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PREFACE

Light emission from silicon has received growing interest in the past decades.
The main reason is the possible integration of light emitters with silicon chips,
which would add significantly new functionalities to the modern ICs, e.g. the
optical interconnects are being investigated as an outstanding solution to the
interconnects bottleneck posed by conventional metal lines. Next, in the field
of silicon-based sensors and actuators, a silicon light source would be prime

for realizing reliable, inexpensive and high yield devices.

This thesis brings up new facts on the integration capability, photochemistry,
and properties of the prototype devices based on the light emitting diode
antifuse. The chapters are arranged with increasing level of sophistication.
The fist chapter also reviews the current trends of the research on silicon light
emitting devices. The last chapter extends the reach of the thesis to two new

types of devices, which emit efficient near infrared photons.

The work presented in this thesis is the result of four years’ work by the
author, cartied out at the Semiconductor Components Laboratory, MESA"
Research Institute, University of Twente. It has been four years that seems to
pass by incredibly fast. It is four years of joy, delight, sadness, homesick as
well as many other positive and negative feelings. They, however, have been
along with the completion of this work. The thesis would of course be
impossible without help and guidance from many colleagues and friends. I
would like to acknowledge with gratefulness to all of you who have supported
by one way or another. My heartily thanks are to specifically dedicate to:

e Prof. Hans Wallinga, my first promotor, he has been very supportive

and always found response to my research related problems.

e Prof. Albert van den Berg, my second promotor, his enthusiasm in the

development of my topic “nanolamp” has encouraged me a lot.

e Dr. Jisk Holleman, my daily supervisor. Jisk is the reason for the
beginning of all, my arrival to the Netherlands. The work in this thesis
involves greatly with his ideas and experiences. Thank you, [isk!
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Prof. Pierre Woerlee, his profound knowledge on IC-technology was
so important to our work. His inspiring encouragement is a quality

that I learnt.

Prof. Nguyén Ptc Chién, my teacher since days at university and
ITIMS in Hanoi. His role is extremely important in the development

of my career.

Vincent Houtsma and Nader Akil, the ones who shared this project
and contribute a great deal to this thesis. I would like to thank Nader
for allowing me to use his work in chapter III. Victor Zieren and Dick
de Mooij for their help with spectral measurements in Philips Nat.
Lab, FEindhoven; Erwin Berenschot and Niels Tas for their

cooperation on the success of chapter VI.

Tom Aarnink and Ton Jenneboer, our technicians. Besides, Tom is a
good friend to the Vietnamese community in Twente and he is very

considerate on problems related to ITIMS.

Anton Hollink and Sami Musa for lending the Instrument Systems
Spectro-320 spectrometer, without their help chapter VII would not

have been possible.

Arie Kooij, Bert Otter, Gerrit Boom, Rico Keim, Mark Smithers, and
all other MESA™ Clean Room staffs. Without you, nothing can be done!

Svetlana Bystrova, Natasa Tosic, André Hof, Cora Salm, Alexey
Kovalgin, Jay Kolhatka, Zichun Wang, Radko Bankras, and other

colleagues that shared with me the nice working atmosphere on v/er 3.

Marie Christine, Cor Bakker, Frederik Reenders, Joke Vollenbroek,
Marcel Woeusthof, Henk de Vries, Annemiek Janssen for their
administrative, computer, financial, technical, direct and indirect
supports. Marie Christine is acknowledged for her cheerful smiles,

which were so precious.

My Vietnamese fellow friends, Nhu Toan, Hoang Viét, Lé Kim, Van
Anh, Van Hiéu, Duy Hién, Quang Vinh and many others in Twente,
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Amsterdam, and Delft. Their presence has made my life easier and
more enjoyable. I can speak to them the language that best describes
myself. Playing and having fun with you is the memory that I will

never forget.

e My close friends Tuin Hai and Quynh Chi for their regular emails that

cheered me up all the time.

e Many friends on second floor of Calslaan 1, where I sheltered for the
last 4 years, for the social interaction, discussions, and cultural

exchange, among them are Laura, Nicolae, Irwan ...

I express the deepest thankfulness to my sister Thanh Truc; she has been the
link between my family and me during those days that I am away. She is also a

great friend and advisor to me. Sister, you are awesome!

To my parents L€ Mong Chén and L& Thi Huyén, it is my utmost love and
gratefulness. They are the first creator and therefore the owner of everything I

achieve. Mum, Dad, you are the greatest!

Last but most beloved, thanks are to my wife Thuy Ha for her love and
faithfulness to me. Her presence during the completion of the thesis has
made such a difficult task much less stresstul. You are wonderful, darling!

During the preparation, a lot of efforts were made to make this thesis a good
piece of work, however small errors and mistakes are unavoidable. I would
appreciate very much any report from you. Finally, I hope you have the

courage to go through the thesis!

Enschede, 26 December 2002

Le Minh Phuong
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Chapter 1

INTRODUCTION

This thesis is dedicated to the study of an 1C-compatible
light emitter for sensor and actuator applications,
particularly in  integrated  miicro-chemical  systems.
Nanometer-scale ~ light  emitting  antifuses  have
demonstrated to be a candidate regarding efficiency, size,
and fabrication ease. 1C-compatible means that the
device is realized on  silicon wafers with silicon
technology.

In this introductory chapter, a few vital points about
silicon are discussed which clarify why it is difficult to
enhance light emission in silicon material. It is also
argned why a silicon light emitter, fabricated with silicon
technology, is wvery much desired. Secondly, different
approaches and successes (to some extent) by groups
worldwide on matking light sources in silicon are briefly
described. The following section is the motivation that
has triggered this research. The structure of the thesis is
explained in the final section.



2 Introduction

1.1 Introduction

L.1.1 Crystalline silicon material
Physical [1]

Silicon crystallizes in the diamond structure, which consists of two
interpenetrating face-centered cubic lattices displaced from each other by one
quarter of the body diagonal. In semiconductors with zinc-blende structure
such as GaAs, the Ga and As atoms lie on individual sub-lattices, thus the
inversion symmetry of Si is lost in II1I-V binary compounds. This difference in

their crystal structures underlies the dissimilar electronic properties of Si and
GaAs.

F

A =100+ :
! 4

{HY (000} Rasad - Fri { 100}

Figure I.1-1.  Dispersion relations for the
energy E(&) of an electron or hole versus wave
vector length in the first Brillouin zone of
silicon (after [2])

The energy band structure, in semiconductor in general, and Si particularly, is
derived from the relationship between energy and momentum of a carrier,
which not only depends on the crystal structure but also on the bonding
between atoms, their respective bond lengths, and the chemical species. The
band structure is often quite complex and can only be calculated theoretically.

Figure 1.1-1 shows the dispersion relations for the energy E(£) of an electron
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or hole for wave vector length in the first Brillouin zone [1]. E(k) has maxima
or minima at the Brillouin zone center and zone boundary symmetry points,
but additional extremes may occur at other points in the Brillouin zone. The
valence band structure is much the same for many semiconductors and
exhibits a maximum at the Brillouin zone center or I point (i.e. at £=0). In
the case of Si the lowest point in the conduction band occurs away from high
symmetry points near the X point at the Brillouin zone boundary (along
<001>). The bandgap of Si is the difference between this point and the
valence maximum at point I'. Because these two states have difference wave

vectors, Si is termed an indirect bandgap semiconductor.

On the other hand, in GaAs the minimum in the conduction band occurs at
I' point which means that the transition can take place directly at £=0
between initial and final states having the same wave vector. The electron-
hole radiative recombination in Si can only occur if momentum is conserved,
that is, the excited electron wave vector must be reduced to zero. This, in
pure Si, happens via the transfer of momentum to a phonon that is created
with equal and opposite wave vector to that of the initial state in the
conduction band. Such a two-step process has a low probability compared to

direct gap recombination. This is why Si is such a poor light emitter.

Semiconductor carrier transitions [4]

7 2% ////%
-

Ec

(@) (b) @) (b

S .
////////%////// % //I// A

\ / / \_/
(1) (2) (3)

SELECTRON
OHOLE

Figure L.1-2. Basic transitions in a
semiconductor (after [3])
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The radiation of photons in semiconductors is generally accomplished by the
recombination of carriers across the bandgap. The transitions of carriers, in
both direct and indirect energy bandgap semiconductors, can be classified as
follows. The first category (1) is the interband transition: (a) intrinsic emission
corresponding very closely in energy to the band gap, where phonons or
excitons may be involved, and (b) higher energy emission involving energetic

or hot carriers, sometimes related to avalanche emission.

The second classification (2) is the transition involving chemical impurities or
physical defects; (a) conduction band to acceptor, (b) donor to valence band,

(c) donor to acceptor, and (d) deep levels.

The third class (3) is the intraband transition involving hot carriers,

sometimes called deceleration emission or Bremsstrahlung [2].

1.1.2 Benefits of silicon optoelectronics

Photodetectors, waveguides, wavelength demultiplexers and modulators have
all been realized in silicon-based technology [5][6]. Solving the problem of
low efficiency of silicon-based efficient light emitters would greatly expand
the use of silicon as an optoelectronic material. Direct integration of
optoelectronic devices into microelectronic circuitry with single CMOS
processing would effectively reduce the manufacturing costs and increase
yields. That is because of the avoidance of expensive and exotic compound
semiconductor technologies. Furthermore, “If an all-silicon laser could be
created it would revolutionize the design of supercomputers and lead to new

types of optoelectronic devices...” [8].

1.1.3 Reguirements and potential applications

The general requirements in Si-based light sources are efficient light emitting
diodes, lasers, and optical amplifiers for use in optical communication
technologies such as fiber optics or displays. Operating wavelengths in the
range of 0.45 — 1.6 um (2.8 — 0.7 eV) are needed to cover both full color
displays and fiber optics operating wavelengths of 1.3 and 1.55 um.

Specific applications for such sources include fiber optic transmitters,
optoelectronic interconnects within and between computer chips, optical

controllers for phased-array microwave antennas, information display screens,
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printing elements in xerography, and writing and read-out of optical compact

disk information [1].

In an emerging field of research and development, Micro Total Analysis
System (UWTAS), which is backed by silicon micro-technology, optical
absorption sensors are widely utilized for chemical analysis. This sort of
application imposes relatively less constraints on the light emitter
requirements. It was the initial idea in the beginning phase of this research to

search for a suitable silicon-based light source for applications in WTAS.
I.2 “engineering light out of silicon” up-to-date

It has been exposed that an efficient light emitter in silicon will broaden the
spectrum of products from silicon semiconductor industry. Such a light
emitter might extend the application of silicon as the size limits are
approached. A review on the development of this topic would contribute a
great deal to the philosophy of this thesis. Therefore, in the second part of the
first chapter, we summarize the current approaches, and promising
achievements by different research groups. The classification is established
rather on the technological strategies, including nanoscalization, incorporation

of other elements, and machining modification.

1.2.1 Nanoscalization

Porous silicon

The structural and luminescence properties of porous silicon were reviewed
vigorously in [10]. This form of silicon material has received enormously
intensive study since the proposal in 1990, which claimed efficient visible light
emission out of high porosity structures arose from quantum confinement

effects. The main optical characteristics of porous silicon material are:

® The emission color can be tuned by the pore sizes. Prior to
obtaining efficient luminescence, some “threshold” porosity had to
be exceeded. With 70-80% porosity, there is a rapid rise in
photoluminescence (PL) intensity and a pronounced blue shift of
the PL peak.
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e Surface chemistry of the pore has profound effect on PL intensity,
PL spectra, degradation and the emission quenching process of the

material.

e External PL efficiencies as good as 1% have been achieved. The
reason for the good PL efficiency is not that Si has become a direct
gap semiconductor but rather that the crystallites are defect-free
and well passivated [11].

In [12], an effort was made to integrate porous LED devices with transistor
circuitry. External power efficiency 0.1% and 1MHz modulation bandwidth
were achieved. However, this is just a proof of concept [7], more
improvement is needed, in particular the stability and reproducibility. The
lower efficiency of electroluminescence (EL) compared to PL is attributed to
the difficulty of carrier injection from the contact into the porous Si, and the
poor transport properties of porous Si. The low mobility of carriers in porous
Si is reasoned for the slow switching behavior. The emission line width of this
particular porous Si-LED is rather broad (>100meV); hence an integrated
optical cavity would be necessary. The potential advantage of such a device
lies in the possible integration with microelectronic circuitry, though the
incompatible fabrication method by anodization and the mechanical integrity
still need further improvement. Many research programs were stopped,

however, due to the difficulty of obtaining stable devices.

Nanocrystal

Optical gain in silicon material, in nanocrystalline form, was reported for the
first time in [13], signaling the feasibility of a future true silicon laser [9]. The
densely packed nanocrystals of 3nm in size were embedded in thermal silicon
dioxide grown on silicon wafers by ion implantation and thermal annealing.
The nanocrystals formed a thin layer just below the surface of the matrix
material. The finding was explained by a population inversion of radiative
states associated with Si/SiO, interface. The authors suggested that their gain
was a consequence of the high quality of the silicon nanocrystal-oxide

interface, which has many ‘surface states’ that emit light per nanocrystal.

Consequently [8], Canham has figured out why optical gain had never been

seen in porous silicon that makes the stringent difference between these two
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forms of nanoscale structures. The luminescence process of un-oxidized
porous Si does not involve the surface states, and is very dependent on the
size and shape of the nanocrystals. On the other hand, Pavesi [13] claimed
that very good quality SiO, and Si nanocrystals were needed to observe the
interface level, which in other Si-based systems, e.g. porous Si, is hindered by

interfaces with defects or the low quality of the oxide.

1.2.2 Hybrid approaches
Iron silicide [15]

The first EL device was made and reported in [14]. The approach used was to
incorporate direct-gap iron disilicide in a conventional silicon p—n junction
diode to provide a route for direct radiative recombination. Carrier injection is
achieved conventionally under forward bias. Therefore, the iron disilicide was
introduced at the recombination region adjacent to the p-type side of the
depletion by means of implantation of Fe ions (dose 1x10'® cm™). The
implantation energy was chosen to place the peak of the precipitate
distribution above the depletion region of the silicon p—n junction. The
isolated precipitates produced on annealing are single-crystalline -FeSi,. EL
measurement shows a peak at 1.54 m, but the intensity sharply decreases as
temperature increases from 80K to room temperature. The quantum

efficiency was estimated to be around 0.1%.

This approach is simple and straightforward. It is a direct solution to fiber
optic communication with silicon-based emitters. However, the efficiency still
needs to be improved to about one order of magnitude larger. To do that, the
dispute over the nature of the band gap: direct or indirect, should first be
worked out, though photo-luminescence at a wavelength of 1.5 llm has been
observed in this material and has been argued to be band-edge-related

luminescence from the B-iron disilicide.

Europinm Silicate

In 1999, J. Qi et al. reported the “Electroluminescence of europium silicate
thin film on silicon”[16]. The light emitting active layer was a 2-[lm thick, RF-
sputtered europium silicate film sandwiched between two electrodes, a p-type
silicon substrate and top transparent I'TO layer. The material analyses indicate

that the silicate film is a uniform film of nanocrystals (sizes of 9 nm)
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containing EuSiO; and EuSiO,. Although oxygen took up 61% in relative
concentration of the film, its origin was not clear. Injected carriers bound at
the europium centers recombine and give energy to Eu*" ions. These ions
consequently emit light through the (4f)°(5d)*—(4f)" transition. Europium
silicate is an insulator, thus a large voltage is required for the EL. The external
quantum efficiency was also estimated at 0.1%. The spectrum shows a peak at
560nm, and a broad structure covering nearly the complete visible range (400-
800nm). Modulation of the EL signal was succeeded up to one MHz and
probably limited there by the fluorescent decay time of the Eu”" ions.

The advantage of this device consists of potential display applications due to
possible large area uniformity and simple fabrication. It suffers the same
disadvantage of low efficiency, Us switching time, not to mention the high

operational voltage of a few tens of volts.

Erbium doped [17]

Implantation of erbium in different matrix materials is the main fabrication
method for incorporating this rare earth element, which emits a standard
telecommunication wavelength at 1.54 Wm by Er’" intra-4f transitions. In
crystalline silicon, the equilibrium solid solubility of erbium is so low that
non-equilibrium concentration is necessary. EL devices were fabricated with
an emission peak at 1.535lm; in reverse bias breakdown, emission was far
more efficient than in forward bias. The mechanism of emission in reverse
bias was impact excitation of Er’" by accelerated electrons across the
junction. Much more details on the electroluminescence of erbium-dope
silicon is found in [18], where it was concluded that optimization of the role
of the ligands, such as oxygen or fluorine, in the excitation and back transfer
processes, through band-gap states, crystal field engineering or coupling to

the lattice, would be the pathway to increase the quantum efficiency.

1.2.3 Micro-engineering

Dislocation loop arrays

In this VLSI compatible approach [19], boron implantation was used to
simultaneously create a p-type doing region as well as dislocation loops. These
loops are supposed to introduce a local strain field, which modifies the band

structure and provides spatial confinement of the charge carriers. This elegant
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approach implies a strategic idea, which aims at reducing the efficient non-
radiative recombination route and enhancing the radiative one. The EL
spectrum peaks around 1.13—1.16 pUm. The intensity increases up to room
temperature, which is a remarkable advantage over other silicon light emitting
systems. This was explained again by the spatial localization of radiative
carrier population that is confined and separated from any temperature
dependent non-radiative process, thus luminescence quenching is eliminated.
This device also has 0.1% quantum efficiency, but according to the author,
the efficiency can be improved to comparable value of compound

semiconductor LED device.

