW/m?.

in the oxides, metallic contacts and interfaces. The backside could also be textured

to change its bandgap and absorption properties.

5.9 Conclusion

Low-cost and high-efficiency SOI-based solar cells were designed, fabricated and
characterized. After describing the context and interest of integrated solar cells
in silicon-on-insulator technology, we reviewed the main figures of merit in photo-
voltaics and re-demonstrated the thermodynamic limit of the photocurrent to be
of 420A/m?. We then described how two types of solar cells can be embedded in
SOI technology by simply adding one mask/step compared to our classical CMOS
process. Both devices are embedded in the substrate but can be either ungated if
they are fabricated outside an active zone or gated under an active zone. For the
last case, the active circuitry can be used as a gate to modulate the photocurrent
inside the solar cell.

As a first step, we characterized the interface between the BOX and the Si sub-
strate by C-V measurements. It allowed for calculating the total net oxide charge of
Qpox = —10"cm ™2 and the DIT of absolute charge density of 2.2 x 10%cm=2/eV.

Then, the ungated solar cells were extensively described. Their dark character-
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istic was analyzed by comparison with the UV sensors of chapter 2 and with the
influence of the DIT extracted before. The illuminated characteristic has then be
modeled by an intuitive geometrical approach giving a simulated photocurrent of
95uA under an irradiance of 1000W/m? while the measured short-circuit current
was of 98uA. The solar cells were then measured and the I-V and P-V curves have
been presented and yielding an efficiency of 10.3, 10.5 and 15.5 for irradiances of
1000, 500 and 100W/m? respectively. From the curves, an operating temperature
of 320K in the solar cell was observed at 10001/ /m? and the estimation of the DIT
combined with the measured open-circuit voltages allowed us for calculating a sur-
face recombination velocity of 2.5 x 10%cm/s at the interface.

Afterwards, the gated solar cell was studied. Since the diode can be modulated
according to the frontgate voltage, the three modes of the solar cells were modeled
with the same geometrical approach as for the ungated solar cells. We presented
measurements of the structure which achieved efficiencies up to 11.6% and 22% with
Vre = 50V for irradiances of 10001W/m? and 100W/m? respectively. However in-
creasing the frontgate voltages increases the short-circuit current but also decreases
straightly the fill factor.

To finalize the modeling of the SOI solar cells, the equivalent circuit model based
on two diodes, a current source and the series and parallel resistances was investi-
gated. The values of the saturation current of the diodes and the series resistances
were of Ig; ~ 3x 107134, Igo ~ 6.7x 10714 and Rg ~ 2501). The parallel resistance
being the main fitting parameter of the model, its value varies from 5k to 22k$2. A
clear relation was established between the fill factor bad values and the low values
of the parallel resistance compared to the characteristic resistance of the solar cell.

Finally, we compared our results to those obtained in the literature for integrated
solar cells and we proposed some perspective to improve the efficiency and increase
the fill factor of our solar cells. This proves that a high efficiency solar cell can be

implemented at marginal cost in a complete SOI CMOS process.
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CONCLUSION AND
PERSPECTIVES

The silicon-on-insulator technology has proven its advantages with regards to classi-
cal bulk technologies for integrated circuits performances. In this work, we described
the components of complete UV photosensors for biomedical and environmental ap-
plications and we studied integrated solar cells for micropower solar energy har-
vesting. We first demonstrated the feasibility of fabrication of two different types
of devices on a classical SOI wafer : the UV sensor in the thin film and the pho-
tovoltaic cell in the substrate. Then, we presented optically optimized structures
for the UV sensors in SOI technology which achieve high responsivity in the UV
range. We also described a design of a performant signal processing integrated cir-
cuit for transducing the photocurrent into frequency. The complete photosensor has
been used to measure biological material concentration by UV absorbance within
a complete miniaturized system that overpass the current laboratory equipments
performances. In the end, innovative solar cells fabricated in the SOI substrate have

been extensively investigated, characterized and modeled.

