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1. Introduction

1.1. Silicon Technology

The progresses in  microelectronics and photonicsve harevolutionized
telecommunications and information science andrereging during the J0century. It would be
difficult to identify any other contemporary techogy that has had a more pervasive and
beneficial influence on our everyday living. Thdggh technology areas permeate everything,
from a space shuttle to a washing machine, aneéguelly important from the perspective of an
air force pilot or a homemaker. A good examplenes growth of the Internet, with the number of
users continuing to double every few months. Milconics and photonics have incredible
implications for industry, employment, strategicsipion of countries and, even, for the future
organization of the society. It is natural that rge@e wonders which new applications of
microelectronics and photonics are most likely e into life in the near future and what

difference these applications might make for th& &htury.

In the 20" century, mainstream electronics evolved from vatuubes and discrete
copper wires to individual transistors and batdbrifaated, printed wiring boards to its current
form, which integrates more than a billion trarmistand copper interconnections in a single
silicon chip. Until the past decade, designers ewtghl the electrical performance of wires or
metal interconnections. They effectively addresthésl problem simply by increasing transistor
channel width to provide larger drive currents, atidis enable transistor-level circuit
performance. Unfortunately, this simple fix is nandier adequate: interconnect latency and
energy dissipation now tend to dominate key meticsansistor performance. For example, for
current state-of-the-art technology, the latencyaofl-mm-long interconnect benchmark is
approximately six times longer than that of a cgpmnding transistor. Moreover, the energy
dissipation to send a bit over al-mm-long inter@mtion is approximately five times larger than

that used in a transistor commutation. This saalpglly in future silicon technology generations.
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Consequently, in the near- and medium-term futexepnential increases in transistors per chip,
as Moore’s law'” eloquently projects (Fig. 1.1.1), will necessaréynphasize advances in
interconnects technology. These advances will bieeeely diverse and will include new
interconnect materials and processes, optimal sevecaling, micro-architectures that shorten
interconnects, 3D structures and I/O enhancemémisichip optical interconnects and more

powerful computer-aided design tools for chip layand interconnect routing.
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Figure 1.1.1: Number of transistor for integrated drcuits showing the historical accuracy of Gordon Mbore’s

prediction of an exponentially increase in the intgrated circuit complexity.

1.2. Optical Interconnects

Many expect photonics to provide the long term ®ofu In optical interconnect schemes, the
copper wires between regions of an integrated itirgauld be replaced by a system of lasers,
modulators, optical waveguides and photo-detectdr$he potential benefits of this approach
include the virtual elimination of delay, crosskiaand power dissipation in signal propagation,
although significant new challenges will be introdd in signal generation and detecti@hThe
integration density and data rate that can be waetieby using conventional electrical

interconnects set very high performance requiresnéort any optical interconnect system to be
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viable.” Stable laser sources, interferometric modulatiesse wavelength division multiplexer
(DWDM), and low loss planar waveguides will all Ioecessary components of an optical
interconnect.®) These photonic technologies are now applied piiyndn the long-haul
telecommunications industry, where individual comgat cost and size do not drive the market.
Data transfer rates and the cost per transmittethimugh optical fiber networks have improved
dramatically in performance over the last few desdfl following exponential progress curves

that are even faster than Moore’s Law.

Microphotonics refers to efforts to miniaturize tbetical components used in long
distance telecommunications networks so that iategrphotonic circuits can become a redity.
Work in this field spans many subjects, includingnar waveguides and photonic crystals,
integrated diode detectors, modulators, and lagehgances in the related and often overlapping
field of nanophotonics suggest the possibility eérgually controlling optical properties through

nanoscale engineerirf{.

The success of photonic interconnect critically etefs on high-speed energy-efficient
transmitters and receivers. Monolithically integcht 4x10 Gb/s WDM silicon photonic
transceivers”? were reported. Owing to less advanced CMOS teoggohnd power hungry
Mach-Zehnder modulator (MZM), the transmitter aadaiver consumed power of 575 mW (not
including the laser power) and 120 mW, respectivelybrid integrated 4x12.5 Gh/s WDM
silicon photonics link has also been demonstratedently. © The MZM used in this

demonstration alone consumes a few tens to hundfedsV.

Tremendous progress has also been made in effigdimton photonic device
development. On the transmitter side, carrier-dipienicrodisk*” and microring'® modulators
have demonstrated an energy efficiency of a fewflit at 10 Gb/s. Optimized racetrack ring
modulators with reduced voltage swing can furteprove efficiency to about 10 fJ/bt® On
the receiver side, very low parasitic Ge photodetschave reported high responsivity and

bandwidth ¥
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1.3. Silicon Photonics

The goal of silicon photonics is to create highf@enance optical devices from with
CMOS compatible materials so that photonic comptsean be made using the mature silicon
fabrication technology. CMOS stands for Complemegniidetal Oxide Semiconductor, and refers
to logic circuit designs that pair p-channel tratmis with n-channel transistors to limit the
quiescent currents that waste power when a cirsuibt otherwise active. CMOS circuits have
incredible power efficiency advantages and arebthifling blocks for all microprocessors. It is
important to ensure that all materials used in aG@&Mfacility do not contaminate these
fundamental components of the circuit. CMOS confyilétti contains an additional connotation
of cost effective economic scaling. In silicon phats, most of the problems encountered are

related to materials issues, in either integratiostability in fabrication or operation.

Silicon itself is a CMOS compatible material thahde considered for photonics. Many
of the properties that make silicon a good choige dlectronic chips are helpful in optical
applications as well. It is an abundant materialthwgood thermal conductivity and good
mechanical strength. It also has a high index @fcgon and a small intrinsic absorption at
infrared photon wavelengths. However, silicon goar material for making lasers, which are the
necessary signal sources in optical communicagditon also makes a poor material for light
emitting devices, because it has an indirect bandtsre (Fig. 1.3.1). This means that the least
energetic conduction band electrons in siliconimmotion relative to the most energetic valence
band electron states. In order for silicon to absmr emit a photon at visible frequencies, an
electron must undergo a band-to-band transitionvdxe two of these states. This transition
requires the simultaneous absorption or emissiom ghonon in order to accommodate the
momentum mismatch, making it much less likely t@wc Because a radiative transition is
unlikely, competing nonradiative recombination afmgs tend to dominate the relaxation of the

excited state electrons. Ultimately this makes ph@mission in silicon extremely inefficient: the

quantum efficiency is on the order of 1010*.

14



Energy

Free carrier

. absorption
Conduction band P

Indirect radiative

. recombination
Absorption
IaVAVAVAS

huw o
MNANNL Auger recombination
how
| Wavevector

Valence band

Figure 1.3.1: In the band structure of silicon, thelowest-energy states in the conduction band are feét in

momentum space from the highest-energy valence bastates at the center of the Brillouin zone.

The recently reported first silicon las&? did not rely on the emission of photons by
excited conduction band electrons. This laser atstiperated by Raman scattering in which sub-
band gap photons interact only with phonons. Thstalinity of silicon makes Raman scattering
relatively strong in relation to amorphous glas$es,intense optical pumping is still required to
create a population inversion of the excited virtpaonon state. While these results are
impressive, it is clear that Raman lasers do ne¢ laapractical future because they require optical
excitation by a pump laser and have a relativehalsispectral range in which gain can be

achieved.

Materials that have superior optical propertiesshsas alloys of Group Il and V
elements, are used to make the lasers for longthBrdommunication networks. These materials
are not CMOS compatible, primarily because of misimad crystal lattice constants with respect
to silicon. However, the list of materials that &®IOS compatible is always expanding as new

methods of integration are introduced. This stwateg currently being pursued by start-up
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photonics companies such as Luxtera, as well &b'drgilicon photonics research group. Both
companies have recently demonstrated electricalipged lasers on silicon substrates that use

integrated Il1-V materials to achieve gdff, "

An alternative is to exploit quantum mechanicakef§ to improve the optical properties
of silicon or other currently CMOS compatible méabks. Following this approach, nanostructured

silicon has been identified for many years as ansimg candidate material for silicon photonics.

1.4. Silicon Nanocrystals

The optical emission in silicon nanocrystdfswas shown over fifteen years ago with the
first report of photoluminescence from porous sitic Similar optical observations have since
been made in nanostructured silicon materials ¢abted by ion implantatiomerosol synthesis,

sputtering, laser ablation, chemical vapor depmsjtand reactive evaporation of Si-rich oxides.

The quantum mechanical effects are responsibletiferenhanced photonic materials
properties. Quantum mechanics describes the behaivadl physical systems, but conflicts with
the predictions of classical physics only for sysehat we can study at the length scale of the de
Broglie wavelength. For electrons this correspaiedsizes on the order of nanometers, a regime
that we can access experimentally and engineerettec useful devices that take advantage of
guantum mechanical phenomena. Qualitatively thesceffof confinement in a quantum
mechanical system can be understood by considémmgimple particle in a box problem. In
order to satisfy boundary conditions, the charétierground state energy scales inversely with
the square of the width of the confining potentiall. Confinement raises the energy of the
ground state, tends to create a discrete densgttatéds at low energies, and introduces uncertainty
into the momentum of the particle. It is possitdémprove the approximation of a quantum dot
by considering the particles of interest, excitonsa three-dimensional spherical confinement
potential representing the insulating matrix arotimel semiconductor nanocrystal. Excitons are

electron-hole bound composite that are coupledtbegdy Coulomb attraction. The mathematics
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used to describe an exciton is identical to theehéa the hydrogen atom. It is possible therefore
predict from first principles a Bohr radius for theund state of the exciton corresponding to the
critical length scale for confinement effects. Tehr radius of an exciton can be thought of as
the typical separation distance. In silicon, theitexi Bohr radius is about 5 nm. This tells us that
we can expect to observe quantum confinement effiecsilicon nanocrystals that are smaller

than approximately 5 nm in diameter.
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Figure 1.4.1: (a) The evolution of states for fourricreasing diameters of Si NCs and (b) HOMO and LUMO

variation with respect to diameter. The bulk band edes of Si are marked with a dashed line for compason.