This bare silicon approach, on the one hand, does not give an optical fiber
wavelength which is a disadvantage, but on the other hand, if its response
time goes to the s regime instead of presently tens of i, the device will be

capable of short range interconnect regime or on chip interconnection.

Solar cell technology

Making use of textured solar cell technology, a breakthrough in improving
efficiencies of silicon LEDs has been recently achieved by M. Green [20]. The
improved devices were diodes with a special arrangement of junction location
to reduce non-radiative recombination rate, and texturing the device top
surface with inverted pyramids, formed by anisotropic etching to expose
(111) crystallographic planes to increase the absorption of weakly absorbed
wavelengths. The latter is the major contribution to the improved
performance of the device. According to their report, the device is most
efficient at 200K but still gives approximately 1% power conversion efficiency
at room temperature. The emission peak follows the temperature dependence

of the silicon bandgap.

L.2.4 Summary

It goes without saying that a lot of progress has been achieved in the pursuit
for a true silicon light emitter. Many obstacles have been tackled, especially
the improvement of emission efficiency. Solutions to fiber optic silicon light
sources have also been dealt with, though a silicon-based display seems more
likely in the near future [16]. The orientation of the research ahead will
probably focus on a fast switching device so that high frequency modulation

is possible, in combination with higher efficiency; these favor a silicon laser.
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I.3 Nanometer-scale light emitting diode antifuse [21]

The light emitting diode antifuse is a spin-off from its predecessor — the linear
antifuse — that was employed in Programmable Low Impedance Circuit
Element (PLICE)[22]. It is fabricated by electrically induced breakdown of a
thin insulator layer sandwiched between two electrodes. This approach was
also further investigated in Diode Programmable Read Only Memory
(DPROM)|23]. The distinguished difference of light emitting diode antifuse is
the heavily doped electrodes that effectively lowers the threshold voltage for

photon emission.

As previously mentioned, the objective of this research, proposed in 1998, is
to investigate different properties of nanometer-scale light emitting diode
antifuse, purposely aiming at applications in Micro Total Analysis System
(WTAS). This device has the advantages of tiny size, low power consumption,
CMOS compatibility, and simplicity. The thesis contributes to the scientific

understandings of this device on the following aspects.

Source that is small in sige

The physical size of the antifuse strongly depends on the capacitor size, the
insulator thickness (silicon dioxide in this case), the oxide quality, and the
programming procedure. The magnitudes of the programming currents are
likely to influence the quality of antifuse rather than the physical size (chapter
II).

Higher efficiency

Due to the tiny size of the antifuses, a very high current density could be
achieved at the junction, which mediates the higher probability for optical
transitions. Small sizes also mean easier collection of emitted photons due to

the confined spatial distribution (chapter III).
Compatibility

The antifuse device is entirely fabricated with a CMOS-compatible process on
silicon material. For research purposes, simple device structures are

manufactured with two masks.
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Sensor, actuator and UTAS

Emitting light within entire visible range (wavelengths of 400 to 900 nm), the
device under operation can be seen with the naked eye in semi-dark
condition. The intensity of near UV photons images itself on the UV sensitive
photoresist. Proposed applications of this device were in sensor and actuator
tields and would be demonstrated in chapter IV, V, and VI of this thesis.

1.4 Thesis outline

In this thesis, properties and possible applications of nanometer-scale light
emitting diode antifuses have been studied. The understanding of electrical
properties, electroluminescence, and structure of the diode antifuses have
been enhanced, along with the clearly proven applications in the field of
sensors and actuators. The avalanche breakdown emission, however, has
limitations in further efficiency improvements because it involves the
multiplication of carriers and a threshold voltage. The efficiency of the active
silicon light emitters is therefore another subject discussed in the end of this
thesis.

In chapter II the fabrication, structure and electrical properties of the antifuse
are discussed. The simple capacitor structures, which are the semi-
manufactured devices for antifuses (later called pre-device), can be easily
fabricated. The formation and final form of the antifuse device is exposed
with destructive methods such as selective etching and Transmission Electron
Microscopy (TEM). The electrical behaviors are measured with deliberate

comparison to standard silicon diode.

Chapter 111 is dedicated to the discussion on electroluminescent properties of
the antifuse. The spectra of the emission has been recorded and modeled.
The emission in forward bias of the lowly doped substrate devices is also

mentioned with some interesting facts.

In chapter 117, ultra-violet emission from the antifuse is utilized for conduction
of a photochemical process. CMOS standard photoresist has been the
medium for the demonstration of photochemical reaction. It is also proposed

as a reliability testing method based on this phenomenon.
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Chapter 17 deals with a demonstration of an integrated silicon system called
silicon opto-isolator. The system consists of a light emitting diode antifuse
and photodiode detector. The structure gives an overall electrical efficiency of
1.10°, which is a clear evidence of improved performance of light emitting

diode antifuse compared to other breakdown emission silicon devices.

In Chapter 171, the enhanced version of the device discussed in the previous
chapter is described. The integrated channel sandwiched between the emitter
and the detector transforms the system into a novel microfluidic device with
capabilities of a microchemical system, e.g. controlling or catalyzing chemical
reaction in the hollow channel with the antifuse, and detecting the process
with the integrated detector. Experiments on the channel have been carried
out e.g. the influence of the channel medium has been detected on the signal

from the emitter.

Chapter 11l demonstrates two approaches to the efficiency improvement of
the silicon light emitting process in forward bias. The devices fabricated have
shown quantum efficiency comparable to that of primitive compound
semiconductor LEDs. The possibility of fast modulation of the silicon emitter
can be implemented thanks to the fabrication on Silicon-On-Insulator (SOI)

wafer, explicitly the suppression of slow carriers diffusion.
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Chapter 11

THE DIODE ANTIFUSE

The fabrication of diode antifuses and its formation by
electrical fusing and programming is described. The
diode antifuse is researched on two main aspects: the
electrical properties and the morphology. 1t is proven
that the breakdown in our samples is mainly hard
oxide breakdown. The antifuse junction shows improved
quality with higher power programming current. The
reverse breakdown mechanism mixes both Zener and
avalanche. Destructive methods such as selective etching
and Focused Ion Beam combined with Scanning and
Transmission Electron Microscope have been used to
investigate the physical structure of the antifuses.
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I1.1 Introduction

An antifuse is a conductive link with a size in the nanometer range created by
electrical breakdown between two electrodes separated by a thin dielectric.
The creation of an antifuse is by fusing, which uses charge to breakdown
Fowler-Nordheim tunneling current to stress the oxide. The antifuse being
investigated in this research is fabricated from thin oxide capacitors with
oppositely doped polyctystalline and/or monoctystalline silicon electrodes
and has properties of a diode.

In CMOS technology, oxide breakdown is an important process reliability
subject because it limits the yield and reliability of circuits. In consensus, the
oxide breakdown phenomenon has been attributed to the positive charge
build-up in the region near the injecting, cathode interface. The source of the
positive charge is different for the thick and thin oxide thickness regimes [1].

This fusing method has been utilized in the fabrication of Programmable Low
Impedance Circuit Element (PLICE) [2] and Diode Programmable Read
Only Memory (DPROM) [3]. It has offered significant improvements in size
and performance of those devices. Using this technique, the creation of small
structure, approaching nanometer range, is possible. The main advantage of
this electrical fabrication procedure is its technological ease and simplicity.
Semi-manufactured devices are created with CMOS technology on standard

wafers that allow mass production.

As it is an unconventional way of device fabrication, the technique also
suffers from a few drawbacks. The devices that are made by this technique
have a quality dependent on the pre-device (the capacitor), namely the oxide
quality, the “weak spots” introduced during manufacturing. These could lead
to the difficulty to control the formation of the antifuse. The sizes of the
antifuses may be different giving discrepancy in other properties. The location
of the discrete device is not predetermined within the size of the pre-device.
Thus the relative localization of antifuses, especially light emitting antifuses, is

desired in order to bring them into applications.

In this research, the fusing technique demonstrates itself as a new technical
approach. The technique can be used for fabrication of both optical and

thermal antifuses. The research brings new and interesting knowledge but it is
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obviously a challenging work. This chapter will first discuss the fabrication of
the antifuses. Their electrical properties and morphology are treated in the

followed sections respectively.

I1.2 Antifuse fabrication

Device realization details

First, the so-called pre-device, which are silicon dioxide capacitors, had to be
produced [5]. They were realized on lowly (10'%m™) and highly (10”cm?)
doped p-type silicon substrates. First of all, a layer of 60 nm SiO, called field
oxide for isolation purpose was thermally grown. Active areas of different
sizes were then opened by the first photolithography step and etching. In
these areas, a thin oxide of 6 to 8 nm was thermally grown in diluted oxygen
ambient (O,;:N,=1:7) for 4 min at 900°C. To form the top electrode, a 300
nm thick poly-silicon layer was deposited in a Low Pressure Chemical Vapor
Deposition (LPCVD) tube. This layer was subsequently implanted with P* at
50 keV, at a dose of 8.10"cm™. The implanted phosphorus was activated at
900°C for 30 min in a furnace in a N, ambient. The devices made on lowly

doped substrate were fabricated purposely as a reference.

(M

Capacitor

Poly-
Top electrode

Substrate electrode

Si / poly-Si
Programming @)
Antifuse window procedure .
50r 10 um Antifuse
—>

Si [ poly-Si

@) ()

Figure 11.2-1. Fabrication process of a simple
antifuse

The following capacitor structures for antifuses were realized and studied:

e DPolysilicon/ SiO,/ monoctystalline Si (chapter II, ITI, IV)
e DPolysilicon/SiO,/ polysilicon (chapter V, VI)
e DPoly GeSi/SiO,/ monoctrystalline Si (chapter IT)
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Programming procedure

Oxide breakdown is named after the method used to bring about the
breakdown. Charge to breakdown (Q,) was employed in our research. A
fixed current (|l |=1uA) is forced through the oxide in the Fowler-Nordheim
tunneling regime and the voltage is monitored. When the voltage suddenly
decreases, the oxide is considered to have failed. The dissipated power at

breakdown is the energy conserved energy dissipated energy

for the formation of the
link (right picture, after
[4]). Discharge of the

parasitic capacitance from

voltage

1/2 CVv2
1/2 CVv2 .
dissipated at
breakdown

the measurement setup

was controlled through a 1M series resistor (Figure 11.2-2) connected close
to the probe needle to ensure low power breakdown [5]. When the gate has
negative bias, it is called “gate injection”, and thus “substrate injection” for
negative bias on the substrate. Subsequently, predetermined post breakdown
programming currents [, which are larger then the initial discharge cutrents
during breakdown, were applied to stabilize the link structure by heating it up

to the melting point of silicon.

R=1MQ
—
C t=RC | 1
—— _out
7777

Figure 11.2-2. Controlled breakdown setup

The antifuses have been formed on the previously mentioned three
structures. Figure 11.2-3 below displays their respective spectra. It is obvious
that tiny light emitters can be easily fabricated on structures with different
materials. However, if antifuses can be created in combination with a direct
bandgap material on a silicon wafer by IC compatible processing, it may find

immense applications given that the quantum efficiency is improved.
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Figure II1.2-3. Emission spectra of different
structures

I1.3 Electrical properties

I1.3.1 Pre-device characterization

The quality of oxides can generally be assessed by a few characteristic
measurements, such as capacitance voltage method (CV)(Figure I1.3-1),
voltage ramp, constant voltage stress (TDDB), and charge to breakdown
...[9][10]. For charge to breakdown method, a condition for antifuses to be
realized with reproducible properties is a high quality oxide that conforms to

hard breakdown within a narrow range of 0, (de = L:bd | (t)dtj.

1.04
L\)O
)
051 —-—-HF \
| U —_
a2 0 2 4
Voltage [V]

Figure I1.3-1. Capacitance-voltage characteristic
of a highly doped substrate capacitor, #,=5.6nm
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The gate injection regime produces only a non-linear resistance antifuse
(Figure 11.3-2 right (a)). Substrate injection, on the other hand, produces
diode-like post-breakdown link. This could be explained by the fact that the
discharging power in the substrate injection regime is much larger than that in
the other case. The dissipated power was enough for an antifuse with
rectifying characteristic to form without a further programming procedure.
However, this mode was not employed because it is fairly not controlled and
degrading the quality of the fuse oxide layer that often produce more than
one breakdown link.

. . JE— | post breakdown I-V (a)
i I - post breakdown I-V (b)
104 : 1E-64 \
i 1 :
o 54 = 1 -
> c
8 £1E-10{
o >
> L (@) 1
04 (a) gate injection ]
—rmes (b) substrate injection I
3
T T T 1E-14 T T T
0 15 30 45 -2 0 2
Time to breakdown t_ [sec] Voltage [V]

Figure IL.3-2. Time to breakdown|ls|=1,uA

(left), post breakdown current voltage curves
(right); gate injection regime (a), and substrate
injection regime (b)

In Figure 11.3-3, we plot a post-breakdown resistance value of the breakdown
link against the discharging energy. The R, and €;,. have been defined
according to reference [0]

— qu] Ehisc = Scapcox(vg? -V )/2 1
Rl =114 y M

In which, S, - capacitor size, C,- oxide capacitance, V, V- instant

voltages prior and post to the breakdown respectively. The relationship, of
the form R, ~ &4o, proves that hard breakdown is the dominant occurrence.

This conclusion was drawn based on the fact that soft breakdown regime

would give a random distribution when plotted on this graph [6].
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Gate injection
m 1.0[Alcm’
A 0.5 [Alcm?]

Post-breakdown Resistance R [MQ]

10__ / Rbd - Edisc-
1T,=56nm
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1E14

Discharging Energy ¢

disc

Figure II.3-3. Post-breakdown resistance K,
versus discharging energy &,

11.3.2 Antifuse current voltage characteristics

Junction gquality

As discussed in section II.3.1 gate injection is used for creating the
breakdown. The antifuse is then formed with a programming procedure. It is
shown in this subsection that the quality of the antifuse junction is
comparable to that of a standard manufactured highly doped p*-n" junction.

The reverse leakage currents are in the nanoamperes range. The junction
ideality factor » [8] (Jf ~ exp(q%kTD has been calculated to be around 2.2

for devices programmed with | ; =10mA.

3.5 5
1E-4] - (b)
z § 3.04
= (8]
= 3 8
g 1E-94 >
s 1 \Wf 1V after | =1[uA] T 2.5
————— 1-V after | =100[pA] o
- - —I-Vafter |.=1[mA]
— |-V after .=10[mA]
1E-14417 : 20 , !
-4 0 4 1E-6 1E-5 1E-4 1E-3 0.01
Voltage [V] Programing current [A]

Figure I1.3-4. I-V characteristics measured after
cach programming current; arrow indicating
less leakage at higher programming currents (a);
Junction quality by ideality factor calculation (b)
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In Figure 11.3-4 (a) and (b), it is cleatly seen that with higher programming
current (more power), the leakage current largely decreases which is a
significant indication of the improved junction quality [8]. Due to the tiny size
of the link, the current density can be extremely high up to 10° A/cm” and the
melting of material at the link can be reached. The opening in the oxide will
act as the geometrical size of the antifuse diode, and current flows only
through this opening. The real junction where n-type silicon meets p-type
silicon is hard to determine. It depends very much on the diffusion of
impurities during the melting stage. However, the active region for radiative
recombination is supposed to confine closely to the location of the oxide

breakdown.

Temperature dependent characteristics

76

110 T T T
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0.014 (b)
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Figure I1.3-5. Diode antifuse temperature
dependent characteristics of the reverse current
(a); reverse current at 1/, =1V versus substrate
temperature (b), straight line designates the
temperature dependence of intrinsic carrier 7,

the activation energy for the leakage current is
0.55eV

For a silicon diode, a space charge region extends in reverse bias. The increase
of the leakage current is due to the generation of electrons and holes within
the depletion region. The main processes that take place through intermediate
level centers are only emission processes [11]. The diode antifuse resembles
that of a standard junction. In Figure 11.3-5(a), the temperature dependence
of the reverse currents is shown. It is clear that temperature does not
influence much the breakdown voltage, which implies a mixed breakdown

mechanism, i.e. both Zener tunneling and avalanche breakdown are present.
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Furthermore, this can also be confirmed because the breakdown voltage (17
=5.3V) lies between 4E;/q and 6E;/q[8]. The temperature dependence of

the reverse current has the same dependence as the intrinsic carrier

concentration #; which highlights the increased role of generation mechanism
_ gnWA,

27,

with higher temperaturel (¢ —electronic charge, W~ junction

depletion width, Z—effective lifetime within a reverse-biased depletion region,

and A~ cross-sectional area of the junction).

I1.4 Antifuse morphology

Due to the destructive nature of the fusing technique, it is important to
understand the structure of the resulting device subsequent to its formation.
The mechanism of thin silicon dioxide capacitor breakdown, as mentioned in
a previous section, is sophisticated. The understanding of this phenomenon is
essentially based on statistical approach. The complication grows with the
thinner dielectric layers. To this specific case, a simple approach by using
different imaging techniques has been implemented. The particular results

give a physical image of the event.