The first chapter consisted in a review of the optoelectronic principles of semicon-
ductor especially applied to SOI technology. In particular, since the silicon absorbs
light as a function of its thickness, the thin Si film (with thickness of 80nm) of the
SOI wafer would be dedicated to low wavelengths absorption and constitutes thus an
excellent choice for embedding UV sensors. Contrarily, the silicon substrate (with
thickness of 800um) is preferably chosen for a large spectrum harvesting and is used
to fabricate solar cells. Moreover, the particular multilayer structure of the SOI
wafers thus allows for operating autonomous ultra-low-power circuits integrated in
the thin silicon film of the wafer.

In the second chapter we briefly reviewed the basics of DC performances of the
lateral PIN diodes embedded in the thin Si film. They act as UV sensors with high
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efficiency around A = 400nm and are fully compatible with a CMOS process. The
main purpose of the chapter was the optimization of the optical performance of the
photodiodes, mostly thanks to the addition of anti-reflection coatings. In UCL SOI
technology, the devices have been fabricated with ARC in silicon nitride (Si3/Ny)
and alumina (AlxO3). The photodiodes with both ARCs have been characterized
and the measured curves fit with the simulations for the responsivities which reach
values of 0.08A/W at A\ = 400nm for an intrinsic length of 8um, anode and cathode
lengths of 10pum, a CMOS process oxide thickness of 280nm and the ARC thickness
of 40nm. A SOI industrial technology (from OKI Semiconductor) would increase
the responsivity thanks to a reduction of the widths of the metal lines but will suffer
from a thicker passivation oxide due to numerous metal layers. In our classical SOI
technology, the better choice would be a dual anti-reflection coating layer with a
48nm silicon nitride over a 6nm silicon oxide which could increase the responsivity
to 0.184/W with a intrinsic length of 18um and anode/cathode lengths of 1um
while being still fully compatible with a CMOS process. For future investigations,
the responsivities of silicon-on-nothing and membrane structures were simulated
and both feature a value up to 0.27A/W. The mathematical model implemented for
the ARC is easily adaptable for applications in biomedical and environmental fields
which often require specific target wavelengths comprised from 200 to 450nm. We
performed simulations for the realization of UV sensors in ultra-thin SOI technology
(e.g. such as IBM with a 10nm thin Si film thickness). The photodiodes would
achieve a flat and high responsivity of 0.18A4/W from 240nm to 360nm, which is
very accurate for deep-UV instrumentation.

In order to interface the UV photodiodes, we designed current-to-frequency pro-
cessing signal circuits in the same SOI technology. Basically, the circuit consists
in an integrator followed by a comparator. The integrator has been realized with
a Miller operational amplifier looped by a 10pF capacitance and a NMOS switch
while the comparator has been implemented by a Schmitt trigger for noise robust-
ness. The amplifier has been designed with the UCL % methodology and yields a
74dB open-loop gain, a 300kHz GBW and a total power consumption of 25uW for
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a 2V supply voltage. A comparison of three implementations of the Schmitt triggers
has pointed out that a low power and guaranteed hysteresis architecture was the
most convenient in terms of surface and power consumption as well as in term of
precision. A deep analysis of the noise performances of the circuit allowed us to set
the minimum detectable photocurrent to 200pA which can be reduced to 10pA by
increasing the power consumption. The behavior of the circuit with respect to the
temperature has been discussed and it has been showed that a calibration would be
enough to conserve its expected operation. The optical dynamic of the circuit is cur-
rently of 3 orders of magnitude and could be improved to 6 decades during which the
circuit keeps a linear output with respect to the photodiode responsivity. Finally,
we proposed a flow diagram of design for photosensors including a photodiode and
a current-to-frequency converter for biomedical or environmental instrumentation.
A concrete application of the UV photodiodes is described in the fourth chapter.
We measured biological material concentration in solution by UV transmittance with
our photosensor. As many biological substances feature an absorption peak in the
UV (for example DNA absorb light at 260nm), our system includes light emitting
diodes with low wavelength emitting peak (i.e. 260 and 280nm). We first calibrated
the system with quartz microcuvettes to demonstrate the validity of the measure-
ment principle. We proposed a modeling of the complete microsystem to predict the
photocurrent as a function of the biological material concentration. Then, the first
measurements were performed on solutions contained in PCR tubes. A monotonic
relation between the concentrations and photocurrents was obtained for DNA con-
centrations ranging from 400ng/uL to 4pg/uL at 280nm and from 6 x 10 spores/ml
to 6 x 107spores/ml for bacteria. A study of the three main parameters of the system
(i.e. the photodiode bias, the LED-to-tube distance and the emitting wavelength of
the LED) was performed to tune the microsystem at its optimum. The complete
UV photosensor including a UV photodiode and the current-to-frequency integrated
circuit in our SOI technology was then used to perform similar measurements. The
DNA concentration was quantified in a range from 400ng/uL to 40fg/uL at 260nm