Figure 1.4.1 shows the scale of the change in tafeeband gap for a nanocrystal and
Figure 1.4.2 shows the size-dependent silicon ngatat band gap. Poor agreement between
theory and experiments is found for small silicanaocrystals and is commonly attributed to
silicon oxygen double bond defect states at théaserof the nanocrystal that can capture and
localize the exciton. It is worth noting that natisurface oxides on silicon are typically of abbut
nm thick. Therefore a silicon nanocrystal is edaéipt‘all surface” and might be expected to be

very sensitive to surface chemistry.
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Figure 1.4.2: Theoretical and experimental values foband-gap in Si nanocrystals (after Delerue et al*®)

Dashed and solid line represents theoretical valuegith and without excitonic correction.

In addition to causing the blue shift of the sihcband edge emission into the near
infrared or red spectral range, quantum confinenersilicon nanocrystals results in orders of
magnitude brighter emission than is observed frak Bilicon. The brighter emission must be
explained by some combination of enhancement inatbsorption cross section and radiative
recombination rate and decrease in the rate ofadliative recombination. Experiments suggest
that the absorption cross section in silicon naysiafs shows little or no enhancement over bulk
silicon on a per-atom basis. Of the remaining tactdrs, most of the improvement in radiative
recombination efficiency comes from a dramatic dase in the nonradiative recombination rate.
Nonradiative exciton recombination in bulk silicisntypically dominated by Shockley-Hall-Read
recombination at mid gap defect states correspgniirdefects and impurities in the crystal. In
nanocrystals that are small enough to show quartaniinement effects, such defects are
thermodynamically unfavorable and tend to grow @futhe quantum dot. There are two factors
that contribute to improvement in the radiativeorabination rate in silicon nanocrystals. The
first can be understood in the context of Fermi@den Rule for quantum mechanical transitions,
which can be derived using time dependent pertimbaheory. In the formalism of Fermi's

Golden Rule, the rate of an optical dipole transitis proportional to the magnitude of an off-
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diagonal matrix element calculated by evaluatingoaerlap integral that connects the electron
and hole wavefunctions together through the dipgerator. Because the nanocrystal forms a
potential well that confines the electron and tbkefspatially, these wavefunctions overlap more
in position space and the matrix element for tlamdition increase&® At the same time, the
uncertainty in momentum space that confinemenbdhices relaxes the momentum conservation
rule and allows a greater proportion of the phodensity of states to assist in the indirect band-
to-band transitionf?” On the other hand two other recombination mechamighat contribute to
the inefficiency of light emission in bulk silicomecombination at surface defects and Auger
recombination, in which the energy of the exciteriransferred to a third charge carrier can be
worse in silicon nanocrystals than in bulk silicolihe enhanced sensitivity to surface
recombination can be understood by noting the Isigtiace-to-volume ratio, while the rapid
Auger recombination rate in charged nanocrystaiult® from the large effective carrier

concentration that a single carrier representsarstnall nanocrystal volume.

1.5. Silicon Nanocrystal Based Light Emitting Devices

Despite the advantages that nanostructured sibéfens in comparison to bulk silicon, it
is still a relatively poor optical material in coanson to direct gap IlI-V semiconductors. The
radiative rate, which ultimately limits the opticpbwer that can be radiated by a volume of
material, is perhaps one or two orders of magnitadter than bulk silicon at 10 kHz. However it
is four orders of magnitude slower than the 1 GiHiseion rates found in materials such as
GaAs. While the radiative recombination efficiensyhigh, the insulating matrix that surrounds
and defines the quantum dot complicates the etettinjection of carriers. The emission
wavelengths are always blue shifted by confinermétit respect to the bulk silicon band gap at
1.1 um and can therefore be absorbed by bulk silicor @imission is also far from the Iug
and 1.5um telecommunications spectral windows, in whichcailfibers have a transmission
maximum, making silicon nanocrystals less attractior data transfer applications, including

optical interconnects.
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In display applications, the blue shifted emissibisilicon quantum dots is an advantage.
Red and orange emission is fairly easy to attaimanocrystals embedded in silicon oxide.
Concerns about the achievable brightness in aosilianocrystal based display remain because
luminosity in the saturation regime is proportional radiative rate, and the radiative rate of

silicon nanocrystals is relatively low (1-100 kHz).

Traditional light emitting diodes (LEDs) work byjétting minority charge carriers into
complementarily doped regions across the depletimth of a semiconductor pn-junction in
forward bias. The minority carriers form excitonghvmajority carriers and can recombine to
emit light. This process requires a current to fiimough the device which consumes energy in
Joule heating in proportion to the resistance efdibde. Because silicon nanocrystals must be
embedded in an insulating matrix a LED made outadfocrystal doped material would have a
low conductivity and resistive heating would lintiie electroluminescence power efficiency.
Inadvertently doping the silicon nanocrystals coaldo be problematic. A single donor or
acceptor in a nanocrystal creates a degeneratec&emr concentration that turns on strong
nonradiative Auger quenching of any injected exwtolnstead, electrically pumped light
emitting devices have been made with intrinsicsili nanocrystals. These designs typically rely
on impact ionization to create excitons. The predssthe inverse of Auger recombination: an
injected carrier with excess thermal energy relat®eshe band minimum by promoting an
electron from the valence band into the conduckand of the quantum dot. Impact ionization
requires relatively large voltages in order to tezahe electric fields that induce carriers to ®linn
through the insulating barrier to the nanocrydgatitation is more efficient with highly energetic
hot carriers, but this process can damage the tguaflithe insulating matrix over time and
reduces device longevity. Some reports claim thgiaict ionization can be achieved without

introducing hot carriers.

While silicon nanocrystals alone cannot emit lighthe infrared telecom bands, they can
be coupled to the emission of erbium ions to cragteomising hybrid optical materi&® When

incorporated in silicon oxide, Erions exhibit a weakly allowed atomic transmissiorl & um
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that is well aligned with the transmission maximaoptical fiber. For this reason erbium doped
fiber amplifiers are commonly used in long distabelecommunications to restore the intensity
of optical signals. Because the transition is amat dipole, the cross section for the optical
excitation of an erbium ion is very small (#0cnf) and further requires that the exciting
wavelength be resonant with another atomic tramsitif the ion. In contrast, the excitation cross
section for silicon nanocrystals is nearly five englof magnitude larger and nanocrystals can be
excited by photons of any energy above the confineadd gap. Because the radiative rate of
silicon nanocrystals is fairly low, nonradiativeandield energy transfer to erbium ions placed in
close proximity to the nanocrystal can be the damirrecombination pathway for excitons. In
this way, silicon nanocrystals have been shownet@ffective sensitizers for erbium ions (Fig.

1.5.1) in optically pumped waveguide amplifiers.
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Figure 1.5.1: Schematic of the relevant physical nshanisms in Si-np and Er3+ ions regarding the energy

transfer effect.

1.6. Outline of This Thesis
This thesis presents experimental work developiiligoa nanocrystal based light
emitting devices for silicon photonics. The chaptare organized as follows:

In chapter 2, fabrication and characterization iblf®1 nanocrystal based devices are

presented. In collaboration with Intel Corporat@md Bruno Kessler Foundation and thanks to
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the support of European Commission through theeptoNo. ICT-FP7-224312 HELIOS and
through the project No. ICT-FPZ48909 LIMA, it is shown that layers and devices contafi
silicon nanocrystals can be formed in a producsitinon-fab on 4 and 8 inch silicon substrates
via PECVD and subsequent thermal annealing. Deygoceduced by single layer and multilayer
deposition are studied and compared in terms o€siral properties, conduction mechanisms and
electroluminescence properties. Power efficiencgvisluated and studied in order to understand
the relation between exciton recombination andtetat conduction. A band gap engineering
method is proposed in order to better control earimjection and light emission in order to

enhance the electroluminescence power efficiency.

In chapter 3, the power efficiency of silicon narystal light-emitting devices is studied
in alternating current regime. An experimental mettbhased on impedance spectroscopy is
proposed and an electrical model based on the amnphase element (CPE) is derived. It is,
then, given a physical interpretation of the eleatr model proposed by considering the
disordered composition of the active material. Bhectrical model is further generalized for
many kinds of waveforms applied and it is geneedifor the direct current regime. At the end,

time-resolved electroluminescence and carrier figadn alternate current regime are presented.

In chapter 4, erbium implanted silicon rich oxidased devices are presented. The
investigation of opto-electrical properties of LEDdirect current and alternate current regime
are studied in order to understand the injectiorthmrism and estimate the energy transfer
between silicon nanocrystals and erbium. At the ardkvice layout and process flow for an

erbium doped silicon nanocrystal based laser strectre shown.

In chapter 5, some other applications of siliconazaystal are presented. An example of
all-silicon solar cell is shown. The photovoltaicoperties and carrier transport of silicon
nanocrystal based solar are studied. At the erml,ctimbination of emitting and absorbing
properties of silicon nanocrystal based LED areduse develop an all-silicon based optical

transceiver.
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2. Light Emitting Devices Under Direct Current

Excitation

2.1. Introduction

In this chapter, fabrication and characterizatidsiticon nanocrystal based devices will
be presented. In collaboration with Intel Corpamatand Bruno Kessler Foundation and thanks to
the support of the European Commission througtptbgect No. ICT-FP7-224312 HELIOS and
through the project No. ICT-FPZ48909 LIMA, it is shown that layers and devices conta@i
silicon nanocrystals can be formed in a producsitinon-fab on 4 and 8 inch silicon substrates
via PECVD and subsequent thermal annealing. Deydoceduced by single layer and multilayer
depositions are studied and compared in termsro€tsral properties, conduction mechanisms
and electroluminescence properties. Power effigieisc evaluated and studied in order to
understand the relation between exciton recomlginatind electrical conduction. The band gap
engineering of the tunneling rates is proposed rokeioto control carrier injection and light

emission in order to enhance the electroluminescpower efficiency.