Mag=10000KX FH——

Figure I1.4-1. Image of the antifuse size in the
thin oxide observed by SEM (oxide thickness
5.6nm, programming current 10mA) after
TMAH etching; the light gray square around
the darker hole is due to the etching of Si along
the {111} planes
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Selective etching with TMAH for SEM

The size and shape of an antifuse Antifuse size

can be determined by selective
etching between silicon and

silicon dioxide. If silicon can be - =
etched very selectively, the Q\\\

opening in the oxide can be

preserved so that measurements  Silicon Substrate

for antifuse sizes are possible.

Selective dry etching using Chlorine radicals has been used for gate dielectric
breakdown spot determination [13]. The advantage of this technique, claimed
by the author, is that Cl radicals do not etch SiO,, which allows very high
selectivity. However, comparable selectivity can be obtained much easier with
wet etching using TMAH (Tetra Methyl Ammonium Hydroxide) solution.
The tuned concentration and temperature of the TMAH solution to obtain
the best Si/SiO, selectivity ratio has been teported in [14]. For this
experiment, our sample was etched in a 10-wt% (weight percentage) TMAH
solution for 10 min, at 60°C and which corresponds to an oxide etch rate of
5nm per hour. This slow etching on oxide guarantees almost no damage to
the morphology of the feature. The Scanning Electron Microscopy (SEM) is

then used to image the sample (Figure 11.4-1).

TEM image

For TEM obsetvation [15], a membrane [Fr=g

of less than 100nm thick must be
produced. Our sample of the antifuse
structure was prepared by Focused Ion [
Beam (FIB) technique. First, the [5§
specimen piece containing the region of membrane

interest was shaped with a dicing saw.

trench

The sample was then glued on a grid by
conductive paste. This was later mounted [
onto the stage of the FIB system. FIB e =
operation is begun when the pressure reaches lO5 mbar or better. As the
antifuse was created by electrical means, the location of the antifuse would be

random within the capacitor square of 10X10um® The exact location of the
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antifuse was determined by photoresist imaging (chapter IV). A thin line of
platinum (Pt) is then selectively deposited across the feature location for
protection reason. Next, high beam currents are used to mill trenches on
either side of the Pt line. The membrane is obtained by successive fine cuts
with less ion beam current. The specimen can then be transferred to the
Transmission Electron Microscopy (TEM). Figure 11.4-2 shows a poor quality
example of the programmed antifuse device. An opening in the thin oxide is
cleatly seen and the material around this opening has been molten. The oxide
layer is deformed and pushed towards the anode. This can only be explained
by further investigation, however it is clear that as the molten volume cooling

down deformation is induced in the structure.

6nm SiO,—»

Figure 11.4-2. TEM micrograph of a highly
destructive breakdown area

Discussion

An antifuse structure postulated here is similar to the structure model
proposed in reference [12], which published the first TEM micrograph of
programmed antifuse on oxide nitride oxide (ONO) dielectric stack. The
programming current produces a sufficiently high temperature to melt the
silicon and the dielectric over a small volume centered at the point of
breakdown. The dielectric film breaks up into a loose network and protrudes
towards the anode, probably due to either the drift momentum of the
electrons in the molten silicon or the ejection during the recrystallization

process.
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The sketch is further supported by the realization of poly-GeSi [10] gate
antifuses with a spectrally resolved spectrum displayed in Figure 11.4-3. The
argument is established on the fact that the large direct energy gap of indirect
bandgap materials correlates with the radiative direct interband recombination
mechanism [16]. The distinct difference in the high-energy region of the
emission spectrum of this antifuse compared to the silicon antifuse evidences
the role of Ge in the photon generation process; explicitly the bandgap energy
of the material in the emissive region has changed due to incorporation of
Ge. The lower energy cutoff in Figure 11.4-3 indicates that the antifuse was
formed with GeSi properties. The more incorporation of Ge in Si, the smaller
the direct bandgap is [16].

1E-114
1E-124
3 3
= ]
2 1E-135
c 1 i
£ |
E ] ol
1E-144  — — — poly-Si/Si antifuse Yy
poly-GeSi/Si antifuse
1E-15 ; .

15 2.0 25 3.0
Photon energy [eV]

Figure 11.4-3. Comparison of Si antifuse and
GeSi antifuse spectra

I1.5 Conclusions

Diode antifuses have been fabricated and characterized. It is proven that hard
oxide breakdown is the main occurrence in these samples. The electrical
properties of the antifuses are comparable to conventional silicon diodes. It
has been shown that the structure of the antifuses is fundamentally a tiny link
formed at the location of the oxide breakdown. The quality of the device is
strongly dependent on the power of the programming currents. The reverse
breakdown mechanism mixes both Zener and avalanche. Destructive
techniques such as selective etching and Focused Ion Beam (FIB) have been

used to image the morphology of antifuse structure.
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Chapter I11

ELECTROLUMINESCENT
NANOMETER-SCALE DIODE
ANTIFUSE

Electroluminescent  spectra  of  nanometer-scale  diode
antifuses were measured in reverse and forward bias. A
previously published multi-mechanism model for light
entission under avalanche condition from a conventional
silicon  p-n  junction is  applied to  fit  the
electroluminescence (EL)  spectra  for reverse-biased
silicon diode-antifuses [10]. The results show that the
light emission from reverse-biased diode antifuses under
breakdown is caused by the same phenomena as in
conventional p-n_junctions. Forward-bias spectra of the
diode antifuses show different shapes when lightly or
highly doped p-substrates are used, but both show a
maximum intensity in the infrared region. The forward
biased EL intensity in the visible wavelength range of a
lightly doped p-substrate is increased by about two
orders of magnitude compared to a highly doped
substrate device. This visible emission is attributed to
the Fowler-INordheim tunneling curvent through the
Si0;, enabled presumably by electron capture at SiO:
trap levels and intraband transition of hot electrons
injected into the Si bulk.
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IT1.1 Introduction

The desire for integration of efficient light emitting devices onto Si-based
chip has been readily explained in chapter I of this thesis. Optical sensors &
actuators, inexpensive optical displays and high speed optical interconnections
are the potential applications. The low efficiency of the photon emission, due
to the indirect bandgap of silicon, limits the development of silicon light
sources. Research has been carried out to tackle this problem. Yet there is, at
present, not a simple way to integrate efficient light sources with silicon
microelectronics. More investigation is therefore necessary for the realization

of truly efficient silicon-based light emitters.

In this chapter, we investigate and explain the origin of emitted light from
nanometer-scale diode antifuses. Due to the small dimensions, an antifuse
behaves as a point source with moderate power consumption. At the same
time, the CMOS compatible fabrication makes antifuses suitable for large
scale integration. The EL spectra from reverse and forward-biased diode-
antifuses were measured over the photon energy range 1.35 — 3.2 V. A multi-
mechanism model for avalanche light emission from conventional silicon p-n
junction [10] is employed to fit the reverse bias spectra from diode-antifuses
under avalanche breakdown condition. The origin of the infrared and visible

light emitted in the forward bias mode is also discussed.

I1.1.7 Light emission from silicon p-n junction

Forward bias

Forward bias by the application of an external voltage (with positive sign to
the p-region) causes the mutual injection of carriers into the majority region
of the opposite carrier type within the range of the characteristic diffusion
length. This is the mode of operation of all commercially available LEDs and
lasers. In silicon diodes, the involved two-step phonon assisted radiation
process limits the quantum efficiency to very low value (~1.10°) [4] and is
consequently called phonon-assisted emission. The measurement of the
emitted spectrum requires a highly sensitive spectrometer. The spectrum
features the bandgap wavelength emission around 1.12 eV (1106.25 nm). The
line width of this band-to-band recombination characterizes the energy

distribution of the injected carriers.
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Figure III.1-1. Radiative indirect
transition, solid arrows show the
photon emission process with a
phonon emitted, dashed arrows
show the photon emission with
absorption of a phonon, in which

Ep =ké@ is the phonon energy
(after [4]).

The emitted spectrum intensity is the product of
the indirect recombination probability [24] and

the available free electrons in the conduction

band and holes in the valance band that obey
Maxwell distribution. The rate of emission is

then:

R(hv)~32”3 nz(hv){hv dn +n}”exp{—(E°_EV_AF)}x(EC—Eg)W
EE

c’h? d(hv) KT @)
(-E,)"?x5(E, - E, + hv +k6)dE_dE,
in which
7 - refractive index of silicon hV, k6 - photon and phonon energy
T - lattice temperature E, - the energy bandgap
E, E, - conduction band and  AF=F - F, difference of quasi-Fermi
valance band energy level of eand 4

Reverse bias

It has been known since 1955 that a silicon p-n junction emits visible light
under avalanche breakdown condition [3]. Yet the photon generation
mechanism of this phenomenon is still not conclusive. Theories were
proposed but failed to explain the variety of experimental results. Generally,
this phenomenon is regarded as a field accelerated process and was explained
in literature by a number of mechanisms that can be classified in to two main

categories

e The interband (band to band) mechanism with direct and indirect
recombination of conduction band electrons and valance band holes.
The mechanisms in this category cannot produce photons with energy

smaller than the energy band gap. The indirect process is commonly
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assisted by phonons. The band to impurity level transition is

considered to have much less probability [4].

e The intraband (single band) transition involves only one type of cartrier
electrons or holes within their respective energy band. The transition
can be direct or indirect. The indirect process is assisted by phonon or

impurity ions.

In the next subsections, consideration is taken on the mechanisms that are
likely to contribute.

Indirect interband radiation under high field condition

This process considers [15] the recombination of electrons and holes
occurring through a two-step process involving the interaction of an electron
simultaneously with a hole and a phonon accompanied by the emission of a
photon, similar to the forward bias emission mechanism, but with the
presence of a local strong electrical field. Under that condition, the emission
spectrum comprises of all the possible transitions between any pair of states
separated by a given hv, regardless of the difference in crystal momentum
between initial and final states. The emitted spectrum though has a
theoretically low energy cut-off determined by hv=E  ~E_, where Eis the

maximum energy of the emitted phonon assisting the transition.

I (v)~ nz[vﬂ + n:|V2Aexp[— M} exp{ (hv + kg)}exp[_ ?:\A}I 1(gj 3

d(v) KT KT, 2 2
in which,
a=1/KT, +1/KT, k@ — phonon energy
A= (hv +ké-Eg) I, — modified Bessel function of order 1

Bremsstrahlung radiation

This mechanism was considered first by Figielski and Torun in reference [0].
It is also called indirect intraband mechanism. The theory explains the visible
light emission from silicon p-n junction by the deceleration effect of the
Coulomb field of charged centers on hot electrons. The energy is conserved

by the emission of a photon and the momentum is transferred to the
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interactive positive core. If a Maxwell carrier distribution is assumed, the

emission intensity can be calculated:

l(v)~C exp(— L]—_I‘_j )

with T, —the electron temperature. This is a monotonic response over the

whole spectrum. This mechanism was widely accepted as one of the main
mechanism for avalanche breakdown emission but recently it has been
criticized in a few publications [7]. The criticism is based on the fact that
electrons with energy of one eV or larger above the conduction band minima
may not be estimated with effective mass theory because the parabolic
approximation of the energy versus wave vector E(k) only works in the
neighborhood of conduction band minimum. Moreover, the Maxwell

distribution is erroneous at high field conditions.

Direct interband transitions

This mechanism involves the direct transition of energetic carriers with
momentum £~0 due to the fact that the threshold energy of e-h pair
production by ionization is around 2.3 eV above the conduction band edge
[9]. The population of hot electrons at this level is effectively depopulated
leading to the high-energy cutoff in the spectrum around Eg+2.3el"~3.4el”.
Energetic electrons around £~0 may find corresponding states in the valence
band for a direct recombination, constructing the high-energy part of the
avalanche emission spectrum. This process was described using the following
formula [9].

|(v)~ B,(hv — E, J'*hv[L+ B, (hv /W) expl— (hv /W)] 5)
W - dependent on the electrical field B, — empirically determined
and mean free path W ~ KT constant

B,- dependent on the exponential E,- the energy threshold for pair
integral E, of E, /W production

This equation provides a monotonic response over the whole visible range.
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I I I I
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Wavelength Energy [eV]
====|Indirect interband
— Bremsstrahlung
mm—— Direct interband

Figure II1.1-2. Representation of calculated rate
of emission of different mechanisms in reverse
bias avalanche breakdown

The combination of these mechanisms into a multi-mechanism model has
been published in [10] and that is employed to explain our results in the
following section. A representative graph of the interested mechanisms is

reproduced in Figure I11.1-2.
ITI.2 Experiment

A schematic cross section of the devices we studied is depicted in Figure
II1.2-1. The fabrication process has been described in detail in chapter 1I. The

antifuses have been created on 5{umX

Capacitor

Top electrode

5um and 10pum X 10Uum capacitors.

Substrate electrode
SI | poly-Si

Figure 111.2-1. Cross section
of the studied structure; Programming
programming of the devices procedure

is done by forcing a limited
current through the capacitor
until  breakdown  occurs,
resulting in the formation of
a diode-antifuse

Antifuse
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The experimental setup shown in Figure II1.2-2 was used to record the
photon emission spectrum of the diode-antifuses. As the light goes through
the microscope, it is fed through a prism and focusing lens. After this the
image of the spectrum is projected on a photo-cathode, amplified by a multi-
channel plate and projected onto a phosphor screen in front of a CCD imager
chip. The spectral range of the whole system is mainly determined by the
photo-cathode material (S25) and restricted to the energy range of about 1.35
eV to 3.2 eV (900-390 nm). Output intensity I(4) is measured as the light
power per unit wavelength, A, in [W/nm)]. This is later converted to I(E), the
light power per unit energy, E, in [W/eV], using the relation:

2
I(E)=10° ﬁ—c (2), where A is in [nm] and E is in [eV].
I
Removable _mage CCD
. intensifier
mirror Prism cametra

Figure  IIL.2-2.
Spectral  setup E
for  measuring
light from diode

antifuses -

| z Objective
: Studied structure

I

IT1.3 Results

Light emission measurements were performed on the diode-antifuses with
highly doped substrate (HDS) and lightly doped substrate (LDS). The
emission spectra of the HDS diode-antifuses measured at room temperature
are shown in Figure II1.3-1. (a and b) for various reverse and forward currents
I, and I, respectively. The integrated output power detected for the energy
range of 1.4 — 3 eV is about 0.7 nW and 0.4 pW for 10 mA reverse and
forward currents, respectively. In the case of LDS devices, emission spectra
were measured only for different forward currents I, (Figure II1.3-2). The
output power detected for the energy range of 1.4 —3 eV is 2 pW (at 10 mA).
Reverse biased emission of LDS was not considered due to the very high

breakdown voltage of these devices.
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Figure II1.3-1. Emission spectra of the diode-antifuse
with highly doped substrate (HDS) measured at room
temperature with (a) the diodes biased at different
reverse currents 1, (b) the diodes biased at different
forward currents I,.
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Figure 111.3-2. Emission spectra of the diode-antifuse
with lowly doped substrate (LDS) measured at room
temperature with the antifuse biased at different forward
currents .

The emission spectra shown in Figure II1.3-1(a) are similar to those reported
from conventionally fabricated avalanche silicon p-n junctions [4][11]. A
linear dependence between the integrated EL intensity and electrical input
power is obtained (Figure II1.4-6b). A distinguished difference in the spectral
shape between the two cases of forward bias for HDS and LDS devices can
be observed (Figure I11.3-1.b and Figure II1.3-2). In the former, the light is
emitted mainly in the near infrared region, while in the latter case visible light

is also strongly emitted in addition to the near infrared signal.

The origin of the light emitted in both reverse and forward modes will be
discussed in the next section. The periodic patterns observed in the EL
spectra are independent of the current and oxide thickness and are caused by
the interference of the light reflected at the surface and the bottom of the n*-
polysilicon gate.
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IT1.4 Discussion

111.4.7 Forward biased emission

Emission spectra from forward-biased HDS and LDS antifuses, at I~
—10mA, are compared in Figure II1.4-1. This current was achieved by
applying a gate voltage of —=5.5 V and —25.5 V for HDS and LDS respectively.
The experimental values in Figure 111.4-1 were normalized at the maximum
intensity, showing an obvious difference between the two spectra. In the case
of HDS devices, the emission is mainly in the near infrared region. Spectra
measured from standard forward biased silicon junctions show also an
emission in the near infrared region around the band gap of silicon [5]. The
origin of this emission is attributed to the indirect interband recombination
between electrons and holes. However, in the case of LDS devices, the light is
emitted in a wide energy range, from the near infra-red far into the visible,
with an intensity of about two orders of magnitude higher than that obtained
from HDS at 2 eV. The visible part of the wide spectrum has never been

observed in forward-biased silicon junctions.

Intensity [a. u.]

1.6 2.0 24 2.8
Photon energy [eV]

Figure II1.4-1. Measured spectra from LDS and HDS
diode-antifuse biased at forward current I=-1 OmA.

Infrared emission

For both LDS and HDS devices, the forward emission spectra show a
maximum intensity below 1.35 eV (limit of the measurement system). It is
understood that the mechanism responsible for this infrared emission is the
phonon-assisted electron-hole recombination. Above 1.45 eV the measured

intensity from HDS devices drop sharply, indicating that phonon-assisted
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electron-hole recombination is the main mechanism responsible for the
emission from the HDS devices. On the other hand, emitted intensity from
LDS devices drops slowly towards high energies above 1.45 eV indicating that
some other mechanisms are responsible for the visible light besides the
phonon-assisted electron-hole recombination in the infrared. The visible light

from LLDS devices will be discussed next.