with in-tube measurements. Moreover, BSA was quantified in a range from 10ug/uL
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to 1pg/uL in well-microplates and a monotonic relation was again established for
influenza concentrations in a range of three decades in the same microplates. Af-
terwards, the complete photosensor was coupled with a microfluidic PDMS channel
acting as biological material container. For this last case the DNA was quantified in
a range from 10ug/uL to 10pg/uL while the BSA quantification range was spread
a decade lower. Finally, a comparison of the most currently used lab equipments
for DNA concentration quantification allowed for pointing out that our system was
able to quantify DNA on a concentration range of at least two decades wider in the
worst case when the samples were contained in PCR microtubes.

Finally, the last chapter opens a new field of discussion about the solar cells
embedded in the SOI substrate. The photovoltaic devices are lateral PIN diodes
implanted under the BOX and their fabrication is fully compatible with a standard
CMOS process. According to the particular structure of the SOI wafer, two kinds of
device can be fabricated : the gated solar cells if the device is implanted under an
active region of circuitry, and the ungated solar cells otherwise. The MOS structure
of the SOI wafer was characterized by a C-V analysis which allowed for finding a
flatband voltage of the structure of 0V and a threshold voltage of 2.2V due to a
total oxide charge of Qpox = —10%cm=2. A defect interface trap charge density of
Dir = 2.2 x 10%m2C/eV was also calculated during those measurements. The
ungated solar cell was then described. Its dark characteristic is similar to the UV
PIN diode and the illuminated characteristic was modeled according to a geometri-
cal intuitive approach. A photocurrent of 95uA was simulated while the measured
one was of 98uA. The solar cells were characterized with the AM1.5G terrestrial
spectrum and the efficiencies obtained were of 10.3%, 10.5% and 15.5% for irradi-
ances of 1000/ /m?, 500W/m? and 100W/m? respectively. An internal temperature
of 320K was extracted from measurements and a surface recombination velocity of
S = 2.5 x 103cm/s was extracted with the values of the DIT and the comparison
between Atlas model and measurements. The gated solar cell was then studied and
modeled with the same method as for the ungated one combined with the C-V mea-

surements. The devices were measured under illumination and the efficiencies were
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of 8.9%, 10.7% and 16.4% for irradiances of 1000W/m?, 500W/m? and 100W/m?
respectively and a frontgate voltage of Ve = 5V ensuring an inversion layer in the
device under the BOX. The top efficiencies that we reached were of 12%, 13.6% and
22% for the same previous irradiances when a maximal frontage voltage of 50V was
applied. A circuit equivalent modeling was used to model the solar cells with elec-
tronic circuit components (i.e current source, diodes and resistances). The current
source models the photocurrent and the diodes model the Shockley-Read-Hall and
surface recombination phenomenons at low and high injections. Two resistances are
also used in the equivalent circuit : a series resistance models the resistance of the
fingers and of the metal lines inner resistances while a parallel resistance models edge
and surface effects. A strong correlation was established between the parallel resis-

tance value and the fill factor for gated solar cell as it was mentioned in the literature.