2.2. Single Layer and Multilayer Based Light Emitting Devices

2.2.1. Electrical Conduction and Electroluminescence in Single Layer LEDs

The problem of charge injection in the nc-Si LEOses as a result of embedding
nanocrystals into the silicon oxide dielectric matifo obtain an efficient light emitter, balanced
bipolar charge injection into the nanocrystals tiealse realized. Good nanocrystal passivation and
isolation have to be optimized with charge inject®d the nanocrystals under low voltages. In
principle, this could be possible when the thicknekthe silicon oxide between the nanocrystals

is reduced at a value that direct tunneling cusrdmgécome important. Direct tunneling is a
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conduction mechanism that leads to large injecfedtrical currents at low applied voltages
without leading to the oxide degradation. Typicdéicen nanocrystal LEDs work under high
voltages (above 5 V) at which unipolar Fowler-Nath tunneling is the main charge injection
mechanism® @ The Fowler-Nordheim tunneling induces a posititiarge in the silicon oxide
and leads to its degradatio?® There is some discussion in the literature about
electroluminescence (EL) quenching due to champtng in nc-Si LED?® On the other hand,

in stoichiometric oxide based MOS devices and deipgnon the oxide thickness direct or trap-
assisted tunneling (TAT) can dominaf®. The direct tunneling current is larger than thepir
assisted one for an oxide thickness thinner themt, where the main contribution to the direct

tunneling current is from electrons that belon¢gh conduction bané?”
Devices Fabrication

Different MOS-like capacitors were realized usinther silicon rich oxides (SRO) or
silicon-rich oxynitrides (SRON) deposited by PEC¥PB gate dielectric material. First, the active
layer of the LED was deposited by PECVD on 4 inclsubstrates. The substrates were p-type
doped (100) Si with a resistivity of 12-T8cm. During PECVD depositidnthe ratio among the
precursor gasses (SjH\,O, and NH) was varied to control the excess amount of bo#ng N
in the SiO matrix. The different deposited layems identified by a symbdl, which is defined as
the ratio between the,® and the Sikfluxes used during the deposition procésss inversely
proportional to the Si content inside the oxidernratn addition, in order to evaluate the role of
the N content, 40 SCCM (SCCM denotes cubic cenamatr minute at STP) of Nhvere added
in the deposition chamber during the depositioa ¢d¢w SRON layers. In this case, the devices
are labeled with an index “N” following tHe value. The thickness of the SRO layers was around

50 nm for all devices (see Table 2.2 fod details).

1 LED fabricated at FBKY
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SRO Refractive Si o) N SRO SRO
Device thickness indexat  contenf contenf contenf Capacitance dielectric

(nm) 600 nm (at. %) (at. %) (at. %) (pF) constant
r3 42+4 249+ 52 44 4 5641 85+1.0
0.01
258 +
3N 32+4 28 54 38 8 8812 101+15
10 50+ 2 168§1i 48 47 5 34+1 6.1+04
FION  47+2 168311 48 44 8 36+1 6.1+04
ris 49 +2 169+ 44 50 6 31+1 55404

0.01

@Atomic percentages of oxygen, nitrogen, and silisene calculated from XPS measurements using atomic

sensitivity factors.

Table 2.2.1.1: Device structural, optical, and eledtal characteristics.

After deposition, wet oxidation was performed a6Q0C for 1 h to grow both 480 nm thick field
oxide (for active area isolation) and Si nanocigsitathe gate dielectric. Then, the devices were
processed by using a standard MOS process. Thengatéormed with a semitransparent 30 nm
thick layer of n-type in situ doped polysilicon. figrent geometries were used for the
metallization: circular geometry with a ring-shapadtal line for emission study (LED) and disk
geometry entirely covered by the metal contactdiectrical studies (capacitor). Metallization
was done with a 500 nm thick layer of Al (1% Sikhieh is used to connect the gate area of
7.94x10* cnt in the LED (capacitor for electrical characteriaathad a gate area of 3.14x10
cnt) with the bonding pad. In the LED geometry, thdygi is covered by an antireflective
coating formed by a 50 nm thicksNij; layer and a 120 nm thick SiQayer in order to improve

light extraction. Figure 2.2.1.1 reports the schimaoss section and top view of the devices.

A series of monitor wafers were prepared, whiclofeéd the process flow of the devices
except for the definition of the device areas aodtacts by photolithography and metallization.

These monitor wafers were used for evaluationy#rghickness and structural analysis.
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Figure 2.2.1.1: The schematic cross sectig¢a) and the top view of the devicefh).

SRO and SRON characterization techniques

Layer thickness after annealing was controlled hbgriable angle spectroscopic
ellipsometry and depth profiling of sputter cratsn secondary ion mass spectrometry (SIMS)
on the monitor wafefs The SIMS measurement has been employed to offir@ict information
about the thickness and the amount of excess milicothe SRO layer. X-ray photoelectron
spectroscopy (XPS) measurements were performed) asiicienta Esca-200 system equipped
with a monochromatic Al K (1486.6 eV) source. An overall energy resolutibrod eV was
routinely used. Si 2p, O 1s, N 1s, and C 1s corel$ewvere collected. All core level peak energies
were referenced to the saturated hydrocarbon ins @t1285.0 eV. Photoluminescence (PL)
measurements with a 488 nm*Alaser have been performed to confirm the formatibn

nanocrystals in the SRO layer after the annealing.

The current-voltage (I-V) characteristics were oi#d using the Agilent 4156C precision
semiconductor parameter analyzer. The capacitaoitege (C-V) measurements were done with
HP 4284A precision LCR meter. A 2-m-long extensiable was used. The open and short

circuit corrections were performed according to tperation manual. The alternating current

2 Ellipsometry and SIMS measurement performed at EBK
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(AC) signal voltage level was 50 mV. The C-V datarevcollected at two frequencies, 1 and 100
kHz. The delay time in the I-V and C-V measuremevds 1 s to balance measurement speed and
measurement integrity. The scanning voltage stepd@8 mV. The impedance spectroscopy was
utilized in the case of high-silicon excess andckehigh-conductivd 3 andl"3N devices, to
obtain an equivalent electric circuit of the devaoal estimate the circuit capacitance. Impedance
magnitude and phase were measured in the frequangg of 1-300 kHz. The bias swept from -4

to4 V.

The EL was collected with a Spectra-Pro 2300i mbnmmator coupled with a nitrogen
cooled charge coupled device (CCD) camera. The ofonmator was set to the zero order
configurations to measure the emission integratest the whole visible range. The total light
intensity was then calculated by integrating theDC&mera signal over the illuminated pixels.
The measurements were performed at room temperat@elark room. A control MOS device
with the stoichiometric Si@gate dielectric was prepared using PECVD technamekits I-V and
C-V characteristics was measured. C-V modeling shawood agreement with the experimental
data. The good agreement indicates that the co@r©} device has good MOS-structure
properties, namely, oxide layer is a good insulatioe oxide is free from charge, and planar

interface Si/SiQis free from electronic trap levels and space gdar
Nanocrystals formation: XPS and PL analyses

The PL spectra of the various deposited layershogvn in Fig. 2.2.1.2. The PL spectra
reflect the formation of nc-Si in the Si@atrix. It can be seen that when thealue is decreased
(i.e., increasing the excess silicon content) thepBak wavelength red shifts, indicating the
formation of large nanocrystals. For the highestalue (15) the PL peak has been found at
around 720 nm, while for the lowdstvalue ("3) the spectrum peaks at wavelengths longer than
900 nm. From the PL peak wavelength for higtalues [10, 10N, andr 15) the band gap can
be estimated to fall in the range of 1.6-1.7 eV.tmother hand, for low values the band gap

of the nanocrystals is very close to that of bulk IEis noteworthy that PL peak intensity
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decreases in the following ordérl0, 10N, andl 15 in correspondence with the decrease in the
Si excess estimated from the XPS analysis. Lateillishow that the PL decrease contradicts the

increase in charge storage capacity of the devices.
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Figure 2.2.1.2: PL spectra collected from the monitowafers with Ar laser at 488 nm. Incident power wa 50

mW. The spectra are normalized for spectrograph rgsonse. The devices are indicated in the figure legén

Conduction mechanism and equivalent electric circuit of the LED

The logarithms of the absolute value of currentsitgrthrough the device layer for the
various LED are shown in the Fig. 2.2. 8 a function of the applied gate voltage. Theesusr
voltage (I-V) characteristics were collected scagnihe gate voltage from positive to negative
values and then in the opposite direction, fromatigg to positive voltages. The positive gate
voltages correspond to a reverse bias. This ig#be polarity at which the depletion (inversion)
layer is formed in the p-type silicon substrate.@wlogy, the negative voltages correspond to a
forward bias: the MOS device is in accumulatione Tdevice conductivity increases to a large

extent when the silicon content increases.
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Figure 2.2.1.3: Absolute value of MOS-LED gate curreindensity as a function of applied gate voltage, ¢
characteristics. Open symbols: scanning the MOSLED &m inversion to accumulation. Closed symbols:

scanning from accumulation to inversion. Devices & marked.

The high¥ devices [10, 10N, andr15) have been found to be less conductive as well
as highly rectifying. The reverse currents in théeeces were of the order of a few picoamperes
whereas the forward currents were around few miopmses (at 5-10 V of biasing voltage). The
I-V characteristics of the high-devices resemble that of a p-n junction diode, atestrating an
exponential dependence at low forward voltages thedeffect of a series resistance at high
forward voltages. The poor quality of the diodedBected in an ideality factor (which gives the
slope of forward-biased I-V in the straight regidhat deviates significantly from unity, being
smaller for the low- devices [10). The excess of nitrogen in the SRO layer dee®dhe
conductivity. 1-V hysteresis is observed for higldevices (low silicon content). The hysteresis
width is larger for the devices with lower conduityi although no hysteresis was observed for
the lowd™ devices with high conductivity"@ andl"3N). The hysteresis originates from the charge
accumulated within the SRO layer. Positive chasmgadcumulated under the negative (forward)
bias. Negative charge is accumulated under thdiypmgreverse) bias. As it will be shown later
this accumulated charge is trapped near the nastatipterfaces in the oxide layer. The 16w-

devices [[3 andl"3N) are more conductive, and are poor rectifiere Targe reverse-bias current
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is due to the presence of electron traps (elegemeration centers) in the nc-Si layer. The reverse
current increases linearly with increasing biass lhoteworthy than the I-V characteristics F&
and '3N devices under forward bias show a kink at thiee galtage around -2.4 and -1.6 V,

respectively. This kink is associated with the ggdparrier height at the interface between the

silicon substrate and the active SRO layer.

To clarify the electric transport mechanism in thegvices, some |-V experiments at
several elevated temperatures were undertook. -FMheharacteristics of 3 device are shown in
the Fig. 2.2.1.4. When temperature increases theeleonductivity increases, demonstrating a

larger increase at low gate voltages.

Current density| (A/lcm?’)

T il ™

|Current density| (A/cmz)
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Figure 2.2.1.4: Forward-bias |-V characteristics of '3 device (shown in Fig. 2.2.1.3) at several elevdte
temperatures between 22 and 124 °C. Inset: Arrhenauplot of current density at the gate voltage valuef -0.8
V.