Visible emission

For LDS devices, because of the relatively high intensity of the spectra above
1.45 eV, a question arises whether the light is emitted from the forward biased
junction or from another origin; hence the determination of the voltage
across the oxide is needed. To force a forward current of —10mA, a voltage of
—25.5 V was applied. In fact, the voltage on the gate, V,, is applied across the
series combination of the junction, the resistance of the conductive link R,

all in parallel with the resistance of the oxide R, and finally the resistance of

the p-substrate R

sub*

An illustration of the equivalent circuit of the diode-
antifuse is depicted in Figure I11.4-2.

n’ polySi
|._conductive
/ . link
Vol Ry
hnk/
SiO, Vv
S — gate

p-substrate

Figure 111.4-2. Equivalent circuit of the diode-
antifuse with the assumption that the resistance
of the highly doped polysilicon layer is
negligible.

The resistance of the poly-n" was neglected due to the high doping
concentration. In the case of high level injection forward current, we can

suppose that the series resistance of the device is R::
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— R|><RFN
R|+RFN

©)

R, +Ryp

This value can be determined by the extraction of the series resistance from
the linear part of the forward I-V characteristics of the diode-antifuse (Figure
1I1.4-3). It was found that the seties resistance is about 1.5 KQ for LDS

devices. For a current of I, =—10mA, the voltage drop in the substrate is equal
to |y xRy, > 1 xR =-15V . From this we can conclude that for a current I, =

—10mA the voltage applied to the oxide V, =V, -1 xR, <-255+15V,

meaning | 1/,.| > 10.5 V. The fact that |V | > 10.5 V indicates the electrical
field applied to the 5.6 nm thin oxide is about 1.75x10" V/cm which is
enough to allow electrons to tunnel into the oxide by Fowler-Nordheim (FN)
tunneling (threshold for FN tunneling is about 5%10°V/ cm). Moreover, when
the forward current is low, for example I, = —ImA (corresponding to an
applied gate voltage I/, = —5V), the emitted spectrum drops off in the near
infrared region and no visible light is observed as shown in Figure II1.3-2.
This confirms that the visible emission is related to electron tunneling
phenomena through the oxide outside the region of breakdown when the
voltage is high. Similar calculations have been made for HDS devices with the
value of the oxide electrical field about one order of magnitude lower
compared to the LDS case. That is why visible emission is not observed in
forward biased HDS diode-antifuses. In fact, several visible emission spectra
have been reported in literature from tunnel current MOS devices [21][22],

and different mechanisms of the emitted light have been discussed.

0.008

-1g[A]

0.004 1

0.000 T T

0 10 20 30
VoIV

Figure II1.4-3. Forward I-V characteristics of

the LDS diode-antifuse showing the linear part
due to the series resistance
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Takagi et al. [23] found that electrons in stress-induced leakage current (SILC)
are dominated by an inelastic tunneling mechanism accompanied by large
energy loss of around 1.5 eV. Matsuda et al. [21] proposed that radiative
electron capture into SiO, trap levels is responsible for emitted visible light
from MOS capacitors with Si-implanted SiO,. Qi et al [22] explain the visible
electroluminescence observed from Au film/extra thin Si-rich silicon oxide
film/p-Si by electron-hole pair recombination via several groups of
luminescence centers in SiO, layers. They present this mechanism as
responsible for the emission above 1.5 eV. As we discussed above, in the case
of LDS devices, a part of the carriers is still tunneling through the SiO,, and
therefore recombination between electrons and holes via luminescent centers
in the SiO, or electron capture into SiO, trap levels can occur. Besides, the
tunneling electrons are injected into the conduction band of the Si-bulk with
energies higher than 3.1 eV. These hot electrons may lose their energies by
radiative recombination with holes in the accumulated p-Si surface or by
transitions into the conduction band of the Si-substrate. The photons emitted
by the former mechanism may have energies higher than 3.1+1.1= 4.2 eV,
which could not contribute in our spectral measurement in the visible range.

The latter mechanism is consistent with the experimental high-energy end
around 3 eV.

In summary, it is very unlikely that the visible emission of LDS devices
originates from the junction. It is more probable that the visible light has its
origin from electron captured into SiO, trap levels and transition of hot

injected electrons into the conduction band of the Si-bulk of diode antifuses.

111.4.2 Reversed biased emission

Figure I11.3-1(a) shows that emission spectra measured from highly doped
substrate diode-antifuses are similar to those reported from reverse-biased
conventionally fabricated silicon p-n junctions. However, results that were
reported in the literature are of a wide variety. Chynoweth and McKay [5]
show a spectral intensity increasing over the infrared region. Newman’s
spectra [3] peak at about 2 eV; Haecker [8] reports intensity decreases below
0.8 eV. Gupta et al. [12] observe a maximum at 1.5 eV. Several attempts have
been made to understand the origin of emitted light [13]—[17]. Previously

published analytical or theoretical expressions do not fit the variety of results
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reported in the literature, nor establish which mechanisms dominate under

what conditions.

Recently, in reference [10] a multi-mechanism model for avalanche emission
spectra from silicon junctions was proposed. This model indicates that
indirect recombination of electrons and holes in high-field populations is the
dominant emission mechanism at low photon energies, that indirect intraband
transition dominates at intermediate energies, and that direct interband
recombination between high-field populations of carriers near k~0 dominates
above ~2.3 eV. Figure I11.4-4 illustrates the above three mechanisms. Using
this multi-mechanism model, differences between experimental spectra can be
attributed to different values of electrical
field strength and ionization length for
electrons and holes in the variety of samples

and structures used by researchers. Figure

a
II1.4-5 shows the multi-mechanism model
described in [10] compared qualitatively to |
A
the measured spectrum of reverse-biased c

diode-antifuses.

Figure 111.4-4.  Simplified
silicon energy band; the
arrows represent: a) direct
interband recombination, b) k
intraband transitions

(Bremsstrahlung), c) indirect

interband recombination.

\4

A silicon temperature of 280°C, electrical field of T
5i

280°C
5
.3.3>.<10'V/cm, clectron temperature of 5000 K, ¢ Jield 33%10°Y /em
ionization lengths for electrons and holes of 68 A e " 68A
provide best fit to the maximum intensity ]Tmz - 5000K

observed in spectra at about 1.6 eV (Figure
I11.4-5).

Results of reference [10] indicate that the transition from indirect interband to

Bremsstrahlung processes occurs at an energy that depends on applied
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electric field; this transition shifts to lower energies at higher applied fields.
The shift of transition point energy is consistent with field-induced rises in
electron temperature, which enable higher energy Bremsstrahlung events. The
transition from Bremsstrahlung to direct (and near direct) interband
contributions is field invariant, with an energy position 2.3 eV. This value is
the highest a photon can have from a Bremsstrahlung transition within the

conduction band.

A multi-layer interference calculation has been incorporated to account for
interference of the emitted light within the poly-Si layer [18][19]. The good
agreement between the measured and the calculated spectra in Figure I11.4-5
indicates that the light emission from reverse-biased diode-antifuses is caused
by the same mechanisms as avalanche breakdown emission from standard p-

n junctions.

7 Indirect Interband
] Fd

Bremsstrahlung

|

Direct Interband

Intensity [a.u]

4 — Measured
] - - - - Direct Interband
................. Bremsstrahlung
————— Indirect Interband

. , . , . .
1.6 2.0 24 2.8 3.2
Photon energy [eV]

Figure IIL.4-5. Comparison of HDS diode-
antifuse spectrum with the multi-mechanism
model calculation result

It was found that the emitted intensity had a linear dependence on the current
(Figure I11.4-6). The reason for this linearity is elucidated in the following.
During avalanche breakdown, the minority carriers are generated in the
depletion region and accelerated by the high electrical field. These carriers
(electrons or holes) are accelerated, and at some point able to create an
electron-hole pair that might participate in the radiative recombination. The

emitted intensity is equal to the number of photons emitted by electron-hole
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pair recombination and should then depend on [n]+[p]. That leads to a linear
dependence of intensity versus current. This is confirmed by a simulation of
the optical output versus current from a p-i-n structure operated at avalanche
breakdown made by reference [20]. With the assumption that the emission is
due to radiative recombination of 100% of electron-hole pairs generated in
the neutral regions, they found a linear dependence between the intensity and
the current. That may clarify why we have a linear dependence of intensity

versus current in avalanche breakdown condition.
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Figure II1.4-6. Linear dependence of HDS
maximum intensity versus current (a),
Integrated EL versus electrical input power (b)

IT1.5 Conclusions

The electroluminescent properties of nanometer-scale silicon diode antifuses
have been studied. The origin of the visible light emitted from reverse biased
diode-antifuses was explained by a multi-mechanism model, which elucidates
responsible processes for the light emission (indirect recombination of
electrons and holes in high-field populations for low photon energies, indirect
intraband transition for intermediate energies, and direct interband
recombination between high-field populations of carriers near £~0 above
~2.3 eV). Diode-antifuses fabricated with lightly doped substrate (LDS)
showed an emission in the infrared and the visible energy range when a
forward current was applied at high gate bias. It was postulated that a
phonon-assisted electron-hole recombination mechanism in the conductive
link is responsible for the infrared emission. The visible light was attributed to

current tunneling through SiO, (enabled presumably by electron capture into



References 45

SiO, trap levels) and to intraband transitions of hot electrons injected into the

Si-bulk.
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Chapter 117

ANTIFUSE-BASED
PHOTOCHEMISTRY

In this chapter, experiments using antifuses as an
actuating  element  for  implementing a  microscale
chemical process are described. Photons from the antifuse
device lluminate a standard photoresist layer deposited
on top of the emitting surface of the structure. The
process of decomposition and/ or polymerization in
Dphotoresist occurs as the device is switched on. The
exposed resist is then developed in a standard developer
solution. The features resulting from the process have
been studied through other parameters such as the light
emnitting curvent, the exposure time... Based on the
photoresist decomposition energy dose, the light emutting
power of the antifuse in the near UV range could be
approximately calenlated. Due to the proximity between
the layer and the light source, the power is interpreted on
a more accurate basis. This research has also been
proposed as a reliability detection method in modern
integrated circuits.
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IV.1 Introduction

The change induced in photoresist films when exposed to light is an example
of photochemical detection of photons. Light produces a chemical change in
photosensitive chemicals in the layer. The resist is then processed to convert
the chemical change into an image. It depends on the processing method and

materials whether the image is either positive or negative.

As discussed in the previous chapter, this research focuses on the so-called
nanometer-scale diode antifuses, namely a deliberate link created between the
two oppositely heavily doped (poly)-silicon electrodes of a thin oxide
capacitor. The link behaves as a tiny p-n junction that emits visible and near
UV light when biased in reverse breakdown mode. The advantages of diode-
antifuses are IC-technology compatibility, very small size, multi-spectral light,
and relatively higher efficiency... The drawback of the device is still the

inherently low radiative recombination rate in silicon.

In this chapter, it is demonstrated how the photochemical reaction was
carried out using this nanometer-scale lamp, and a simple application of the

research to the field of IC reliability is tentatively proposed.

IV.2 Experiment
IV 2.1 Experimental details

Photoresist

- v |
-

C__# spinning

Figure IV.2-1. Test structure and resist
deposition experiment

Wafers with simple antifuse devices were realized for these experiments. On
top of the experimental devices, photoresist was deposited by dropping and

spinning. When the device is operated under reverse biased breakdown
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condition, ie. the n-type doped electrode has positive bias, the upward
emitted photons might be absorbed in the photoresist layer. The exposed
resist chemically changes and become soluble in developer or insoluble when

the image reversal technique is used.

A schematic cross section of the device is depicted in Figure IV.2-1. The
respective thicknesses of the photoresist, which were developed either in a
positive or negative way, are 0.85 lm and 0.5 im and were measured by step

height measurements with a DEKTAK surface profiler.

IV7.2.2 Photolithographic image reversal technigne [1]
Step 1: Standard positive resist process

i uv
Photo-active - Dissolution Enhancer
compound in resist

Exposure
(Dissolution Inhibitor) P

Step 2: Reversal processing

Reversal Bake
Dissolution Enhancer —— Dissolution Inhibitor
90-115C (Photo-inactive compound)

Dissolution Inhibitor Food Exposure_ .
(Photo-active compound, ~ —* Dissolution Enhancer

unexposed area)

Figure IV.2-2. Image reversal processing

The basic reaction of positive resist involves the conversion of the dissolution
inhibitor to a dissolution enhancer. This dissolution enhancer can be
thermally degraded and becomes an inhibitor again, which is however no
longer photoactive. Under the proper conditions, this degradation can lead to
the reversal of the resist image. The process can be described as in Figure
IV.2-2. The process of using positive resist to obtain negative image is termed
the image reversal or negative mode. The negative mode requires a reversal
bake and a flood exposure. The flood exposure decomposes the unexposed
resist to make them soluble in the developer and the area that was exposed in
the first step remains insoluble. The difference of standard positive resist

process and image reversal process is depicted in Figure IV.2-3.
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"Positive" results "Negative" results
; Resist ; < i /—\
< Top Poly-silicon electrode g < Top Poly-silicon electrode g

Figure IV.2-3. Final results of the two processes

IV.3 Results and Discussion

IV7.3.1 Positive photoresist

Standard positive photoresist Oir 907/12 with a decomposition energy 110
m]/cm?) was used for this experiment. The meaning of “positive” is that the
illuminated resist will be developed. This photoresist is specifically sensitive to
photons with energy larger than 2.75 eV (A<450 nm). The exposed
photoresist was developed using a standard developing process. A

photographic picture of a feature is shown in Figure IV.3-1.

10 um

Figure IV.3-1. Feature developed in positive
photoresist (I=1mA, #,=10min)

Photons emit upwards from the device but the developer is effective from the
top resist surface, which implies that an adequate exposure time is needed to
decompose the whole resist thickness up to the top surface of the resist,
influencing the minimum feature size that can be obtained with positive resist.
In Figure 1V.3-2, some empirical points of the features’ size are plotted
against the time of exposure. The measured feature size is the averaged

diameter of the inner light ring and the outer dark ring.
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. }
3] /

i/{l

Feature diameter [um]

T T T T T

10 20 30 40 50
Time of Exposure [min]

Figure IV.3-2. Average feature sizes versus
exposure time at a constant exposure current I,
=1 mA for positive photoresist

Near-UV" light power

The antifuse light power in the near-UV was approximated, based on these
values and the known decomposition energy. Given the photoresist
decomposition energy dose of 110 mJ/cm2, a value of 3.4 pW photon power
absorbed in the resist was obtained which means an external conversion
power efficiency of roughly 7.10"" of the near UV light power over the

electrical input power of the antifuse.

Intensity [a.u]

|
15 2 25 3
Photon energy [eV]
=== Measured curve
— Accounted for poly-Si absorption

Figure IV.3-3. External light emission intensity
as measured and corrected for internal
absorption showing strong absorption in the
near UV region by the poly-Si electrode
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From basic laws of optics, it is clear that the UV-light illuminating the resist
comes from a cone due to total reflection dictated by the relative refractive
indices of silicon and resist, which is only a fraction of the spherically
propagating light. Moreover, there is a considerable reflection at the poly-
resist interface of light within this cone and strong UV light absorption in the
top polysilicon electrode of the antifuse (see Figure IV.3-3). When the
absorption is taken into account and the spherical emission is integrated the
real internal UV light efficiency should be about two orders of magnitude
higher.

IV7.3.2 Image reversal

In order to obtain smaller size of the resist feature than that by the positive
photoresist, a solution was implemented which employed the
photolithographic image reversal technique, briefly described in section
IV.2.2. Its advantage over the standard positive resist method is that very
small features can be obtained (Figure 1V.3-5, left) because the thickness of
resist is not the limiting factor. The details of the developed resist feature are

preserved for characterizations.

Scanning Electron Microscope (SEM) and Atomic Force Microscopy (AFM)
were utilized to investigate the exposed resist dots. Comparisons were made
on the accuracy of parameters obtained with each method. AFM
measurements show a slightly larger diameter of the feature size than SEM.
This is explained by the steep change of slopes at the base of the feature that
exceed the reach of the AFM tip controller.

Figure IV.3-4. AFM image of an exposed
photoresist dot
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Experimental data were collected for building the relationships of size versus

exposure current and exposure time respectively.

A9 7.0kV x10000 1um

Figure 1V.3-5. Developed features with image
reversal technique: [=0.1mA, 7=60min (left);
I=3mA, =20min (right)

Current dependence

A set of experimental data is shown in Figure IV.3-6. The data points were
obtained by measurement of sizes of the large features with an optical
microscope. Although it has been reported that instant light intensity and
emitting current have a linear correlation [7][8], the feature size for an
exposure current of 8mA is exceptionally large. This can be attributed to the
influence of significant heat generation caused by the large current amplitude.
Due to this side effect, the verification of more data is necessary in order to
accomplish this dependency and

the heating effect of the antifuse ] +

on the resist.

w
I

§/§

Feature diameter [um]
N

Figure 1V.3-6.
Average feature 14 i/
sizes versus

exposure current at : j - -

2 4 6 8
a constant exposure Exposure current [mA]
time # =5 min for

positive photoresist
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Exposure time dependence

For the time dependence, two sets of empirical data were obtained at two
exposure currents of 0.1 mA and 3 mA. To determine a rough dependency by
appropriate fitting between the two parameters, a simplified optical
consideration has been investigated and presented below. The mathematical
formulation fits well to the empirical results. The judgment on the physical

meaning of coefficients reflects the appropriateness of the model.