We also proposed improvements for the different parts of the work. For the UV
photodiodes, the main improvements would come from a reduction of the anode and
cathode lengths since they are covered with metal and thus reflect light to decrease
the total photosensitive area. Another major improvement useful for increasing the
photodiode responsivity is to decrease the silicon dioxide thickness down to a mini-
mum, i.e. 6nm in the UCL SOI technology.

Concerning the integrated circuit for signal processing of the UV photodiode, an
auto-calibrating circuit could be added in the same chip to adapt the measurements
and in particular to regulate the Schmitt trigger thresholds if a temperature change
is observed. A battery with an integrated low dropout voltage regulator would also
allow for resisting to the voltage variations of the circuit. Finally, some improve-
ments have been proposed to reduce the noise of the circuit in order to feature an
optical dynamic up to 6 orders of magnitude.

The most recent advanced version of the microsystem used to quantify biological
material concentrations integrates a PDMS channel as biological sample container.
This allows for reducing the dimensions and the portability of the equipment. How-
ever, currently the LEDs and the circuit are supplied with large sized I-V sources.
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The complete miniaturization and portability would include battery cells for the
whole system and voltage regulators for example.

To finish, we proposed some guidelines to improve the solar cells fill factor which
is currently bad. The main influencing factor is the BOX/substrate interface. One
solution is for example to passivate this interface, but it would require more steps
compared to the current CMOS process. A final goal is to reduce the substrate
thickness down to a few tenth of micrometers and to illuminate the solar cell from

its backside which could be texturized.

As a perspective, we propose to calculate the area of a SOI solar cell array re-
quired to supply complete integrated circuits. As first example, we consider the
complete UV sensor composed of the PIN lateral diode in thin Si film of chapter
2 and the signal processing circuit of chapter 3. The specifications are to supply
27uW which is possible to obtain with the ungated and gated solar cells alone.

For ungated solar cells, the current at the maximal power point is approximately
of 75uA for which the voltage is Viyyax = 0.375V. This would thus require a to-
tal area of 0.26mm? for an irradiance of 1000W/m?. Of course the result can be
adapted for the lower irradiances, i.e. 0.51mm? at 500W/m? and 1.74mm? for in-
door irradiances of 1001W/m?. By using gated solar cells, we will consider that the
frontgate is biased at a positive voltage of 50V to reach its best efficiency, the total
area needed is then of 0.21mm? at 1000W/m?, 0.37mm? at 500W/m? and 1.14mm?
if the illumination is of 100W /m?.

Other specific integrated circuits have been realized and detailed in the literature.
We propose to calculate the area of both type of SOI solar cell needed to supply these
ICs at each irradiance. The chips chosen for this example are firstly two examples
of commercial state-of-the-art microcontrollers (MCU) with power consumption less
or equal to 5mW [1, 2|. The second example is an ULP nearly perpetual environ-
mental sensor with 7.7uW power consumption [3]. Finally, an intraocular pressure
monitor has been fabricated in [4] and its average power consumption is reduced to
80.6nW. Each of them features a chip size of a few mm?2. The table 5.9 summarizes
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the different areas of solar cells for our work and the other applications. They can

be compared to the size of the circuitry for each realization.

Irradiance [W/m?]

1€ Diode type 1000 500 100
This work - 27uW Ungated 0.26mm? | 0.51mm? | 1.74mm?>
(0.5mm?) Gated (QVpg = 50V) | 0.21mm? | 0.37mm? | 1.14mm?>
5mW MCU [1, 2] Ungated 48.5mm? | 95mm? | 3.23cm?
(4.4mm?) Gated (QVrg =50V) | 41.6mm? | 73.5mm? | 2.27cm?
7.7uW Sensor [3| Ungated 0.08mm? | 0.15mm? | 0.49mm?
(5.9mm?) Gated (QVpg = 50V) | 0.07mm? | 0.11mm? | 0.35mm?
80.6nTV Sensor [4] Ungated 782um?* | 1535um? | 5200um?
(3mm?) Gated (QVpg = 50V) | 672um? | 1185um? | 3660um?