This temperature increase is not consistent with karown tunneling mechanisms. It
should be noticed that the change in the forwaad-bbltage for a 10 °C temperature change is
much larger than the typical -17.3 mV value for itheal p-n junction diode. The increase obeys
the Arrhenius law (see the inset), which is chamdstic for a charge emission process. At

voltages higher than the voltage value of the linvkkthe temperature dependence is moderate,
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which points to a change in the conduction mecimardbove and below the kink. The electric
field assisted thermal emission, also called P&odskel emission, is the most probable
conduction mechanism at low electric fields. Pdelenkel emission is not a tunneling
mechanism, and, in general, dominates at room texnpe and moderate electric fields, and is

governed by the following equatidff’

Ipp XV ex " QO — ﬂ
rkT dre

Equation 2.2.1.1: Poole-Frenkel emission.

g is the unit charge, d is the oxide thicknesss the oxide permittivity, k is the Boltzmann’s
constant, T is the absolute temperatyrds the trap energy level, V is the gate voltagel ais a
parameter ranging from 1 to 2 depending on thetipasof the Fermi level. Electron emission
could occur through interface trap states. Thefate trap states are probably located at the nc-Si
interfaces, as it wills show later. For a trap ¥paxience the Poole-Frenkel effect, it must be
neutral when filled and positive when emp®. The slope of the plot dbg (I/V) versusyV,
which is also called Poole-Frenkel plot, will yiglik dielectric constant of the device under test
(the flatband voltage and surface potential ardemggd being small). Figure 2.2.1s&ows the
Poole-Frenkel plot of th€3 device at 22 °C, where a linear variation candemtified in the
intermediated applied field. A linear regressiorotlgh the data points gives a dielectric constant
of 10.2 + 0.6, which is a good estimate f@ nanocrystal composite and agrees well with the

value obtained from C-V measurements, as it willsasin the following.
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Figure 2.2.1.5: Forward-bias |-V characteristic of 3 device at 22 °C (the same as shown in Figs. 2.3.and
2.2.1.4). Left (a): TAT plot for the high-voltage regon (above the kink). Right (b): the Poole-Frenkelplot
showing a straight-line region at moderate voltagesThe dielectric constant value calculated from thestraight-
line fitis 10.2 £ 0.6.

The Fig. 2.2.1.5 shows also the high-voltage path® same I-V characteristic, which is
plotted in the so-called TAT (Trap Assisted Tunng)i plot, which islog (I) versusl/V. The

TAT current is governed by the following equatidrnih electric fields#?

8rd,/2qm* | 3]
YA TN AL

I =exp|—
TAT p [ 30V
Equation 2.2.1.2: Trap Assisted Tunneling Current.

m’ is the electron effective mass in the SRO layad h is Planck’s constant. A straight-line
dependence is observed indicating a TAT of elegtebarges under forward bias above the kink
voltage of 2.4 V. This is the tunneling mechanisimeve electrons from the gate electrode are
able to tunnel directly into the nc-Si/Sidterface trap states and, then, tunnel into theos
substrate. To gain more insights into the eledtricansport in these devices an equivalent
electrical circuit of the LED using impedance spaestopy experiments is derived. The complex
impedance of 3 andl" 3N device was measured in a broad frequency ramgj@latted in the log-
impedance plot (Fig. 2.2.1.6) also called NyquistCole—Cole plot. The lines through the data

points are nonlinear least-squares fits, which rmtdeequivalent circuit shown in the inset. The
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fit parameters for series and parallel resistantéisel 3 device are 992 + 138 and 622 + 2 ,
respectively, and 449 + 29 and 24.1 + 0.1 ® for the '3N device. The circuit capacitance
values are listed in Table 2.2.1.1. The circuit wasved for the gate voltages bracketing zero
bias. The equivalent circuit resembles a smallaiguivalent circuit of the forward-biased p-n
junction diode in which the circuit capacitancethe parallel combination of the junction and
diffusion capacitances. The diffusion capacitaredhie change in the stored minority carrier
charge beyond the space charge region, whichemaliely being charged and discharged through
the junction as the voltage across the junctionngha. The junction or depletion layer

capacitance is normally much smaller than the gliffa capacitance and might be neglected.
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Figure 2.2.1.6: Left: (a) Log-complex impedance plator '3 andIM3N devices. The small-signal frequency spans
the range of 1-300 kHz. The gate voltage is -100 mVhe inset shows an equivalent electrical circuinodel for
the LED (CPE stands for the constant phase element).ight: (b) The complex impedance phase as a functiaf

the gate biasing voltage at the small-signal frequey of 100 kHz.

As the gate bias increases (being forward or syehe conductivities of tHe3 andl"3N
device increase very rapidly and the equivalerdudy which was described above, is no longer
valid. The impedance phase as a function of the bets voltage is shown in the Fig. 2.2.4t6
the fixed driving frequency of 100 kHz. As the famd voltage increases, the impedance phase
decreases from around -90° (capacitive) to aro6hdand its derivative has a discontinuity at the

kink voltage. Then, shortly after this, the phasedmes positive (inductive). This indicates that a
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larger amount of charges is able to tunnel thrahghoxide layer without being trappé&® It is
noteworthy that the bulk silicon edge emission waBected under these voltages (above the
kink). The electrons tunnel through the oxide laged ionize the silicon substrate where

inefficient radiative recombinations take place.
Charge trapping: Capacitance-Voltage characterizations

Some high-frequency C-V measurements were undertakerder to clarify the trap-
assisted charge transport model described abogere=2.2.1.7 shows the C-V characteristics for

10, 10N, and 15 devices.

Capacitance, C_ (pF)

3 =2 4 o 1 2 3
Biasing voltage (V)

Figure 2.2.1.7: The hysteresis of capacitance-voltagharacteristics for the highF devices:'10 (a), (10N (b),

and 15 (c). The small-signal frequency was 1 (or 5) arfdD0 kHz. The arrows indicate the scanning direction.

The measurements were performed in a progresslggymanner around zero biasing
voltage. The cycling start at zero voltage anddiaéce was first swept to -1 and then to +1 V. In
the subsequent cycling scans the absolute valu#isedbiasing voltage increased by 1 V. C-V
hysteresis was found at 1 V cycle (the “scannimgitage value is 1 V) and became wider and
wider until the scanning voltage reaches the vau® V. The C-V curves have a distorted
shoulder-like shape, which is more evident in theecofl 10 device. This shoulder might be

attributed to the mechanism of charge trappindhatrtc-Si/SiQ interface or near the interface
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region.®Y There is another interpretation of the shouldemitht be linked to the mechanism of
charge tunneling into the nanocrystals, which msilar to the observations on quantum dots in
compound semiconductof¥’) The hysteresis is counterclockwise (the arrowthénFig. 2.2.1.7
point at the voltage scanning direction), thahis indication of a net positive charge accumulated
in the oxide layer. No dependence of the C-V charatic on the small-signal AC frequency was
observed. This is attributed to a low density @& ithterface states at the SRO/substrate interface.
33 The C-V hysteresis correlates very well with tlysthresis observed in the |-V characteristic.
Its width is larger for the high-devices. The shift in the flatband voltage andhysteresis width

is larger for the" 10N device than for thE10 one, namely, it is 1.5 versus 0.75 V in theelatt
case. Thd 10N device has around 3 at. % of nitrogen in exgéts respect to th€ 10 device
(see Table 2.2.1.1). The excess of nitrogen iroitide matrix, which was introduced in the form
of NHs;, slows down the formation of the nanocrystals.rdgien is bonded differently when
deposited using NHthan nitrogen originating from J which might be bonded to oxygen
forming an O-N bond. If"3N andl"'10N devices nitrogen is threefold bonded to sili@snin
SisN4. This conclusion is derived from our XPS data gsial Nitrogen tends to migrate to nc-Si
interface where it is bonded to silicon and wheraadrks as a diffusion barrier for oxygétf’
This slows down the nanocrystal formation and e®atterface trap states, which are due to the
excess of Si-N dangling bonds. The C-V hysteresighashould scale linearly with the integrated
PL intensity because both C-V hysteresis width Bhdintensity depend on the nanocrystal
density.®® However, this does not hold for the measuremdriis. PL intensity values are in a
reverse relation to the hysteresis width (Fig. 22). PL peak position for15 is blue-shifted
with respect td 10, which means that nanocrystalslih5 are smaller than in10. The same
holds forl10 andl" 10N devices, as confirmed by XPS analysis. TakKigfaact into account, the
interface to volume ratio is increasing wheilincreases and hence the interface trap density wil
increase too. The smaller are the nanocrystalsRth@eak blue-shift is more pronounced) the

larger is the hysteresis width.
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Figure 2.2.1.8: The flatband voltage shift as a furtion of the scanning voltage for the C-V measuremés shown
in the Fig. 2.2.1.7. Closed symbols: negative chadranches, open symbols: positive charge branche&see the

text for details.