. o)
Resist

R

n
n
Poly-Si

r]resisf

Npoly
Poly-Si I,

Light Light

source Simplification source

Figure IV.3-7. Classical optics consideration (a)
and the simplification (b)

resist

poly

©)
o\ |-

Let’s assume that the light source is a point source and light is propagating
equally in all directions and that a sharp interface between polysilicon and
photoresist exists (no scattering at the interface). When a light wave travels to
the interface, it undergoes a reflection and transmission process obeying
fundamental laws of classical optics. The absorption process takes place both
in the poly-Si electrode and the resist. The interference is neglected because
the problem will be treated as an average, which is assumed to be eligible due
to the large wavelength range considered and the thickness of polysilicon and
resist being large compared to A/4n. Furthermore, as has been seen in
chapter III, the interference does not play a substantial role in the light
emission spectra, which means it affects the light amplitude very slightly. Such
arguments bring the problem to the situation sketched in Figure IV.3-7(a);
any points on the resist feature surface will receive an equal amount of energy

E that is derived as follows:

I \ AN, 54N por (7)
E=——exp\-o,,,.d P o eXpl— &, o5 0
(dl + d2)2 p( Py (nresist + npoly )2 p( s 2)
with @, &, - absorption coefficient of the polysilicon and the photoresist.
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If the energy required to covert the resist chemically is T, then

T,=Ext (8)

In which, t is the exposure time. Combining (1) and (2) and solving the
equation will reveal the dependence of 4, on # However, this final equation is
complicated and no explicit correlation between 4, and ¢ is possible. The
simplification we consider is presented on Figure IV.3-7(b). Let’s assume that

Oy = sy =0 and R= d,+d,. Point E on Figure IV.3-7(b) is in fact the

poly
measured position for the empirical diameter of the resist. As a result, the

total energy received at point E for chemical conversion is:

TO:E><t:{%exp(—aR)}xt=[Sir|1‘;9ri2exp(—asin0xr)}xt ©)
H
Taking a:T"S:ne and b=axsind; then t=ar’explbr). In a good

o

approximation for /<1 (b is the absorption coefficient) and r not too large (r

is the feature radius), then exp(br) =

T br leading to

t=ar? (10)

1-br

The dependence of 7on #is then

r(t):z—la[— bt+\/b2t2+4at] (1)

This equation has been used for 2 | T

/
fitting experimental data of = //
feature size on exposure time = //
5
Figure IV.3-8. 8 1f / n
© '
g o ”
Figure IV.3-8. Fitting of the £ P o
1 ~
feature size on exposure . — 5 o
time | | 5
1 10 100 1-10
Exposure time [min]
— - fitting 3mA
This fitting law now can be used ¢ Exposure current 1=3mA
fitting 0.1mA
for predicting new exposure time © 00 Exposure current 1=0.1mA

dependence experiments.
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IV.4 Proposal for a reliability detection method

A simple and inexpensive technique with high resolution to identify the weak
spots in integrated circuits by means of a non-destructive photochemical
process, in which photoresist is used as the photon detection tool, is
proposed. Experiments were done to localize the breakdown position of thin
silicon dioxide capacitors (the pre-devices of antifuses). Both positive and
reversal development of photoresists were employed. The resultant products
are holes in the developed positive photoresist layer and spots in the reversal
case. The feature sizes, dependent on the light emitting currents and exposure
time, establish an empirical correlation that can be used for further
application of this technique as a reliability analysis tool. One potential
application is to detect and characterize regions of hot carriers on a VLSI

circuit under operation for design improvement purpose.

With further down scaling of VLSI integrated circuits (ICs), the high electrical
field effects become a major problem. It is well known that under relevant
conditions photons are emitted from nearly all silicon devices with hot
carriers. For p-n junction diodes in avalanche breakdown, Newman already
reported the light emission half a century ago [2]. The phenomenon is a
consequence of the acceleration and multiplication of carriers by impact
ionization in a high-field depletion region. Similar processes happen in bipolar
transistors (BJT) and Junction Field Effect Transistors (JFET) if their
collector/ base and drain/ gate junctions respectively ate operated in reverse-
bias conditions [2][3]. More seriously, the basic element of all present silicon
ICs, i.e. sub-micron n-channel Metal Oxide Semiconductor Field Effect
Transistor (MOSFET), also develops photon emission while operating in the
saturation region [4]. These photons do not only influence neighboring

devices but are also a source of power loss that should be prevented.

The oxide thickness of the MOSFET is another important parameter to be
further scaled down in coming technology generations. The benefits are
magnificent, especially capability to clock the chip at a much higher
frequency. However, the unbalanced scaling down of the device sizes with the
power supply voltage brings about the dielectric breakdown, namely, the
failure of the thin silicon dioxide between the gate and the device channel [4].
At the location of this failure, there forms a link from the gate to the substrate

especially in the case of hard breakdown. This link behaves as a nanoscale
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junction diode, in case the gate and substrate have an oppositely doping type
[4]. This failure mechanism is similar to the deliberate formation of the
antifuse by fusing a capacitor (chapter II). The breakdown of thin dielectric
layer becomes more severe in modern CMOS technology, as the gate silicon

dioxide thicknesses reduce to few nanometers.

o Region of photons
EIE) \“--_\ with energy effective
- el hotoresist
1E-11] Tl onp
;' N - ——
2 1™ e
= i
Z‘lE'lsﬂ \‘\"-_ "ﬂl
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% """ I = 100pA RN - Wy
= 1E-154 I, = 250uA e ]
§ -1 =500pA !
15 2.0 2.5

Waveleﬁght Energy [eV]

Figure IV.4-1. Recorded emission spectra of
breakdown link at different currents

The emitted light spectrum has been recorded and explained elsewhere
[6][7][8]. In general, it emits photons in the wavelength energy from around
1.1 eV to 3.3 eV, specifically, the visible and near ultra violet (UV) region. The
measured spectrum presents a declining slope toward the high-energy

wavelengths (Figure IV.4-1).

Photoresist, a UV light sensitive material, has been proposed as a detection
tool. Image reversal technique demonstrates itself a suitable method with ease
in handling and efficiency in resolution. The standard positive photoresist has
drawbacks compared to the image reversal technique in the aspect of
resolution and accuracy. CMOS standard photoresist types were employed to
detect the spots of breakdown on 5X5 and 10x10 MOS capacitors. The
capacitors have the same silicon dioxide thickness of 6nm. The technique has
been successfully applied to determine the breakdown sites. Photoresist
features as small as 300nm could be obtained so far. The resolution can
probably be extended to less than 300nm with thinner photoresist layers and
thinner poly-Si layers. This value suggests that this is a high-resolution non-

electrical identification technique in comparison to other methods such as
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liquid crystal (LC), infrared thermography (IR-T), which have a limited
resolution of the order of a few um [9][10].

IV.5 Conclusions

It has been shown that the diode antifuses induce photochemical reactions in
photoresist. This fact indicates that microscale photon induced chemical
processes are a feasible application of antifuse light sources. The resist has
been proposed as a detection tool for defect localization and identification.
The experimental results have been explained by a theoretical formulation,

although a better quantitative model and analysis is still preferred.
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Chapter 1

INTEGRATED SILICON
OPTO-ISOLATOR

The realization of a silicon electro-optical device based
on  monolithic - CMOS'  integration of a  silicon
nanometer-scale diode antifuse with photodetector is
reported. The light emitting diode antifuse operates in
reverse biased breakdown condition (V'gp=3.51"). The
photodetector windows are comparatively large to collect
more the downward emitted photons. The overall
electrical efficiency of the system is 1.10°, which is
significantly larger than previously reported values. The
improvement s attributed to the higher efficiency of the
antifuse, and the collection of more photons on the
detector owing to the straightforward coupling. This
device demonstrates its feasibility as an optical sensor.



64 Integrated Silicon Opto-isolator

V.1 Introduction

With the progress of ULSI technology, the microelectronic devices have
reached deep sub-micron features. However, signal propagation delay and
latency in multi-level metal interconnections increase with decreasing feature
size due to wiring resistance and capacitance. On-chip optoelectronic
interconnections are investigated as a candidate for replacement with
advantages such as fast speed, immunity against electromagnetic interference,

reduced chip size...

The integration of light emitters, detectors and optical fibers on a silicon
substrate is an important subject and receives great interest because it allows
on-chip interconnects. Besides, such integration can create in the monolithic
form an entire class of optical sensors that is currently realized by hybrid
component integration and conventional packaging techniques, e.g. the
hybrid approach of integrating GaAs emitters on silicon by wafer bonding
was Investigated in [1]. On the aspect of optical interconnects, the foremost
obstacle is the integration of efficient and fast light emitters on silicon wafers
through an IC technology compatible process. Recent advances in light
emitting silicon devices (chapter I) have raised new expectations. In contrast,
for realizing a monolithic optical sensor the high efficiency of the light source
is not of the supreme importance compared to stability and reproducibility,

which are now the prevailing concerns.

An IC compatible optical system, reported in reference [2], showed the first
monolithic integration of light emitting diodes, detectors and optical fibers on
a silicon wafer. The light emitter is a p-n junction operated in avalanche
breakdown, the detector is another junction diode fabricated by ion
implantation. The emitted photons are guided to the detector by a
stoichiometric silicon nitride (Si;N,) waveguide with different lengths. The
author claimed 30% optical coupling efficiency by a curvature arrangement at
both ends of the fiber. However, the overall electrical efficiency is of only
6x107°. Experiments on the detection of patterned photoresist and binding of
bio-molecules were done to show attenuation or increase of signal magnitude
on the photodetector. The weakness of this structure lies at the separation of
the emitter from the detector. The two devices were on the same wafer that

jeopardizes the distinguishing of signal sources|3].
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In [4], high-frequency silicon CMOS light emitting device with electro-optical
interface was presented. The emitter realized utilizing a standard 2-Um
industrial CMOS technology and processing procedure. The device and its
associated driving circuitry were integrated in a CMOS circuit and capable of
interfacing with a multimode optical fiber. The device emits light by means of
a surface assisted Zener breakdown process that occurs laterally between
concentrically arranged highly doped n" rings and a p* centroid, which are all
co-planarly arranged with an optically transparent Si-SiO, interface.
Calculation by the author showed 200MHz modulation capability.
Unfortunately, the monolithic integration has not yet been demonstrated. The

device may find applications in the sensor and actuator field.

In this chapter, the IC-compatible realization of a novel silicon electro-optical
device is presented, explicitly the integration of nanometer-scale light emitting
diode-antifuse and photodetector, or an opto-isolator. One of the advantages
of this device is the complete separation between the emitter and the detector.
Another is the emitter locates right above the detector providing a better
coupling to the detector, which also means that the device is without a true
light waveguide. The ratio of the generated photocurrent over the excitation
current, technically called overall electrical efficiency, is over an order of
magnitude larger than the value reported in [2]. The integration allows us to
do different measurements on both forward- and reverse-biased emission

from the nanometer-scale antifuses.

The following sections will discuss the device fabrication details, the different
characteristics of the device, and optical consideration. An enhanced version
of this device with an integrated channel sandwiched between the light source
and the photodetector has been realized and will be discussed in the next
chapter of this thesis.

V.2 Device Fabrication & Measurement

The device fabrication employed a six-mask IC compatible process (Figure
V.2-1). First of all, photodetector windows were made on n-type silicon by
implantation of boron. A layer of 100nm oxide was then deposited to
electrically isolate the photodiode from the subsequent layers. Next, 10x10
Wm?* capacitors, with two oppositely doped poly-Si electrodes and a 8 nm
thick LPCVD oxide, were deposited on top of the detector window.
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Electrical contacts were finally made to the detector and the electrodes of the

capacitor by aluminum sputtering and patterning.

Antifuse POly-Si

»

Si (n-type) Photodetector

Figure V.2-1. Schematic illustration of the opto-
isolator device

V2.1 Working principle

The antifuse is created by controlled oxide breakdown between the two
oppositely doped polysilicon electrodes. The antifuse emits light under
electrical reverse biased breakdown. The photodetector window was large to
collect the photons within the transmitted light cone defined by the total

internal reflection law at the poly-Si and isolation oxide interface.
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Figure V.2-2. Equivalent circuit of the device
(After [8])

The LED current [, later called emitter current, is applied in reverse bias at
different values. The photodiode current, further called detector current I, is
measured by sweeping a voltage from forward to reverse bias on the two
electrodes of the detector. Since the dark current is extremely small; the



Results and discussion 67

current through the detector in reverse bias is the generated photocurrent
induced by the absorbed photons (Figure V.2-1).

V.3 Results and discussion

The biggest obstacle that hinders the development of integrated
optoelectronics on silicon is the integration of an efficient light emitter. The
conventional avalanche breakdown light emission quantum efficiency is about
7x107 [4] to 6.5%107*[6]. These low figures were not only due to the light
emitting mechanism, but also the loss of carriers to non-radiative
recombination to the large planar area of the junction (most reports showed
only light emission at the junction edge where the electrical field is higher).
The nanometer-scale size of diode-antifuse light emitter solves those

problems.

(I At emitter currents
-4.0n- 1=0.0mA
-~ --1=0.5mA
< | | e | =1.0mA
£-20n4 | 77T | =1.5mA
= —eemees | =2.0mA
> 1 | e | =2.5mA
o
© 0.0
5 g
5 [
Q I -
2.0n-{ iy YT
0.1 0.0 -0.1 -0.2 -0.3

Detector Voltage [V]

Figure V.3-1. Measured currents passing the
photodetector at different emitter currents

In Figure V.3-1, the photocurrents of the detector are shown at different
emitter currents of the antifuse. The graph shows the standard photodiode
response with photocurrents increased corresponding to elevated emitter
currents in the third and fourth quarter of the coordinate. It is clear from the
graph that the device is truly an integrated opto-isolator. The precise
efficiency of this system requires detailed calculation of light absorption and

values of quantum efficiency of both the emitter and the detector.
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V3.1 Electrical characteristics

After the oxide has been charged till breakdown, programming currents up to
8 mA were applied to form high quality antifuses. The current voltage
characteristics of the emitter and the detector are respectively represented on
Figure V.3-2 (a) and (b). Figure V.3-2(a) indicates the on-set of breakdown
voltage at approximately 3.5 V and an avalanche current of 1 mA at 8 V. The
calculated series resistance based on the forward characteristics is
approximately 4 k2. It comes largely from the spreading resistance of the
antifuse (point contact) and from the thin film nature of both poly-Si
electrodes.
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Figure V.3-2. Cutrent voltage characteristic of
light emitting diode antifuse (a) and
photodetector (b)

The dark I-V characteristic of the photodetector is cleatly a standard junction
diode with low reverse current and small series resistance. The value of the

resistance is rather high due to the non-optimal backside contact.
17.3.2 Overall electrical efficiency

A direct indication of the efficiency of the system is the ratio between the
emitter current and detector current. This quotient is defined as the overall
electrical efficiency, which is roughly 1x10° for this system. This value is
about one order of magnitude larger than the one reported in reference [2],
and simultaneously implies a higher external quantum efficiency of the

antifuse compared to conventional diode [4][6].
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Figure V.3-3. Linear dependence between
photodetector currents and antifuse light
emitting currents

As seen in Figure V.3-3, the photocurrent has a linear correlation with the
emitter current, which is a standard relationship of photodiode versus radiant
flux of light incident on the device. The correlation could be inferred from
the linear relationship between the integrated EL intensity against emitter
electrical power in chapter I11.

In reference [1] the overall electrical efficiency of a hybrid interconnection is
5%10™. The value reported in reference [2] is 6xX10™ for an all silicon system.
Therefore, this device structure has progressed considerably towards the

efficiency range of a hybrid system that employs efficient compound LEDs.

V7.3.3 Evaluation of antifuse Power Conversion Efficiency (PCE)

With moderate simplification, the power conversion efficiency of the antifuse
can be calculated from Figure V.3-3. The dissipated electrical power on the
diode antifuse is easily measured. The optical power received on the detector
can be converted to the radiance within the cone of light coming to the
detector. The total flux then can be integrated over the sphere corresponding
to a solid angle of 47 steradian. Due to the dependence of refractive index of
silicon on wavelength, the solid angle 4€2 of the cone is wavelength

dependent for that same reason.



70 Integrated Silicon Opto-isolator
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Figure V.3-4. Approximation for the PCE
calculation

detector

Let’s assume a point source, monochromatic waves propagating spherically,
and a cone of light with solid angle d€Q2. This angle is derived from the
difference of refractive indices between polysilicon and silicon dioxide for this
specific wavelenght. If the critical angle for total internal reflection at this
zsin?(a)
Coso

received within this solid angle at the detector is P, the power of the point

_dQ _sin’(e)
P, "4z 4cosa’

poly-Si/SiO, interface is ¢, then dQ is steradian. If the power

source is P, the quotient of P over P, is calculated as — , thus

P = 4cosa P. If @=0.4 radian (for A=660nm), the measured optical power

sin*(a)

on the detector is P=0.3nW, the total emitted power by the source is then P,
=7.3nW. This means that the power conversion efficiency is also roughly
1.10°, as the electrical power is around 8mW (ImA, 8V). This estimation did
not take into account that good silicon photodiodes have a conversion
efficiency of 10+25%, the reflection at the poly-Si/SiO, & SiO2/Si intetfaces,
and the absorption within the poly-Si layer, therefore the internal PCE of the
antifuse is 10+100 times higher.