Table 5.5: Area of SOI solar cells needed to supply different IC

However, this would imply that the solar cells are always biased at their maxi-
mum power point and that an adequate combination of series and parallel diodes is
possible to achieve the requirements of the supply current of 75uA and voltage of
2V. Sometimes, boost circuits can be used to increase the voltage. The second ap-
pendix describes the use of charge pumps dedicated to solar cell power management

in SOI technology.

At the end, to conclude this dissertation, we have demonstrated the ability of
the silicon-on-insulator technology for embedding optoelectronic components for bio-
environmental applications and micropower solar energy harvesting. On one hand,
the blue/UV photosensors in the thin Si film can reach high responsivity thanks to
its 80nm film thickness and to an adequate choice of anti-reflection coatings. On
the other hand, micropower solar cells can reach efficiencies from 10% to nearly
12% for outdoor irradiances and from 15% to 22% for indoor illuminations when
they are embedded in the substrate which is currently useless in that technology.
Integrated circuits can be designed and fabricated in the SOI thin film and interface
the UV sensors with a current-to-frequency converter. It has been showed that

excellent results were achieved concerning the quantification of biological material
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concentration by UV transmittance with a microsystem consisting in a complete UV

photosensor in SOI and deep UV light-emitting diodes.
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A-1: LIGHT MODELING IN SOI
MULTI-LAYER STRUCTURE

This appendix summarizes the light modeling implementation presented in Afza-
lian’s PhD thesis [1]. The responsivity, as defined from chapters 1 and 2, is the ratio

between the photocurrent and the incident light power and can be written as :

A
R= % A-QI - sor, (5.18)

where A is the total area of the diode, QI is the internal quantum efficiency (see
equation 1.12) and ngo; is the efficiency of the thin silicon layer regarding the whole
structure. The thin Si film efficiency has then to be calculated as a fraction of the
incident light power P;,. To solve the problem, we modeled and simulated mathe-
matically the reflection, transmission and absorption of electromagnetic waves in a
multi-layer multi-material structure as in [2]. Each layer of the structure is defined
by its thickness and refractive index N; as in figure 5.22. The figure represents the
structure of a simple lateral diode in SOI technology covered with one ARC layer
over the Si0, as in figure 2.3.

We assume that the first (layer 0) and the last media (layer 5) are semi-infinite and
that each layer features its refractive index defined by equation 1.3. Then, we can
write a recursive formula to compute the electric fields from medium i + 1 (F;y)

back to medium ¢ (E;) :
Eiy + B = By - €% + Ejpqy_ - e300 (5.19)

Ni- (Bip = Ei) = Nigy - (Bgayy - €00 = Eyqy_ - e7700), (5.20)

where 0;,4 is defined by :

2m
5i+1 = 7 . Ni+1 . di—l—l- (521)
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Figure 5.22: Equivalent multi-layer model for a standard lateral PIN photodiode in
SOI technology with one ARC.

In equation 5.21, d;; is the distance travelled by the waves form interfaces ¢ 4+ 1 to
i, i.e. the thickness of layer i.

Then, following the electromagnetic theory, we can express the average power
of the electromagnetic wave (P,,) as the cross product of the electric and magnetic
fields related to the wave:

Py = 8%R6(EXH*). (5.22)

Now, we can define the light absorbed in a medium ¢ by :
Posi = T; — Tit, (5.23)
in which 7; is the light transmitted in the medium ¢, expressed by :
i 8%{”k—1(|E<k—1)+\2 ~ | By~ *) + Re[Ni_ 25 Im(E -1y - Ee—ry-)]}. (5.24)
Concerning the layer 0, we can define the incident power to the device, P,, by :

Pin = no - |Eoy > (5.25)
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According to figure 5.22, we can write for the efficiency of the SOI film :