Estimating the flatband capacitance of the MOScstines, a shift in the flatband voltage,

Vg, With respect to the theoretical flatband voltajeabout -0.9 V was found. The results are
shown in the Fig. 2.2.1.8. A zero value of thelifatd voltage shift corresponds to the neutral
state of the oxide, while positive and negativeugalindicate the accumulation of net negative
and positive charges, respectively. All fresh desishow some positive charge accumulated in
the oxide layer. The bias change from positive égative values (inversion to accumulation)
leads to the negative charging of the oxide (ebdestrinjection). Scanning in the opposite
direction, from accumulation to inversion, charges oxide positively. The positive and negative
branches (open and closed symbols in Fig. 2.2réspectively) demonstrate different voltage
dependencies for tHel0 andlr 10N devices. Scanning from inversion to accumutafeectrons
injection) brings about the neutral state for [H® device and negative charge trapping for the
I'10N device under the scanning voltage above 2 gheéfi scanning voltages are needed to reach
the neutral/negative oxide state (reverse bias)levihe positive oxide state is almost voltage
independent. This points to a different origin loé positive and negative charges in the oxide

layer: the positive charge come from detrappedfete states at the nc-Si/Siiterface, while
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the negative charge is due to injected electrohigwbecome trapped at the nc-Si/giterface.
The process of charge trapping/detrapping is réserdn the case df 15 device, the number of
detrapped interface states and, hence, the neiveosharge of the oxide increases when the
forward-bias voltage increases. At the scannintpgel of 4 V the net positive charge saturates. It
is noteworthy thaf’ 10N andl"'15 have a larger capacity to trap injected elestiorexcess with
respect to th€ 10 device. To summarize, the observed C-V hystissiue to the trapping and
detrapping of injected electrons at the nc-SifSiterface rather than charging and discharging of
silicon nanocrystals itself. The trap density idginegted from the following equationV, =
CoxV/qAg, where Nis the trap density, Ais the gate area,dk is the oxide capacitance, and V
is the hysteresis width. The estimates are 5x&a0d 167 cm? for 10 and 10N devices,
respectively. The oxide capacitance valugy,@&ould be read directly from the measured C-V
characteristic. These values for all devices atediin the Table 2.2.1.1. The oxide capacitance
values allow estimating the oxide dielectric constésee the Table 2.2.1.1). The dielectric
constant value for th€3 device agrees well with the value obtained fréva Poole-Frenkel

model, which supports the model for trap-assistedtigcal conduction.
Electroluminescence

Figure 2.2.1.%hows the integrated EL as a function of inject@dent and gate voltage.
No EL emission from nanocrystals was recorded dar-IT devices '3 andl'3N, where PF and
TAT are the main conduction mechanisms below amyalhe kink voltage, respectively. Only
silicon bulk edge emission is present in theseasvat the applied voltages above the kink value,
when electrons are injected directly into the oxadaduction band and, being accelerated through
the oxide layer, gain sufficient energy to geneedtetron-hole pairs in the silicon substrateslt i
clear from Fig 2.2.1.9 that tHel0 device shows the highest external power effaiert the
same injected current tHelO device shows the largest emission at the loapglied voltage.
The power efficiency value was conservatively eatid to be 2x10% (measured with a silicon

photodiode placed a few millimeters above the deuio corrections for the collection geometry
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were taken into account). The lack of EL emissiowlar low forward-bias voltages (injected
currents, respectively) and the low value of theemal power efficiency are attributed to the
TAT that is larger in these devices than the ditaaheling. At high injected currents the EL
intensity becomes a sublinear function of the aurréecause of an increase in the rate of
nonradiative processes. At the current value ofiAChe EL intensity froni 15 device becomes
larger than the EL intensity from10 device. However, the gate voltages that protiie EL
intensity are much higher fdrl5 than forl10. As a result, the EL spectra 615 are much

broader having an emission wing that extends to stevelengths.
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Figure 2.2.1.9: Total integrated EL intensity as a fuation of the injected current (a) and applied gatevoltage
(b).

The EL spectra collected at the injected curreftS and 50 pA are shown in the Fig.
2.2.1.10. The short-wavelength wing appears irBhepectra of all devices at the current of 50
MA. This wing in EL emission might be attributedttee recombination of electron-hole pairs
generated by hot electrons injected under high doaivbias voltages® A broad visible EL
emission was also recorded under large reverse bias white EL emission from a reverse-
biased silicon p-n junction has been already olesem similar nanostructures, and it has been

well studied®” The clear differences between the PL and EL spgrtreide another argument
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for the hot-electron mechanism of EL emission. fidteshift in the EL spectrum 610 device at
low injected currents can be also rationalized whid fact that only large nanocrystals could be

luminescent as a result of rapid carrier tunnefffiy.
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Figure 2.2.1.10: EL spectra for highF devices at the injected currents of 5 and 50 pA. Ehspectra are

normalized for spectrograph response.

Conclusions

The nc-Si LEDs were grown by PECVD technique, ahdirtelectrical conduction
mechanism and light emission were analyzed in ldetai equivalent electrical circuit for the
LED was derived from the complex impedance expemtmé&he hysteresis effect found in the
current-voltage and capacitance-voltage charattwiss explained by electron trapping at nc-
Si/SICz interface traps. The decrease in silicon contem/agnincrease in nitrogen content
promote the formation of smaller nanocrystals dmhce, increase the nd/SIOz interface trap
density, which serves as electron generation-regwtibn centers. The absence of the EL
emission under low forward-bias voltages might tigbated to a large number of interface trap
states and TAT. The EL emission observed underdaivias voltages above 5 V is due to the
hot-electron injection and impact ionization. Th&TT and charge trapping near the nc-Si

interface are the main reason behind the low p@ffmiency of the devices.
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2.2.2. Multilayer LEDs Properties

Among all the techniques used to produce passivatei, ®® “ layer by layer
depositiorf*? “? of amorphous silicon or SRO and $i® a promising approach offering a better
control over the density of nc-Si as well as tiseze distribution. It has been also reported that t
self-organization of the silicon nanocrystals ie tayer-growth direction could be promoted in
nc-Si superlattice structure, through which th@nesit tunneling occurs and facilitates the carrier
transport perpendicular to the layét8.“% Although there are plenty of results of structiamd
PL studies, electroluminescence (EL) devices andeca transport of nc-Si superlattice structure

are not well understood yé&p) “©)

As for device application, it is essential to ursti@nd the carrier transport inside the nc-Si
systems. When separated by relatively thick oxideiéx, carriers can be injected into nc-Si by
Fowler-Nordheim tunneling*” ©® This energetic tunneling process degrades theeoaiut
causes reliability problem to the devices. Howeeensiderable carrier injection is necessary to
achieve enough output for nc-Si LED. Thereforeuoag the barrier thickness at the value where
direct tunneling occurs could be a solution to dase the driving-voltage, thus making more

reliable devices.
Devices Fabrication

The SRO/Si@ multilayef was deposited by PECVD on (100) p-type silicor2(82 cm)
substrate. Before deposition a HF dip was appbeglitsubstrates to remove the native oxide. The
deposition procedure started with a Sd@position. After that, the PECVD chamber was pednp
down, and filled with a new ratio of Sjthnd NO for SRO deposition. SRO layer was grown
after gas stabilization. The alternative growthSo®, and SRO was repeated for 5 periods and
ended with an addition SiQleposition. Two samples with 3 nm or 4 nm (nomitédkness)
SRO layers are investigated and their structuree werified by the variable angle spectroscopic
ellipsometry. Some details are shown in Table 212 Phe total thickness of the structure varies

from 20 to 30 nm depending on the layer thickness.

3 Fabbricate at FBK
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Nominal Multilayer SRO layer thickness  SiO; layer thickness Total thickness

Thickness (nm) (nm) (nm)
SRO 4nm/SiQ 2nm 3.12+0.02 1.52+0.03 24.72+0.28
SRO 3nm/SiQ, 2nm 1.94+0.02 1.84+0.03 20.74+0.28

Table 2.2.2.1: Layer thicknesses of the as-deposit&RO/SiO, multilayer structures obtained from ellipsometry,
total thickness of the structures is calculated frm the layer thickness and the number of the layerés layers of
SRO and 6 layers of SiQ)

The atomic composition of the films was obtainedXssay photoelectron spectroscdpyhe
SRO layer in the multilayered stack is compose&dwat. % of silicon, 44 at. % of oxygen, and 4
at.% of nitrogen. Assuming the composition of S&3 33 at. % of silicon and 67 at. % oxygen,
the average silicon content is 45 at. % in the (SR@/SiQ 2nm)x5 multilayer and 44 at. % in

(SRO 3nm/Si@2nm)x5 multilayer.

After the multilayer deposition, 100 nm n-type ddppolysilicon was deposited on the
multilayered structure as the semi-transparent glgetrode. Wet oxidation was then performed
at 1150 °C for 30 minutes to grow both 480 nm tHield oxide for device isolation and nc-Si in
the gate dielectric. Different geometries were usedhe metallization: a circular geometry with
a ring-shaped metal line for emission study (LEDY alisc geometry entirely covered by the
metal contact for electrical studies (capacitar)te LED geometry, the poly-Si is covered by an
anti-reflective coating formed by a 50 nm thickNai layer and a 120 nm thick SiQayer to
improve light extraction. The integrated effectl®O nm poly-Si plus 50 nm $8l, and 120 nm
SiG, layer is to optimize the transmittance (T) in alevispectral range: T is larger than 50% at

500 nm and larger than 85% from 650 nm onwards.

4 Performed at FBK
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SiO, 120 nm
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Figure 2.2.2.1: LED schematic cross-section (top), goview of the LED (bottom right) and TEM image (bottom
left) of the nc-Si/SiQ multilayer (annealed structure of SRO 4 nm/SiQ 2 nm, 5 periods).

Fig. 2.2.2.1 reports the schematic cross sectigmyiew of the device and the cross-sectional
TEM image of the nc-Si/SiOmultilayer. The periodic structure is revealedadisrnating white
and grey stripes, which are Sitayers and nc-Si layers, respectively. The myiited LED
characteristics will be compared with the best ab@ristics of the single active layer LED
prepared and studied in the previous sectidb]. The single active layer has the thickness9of 4
+ 2 nm and the composition of 44 at. % of silicbf,at. % of oxygen and 6 at. % of nitrogen. It
has to be noticed that the average silicon coMane of the single layer LED is very close to the

value of the multilayered LED.
Ellipsometry and photoluminescence studies

The layer thickness of as-deposited SRO/Si@ltilayered structure shown in Table 2.2.2.1
was obtained from ellipsometry measured with thaegles (56 60 and 70) in the spectral
range from 300 nm to 850 nm. The refractive inded axtinction coefficient versus wavelength
of SRO and Si@ materials were determined from single layers imaade. By modeling the
multilayered structure with those predeterminechpuaaters, layer thickness of SRO and Si©
multilayer was obtained as well as the total thedshof structures. One should notice that the
actual layer thickness is less than the nominalevaktimated from deposition rate. The origin of
this difference is in the delay of plasma ignitidtter annealing, silicon nanocrystals grow from

the SRO layer.
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As an alternative, TEM image of annealed structarshown in Fig. 2.2.2.2. One should
notice that the nc-Si layer is thicker than thdiahiSRO layer if we compare the SRO layer
thickness in Table 2.2.2.1 with the TEM image. Thiekness difference points to the fact that
during high temperature annealing Si atoms difjpsgendicular between the layer, which, as a

result, roughens the layer interface and movebdloedary into the Sigayer.