17.3.4 Detection capability

The photocurrent is the indication of the amount of incident photons onto
the detector. If the amount of photons can be regulated, for instance by

means of a change of index of refraction on the top surface, the photocurrent
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changes accordingly, which implies the detection capability of the
photodetector. Experiments were implemented where air was replaced with a
layer of silver paint. Due to this change in medium, there is a noticeable
increase of the photocurrents as shown here in Figure V.3-5. This is possibly
caused by the more reflection of photons back to the detector from the
interface with the new material other than air. In the next paragraph a more

quantitative analysis is presented.
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Figure V.3-5. Increased photodetector current
due to a layer of silver paint on top of the

device
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Figure V.3-6. Layers of the structure

In order to optically understand the detected signal, a reflection case for thin
films has been considered. The structure consists of five layers, the top oxide
layer beneath the open medium, the first polysilicon electrode, a thin antifuse

oxide, the second polysilicon and the isolation oxide (Figure V.3-6) above the
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silicon detector. The bottom
medium is crystalline silicon
where light is converted into n
. . . . medium
electrical signals by the junction (1)
diode. Noyige
(2)
npoly-Si
Figure V.3-7. The reflected
waves at the
oxide/medium  interface | " | 2
back to the detector I, I
(absorption is not taken 0

into account).

The simplified sketch in Figure V.3-7 can explain the reflection toward the
detector at the top interface, where the medium and the two top layers are
represented. Any lightwaves from the antifuse that come to the top
oxide/medium interface at appropriate angles undergo reflecton and
refraction. The reflection portion will carry the information from that
interface to the detector, in case it reaches this bottom medium. The situation
at the front interfaces becomes a reflection from two parallel surfaces
separated by a distance. At the first interface, the coefficients of amplitude
transmission and reflectance are 0, and p,, respectively, and at the second
interface, they are 0; and p,, respectively.

—p, = Mpoy-s ~ Nosice 0, = Noxide — Mmedium (12)

Noay-s T Noside Noside t Nimegium

The standard solution to this problem has been given in [7]. The reflection

coefficient R is:

R Pi+Ps—2pp, COSO (13)
1+ pfp; —2p,p,C0SS

in which, 0'is the phase difference introduced by two consecutive reflections

inside the middle layer 6 = (%]Z cosé .
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If there is a change in the top interface, the reflection of light at the
oxide/medium interface will be imaged by a change in value of p, and thus a
different value of R. That change in reflection coefficient R is the reason for
the detected signal on the photodetector shown on Figure V.3-5. In Figure
V.3-8, a dependence of R on the wavelength is calculated for the medium
refractive index of silver metal, oxide layer thickness of 100nm. The x-axis
wavelength ranges from 400 nm till 1100 nm. The high average value of R in
Figure V.3-8 puts the small signal increase in Figure V.3-5 in doubt. However,
it can be explained by the fact that the reflected light will have to travel
through a stack of 5 layers (Figure V.3-6), which absorbs a large portion of
high energy photons before they could reach the detector. The photons
which meet the total internal reflection would stay inside the stack and do not

contribute to the current increase. 1

L | I I
Furthermore, those photons that

actually reach the detector are
those with long wavelengths, R(L) 05

which may not be absorbed in the

active region of the

I I I
0
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A

photodetector, due to the low
spectral response of silicon for
these wavelengths and thus do
not contribute to the signal Figure V.3-8.

Dependence of R on the

increase eithet.
wavelength A

17.3.5 Stability

The system test of over 48 hours at constant emitting voltage results in a
stable characteristics (Figure V.3-9). There is, however, a decay of detector
current of about 20pA. The reason for this decay probably originated from
the deviation of the emitter current. As discussed in chapter II, the emitter is
created from the dielectric breakdown of the thin silicon dioxide capacitor,
and stabilized by a large magnitude constant current. The increase of the
emitter current over time observed in Figure V.3-9 is attributed to the
degradation of the thin LPCVD deposited oxide layer. It is easily understood
from the fact that this thin oxide layer did not receive adequate annealing

procedure during the device fabrication process. An optimized process is
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therefore required to improve the stability of the fuse oxide layer in particular

and the system in general.
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Figure V.3-9. Correlation between the emitter
current I, (biased at 8V) and detector current I,
over time; the detector is biased in photodiode
regime and thus the photocurrent I, is
measured
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In forward biased mode of operation, it is known that HDS antifuses emit
faint infrared photons (chapter III) around silicon bandgap. Making use of
this integrated device, such weekly absorbed and small signals can still be
detected as shown here in Figure V.3-10.

V.4 Conclusions

A monolithic electro-optical device has been demonstrated. The device is
based on a light emitting diode antifuse and photodetector integrated on a
single chip of IC compatible technology. The efficiency of the realized system
indicates an important improvement for the realization of silicon
optoelectronic devices. The signal generated by the refractive index change at
the top surface of the device is detectable. The device is a demonstration of

integrated optoelectronics on silicon.
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Chapter 11

NOVEL INTEGRATION OF
MICROCHANNEL WITH
SILICON LIGHT EMITTING
DIODE-ANTIFUSE

Light emitting diode antifuses have been integrated into
a microfluidic device that is realized with extended
standard 1C compatible technological steps. The device
comprises of a microchannel sandwiched between a
photodiode detector and a nanometer-scale diode antifuse
light emitter. In this chapter, the device fabrication
process, working principle and properties, and possible
applications  will  be  discussed.  Changes in  the
interference fringe of the antifuse spectra due to the filling
of the channel have been measured.  Potential
applications are electro-osmotic flow speed measurement,
detection of absorptivity of liguids in the channel,
detection of changes of the refractive index of the medinm
in the channel, e.g. air bubbles, particles in the liguid.
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VI.1 Introduction

Silicon is well known as an electronic and mechanical material but it is hardly
ever used as an active optoelectronic element, due to its inefficient radiative
recombination over an indirect bandgap. Integrated silicon optical sensors
themselves encounter that critical obstacle. Recently, silicon nanometer-scale
diode antifuses have emerged as a reasonable choice with improved
efficiency, small size, and IC-compatible fabrication[1][2], [chapter 1T & III].

In this chapter, it is proposed for the realization of a microfluidic device.

With the rapid growth of microfluidics and microchemical systems in
research as well as in applications, specialized devices for sensing and
measuring parameters are becoming increasingly important [6][7]. The
integration of the light emitter and detector with a microscale fluid channel
provides a universal tool for that purpose. This device structure also has
possible applications in micro Total Analysis Systems (WTAS), (bio-)chemical
sensors and actuators[4][5]. Furthermore, the approach can also give rise to

new types of sensors.

The technology used in the creation of this device is a combination of
standard CMOS technology with silicon micromachining technology. The
antifuse and photodiode were realized with standard CMOS steps, but the
microchannel required a sacrificial poly-Si etch in potassium hydroxide
(KOH). However, a fully CMOS compatible etching recipe using Tetra
Methyl Ammonium Hydroxide (TMAH) might be an option (discussed in
VIL.4).

In the next sections of this chapter, the fabrication process, some critical
technological design parameters, electrical and optical properties, and a few

results will be described respectively.

V1.2 Device realization

The realization of the device (Figure VI.2-1) requires a 10-mask process. The
starting material is a 3-inch silicon n-type phosphorus doped wafer with
resistivity of 5-20 Qcm™. Firstly, the junction photodiode areas were
fabricated by implantation of boron. To prevent any step height difference at
the junction between the n-type and p-type region, thick resist was used as
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masking layer for the implantation. This is important to the evenness of the

channel.

Antifuse

Channel ——

Si (n-type) Photodetector

Figure VI.2-1. Schematic drawing of the
integrated device
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Figure VI.2-2. Channel under the antifuse
window, two polysilicon electrodes of the
antifuse capacitor structure are clearly visible

The shape of channels were then produced by shaping a layer of 500 nm
thick LPCVD polysilicon deposited on top of the first silicon-rich nitride
(SIRN) layer. Next another SiRN film is deposited to completely cover the
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polysilicon. These two SiRN layers act respectively as the top, bottom and
sidewalls of the channel opened later by sacrificial polysilicon etching in
KOH. They also electrically isolate the detector and integrated antifuse from

the channel.

On top of the second SiRN layer, a capacitor structure with size of 5X5 [tm”is
fabricated. The first electrode is 300 nm phosphorus implanted polysilicon.
The capacitor dielectric layer is 8 nm LPCVD deposited silicon dioxide. The
second polysilicon electrode was implanted with BF, with a dose of 3.10"°cm™
at 70 keV (Figure VI.2-2). The activation of all dopants were simultaneously
done in the next step while a protection layer of SiIRN was deposited at 850°C
for approximately 90 min. Next, for the opening of the channel, windows at
two channel ends were patterned and etched until reaching the sacrificial
polysilicon. The 25 wt%, 75°C KOH etches polysilicon at a rate of roughly
1 Wm per minute. That means a channel of 2 mm would take nearly 1.5 days
of etching [3]. However, the silicon wafer is well protected because of the
negligible etching of SiRN in KOH solution. SIRN was also chosen for the
process due to its low mechanical stress compared to stoichiometric silicon
nitride. As the channel etched through, the processed wafer then needed a

standard treatment to dissolve alkali ions and other contaminations.

Channel
enfrance

EHT = 1.00 kV Signal A= SE2 Date :28 Mar 2002

2um
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Figure VI.2-3. SEM image of channel entrance
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The inner surfaces of the channel needed a “Piranha” (a mixture of sulfuric
acid and hydrogen peroxide) treatments in order to make the channel
hydrophilic and so to be able to conduct liquid. The peroxide removes
hydrocarbons contaminants while the sulphate ions remove metals by the
formation of soluble complexes. The next step is to make electrical contacts
to the detector and the antifuse by SiRN etching and metal deposition. A

construction for the entrance and outlet of the channel is then realized.

To fill the channel, confinement of liquid at the channel ends is necessary.
This was achieved by plasma deposition of a hydrophobic Fluor-Carbon layer
in the form of rings onto the wafer using a shadow mask. The Fluor Carbon
layer is made from the plasma of CHF; at a flow of 25 sccm corresponding to
a pressure of 150 mTorr. The process would be completed with the etching
and metallization of the backside.

VI.3 Device properties

The completion of the device demonstrates the possibility of completely
integrating a microfluidic component with IC circuitry in standard silicon
processing. The working dimension of the device is structured vertically
instead of laterally [7]. The novelty of this structure is the omission of a
waveguide in optoelectronic/fluidic sensing systems [8]. In this way, it is clear
that the coupling losses and losses within the fiber are avoided in the optical
path. However, other minor optical losses are present due to the difference of

refractive indices of the layers.

VI1.3.1 Electrical

To verify the novel integrated device, electrical measurements on its
components were carried out. In Figure VI.3-1, the pre-breakdown current
voltage characteristics of a capacitor are shown for both biasing polarities. It
shows the well-known Fowler Nordheim tunneling at the biased voltage of
7 V. At lower field, the leakage current has been observed to be in
resemblance to standard thin oxide MOS capacitors. Therefore these pre-

devices are good enough for the formation of the antifuses.

In order to create the antifuse, the same procedure as that described in
chapter II is used, a constant current of 100 nA stresses the capacitor until

oxide breakdown with positive bias on the upper p-type polysilicon electrode.
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Further programming currents up to 5 mA were then applied. In reverse
breakdown condition, the diode antifuse emits visible light. The current
voltage curve of the antifuse is plotted in Figure VI.3-3 showing an electrical
breakdown at less than 3 V. The mechanism of the breakdown is Zener
breakdown due to the highly doped level of both electrodes. The series
resistance has not been improved compared to the device reported in [1]. The

measured seties tresistance of ~3K€ come mainly from the spreading
£
4’
p—resistivity and » — contact radius); the sheet resistivity of the n-poly

resistance of the antifuse (a point contact has a spreading resistance R, =

electrode is 30 /0 and 60 /0 is the value for the p-poly electrode, while
the antifuse size radius is taken about 50 nm. For a better efficiency of the

emitter, the poly-electrodes in future devices should be further optimized.

10n

p electrode +
—m p electrode -

Current [A]

Voltage [V]

Figure VI.3-1. Pre-breakdown current voltage
curve of the antifuse capacitor in both biasing
directions

The opening of the contact hole to the buried photodetector was of poor
quality due to the difficult etching of 1.5 Wwm thick SiRN layer. The
photodiode current voltage characteristics show high reverse leakage current

and enormously high series resistance
(Figure VI1.3-3).
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Voltage [V]

Figure VI.3-3. Current voltage characteristics of
this diode antifuse

1'1.3.2 Optical

To understand the effect of the channel on the optical properties of the
antifuse, the spectra were measured by collecting emitted photons from the
front side of the device with a fiber optical probe. The output of the optical
probe is connected with an Avantes AVS-SD2000 spectrophotometer, which

is controlled by a computer with measurement data displayed instantly.
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Figure VI.3-4. Semi-log scale spectrum of the
antifuse at I, =1.2mA as the channel is unfilled
compared to opto-isolator device
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The spectrum at antifuse current of 1.2 mA is displayed in Figure VI.3-3
showing the interference fringes of the emitted light waves due to the multi-
layer structure of the device. The fringes have been previously observed in
simple poly/mono antifuse structure, whete the interference otiginates from
the stack of oxide/poly-Si/air (chapter III). The position of these extremes
versus wavelength could be displaced by changing the index of refraction of
one or more layers or by changing their thickness. In the present case, the
pattern is more complicated with pronounced peaks and dips. Figure VI1.3-3
also compares the curve measured from the opto-isolator device (chapter V)
with the one measured from this integrated device while the channel is
unfilled. The difference is inherent due to the two different integration

processes with difference properties of layers.

Filling the channel with other materials instead of air allows experiments on

modulating the characteristic fringes.

Materials Index of refraction
Air 1.000
Water 1.330
Ethanol: Water 75:25 1.361
Glycerine 1.473

The channel was filled with de-ionized water, aqueous glycerine and an
ethanol: water (75:25) mixture. Measured spectra were recorded at 1.2 mA
reverse biasing current of the light emitting antifuse and were compared with
the spectrum of an unfilled channel. The shift of the extremes is clearly seen
as shown in Figure VI.3-5. The displacement of the extremes are dependent
on the complex refractive index of the material filling the channel, and can be
calculated theoretically by multi-layer physical optics formulations [9]. The
spectrum measurements of the unfilled channel were repeated after emptying
the channel showing consistent shape and slope. It is clear that this device

poses potential applications in sensing metrology for microfluidics.

In Figure VI.3-5, the curve for water has been chosen as the reference curve.
It is clear that the larger the difference of refractive indices, the more
pronounced deviation from the reference. The small An=0.031 between
water (n=1.33) and the ethanol: water mixture (n~1.361) results in almost

identical spectral interference curves with little peak displacements. The
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accuracy of the measurement setup jeopardizes our discussion on the

intensity difference.
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Figure VI.3-5. Spectrum of the antifuse as the
channel is filled with other materials

V1.4 Discussion

As has been discussed in section VI.2, the channel of the device was made by
wet chemical etching in KOH, a not very CMOS friendly solution. An
immediate possible replacement is Tetra Methyl Ammonium Hydroxide
(TMAH), which is an IC compatible etchant. Moreover, the addition of 1.4
wt.% (or more) dissolved silicon and 0.4% 0.7 wt.% (NH,),S,04 ammonium
peroxodisulfate to a 5 wt.% TMAH solution [10] would reduce the aluminum
etching rate of this solution to almost zero, which allows post-metallization

processing of the channel.

Another limitation of the current approach is the treatment in “Piranha”
solution. This step has to be done to restore the hydrophilic properties of the
channel walls, which allows the conduction of liquid in the channel by
capillary forces. This treatment step has also to be replaced by an aluminum
friendly solution. Nevertheless, if TMAH etchant is used, this chemical is
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gaseous at room temperature, which means no residuals will remain inside the

channel upon drying [7].

The liquid flow speed measurement and absorptivity are other possible
applications of this device. At a fixed light emitting current, the change in the
medium of the channel can be sensed on the detector by the alteration in the
magnitude of the photocurrent. This alteration is caused by the absorption of
photon in the liquid that fills the channel, and the new refractive index
difference at the two interfaces of the channel walls [1]. The absorption by
the channel material can be calculated easily with empty channel (reference
signal) and filled channel as the photodetector is improved. This experiment

was not implemented due to the problematic metal contact to the detector.

This device has many potential applications by introducing some

modifications and improvements of the structure.

= A filter stack on top of the detector can be integrated so as to let only a

certain part of the spectrum pass.

* The device becomes much more sensitive to refractive index changes

when the “thickness” or “height” of the hollow channel increases.

» Different channel height on the same device with multiple emitters and
detectors, which would allow more precise calculation of the refractive

index.

Other ways to improve this device are dependent on the specifically desired
applications.