Pa S
nsor = (1 — T)%, (5.26)
3

where r is the equivalent reflection of the first layers before the thin silicon film (in
that case, the double-layer of ARC'/SiO3). Py 3 is the power absorbed in the thin
Si film and T3 is the power transmitted into it. Of course, the model can be adapted
for SON and membrane structures by adding the associated different layers since the
model is recursive and allows as many layers as wanted. The same results can be
obtained by ensuring the continuity of electric and magnetic fields at each interface

of the structure according to the Maxwell equations.
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A-2 : ENERGY HARVESTING
CIRCUITS FOR SOI SOLAR CELLS

Power Management Consideration

Even if a solar cell can provide enough power to supply an applicative circuit, an
intermediate circuitry is necessary to regulate a constant supply voltage to the load
for any illumination. A circuit with feedback loop is then required for tracking the
maximum power point on the P-V curve of the solar cell according to the variations
of the illumination and hence supply the load. A typical energy management cir-
cuit is schematized in figure 5.23 and has been designed in classical silicon CMOS
technology in [1, 2]. Our future goal is to design a similar circuit in SOI technology
with integrated solar cells in the silicon substrate.

In this circuit, the voltage of the solar cell is increased by the charge pump to

Charge
s | Pump

Clk
XZ Control | Vvco
1 Unit

MPPT Load

Figure 5.23: Schematic of the solar energy management circuit.

supply a maximum power point tracking (MPPT) unit. The MPPT is an algorith-
mic circuit that senses the output current of the charge pump to determinate if the
solar cell is at its maximum power point or not. The MPPT circuit features two
outputs : the first one is connected to the load, typically a battery cell or a low power
circuit. The second one (Vi/¢o) is provided by an intern voltage controlled oscillator
and is the input of a control unit block. This last circuit generates the clocks for the
charge pump and adjusts the voltage bias of the solar cell if the maximum power
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point is not currently reached according to Vi co.

The Charge Pump

The first stage of this circuit is the charge pump and allows for increasing the voltage
delivered by the solar cells. Of course, the current at the output of the charge pump
is decreased due to the power efficiency of the circuit. The schematic of a three-
phases charge pump (and its clock generator) implemented with MOSFET diodes is
showed in figure 5.24. This type of charge pump has been described in [3, 4] where

D1 D2 D3 Da
—¢C, p— p— )

CLoad

PV Cell —

Vi
= Clock generator

GND

Figure 5.24: A three-phases charge pump architecture implemented with ULP MOS
diodes [3].

the MOS diodes have been realized in ULP technology [5]. The output voltage of
the charge pump is described by the following equation [6] :

N - ]out

‘/ou:‘/;n_v NVm—V _—
' ( D)+ ( D>+f'CLoad

(5.27)

where N is the number of pumping capacitances (i.e. the number of stages), V;, is
the output voltage of the solar cell, Vp is the voltage drop across the ULP diode,
I, is the output current of the charge pump, f is the operating frequency of the
charge pump and Cp..q is the total capacitance at the output node of the charge
pump. For our three-phases charge pump, it implies a maximal output voltage of
Vot = 4 - V;, in the ideal case where the voltage drop across the MOS diode is null
when I,,; = 0.
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Preliminary Measurements

A realization of the charge pump has been fabricated in UCL SOI CMOS technology.
The diodes were implemented by ULP diodes for which the NMOS and PMOS

100pum
2um

transistors yield an identical size ratio of (%) = the pumping capacitances
are (23 = 5pF and ClLeeq = 20pF. The clock generator has not been integrated
on the same chip, we then generated the clock signals with an extern equipment as
described hereafter.

Two ungated solar cells for which L; = 34um, Ly = Lp = 10um and the
area is 0.25mm? for each were connected in series under an irradiance of 100W/m?.
According to figure 5.10 and table 5.1, the total open-circuit voltage is Voo =
872mV and the short-circuit current is 25uA. For their total size of 0.5mm? and the
efficiency of 15.5%, the power at the maximal power point is of 7.7 and is achieved
for Injax = 14.3pA and Viyax = 540mV as observed during the characterization.
The power provided by the solar cell was plotted, relatively to its maximal value, as
a function of the load current of the charge pump in figure 5.25.