| = SRO 311m/SiO2 2nm, 5 periods
5F ©° SRO 4nm/SiO, 2nm, 5 periods

- v SRO single layer 49 + 2 nm e o o
41 2 SiO, single layer » @g

PL Intensity (arb. units) g

O N A
550 600 650 700 750 800 850
Wavelength (nm)

Figure 2.2.2.2: (a) Photoluminescence spectra of ghnc-Si/SiQ multilayers (Ar laser line at 488 nm, OL5
W/cm?). Single layer of SRO and Si@are shown for comparison. The thickness of the SRélngle layer is 49+
2 nm. SRO single layer was annealed at 103C for 1 hour. The total thickness of multilayered stucture is
between 20 ~ 30 nm (see Table 2.2.2.1), and anneaéed150°C for 30 minutes. (b) High resolution TEM image
of multilayer SRO 4nm/SiO, 2nm is shown. The average size of silicon nanocrgig is around 2.5 nm. For

clarity, the visible nanocrystals are highlighted ly circles and the layers are indicated by the lines

In Fig. 2.2.2.2 (a), the PL spectra of multilayestdictures are compared with PL of SRO
and SiQ single layer. PECVD Si©film only shows weak luminescence around 630 nniclwvh
can be assigned to non-bridging oxygen hole cefiteBince all the spectra were collected from
the area covered by poly-Si, the absence of iddranminescence in the Sj@ample excludes the
presence of poly-Si light emission in this spectiage. The spectrum of SRO single layer shows
a typical nc-Si emission band around 800 nm. Cortao similar systems which have been
reported in Ref. (50) and Ref. (42), the averageSinsize should be close to 2 nm. For
multilayered structures with the initial SRO laybicker than 2 nm, the PL bands red-shift into
the near infrared and their maxima do not appeathen spectra range of Fig. 2.2.2.2 (a).

Moreover, the PL spectrum of multilayer SRO 4nmiSBBm is further red-shifted than SRO
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3nm/SiGQ 2nm, which can be explained by the quantum confarg effect. The PL intensity of
multilayered devices is comparable with the intgnsif the single layer device while the
thickness of single layer is about twice of thekhiess of the multilayer. This might suggest that
an higher nc-Si density was achieved by using taykred approach. In Fig. 2.2.2.2 (b), the high
resolution TEM image of multilayer SRO 4nm/Si@nm is shown. The average size of silicon
nanocrystals is around 2.5 nm, larger than the crgstal size we expect for single layer, which
accounts for the red-shift of PL spectrum. Note trdy crystals having the right orientation with
respect to the incident electron beam can be sgémelr lattice images. Most of the nanocrystals
are contained inside the SRO layers while somé&enhtgrew over into the SiQayer. This also
should be attributed to the silicon diffusion betwethe layers which is enhanced by high

annealing temperature.
Electro-optical characteristics

To compare the |-V characteristics of devices gitigle layer and multilayer, gate current
density is plotted against the applied electritdfien Fig 2.2.2.3. Only the forward bias branch in
the I-V curves is presented (applying negativeagston the n-type poly gate and grounding the
substrate). The measured electric field is caledldtom the applied gate voltage and the total

thickness of the structure (shown in Table 2.2.2.1)
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Figure 2.2.2.3: Gate current density as a functioof applied electric field. Two distinct regions carbe observed
in this log-log plot. Multilayered devices show muie higher current density in the low electric fieldregion. The
multilayer SRO 3nm/SiO, 2nm has the same average silicon content as thagle layer and lower silicon content
than the SRO 4nm/SiQ 2nm.

In Fig. 2.2.2.3, two distinct regions can be obedrin the log-log plot, which are more
evident in the multilayered devices. The curremtsitg show a weak increase in the low electric
field region (for multilayered devices, it is up 0.5 MV/cm) and increases much faster in the
region of high fields. The device with SRO 3nm/SEDm structure shows a current density two
orders of magnitude larger than that of the siayer LED at the low electric fields. With the
increasing of the field, the difference of the eumtrdensity between single layer and multilayer
becomes smaller. Taking into account the same ge&esdicon content, the device with SRO
3nm/SiQ 2nm structure has the same high-field I-V charétte as the single layer LED. In the
whole field range, the device with SRO 4nm/SE&hm structure shows higher current density

than the other devices. This observation is comsistith the difference in the silicon content.
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Figure 2.2.2.4: Electroluminescence spectra at thajection current of 10 pA (a) and 100pA (b). (a) The gate
voltage is 13.5 V and 3.4 V for the single layer LERnd multilayer LED (SRO 4nm/SiO, 2nm), respectively. (b)
The gate voltage is 18.4 V and 5.2 V for the singlayer LED and multilayer LED (SRO 4nm/SiO, 2nm),

respectively.

The device with thicker SRO layer has higher siliamntent and, possibly, larger nc-Si size,
which leads to the higher conductivity. The enhancerrents at the low electric fields in

multilayered device originates from the direct ggatunneling from the substrate into the silicon
nanocrystals and then into the gate. In the my#ied structure, high nanocrystal density is
expected. Silicon nanocrystals grow closer to esttier both in the layer plane and vertical
direction. The oxide thickness is reduced betwdennanocrystals which facilitates the carrier

transport.

Electroluminescence spectra collected from thelasitayer and multilayered LEDs are shown
in the Fig. 2.2.2.4. The spectra from SRO 4nm{St@m and SRO single layer devices peak at
about the same wavelength, 920 nm under low (10go&)high (100 pA) injected current. At the
same injected current of 10 pA, EL peak intensityost doubles in multilayered device, while
the applied gate voltage is four times smaller teamgle thick layer LED (Fig. 2.2.2.4 (a)).
Although the decrease in the applied voltage ifglgrdue to the thickness difference, the higher

EL intensity at the same injection level still iodies an efficient electrical excitation in the
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multilayer. The power efficiency measured at 10ig®x10* % for the single layer device and
10° % for the multilayered device. However, at 100 {h& EL emission is larger in the single
layer LED (Fig. 2.2.2.4 b), which points to a charig the light emission mechanism at this high
applied bias (18.4 V). In the previous section 2.i2.is shown that the EL emission at high
voltage originates from hot-electron injection amgbact ionization, and it is more sensitive to the
applied voltage rather than injection current. Mwex the efficiency of both LEDs decreases as
the injected current increases. Under high injectevel, nonradiative recombination processes,
such as Auger proces¥) become prominent, at the same time the electésstnduced oxide

defects could be multiplied under a high voltagethBof them reduce EL efficiency.

Under low applied voltage, the carriers are injgatestly through tunneling proce$§%)
As discussed in Fig. 2.2.2.3, the current is ireedaprobably due to the contribution of direct
tunneling component. Therefore, it is reasonablbeiteve that this direct tunneling component

increases the EL efficiency at an applied biagwasds 3.4 V in multilayered device.
Conclusions

The structural and electro-optical properties ofSiSiO, multilayered LEDs have been
studied. The as-deposited and annealed multilaysradtures grown by PECVD were examined
by ellipsometry and TEM. Higher nc-Si density waslicated for multilayered structure by
comparing the PL intensity of multilayer with thigingle layer under similar average silicon
content. The PL band located into the near-infraglon can be tuned by the size of nc-Si
depending on the thickness of SRO layer. The caraasport and EL are dominated by different
mechanisms under low and high electric fields. Aghhfields, the EL originates from impact
ionization showing a low efficiency. While at lovelds, the injected current is increased by two
orders of magnitude due to higher nc-Si densityhan multilayered devices. For the multilayer
LED, the EL intensity is increased even under laast{3.4 V) showing higher power efficiency.
This phenomenon might suggest bipolar injectioreleictron and hole into nc-Si through the

direct tunneling under low bias.
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2.3. Power Efficiency Under Unipolar and Bipolar Carrier Injection

Based on the previous results we optimized LEDctoeve i bipolar(electrons and hol) current
injection into siliconnanocrystals in thin niocrystalline-SiSiO2 multilayers. To confirm the
bipolar character, different devices were grown, with aritheut a thick silicon oxide barrier

the multilayer contact electrode

Devices Fabrication

The device structure is a ml oxide semiconductor capacitowhere alternatin
stoichiometric Si@ and silicorrich oxide (SRO)ayers with large Si excess is used a« gate
oxide (shown in previous section 2.2.z. The nominal thickness of SRO and oxide | within a
ML is 3 and 2 nm, respectivelSilicon nanocrystalsvere formed by annealing the ML at 11

°C for 30 min in nitrogen. Si pype substrate was use

W32 W32EB W32HB

Cathode

Cathode

Cathode

3Inm

2nm

Anode Anode

Anode

Figure 2.3.1: Schematic cross section of three devices: W32, \EB, and W32HB. Silicon nanocrystals (gre
dots) and silicon oxide matrix (redbackground). Note that the overall SiQ thickness facing the electrodes 2
nm for W32 and 2 nm or 4 nm forW32EB anc W32HB.

Details on fabricationstructural characterizati could be found in section 2.Zhe gate area of
the LED is 1.02x18 cnt. Three strutures with five ML periods were growiig. 2.3.1): W32,

the ML with 2-nmthin oxide at bot top (gate) and bottom (sstrate) of the ML stack; W32H
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the ML with 2-nm-thick oxide at the top and 4-nnicthat the bottom of the ML, which serves as
a tunneling barrier for holes; W32EB, the ML witinth-thick oxide at the bottom, and 4-nm-

thick oxide at the top of the ML which serves astiinneling barrier for injected electrons.
Power Efficiency Measurement

Figure 2.3.2 shows power efficiency as a functibringected current density for W32.
The maximum power efficiency of 0.17% is achievedha smallest injected current density of
4.9x10* mA/cnt, where the optical power density is 1.4510W/cnf. The applied gate voltage
is 1.7 V, which corresponds to an electric fieldlol MV/cm. (The applied electric field is
calculated as the ratio of the applied gate voltagbe actual ML thickness, which is 15.6 nm for

W32, and 17.3 nm for both W32EB and W32HB).
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Figure 2.3.2: Power efficiency as a function of thénjected current density for the ML device without a thick

injection barrier (W32). The dashed line indicates e current density which separates dominant bipolar
injection, which is more efficient, from dominant wipolar injection through the FN tunneling. The insé shows
the electroluminescence spectrum of W32 recorded rf@n injection current of 10 pA/cn?. The spectrum is

normalized to a spectrograph response.