V1.5 Conclusions

The success of the novel device indicates that a system of light emitter,
photodetector and a reaction chamber, a microchannel in this case, can be
fabricated on silicon with IC technology. For the first time, nanometer-scale
light emitting diode antifuses have been applied to a microfluidic device. The
electrical and optical properties of the components prove the feasibility of the
combined technologies and the working principle of the integrated sensor

system.
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Chapter 11

INFRARED EMISSION FROM
FORWARD-BIASED SILICON
DIODE

Novel approaches

In this chapter two newly developed processes for silicon
infrared light emitting devices are presented, namely the
dislocation loop engineering diode and the lateral P-I-N
Junction device on SOIL wafers. The characteristic
enmission around the silicon band was recorded showing
a high external quantum efficiency of around 0.025 to
0.1 %. For the dislocation loop engineering devices,
there is a conformable relationship between the emission
intensity and the device temperature. 'This fact has never
been observed in other silicon light emitting systems. The
lateral  P-I-N  diodes  realized on  SOI  wafers
demonstrate the same efficiency and a significantly wider
Full Width at Half Maximum emission spectrum
compared to the bulk device.
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VII.1 Introduction

The mainstream throughout this thesis, until this point, is the concern with
the visible light emitting antifuse devices working in reverse biased
breakdown condition. The subject discussed in this chapter, however, differs
from the previous ones, since an investigation on two new devices
functioning in forward biasing condition, with peak emission in the infrared
region [1]]2], will be presented. The chapter shows experimental results on
optical and electrical characterization of dislocation loop devices and lateral
PIN diodes formed in SIMOX SOI (Separation by IMplanted OXygen
Silicon On Insulator) substrate. They were found to emit characteristic silicon
band gap infrared light with reasonably high efficiency. While the antifuse has
been oriented for application in sensor systems, these devices are more
suitable for realizing on-chip and inter-chip interconnections. They seem to
be the most probable structure for integration with silicon-based waveguides

and photodetectors.

Silicon based optoelectronics suffers from the absence of a true silicon light
source. Emitting efficiency of around 1.0 % close to room temperature was
reported in [4], which improved the efficiency by reduction of internal
reflection using texturized emitting surface and antireflection coating, but
such a device had some inherent weaknesses, especially the feasibility to be
integrated in an all silicon optoelectronic system. Meanwhile, for on-chip
optical interconnects the CMOS integration and the interface to wave guiding
medium are the key issues. The modulation of the light source for fast signal
transmission and communication is another subject that must be solved. The
long carrier lifetime of radiative recombination in bulk silicon is in conflict

with fast switching requirement.

It has been known that silicon is a very poor light emitter. However,
according to the theoretical calculations in [3], quantum efficiency of
interband radiation in highly purified silicon with low concentration of deep
impurities and defects can exceed 10 % at room temperatures in the case of
negligibly small surface recombination. This value can be reached on the
basics of a large bulk SRH (Shockley-Read-Hall) lifetime as well as negligibly
weak impurity assisted Auger recombination in a perfect crystal. The authors
also claim that in such a condition surface recombination is responsible for

the low value of quantum efficiency and suggest that the best quantum
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efficiency values can be obtained in Si-SiO, structures with low density of

surface states.

The radiative recombination (b) in silicon is a phonon mediated indirect
transition process. The probability for a photon emission is therefore
dependent on the availability of a phonon with appropriate momentum and
energy. It is understood that the transition assisted by phonon emission is
more probable due to a negligible amount of phonons suitable for absorption
at room temperature [4]. Meanwhile, in bulk silicon, other recombination
processes like Shockley-Read-Hall (SRH) (a) and Auger (c, d) are competing.

Figure VIL1-1.
Recombination
mechanisms:

(a) SRH, (b)
radiative,  (c)
direct  Auger, Phonons
and (d) trap- OUOUOOUUIUU I Ey

Phot Y
oon % Eg

Hbij‘l‘L

assisted Auger.
(after [0])

(a) (b) (c) (d)

Each process has its own characteristic lifetime and makes up the effective

lifetime of the material:

z'SRH Trad TAuger

Radiative recombination is important in direct bandgap materials like GaAs
and InP, where the conduction band minimum lies at the same crystal
momentum value as the valence band maximum. During the recombination
event, phonons are not required, since the energy is completely dissipated by
the emission of photons. On the contrary, radiative recombination in Si has

been almost neglected because of the considerably long lifetime.

From these arguments, it is clear that if the non-radiative recombination

routes are depressed, the radiative recombination can be enhanced



92 Infrared Emission from Forward-Biased Silicon Diode

consequently. This can be done by making 7, ~ Tqy,7aue OF the other way

around. In bulk silicon, following approaches could be attempted:

1. Block the diffusion of carriers to point defects where trap-assisted

recombination dominates
i.  Lower the carrier mobility by potential barriers or small structures

iii.  Reduce free carrier absorption by using moderately doped wafers

and heavily doped regions are confined to small volumes

These approaches clearly attempt to render 7gy,,7,4 to higher values only,

which do not improve the speed for radiative emission. Nevertheless, the
present concern concentrates more on the efficiency improvement. Thus, in
this chapter, two different approaches have been implemented tackling the
low emission efficiency in silicon: the dislocation loops engineering diode
(DILED) and the lateral diode realized on Silicon On Insulator (SOI) material
(LATODE). The former employs the first approach and the latter, to some

extent, employs the next two approaches.

VII.2 Dislocation loop LED (DILED)

The dislocation loop device, first proposed by [10], features the introduction
of dislocation loops into the region close to the junction as means of
promoting radiative recombination. The array of dislocation loops is
generated because of the ion implantation and high temperature treatment
processes in IC technology. The array of loops induces a local spatial strain
field, which forms a spatial potential barrier. This potential barrier effectively
confines the free carriers, blocking them from diffusion to point defects [10].
The strain at the edge of the loop is high and falls off around each loop

approximately with the inverse of distance [18].

Dislocation loops are, in fact, unwanted defects in silicon processing that uses
ion bombardment techniques. Unfortunately, ion implantation is the primary
source of introducing impurity atoms into silicon substrate. The ion
implantation process causes a large amount of crystal damage and creates
defects. The damage can be largely repaired during subsequent annealing

steps. However, if the implant doses are high enough, extended defects such
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as dislocation loops and {311}’s defects [12][13] are formed during these heat

treatments.

The presence of dislocation loops will increase the leakage current and affect
the final properties of devices if they are located at or near the device
junction, especially in the depletion layer of a junction. Increased leakage
current will cause device degradation and increased power consumption in
logic and memory circuits. On the other hand, the device is not affected if the
dislocations are outside of the space charge regions. For promoting radiative

recombination, the array of dislocation loops should belong to the latter case.

This experiment aims at examining the results of [10] and investigates the
device dependences on annealing temperature and elevated substrate

temperature above 300 K.

VI1.2.1 Device realization

hv

e
OO oOJ 0

n-Si

epi-substrate

Dislocation loop array

Figure VII.2-1. Dislocation loop LED device
sketch

A simple diagram of the device is shown in Figure VIL.2-1. The p" region was
made by implantation of boron at a dose of 1.0x10" cm™ and at an energy of
40 keV. The samples were subsequently annealed in a nitrogen atmosphere
for 20 minutes at 850, 900, 950, 1000, and 1050°C respectively to form the
dislocation loop array and to activate the boron atoms. The implants were
made into device grade epitaxial n-type silicon substrates of resistivity
2.55+2.95 Qcm with the epi-thickness of 16+18 pum. Front side metallization
for electrical contacts was made by aluminum sputtering and sintering in wet

nitrogen ambient at 400°C for 5 min.
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V11.2.2 Results and discussion

Electrical characteristics

For electrical measurements and supply, an Agilent 4156B precision
parameter analyzer [14] was used. Current voltage characteristics (I-V) of the
devices plotted in semi-log scale are shown in Figure VIL.2-2. The reverse
biased region indicates very low leakage currents, an evidence of no
dislocation loops present at the junction space charge region. In the forward
biased low injection regime, it is noticed that the diffusion current conduction
is the dominant mechanism of this device, signifying the recombination

outside of the space charge region.

O-Ol:i ,,f”“fk: T =

< Annealed at
% I B 1050°C
o 1E-65 ------- 1000°C
3 950°C
1E-107 o 900°C
N 850°C

:- ) for 20 min
1E-141— | ' .
_2 2 :

Voltage [V]

Figure VIL2-2. I-V curves of the DILED’s
qv_
shown with ~e™T (m=1)

External (quantum) efficiency

The emitted photons are collected from the front side window of the device
with a fiber optical probe. Light emission spectra are measured from the
output of the optical probe with an Instrument Systems Spectro—320
universal spectrometer and/or an Avantes AVS-SD2000 spectrometer. A
calibrated halogen lamp HIL-2000 has been used as reference for absolute

measurements. Both spectrometers are computer interfaced and controlled

(Appendix B).
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Halogen lamp

Figure VII.2-3. S
Irradiance intensity o
compared to calibrated &,
halogen lam 2
8 P 2 014 _
o device W5
= at 100 mA

Figure VIL.2-3 shows a comparison

0.01 : : :
between the spectrum of the halogen 900 1000 1100 1200 1300

Wavelength [nm]

lamp and the spectrum of device W5
(1050°C, 20min) operated at 100mA
emitting current. The irradiance output intensity of the calibrated lamp is
known at a distance of 1 cm away from the lamp bulb. The ratio of peak
intensity gives an order of magnitude higher for the halogen lamp (5V, 1.4 A).

Due to the nature of the measurement system with the optical fiber probe,
the external efficiency is based on the power density of the emitted photons

and electrical power density of the current through the device, namely,

P ica [W / CM?
n= ot (W /01 (Figure VIL2-4). The electrical power density is the

Welectrical [\N/C'mz]
quotient of the power dissipated through the device and the device surface

area. The division of collected optical power over the fiber entrance area, on
the other hand, gives the estimation of the optical power. Taking into account
the error margin, a value close to 0.1 % is obtained, which is similar to the
value reported in [10], the first article that discussed the effect of dislocation
loops. The device discussed in this chapter, however, has reverse biased

currents in the nanoampere range

compared to that of reference [10] with \.\Co\{\b:‘
0.5 mA at reverse bias of —=2V. It is very Ope(\\‘o(\c
probable that their device suffered from &
the presence of dislocations at the \ Popﬁool
junction. \

Figure VIIL.2-4. Welec’rricol i

Schematic illustration :

1
for the estimation of Device surface v
external efficiency
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Current dependence

In Figure VIL.2-5 (a), emission spectra at three different forward currents are
displayed. The dependence of peak intensity on current in Figure VII.2-5 (b)
is plotted in the logarithmic scale, showing a linear correlation. It has been
argued that this behavior is quadratic because the recombination involved
both electron and hole. However, a linear dependence is supported here,
which bases on the fact that radiative recombination takes place in the region
where either electrons or holes form a strong majority [4], the implanted p-

region in this case where holes concentration is dominating.
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Figure VIL.2-5. Current dependence behavior
of the light spectra (device W4, 950°C, 20 min)

Substrate temperature dependence

There is an increase of EL intensity with increasing substrate temperature
even at above room temperature, which is a striking contradiction to most of
other systems that were demonstrated for light emission in silicon including

erbium doped silicon, iron di-silicide.

The temperature dependence of the device annealed at 1050°C is displayed in
Figure VIL.2-6. The temperature was varied from room temperature up to
473K (200°C). A slight increase in intensity is observed as the temperature is
raised. A full understanding of this increase of the integrated intensity with
temperature requires further investigation; it could be associated with
increased scattering within the confined carrier populations and the increase
in the effective density of band states with temperature [10]. On the other

hand, the temperature dependence of the radiative recombination coefficient
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of silicon is still not in consensus. In reference [11], though the authors
proved that this coefficient is decreasing at higher temperature, the result was

in disagreement with other two previous publications that were referred to.
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Figure =~ VIL2-6.  Substrate  temperature
dependence of emission spectra of device W5
at [=100 mA

The temperature at which the electroluminescence saturates has not been
identified (out of reach of our temperature system) but the increase levels off
above 423 K (150°C). It is obliged to stress here that the spectra at substrate
temperature of 423 K and 473 K (150°C and 200°C) have an indent around
the peak of intensity. The tentative explanation for these abnormalities will be
discussed in conjunction with the SOI device mentioned later in section
VIIL.3.2.

Annealing temperature dependence

The different annealing temperatures vary the boron diffusion profiles as well
as the evolution of the dislocation loops and other defects. In Figure VII.2-7,
the emission spectra of devices annealed at four temperatures are displayed.
The best result is achieved on devices annealed at 1050°C. The trend still
continue at 1050°C, however, we suggest a weakening luminescence of

devices fabricated at higher annealing budget due to the complete dissolution
of loops at above 1100°C [15].
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The intensity increase can be attributed to the evolvement of the loops with
annealing temperature, since time is kept constant. Due to the importance of
implantation technique in IC-industry, all aspects of this method have been
researched intensively, in which much work has been dedicated to the study
of the evolution of dislocation loops leading to an immense understanding on
this subject [15][16][17]. The explanation of the increased intensity, based on

the vast literature available on dislocation loops, is presented as follows.
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Figure VIL.2-7. Increased emission with higher
device annealing temperature

Temperature Loop trend vs. time
(°C) Average radius | Density (cm™) Mode
nm)
700 ~4 > ~5x10" > not pronounced
800 ~0.5 - ~2x10"" | 2N | coatsening process begins
900 ~9.5 7 ~1.1x10" AN pronounced coarsening
1000 ~25 N ~1x10% J loops grow in size and
density decreases
>1000 dissolution process of loops

The presence of dislocation loops induces a local strain field in the silicon
lattice, which is found to be strongly sensitive to the size and density
distribution of the loops. Thus, density and size of loops govern the evolution
of the strain field that determines the spatial potential barrier for the
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confinement of free carriers. The dependence of loops with temperature can

be generally classified as in the above table (experimental data from [16]).

According to reference [17], the average loop radius, which is an indicator of
how large the loops are, is important in relating the spread of the strain in the
lattice. The larger the loop, the larger is the length of the strained lattice. The
larger strained lattice contributes to the improved potential barrier, which is

the reason for the increased intensity in Figure VIL.2-7.

VII.3 Lateral PIN diode (LATODE)

The use of SOI material for realization of silicon light emitters is also based
on the idea of introduction of potential barriers into the light emitting active
region. The isolation of the thin silicon sheet (called device layer) from the
bulk by the buried oxide (BOX) layer is very appropriate for that purpose

leading to the realization of the device described in this section.

SOI material has gradually increased its role in modern IC industry thanks to
its clear advantages over standard conventional silicon wafers [7]. An SOI
substrate consists of a thin single-crystal, defect-free sheet of silicon sitting on
top of an insulator. It has been produced by a dozen of techniques; SIMOX is
one among those methods [8]. The decrease of oxidation rate of the thin
silicon layer, discussed in [9], as this layer is being thinned down to the first
silicon/BOX interface is very suitable for silicon quantum device fabrication.
The separation of devices from the substrate underlies the capability of faster
optical modulation. The device, discussed in the following, takes the
advantages of SOI wafers to implement the approaches that were mentioned

in section VII.1.

VIL3.1 Experimental

The starting material is 4-inch SIMOX SOI substrate, with silicon layer and
buried oxide (BOX) layer thickness of 190 nm and 350 nm, respectively. The
device layer is p-type silicon with a resistivity of 20 Q.cm™. First, device layer
is etched into different islands, on which PIN diodes with different structures
will be realized, by a selective etching in TMAH. The PIN neutral region has
different thicknesses d;, of ~10 nm on devices with the intermediate
oxidation step and of ~180 nm on devices without this oxidation.

Implantation of BF," and As* with doses of 3.10" and 5.10" respectively,
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were used to fabricate the highly doped p-type and n-type regions. These
heavy doping regions are localized to contact areas. Dopant activation was
processed by a furnace anneal at 1000°C for 30 min. Metal contact areas are
small and were fabricated by sputtering of Ti/W bartier layer and Al (+1 %
Si) on the wafer after contact holes had been opened in the BPSG intetlayer.

Si

Figure VIL.3-1. Schematic drawing of the device

V11.3.2 Results and discussion

Electrical characteristics
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Figure VIL3-2. I-V characteristics of devices
with different active regions lengths in linear
and semi-log scales

Lateral PIN junctions formed in SOI structures exhibit good current voltage
(I-V) characteristics with very low leakage current. Saturation current density
of 3.10™" A/cm® and ideality factor of 1.3-1.5 were found in these junctions.
A 100 mA forward current can be reached at 4.16 V on the shortest neutral

region structure. The neutral region width and length determine the resistance
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of the structure. I-V characteristics for the different geometries of the devices

are displayed both in linear and semi-log scale in Figure VII.3-2.
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Figure VIL.3-3. Emission spectra of lateral
diode devices with three different active lengths

In Figure VIIL.3-3, three spectra of devices emitted at the forward current of

100 mA with different active region lengths are displayed. The difference in

intensity is attributed to
the emitting area of each
device being seen by the
aperture of the optical

probe. The quantum
efficiency of the device
cannot be calculated

explicitly, however, it is
in the same order as that
of the dislocation loop
device  (see
VIL3-4). It
worthwhile to note that

Figure
is  also
the top oxide thickness

on this device has not

Intensity [a.u]
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DILED (section VI11.3)

1200 1300

Figure VIL3-4. Spectrum
of the LATODE device
compared with that of the
DILED
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been optimized for maximum transmission.

The emitted spectra cover the wavelength range from 950 nm up to 1250 nm
with a Full Width at Half Maximum (FWHM) of 0.202 eV. This value of
FWHM is significantly larger compared to the bulk emitting devices (Figure
VIL3-4).

As the device is biased deep into ultra-high injection condition a weak visible
emission peak at 720 nm is observed (Figure VIL.3-5), however, the device is
working in a very unstable state. The origin of this peak is not clear and will

not be discussed further.