Two cases are illustrated : the solar cells alone (continuous line), for which the
maximum is obtained at I1,,q = 14 A as measured, and the solar cells connected to
the charge pump without any clock (dashed line) for which the maximum is obtained
at Ir,.q = 12 A. For the second case, one can observe the weaker power delivered by
the solar cell and the negative shift of the maximum which corresponds to a positive
delta voltage of 36mV of the maximal power point of the cell (corresponding to a
difference of 21 A).

We then measured the output voltage of the charge pump as a function of the
load current. The clocks were generated externally with an amplitude equal to the
voltage delivered by the solar cells at each load current. This way, we emulate a
perfect ring oscillator for which the frequency of the clocks was fixed to 10M H z.
The current provided by the clock generator was determined experimentally to be of
450nA at I1,,q = 0A but is supposed to increase with a rise of the load current. The

figure 5.26 summarizes the voltage gain (continuous line) and the voltage magnitudes
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Figure 5.25: Measurements of the relative power of the solar cell alone (continue line)
and connected to the charge pump (dashed line) as a function of the load current.

at the input (doted line) and output (dashed line) of the charge pump.

Currently, the voltage gain for I;,,q = 0 is 2.88 and is equal to 1 for a load
current of 10.5uA. However, due to unknown currents injected by the clocks, it is
actually impossible to quantify the efficiency of the charge pumps. According to
equation 5.27, we can deduce at I;,,q = 0 that the average threshold voltage of the
ULP diode is of 230mV. This large value is due to a preliminary design that do
not take into account the influence of the source-backgate voltage. Indeed, it has
been showed in [7], that the ULP diodes yield a different I-V characteristic according
to the backgate voltage referred to the source of the transistors. It would then be
possible to reduce considerably this threshold voltage and hence reduce the leak

current of the transistors.

Conclusion

The benefit of a charge pump is of course an elevation of the voltage to supply CMOS
circuitry which needs voltage values around 2V in the UCL SOI 2um technology.
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Figure 5.26: Measurements of the evolution of the voltage gain of the charge pump
(continue line) and of the voltage magnitudes of the connected solar cell (doted line)
and of the output of the charge pump (dashed line) as a function of the load current.

Nevertheless, the diodes have to be carefully designed to maximize the efficiency

of the charge pump in order to feature an adequate voltage gain while keeping a

sufficient load current.
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A-3 : LOW TEMPERATURE
MEASUREMENTS

In collaboration with the Centro Universitario da FEI in Brazil, low-temperature
measurements were performed on the lateral PIN diodes in both SOI thin film and

substrate in the range from 100K to 400K.

UV Photodiodes

According to publications [1, 2|, the UV photodiodes have been measured for both
dark and illuminated characteristics. Concerning the dark current, a straight de-
crease of four decades has been observed for a temperature decrease from 400K to
100K as well for reverse as for positive voltages. A slighter decrease is also observed
for the illuminated characteristic. The main advantage is a higher signal-to-noise
ratio and thus an increased responsivity for the photodiodes at lower temperatures.
According to the Atlas simulation, the reduction of the total photocurrent is due to
bandgap narrowing at low temperatures while the rise of current at higher temper-
atures can be explained by the doping and temperature dependency on the carrier

lifetime.

Solar Cells

The main figures of merit of the ungated solar cells (Is¢, Voo, F'F and 1) have also
been studied along a temperature range from 100K to 380K . The open-circuit volt-
age increases with a lowering of the temperature as predicted in the literature while
the short-circuit current also decreases with the temperature due to recombination
the intrinsic region. As a matter of power, Py;4x also increases at lower temper-
ature which can be explained by the larger carrier mobility. Finally, an increase
of the fill factor is observed below 250K that can be related to an increase of the
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parallel resistance and thus a reduction of the surface recombination velocity at the

BOX /substrate interface.
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