The high power efficiency is attributed to the edlie recombination of excitons formed
by both electron and hole injection into silicomoarystals via direct tunneling mechanism. The

maximum optical power density of 2.6 pW/cim reached at the largest injected current density
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of 20 mA/cnf when the power efficiency is the smallest, 2%1%. The power efficiency
dependence on injected current shows two distiegions: a region of low currents, when the
efficiency decreases slowly, and a region of highrants, when it decreases rapidly. The first
region is attributed to the bipolar (electrons dwades) injection into silicon nanocrystals under
the direct tunneling regime. The direct tunnelisghe dominant charge transport mechanism in
structures with thin, < 2.6 nm, oxide layef8. The high power efficiency measured shows that
direct tunneling is important to achieve it. Theaa region of high current densities is due to
the dominant unipolar (electron) injection intoicsh oxide conduction band by the field-
enhanced FN tunnelin§® The transition between these two regions occutiseaaipplied voltage

of 3.1 V (an applied field of 2.0 MV/cm), which eesponds to the energy barrier height (band
offset) for electrons at the Si/Sithterface. The electron barrier height controks ¢éimset of FN
tunneling. In the second region, i.e., above 3.leMctrons from the gate are injected in the
conduction band of the silicon oxide: these hottetms loose energy by electron-hole pair
generation in nc-Si or by creating defects in th&l® matrix. The power efficiency in the FN
regime of this LED is comparable to the one of R&4), which has power efficiency of 5.6x10

% (external quantum efficiency of 0.2 % with an @pimg voltage of 36 V). This shows that the

FN regime yields lower efficiency than the diramneling regime.
Bipolar Carrier Injection

In order to prove the bipolar character of chargection at low bias, the electro-optical
characteristics of W32HB and W32EB were studiec ffhick oxide layer in W32HB will blocks
injection of holes from the anode (p-type Si sudisly. Likewise, the thick oxide at the cathode

side (n-type polycrystalline Si gate) blocks thecglon injection in W32EB.

50



—_
1 \

—0—W32EB
£+ W32HB

—_ N
o o
A P
T S

(]

—
o
&
[

Capacitanc

20 15 10 05 00
' R ‘Aplpliefj El:actr?c Fileld I(M\.[’/ clm)
01 2 3 4 5 6 7 8
Applied Electric Field (MV / cm)

Current Density (mA / sz)

Figure 2.3.3: Current density as a function of theapplied electric field (I-V characteristics) for three MLs:
without thick injection barriers (solid squares), with the electron injection barrier at the gate (ope circles) and
with the hole injection barrier at the substrate (btted triangles). The dashed line shows the transith current
density (Fig. 2.3.2). The dotted line shows the orsef EL for W32 and W32EB. Inset shows capacitance-viasige

characteristics for W32EB and W32HB devices. Arrowsndicate the scanning direction of the hysteresiobp.

Figure 2.3.3shows the |-V characteristics for the three deviog®rward bias (negative
bias is applied on the gate). W32HB shows smallarent densities than W32EB at the
low/medium applied electric field, i.e., in the n@g of direct tunneling. At higher electric fields
when the FN tunneling becomes dominating, the sament densities are achieved. At the same
current density, the applied electric field for lhav32HB and W32EB is larger than that for
W32. This is because of a large voltage drop inttiheker oxide layer, i.e., the carriers barrier.
The electric field in the barrier oxide was caltethfrom the I-V curves as the voltage difference
between the |-V curves of W32 and W32EB (W32EH)the same current density and then
divided by the oxide thickness, i.e., 4 nm. Theribaroxide field increases linearly with the
applied electric field at low fields and then sates at high applied fields. At low applied fields,
part of the electrical charge is trapped closeh® NiL/barrier interface. In the case of W32HB
this trapped charge is negative, while in the cafs&/32EB, the charge is positive. This is
supported by capacitance-voltage (C-V) experimeniig C-V characteristics show a hysteresis

behavior (inset in Fig. 2.3.3). The hysteresiddaskwise for W32HB meaning the trapping of net
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negative charge at the ML/barrier interface. Intcast, the C-V hysteresis is counterclockwise
for W32EB, meaning the trapping of net positivergea The amount of the net trapped charge in
WB32EB is larger than in W32HB, which is supportgdabdifference in the C-V hysteresis width.

The tunneling mobility and the barrier height ager for holes than for electrons. Therefore the
net trapped positive charge is larger than thetegeharge. The screening of the applied electric
field by the trapped charge at the ML/barrier ifstee is larger and the voltage drop in the barrier

oxide is smaller in W32EB than in W32HB.

When the electric field across the barrier oxid#82HB reaches the value of around 7.5
MV/cm, the oxide electric field pins because theumulated electrons at ML/barrier interface
start to tunnel into the conduction band of siliemide via the FN mechanism. In contrast, the
linear regime in W32EB extends to larger appliextlic fields because larger fields are required
for the FN tunneling of holes. At the applied efiecfield of about 3.5 MV/cm (7.5 MV/cm
across the barrier oxide), the field-enhanced Fhhéling of electrons becomes the dominant
injection mechanism in both W32EB and W32HB. Abdwés threshold, the same current

densities in W32HB and W32EB are observed.

Electro-Optical Characteristics

The light-current characteristics of the three desiare shown in Fig. 2.3.4. Very weak
light emission from W32HB device is observed unbiggh applied electric fields only. Even
under the FN tunneling regime, the light emissi®mbout two orders of magnitude lower than

that for W32.
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Figure 2.3.4: Optical power density as a function focurrent density for the MLs shown in the Fig. 2.33. The

dashed line indicates the onset of FN tunneling.

In the direct tunneling regime, the light emissicom W32EB starts at an applied field of
about 1.5 MV/cm (the current density is lower tHapA/cnf) and is much stronger than that of
W32HB. This shows that indeed the holes are moffécult to inject than the electrons. In
W32HB the oxide barrier blocks the injection of éminto the Si-nc and no electroluminescence
emission is observed. When the applied electrld Beross the ML reaches the value of the field-
enhanced FN tunneling, 3.5 MV/cm, weak EL signapesps which is attributed to impact
ionization of electrons injected from the top elede. The slope of the light-current characteristic
is related to the internal quantum efficiency (itke ratio of the radiative emission rate to this
of radiative and nonradiative emission rates). FFig 2.3.4, W32EB has a smaller slope than
W32, 0.60 + 0.01 versus 0.77 = 0.01, respectivElys difference in the slope values might be
attributed to the hot carrier injection that takésce in W32EB. The presence of the oxide barrier
at the top of the nc-Si ML and the accumulatedtp@siharge at the nc-Si ML/barrier interface
create an extra electric field across the oxiderldlyat accelerates the injected electrons. W32HB
shows the same slope as W32, namely 0.77 + 0.0&eTih no extra acceleration of the injected
electrons from the gate and the radiative to noataeé rate ratio in the W32HB is equal to the

rate ratio in W32.
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Conclusions

Bipolar charge injection in ML nc-Si LED vyields thiaghest power efficiency. The
electrons and holes are injected into nc-Si fronm bop and bottom electrodes through the direct
tunneling mechanism. This study also shows thatlithgéing phenomenon is the injection of

holes.

2.4. Power Efficiency Controlled by Band-Gap Engineering

Engineering of energy band gap of semiconductoocrgstals promises a high impact in
photonic and biomedical applications, as demoredratith colloidal nanocrystals of compound
semiconductors® Band gap engineering of silicon nanocrystals (cé#hd their dense
structurally ordered ensembles is studied to a nheish extent (see for example Ref. (56)) even

though nc-Si has a high potential impact in phat@miplications®”

Here, it is proposed to engineer the energy baml afadense nc-Si quantum dot
ensembles via thickness/composition profiling ohaltilayer nc-Si/SiQ structure. A multilayer

(ML) approach allows the independent control ofSisize and densit{?

Upon annealing at a
high-temperature, the thickness of non-stoichioimeiticon-rich silicon oxide (SRO) in the ML
structure confines the nanocrystals size, while ékeess silicon content of the SRO layer

determines the nanocrystal densi§ A control over the silicon oxide thickness is pbiswhich

ensures efficient injection and tunneling currentsc-Si light emitting diodes (LEDS).

Since in ML LEDs the bipolar tunneling of electlicgharges at low voltages was
achieved, here a significant improvement of thieesae is proposed where the sizes of the
nanocrystals increase from the active region tosvéind electrodes. In this way, the energy levels
of the confined states in each layer graduallygase from the silicon value, so that reducing the
energy difference between adjacent tunneling std#eweover, the luminescence efficiency

increases due to the presence of small nanocrysttis active regior®®
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Devices Fabrication

The details on the fabrication of the Mnc-SiLED and of their propertieare reported in the
previous sectionThe ML structure and formation nc-Sk were confirmed by both ellipsome
and high resolution TEM. The actual thicknesseshefindividual layers within the ML stau

were somewhat smaller than the nominal thicknekses:
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Figure 2.4.1:(top) Schematic of the ML nc-Si LED with periodic (left) and graded ske (right) nc-Si ensembles.
(bottom) Energy band diagram for a periodic (left)and the graded nanocrystal size M nc-Si LED (right). Ec
and E, stand for the bottom of the conduction and the tof the valence energy bands, respectively. The r
areas highight the difference in the energy band gap of the cive recombination region of the two LEDs
Notice an even alignment of the (electron and holgyound states of S-NC quantum dots and wider band gap ir
the middle of the active region of the grade-sizeLED. The arrows show direct tunneling (followed by a apid

thermalization) of electrons (€) and holes (IY) from the cathode and anode, respectively.
The total ML thickess is found to decrease of about 30% of its n@imedue. Several nc-Si ML

structures are studied: periodic MLs with a nomidéal period of 4 nm (2 nm Si, / 2 nm SRO),
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5 nm (2 nm Si@/ 3 nm SRO) and 6 nm (2 nm Si0D4 nm SRO), having five ML periods each,

and a ML with graded SRO thickness.