The SOI devices with very thin active region (<10 nm), as mentioned above
(section VII.3.1), were manufactured with an intermediate oxidation process.
This device shows even wider FWHM (Figure VIL3-6), which probably
feature a deformed energy bandgap with quantum mechanical consequence.

However, this effect needs further investigation.
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— dSi <10 nm
----- dSi ~ 180 nm
Figure VIL3-5. The Figure VII.3-6.
visible emission peak at Emission linewidth
720 nm (dark solid line) broadening of ultra-
under ultrahigh injection thin  active  region
condition LATODE (d;<10 nm)

This device structure also can function as a photodetector when it is operated

in reverse bias. The photon-induced currents for each active region length at
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three illumination levels are plotted in Figure VIL.3-7 showing the linear
dependency on area. The larger the active region length, the more light is
absorbed and thus more current. However, in this measurement, the
illumination was with visible light from a tungsten lamp. If photodiode
detectors capable of sensing the emitted signal can be realized in parallel, this
system will be brought closer to real applications. In that fulfillment, heavily
doped silicon photodetector can be introduced. The degenerate states of
doping impurities lower the bandgap by merging with the conduction band
minimum or valance band maximum. In this way, silicon can absorb more
infrared emission that is usually transparent. Another approach that can be
used is the photodetector with a resonant cavity [19]. This device features the
so-called Distributed Bragg Reflector (DBR), which is a two period Si-SiO,

structure realized on SOI wafers, performing as a 90 % reflecting surface.
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Figure VIL3-7. Light induced currents of
structures with different active region length

Discussion

In Figure VIL.3-3, there is an indent at wavelength of 1130 nm of the spectra,
which looks similar to the high temperature emission of the dislocation loop
device (Figure VIL.2-6). Such a coincidence is probably caused by the self-
heating of the thin silicon layer. The reasons for the presence of the indent at
high temperature as well as the increased intensity at higher substrate
temperature in dislocation loop device are still not clear. The indent might
have its root from the increased absorption of the silicon at higher

temperature at that wavelength, as discussed below.
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Figure VIL3-8. Comparison of indirect
absorption and emission processes involving
either phonon emission (a) or phonon

absorption (b) (after [20])

At room temperature, it has been previously mentioned that the radiative
emission process assisted by a phonon absorption event is negligible,
however, as the temperature rises, it can no longer be ignored probably due to
the increased population of phonons with energy suitable for this radiative
route. Along with this emission process of photon is the photon absorption
process  also  mediated by phonon  absorption, which  has
ho,+Ké=no,+KE (Figure VIL.3-8). The result of the competition between
these two conflicting process might be the cause of the indent at high

substrate temperature dislocation loop device and for the SOI devices.

The wider FWHM of the Lateral SOI diode can be attributed to the self-
heating temperature rise. The free carriers both on conduction band and
valance band have ~3kT/2 thermal energy. The difference of FWHM is
about 0.1 eV. That means the lattice temperature of the lateral diode should
be around 413 K (140°C). This value cotresponds closely to the appearance
of the indent on the dislocation loop device spectrum at the temperature of
150°C (Figute VIL.2-6), which also shows up in the spectra of the LATODE.

VII.4 Conclusions

Two approaches for realization of efficient silicon LED have been presented.

The dislocation-loop engineering device has the advantage of strict
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compatibility with IC standard technology as well as simple fabrication
process. It also offers efficient operation at room temperature and above. The
lateral diode on SOI features a wider FWHM spectrum. This device poses a
potential integration of an all-silicon on-chip optical interconnection scheme
with light emitter, waveguide, and detector. The capability of fast modulation

is also a topic for further investigation.
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Chapter V1II

CONCLUSIONS &
RECOMMENDATIONS

VIII.1 Conclusions
Chapter II and 111

Three most crucial properties of the diode antifuses, namely electrical, optical
and structural have been investigated and discussed. The formation of the
antifuse using electrical fusing of a thin dielectric capacitor has also been
described. The physical structure of the antifuse has been exposed. It is clear
that the antifuse sizes are of nanometer-scale range e.g. about a few tens of
nanometers. The electrical characterization indicates that antifuses are
reproducible in the aspects of yields and stability. The emitted light spectra
from the antifuses in reverse bias have been studied and formulated with a
multi-mechanism model, which has been proven to be applicable for
conventional diodes. The distinguished difference in the model parameters is
the higher electron temperature and stronger electrical field strength, which
are achievable only in nanometer-scale devices like the antifuses. The lowly
doped substrate device shows a forward biased light spectrum with a tail
extended deeply into the visible range. This anomalous light spectrum is

attributed to the electron tunneling through oxide.

Chapter IV

An example of using ultra violet photons emitted from an antifuse diode for a
photochemical process is described. It has been made clear that microscale
chemistry is enabled with this device. Photoresist has been employed as the
chemical medium. A technique for IC reliability testing is proposed based on
the content of this chapter.



110 Conclusions & Recommendations

Chapter 1, V1

The antifuses were realized in a new manner, i.e. oxide breakdown between
two layers of oppositely and highly doped polysilicon electrodes. They have
been integrated into the two novel devices, the opto-isolator (chapter 1) and
the channel device (chaprer 17]).

The opto-isolator demonstrates the antifuse as an efficient visible light source
and the feasibility for integration with silicon IC. The differential reflected
photons at the front surface could be sensed with the integrated
photodetector, suggesting the use of this integrated device as an optical
sensor and actuator element. The device resembles optoelectronic
interconnections for intra-chip communication, though the coupling of the
emitted optical signal to a waveguide in practical devices is still the predictable

obstacle.

Chapter 1T presents a novel concept of an optical microfluidic device. The
light emitting antifuse and the photodiode have been integrated with a hollow
channel, enabling fluidic experiments on an all silicon device. The channel’s
influences on the transmitted spectra of the antifuse have been recorded as it
is filled with liquids of different refractive indices. This device poses potential

applications in microfluidic metrology.

Chapter V11

In this chapter, two silicon devices for highly efficient light emission working
in forward biased mode are investigated and evaluated. The DILED featuring
the engineered junction with dislocation loops demonstrates efficiencies
approaching 0.1%. The device possesses a precious property; the conformal
intensity increase with higher substrate temperature that has never been
observed in other silicon based light emitting systems. It has also been shown
that appropriate annealing budget improves the device efficiency. The
LATODE device, based on SOI wafer, shows distinctive emission spectra
with wider FWHM compared to bulk devices. The structure is a potential
candidate for on-chip all-silicon optical interconnects due to its efficiency and

prospective integration capability.
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VIII.2 Recommendations

The light emitting antifuse

The research toward the applications of antifuses might be extended to the
incorporation of other materials with proved optoelectronic properties such
as GaN, SiC to examine the possibilities of efficiency improvement and to
move the spectrum to deeper ultraviolet (UV) region where more applications

in (bio)-chemical processes are possible.

Further understanding of the visible light emitted from LDS devices under

forward bias is another area for accomplishment.

The microfiuidic device

It is clear that the optical/fluidic device, described in chapter 171, has many
prospective applications. With little improvement, the device will be capable
of an absorption type optical sensor. Further modifications can be made to
turn the device into a complete metrological system for microfluidic

measurements.

The infrared emitter

A step forward to realization of optical interconnects on silicon is to develop
a silicon based photodetector that is more sensitive to the wavelength of
1100nm. The improved efficiencies of the emitters and device structures in
chapter V1l are a good start for this direction, though the emission efficiency
and the fast optical signal modulation are expected to improve further. Better
understanding of the efficiency improvement mechanisms of the two devices
discussed in chapter 1711 is also desired.
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SUMMARY

Devices made from silicon dominate the microelectronics industry, thus
silicon is the material of choice for anyone designing new electronic devices
that will be integrated with microelectronic circuits. The same applies to the
optoelectronic devices that act as gateways between the electronic domain
and the wortlds of photonics and optical communications. Most
optoelectronic components, such as waveguides and modulators, have already
been made from silicon, but a completely silicon-based system remains

difficult because there is a critical missing link: a silicon light source.

Silicon has an indirect energy bandgap which means that the minimum in the
energy of the conduction band and the maximum in the energy of the valence
band occur at different momenta. Electrons and holes can only recombine if
a lattice vibration (phonon) with the correct momentum is available.
Therefore, silicon is fundamentally a very inefficient photon emitter.
However, the huge benefits that silicon optoelectronics might bring motivate
the growing research on this area. An efficient and fast light emitter realized

on silicon with silicon technology is the conclusive goal.

This PhD research is among those attempts to strive for a silicon light source
though the target is rather in sensor and actuator applications than optical
communications. It deals with the development of a novel device, the
nanometer-scale silicon light emitting diode antifuse. The objectives set out
for the research were to investigate the device properties and the possible
applications as an optical sensing and/or actuating element, especially in
Micro Total Analysis (WT'AS) or lab on a chip.

The thesis starts with an introduction on the properties of the silicon material
with respect to light emission, namely, why silicon is a poor photon emitter,
the benefits of an integrated opto- and microelectronics. A small review on
the “state of the art” development of the subject is presented, which
addresses most current approaches with the respective successes and

limitations of each. The motivation of this research is then discussed.
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The nanometer-scale silicon light emitting diode antifuse operates in the
reverse electrical breakdown, emitting a wide spectrum of visible and near UV
photons. It is created by electrically fusing a semi-manufactured capacitor pre-
device. The physical size of the antifuse is in the order of less than 100nm,
which is a link through the dielectric of the pre-device. The link formed
between the two heavily and oppositely doped electrodes behaves as a tiny p-
n silicon junction. The emitted spectrum is modeled with a multi-mechanism

formulation that was previously used for conventional diodes.

The near UV photons (from 2.7-3.1 eV) were used to conduct a
photochemical process, namely the illumination of photoresist. Though the
efficiency of the high energy photons is largely less than that of visible ones,
the structure of photosensitive component in the resist still receives enough
energy to chemically change, which make themselves either soluble or
insoluble in the developer, dependent on the type of process used. A
simplified model was made to simulate the time dependency of the process. It
has also been proposed as a high-resolution non-destructive reliability testing

method for VLSI integrated circuits.

A long tail extending deep into the visible region was observed in the forward
biased emission spectra of the antifuse structure, which has lower substrate
doping (LDS device). The origin of this visible light and the mechanisms
involved were revealed based on the comparison with antifuse spectra of
HDS devices. The discussion supports the transition of hot injected electrons
into the conduction band of the Si-bulk of diode antifuses.

The antifuse was then integrated onto two novel prototype devices, the opto-
isolator and the optical/fluidic device. The former consists of the light
emitting antifuse and a photodiode detector that is integrated underneath.
The optical/fluidic device has neatly similar structure, except for a
microchannel sandwiched between the light emitter and the detector. The
detection of the light signal on the detector of the opto-isolator was carried
out showing an overall electrical efficiency of 107% the power conversion
efficiency was also roughly estimated. The isolator performed as a sensing
element, however the signal seems still small for practical applications. The

stability of the system was tested for a long period showing small degradation.



The channel of the optical/fluidic device were filled with different liquids that
consequently altered the interference pattern of the light source proving the
working principle. This device has a wide range of possible improvements
and applications. It can be an absorption type sensor, a bubble creator, and a

metrological measurement system for microfluidics.

The thesis also extends its content to the research on the improvement of
efficiency. It describes two devices operating in forward biased regime. The
efficiency of these devices is in the range of 0.1%, which is comparable to
best devices reviewed in chapter I. The devices open up further chance of
getting efficient and fast optical emitter on silicon, though intensive and in-

depth investigation is still to require.

Finally, the thesis has created a strong basis for the development of
nanometer-scale light emitting diode antifuse. Feasible prototype devices were
developed with proved working principles. Infrared LEDs were realized

showing promising characteristics.
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APPENDIX A

CHANNEL INTEGRATED DEVICE

Process description of the device discussed in chapter VI

Phase/ Step Process

PHASE 1 Photodetector

14. Wafer marking

15. Standard cleaning

16. Oxidation 300nm for the mask zero mark

17. Definition of the mask mark for Mask I and II
Lithography
Mask O

18. Wet etching of the mark definition

19. 25 nm pad thermal oxide — surface protection for
implantation of boron

20. Definition of photo detector windows
Lithography
Thick Olin 907—-17
Mask 1

21. Boron implantation

22. Resist removal & Standard cleaning
End of PHASE 1

PHASE 2 Sacrificial poly-Si

23. Standard Cleaning

24. LPCVDeposition of 1% SIRN 0.5um

25. LLPCVDeposition of sacrificial poly-Si 0.5Um

26. Lithography for channel patterning
Mask 11

27. Poly-Si dry etching preferably anisotropic

28. LPCVDeposition of 2nd  low-stress SIRN
End of PHASE 2

PHASE 3 The antifuse

29. LPCVDeposition of 1st electrode amorphous-Si 300nm
(planar surface)

30. B" doping by implantation
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31. Lithography
Patterning of 1st electrode
Mask 111
32. Resist removal and Standard cleaning
33. LPCVDeposition of 60nm separation nitride
34. Lithography
Antifuse window opening
Mask IV
35. Standard cleaning
native oxide removal 10 sec in BHF
36. LPCVDepositon of thin antifuse oxide
8nm
37. LPCVDeposition of 2™ electrode poly-Si
300nm
38. Implantation of the second poly-Si layer
39. Lithography
Patterning of 2™ poly Si layer
Mask V
40. Lithography
Patterning of the separation oxide
Mask VI
End of PHASE 3
PHASE 4 Hollow channel etching
41. LPCVDeposition of covered low-stress SIRIN
300nm
42. Lithography
Mask IX
Making hole in SiRN
43. Dry etching SIRN
44, Resist Strip
45. Sacrificial poly-Si etch in KOH
46. Cleaning RCA-2 (HCL/H,0,/H,0)
47. Cleaning ‘“Piranha” (H,SO,/H,0,)
End of PHASE 4
PHASE 5 Metallization
Solution 1: Standard Technology
48. Photolithography
Definition of the contact hole
Mask VII
49. Dry etching of SIRN

Selective to silicon recipe




50. Fuming nitric acid for resist removal
& SC

51. Deposition of Aluminum by
Sputtering

52. Definition of Aluminum contact pad
Lithography
Mask VIII

53. Wet etching of Aluminum in H,PO,

54. Aluminum sintering

Solution 2: Shadow mask solution

55. Dry etching of SiRN using shadow mask
56. Evaporate Aluminum using shadow mask
57. Using steps 39+41 to finish
Solution 3: FIB
58. FIB making contact hole
59. Deposition of Platinum
End of PHASE 5
PHASE 6 Deposition of liquid confinement ring
60. FC deposition through shadow mask

Elektrotech PF 310/340 (Etske)
(CHF; flow 25scem, pressure 150mTorr, power 20 Watt)

End of PROCESS
Shadow mask fabrication

Step Process

61. Wafer selection (by curvature measurement)

62. Standard cleaning

63. Lithography Olin 907-17

64. Annealing of Olin 907-17 for cryogenic DRIE in
vacuum Heraeus convection furnace at 150°C, time>15
min

65. Etching of Si Plasma OXFORD
Oxford Plasma lab 100 ICP
Basic recipes for deep trenches and through wafer
etching

60. Stripping of Olin 907 by oxygen plasma
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Mask information

Mask Description Abbr. | INSIDE
Number
O Mask zero (mask mark) MO Dark
1 Photo-detector windows PD Clear
11 Shape of the channel CH Dark
111 First poly PLL1 Dark
I\Y Antifuse windows AW Clear
\ Second poly P2 | Dark
VI Shaping separation nitride | SO Dark
VII Contact windows CO Clear
VIII Metalization Aluminum IN Dark
IX Channel end opening EO Clear
X Shadow mask, SM1 | Clear
liquid confinement
XI Shadow mask, SM2 | Clear
reserved solution




APPENDIX B

FORMULAS & CONSTANTS

XXV

Conversion between I\ I(E)=10" /1_2 1(A)
[W/nm] & I(E) [W/eV] he
Conversion of photon energy y) _he -10° 1239
[eV] and wavelength [nm] E E
Effective density of states in 2.8x10"
conduction band, N [cm ]
Effective density of states in 1.04x10"
valence band, N [cm™]
Fermi-Dirac distribution f(E)= 1
)
1+exp
kT
Optical phonon energy in Si 0.063
[eV]
Refractive index of Si at 1120 3.353
nm (1.12 eV)
Si bandgap at 300K [eV] 1.1246
Temperature dependence of Si E(T)=E, - aT?
bandgap [eV] ©T+p

E, =1.170;c = 4.73x107*, 5 = 636

Thermal voltage at 300K [V]

LU =0.0259
q
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APPENDIX C

THE SPECTROSCOPIC MEASUREMENT SETUP

Cascade
Fiber Optic microchamber

Spectrometer —

Agilent
41568
- |+

This spectroscopic setup was used for measurements in chapter V, VI, and
VII of the thesis.

For electrical measurements and supply, an Agilent 4156B/C precision

parameter analyzer was used.

The emitted photons are collected from the front side window of the device
with a fiber optical probe. Light emission spectra are measured from the
output of the optical fiber with an Instrument Systems Spectro-320 universal
spectrometer (http://www.instrument-systems.de/details/det_sp.htm)
and/or an Avantes AVS-SD2000 spectrometer
(http://www.avantes.com/downloads/AVACAT-SPEC.PDFE).
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