The graded ML has a stepwise decrease in the SRk&néss toward the ML centre
(exact sequence of SRO layer thicknesses, in naeosngs 4-3-2-2-3-4, see Fig. 2.4.1) and
approximately the same average silicon contenh@ageériodic ML of 3 nm SRO. All the SRO
layers have the same composition. A schematic gneamd diagram of a periodic and the
graded-size (energy gap) nc-Si MLs are shown inZE#1. When an external bias is applied, the
energy bands of the graded-size nc-Si ensemble atitpw voltages (Fig. 2.4.1) which makes it

easier for charges to tunnel into the central rdsoation region.
Electro-Optical Characteristics

The formation of nc-Si in ML structures is evideddsy the electroluminescence (EL)
spectra shown in Fig. 2.4.2. The EL spectra ofehvits were collected at the same injection
current density of 1 mA/ct The peak EL intensity of the graded nc-Si ML ®at 3 times
larger than the one of the reference periodic Mthv@-nm-thick SRO layer (approximately the
same average excess silicon content). The peaklevabh blue-shifts when the applied voltage
increases which is shown in the inset of Fig. 2.4Hs blue-shift is ascribed to small variations

in the nanocrystal size of a periodic ML structure.
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Figure 2.4.2: EL spectra of three nc-Si ML LEDs: periodc LED, 2 nm SiO, / 3 nm SRO; periodic LED, 2 nm
SiO, / 4 nm SRO; and the LED with a graded energy gap. Thepectra are taken at the same injection current
density of 1 mA/cnf. The spectra are normalized to the spectrometer sponse. The inset shows the peak

wavelength dependence on the applied voltage. Linase a guide to the eye.

In the whole range of applied voltages, the peakelemgth of the graded ML is smaller
than the peak wavelength of the periodic ML withr8-thick SRO, which is in turn smaller than
the peak wavelength of the ML with 4-nm-thick SRIhis is in a good agreement with the
guantum confinement effect. Together with the misloe-shift of the peak wavelength and large
EL intensity, it also indicates that the light esns of the graded ML originates mostly from the
2-nm-large nanocrystals in the centre of the Mlclst&dlo PL was observed in the ML with 2-nm-

thick SRO.
Electrical Characteristics

Another evidence for the improved charge injectiothe graded ML and light emission
originating from the smallest nanocrystals couldfdnend in Fig. 2.4.3. It shows current-voltage
(I-V) characteristics of the three ML devices. Tdirge injection is enhanced in the graded ML
with respect to the reference periodic ML with 3-timck SRO. The ML with 4-nm-thick SRO is
more conductive due to higher average silicon cuntarger nc-Sis and, hence, smaller band

offset with respect to the silicon electrodes. @& tontrary, the ML of 2 nm S3 2 nm SRO
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shows poor electrical conduction, which becomesalnhs when high voltages are forced, anc
EL. This is attributed to the large band offsethwispect to the silicon electrodes, and to the

average silicon excess.
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Figure 2.4.3: Forward |-V characteristics of the same three devices as ing-2.4.2.

The gradedsize structure is a good compromise between amirisef largenc-Sis with
high electrical conductivity, but low luminescenesd an enserre of smallnc-Sis with high
luminescence, but poor electrical conductivity. daed, radiative recombination rate incree
when nanocrystal size decreases and, hence, aml@esef small nanocrystals have lar
emission efficiency than an ensemble ofge nanocrystals. However, injection into sr
nanocrystals is hindered by a larger band offsetnadll nc-Si with respect to bulk silicon the
that of large nc-Siln contrast, an ensemble of larnc-Si (with lower energy band offse
exhibits large coductivity, but low emission efficiency. The gradgabp structure, with a st-like
increase in band offset, provides a desired comp®rbetween high recombination rates
small nc-Sj and large injection currents (in an ensembleaofdnc-S). When xternal bias is
applied, energy band alignment of the gresize nc-Siensemble is achieved over a range of

voltages (Fig. 2.4.1)

58



Power Efficiency

Optical power density of these devices, along withcorresponding power efficienay,

as a function of the injection current densityskhown in Fig. 2.4.4.
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Figure 2.4.4: Optical power density as a functionfanjected electrical current density for the samehree LEDs
as in Fig. 2.4.2. Numbers indicate slope values lofear regressions. The bottom panel shows the casponding

power efficiency.

The optical power dependence obeys a powerIaf,A super-linear increase with s = 1.3 + 0.1
at low J and a sub-linear increase with s = 0.81d high J are observed. The super-linear
dependence is attributed to the presence of radiaihd nonradiative competing recombination
channels. As J increases, the radiative recombmatif excitons in nc-Si takes over the
recombination at nonradiative centres in the oxierix. At J ~ 10 pA/c recombination at the
nonradiative centres saturates and optical powasrbes an almost linear function of the current.
At J> 10 pA/cnd, nonradiative Auger recombination becomes domiaadt EL becomes a sub-

linear function of Jn of the graded-size LED reaches a maximum of 0& %= 10 pA/crhand
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applied voltage of 2 Vi) is about twice) of the corresponding periodic ML LED at the same J

The maximum optical power density is as high ag\M0cnf.
Conclusions

In conclusion, the energy band gap engineeringcebirensembles grown by PECVD or
a similar CMOS compatible technique is possiblehvilie size-controlled ML approach. The
graded-size nc-Si LED shows superior performancteims of power efficiency than periodic
ML nc-Si LED. Therefore it is shown that tunneliaggineering (control of the tunneling barrier
and injection energy) of electrical injection inte-Si might further improve the emission

properties of the LED.
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3. Light Emitting Devices Under Pulsed Excitation

3.1. Introduction

In this chapter, the power efficiency of siliconnoarystal light-emitting devices is
studied in alternating current regime. An experitabmethod based on impedance spectroscopy
is proposed and an electrical model based on thstat phase element (CPE) is derived. It is,
then, given a physical interpretation of the eleatr model proposed by considering the
disordered composition of the active material. Bhectrical model is further generalized for
many kinds of waveforms applied and it is geneedifor the direct current regime. At the end,

time-resolved electroluminescence and carrier flgaan alternate current regime are presented.

3.2. Power Efficiency Under Pulsed Excitation

Alternating current (AC) light modulation with gitbn based light emitting devices is a
way to produce data stream for on-chip optical oéta. In addition, AC driving is also believed
to increase the efficiency of these devices. Introbghe works in which the AC power efficiency
measurements are shown, the value of power effigisnnot quote&® ©® © 62y the accuracy
of its estimation is uncleaf? This is mainly due to the difficulty to measure toev currents
flowing through the devices and it is complicatedtie driving frequency valuel AC regime,
the electroluminescence (EL) as a function of ddvirequency shows a dependence similar to
those in Fig. 3.2.1 (b). It is observed that theifidreases significantly as the frequency increases
it reaches a maximum and, then, it decreaseselfitdraturethis increase in EL is attributed to
an efficiency increase while the decrease, at Inigrequencies, is attributed to the Auger

suppression of EL due to the finite exciton recamakibn lifetime.
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Figure 3.2.1: (a) Estimated RMS injected current as function of frequency and different offsets appkd and
(b) EL as a function of frequency. The MOS-LED is biasedy a sinusoidal waveform. The DC reference is

measured with a DC bias equal to 3.66 V.

Here a detailed study of the efficiency in AC regibby measuring the injected electrical
power with accuracy is presented. For this reasorexperimental method to estimate the

efficiency based on large signal impedance spextmswas developed.
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Device Fabrication

The device used in this section is a multilayeicail nanocrystal based metal-oxide-
semiconductor (MOS) LED which shows high DC effig. The active material is composed by

5 layers of 3 nm thick silicon-rich-oxide (SRO) aested by layers of 2 nm thick SfO

Electrical Power Estimation in AC regime

In order to estimate the electrical power injectedler a sinusoidal modulation, the
values of the time dependent voltage (V) and car{®@nwhich are defined by the applied
waveform and by the reaction of the device areidensd. In the case of a sinusoidal waveform,

the dissipated electrical power is given by therage electrical power:

Pyc = Vrus * Irms * cos@

Vrus @and kys are the root mean square values of V(t) and Ht)dais their relative phase shift.
While Vrys is easily calculated from the driving biagyd estimation is difficult because of the
typical reactive characteristic of the device (sgikdistortions, etc.), its low value and the
frequency range of the applied signals. A way townvent this problem is to measure the device
complex impedance, &{V), as a function of angular frequenay, in the interested range of
frequencies and signals, and then, by applyinggtreralized Ohm's law, to calculatg;d. The

injected electrical power in AC regime can be \ernitas:

2
RMS
Pyc = W " COSP

where¢ is the phase of Z.

A wide range of modulations conditions (differenaweforms, different peak-to-peak
voltages, and different offset voltages), geomatrfactors (different devices area and shapes),

and material properties (Si®arrier thickness and SRO thickness) were stutiede, the results

® Produced at FBK
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obtained with sinusoidal waveform of a fixed pealpeak voltage (M) value of 3 V and for
different offset voltages as a representative setpaesented. Figure 3.2.1 (ghows kys for
different offset voltages. The range of offsetsitirl.5 to 3.5 V) is determined on the basis of the

EL turn-on DC voltage of 2 V and of the maximumvirg voltage before device failure of 5 V.
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Figure 3.2.2: a) (Squares) Estimated injected eledtal power; (lines) CPE model fits as a function of value; b)
(dots) module of complex impedance characteristicas a function of frequency; (triangles) phase of coplex
impedance as a function of frequency; (lines) fit fothe data by R-CPE parallel equivalent model (insgt R =
207.2+0.71Q, T=5.8+0.3 nF £% anda =0.95 + 0.01. Measurement data are for an offset3:5 V and Vgus
=3.66 V.

The measurements show an increase in the injectednt of few orders of magnitude as a
function of frequency. During the frequency scapydwas kept constant. Thus, the maximum

enhancement of the ac EL by a factor of 1.6 (Fig.13(b)) cannot compensate the increase in
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injected power, as it will be shown later. Consetjlye the power efficiency decreases. More in
details, Fig. 3.2.1 (a3hows that the dependence of the current on tlpgdrecy is first constant

and then rises rapidly. The frequency range offlitepart depends on the voltage offset. This is
due to the fact that the span in voltage, durimgodulation period, covers different region of the

I-V characteristics.

More insights can be obtained by looking at theddance characteristics of the device.
As an example, Fig. 3.2.2 (b) shows the charatiesis/hen the EL is the strongest: offset of 3.5
V and Vrus = 3.66 V. The impedance is well fitted by a paatiombination of a resistor (R) and
a constant phase element (CPE).The impedance of CPE is defined &s; = 1/T(jw)%,
where T is a constant (with units £%, w the angular frequency and(-1< a < 1) is related to

the angle of rotation of a purely capacitive line the complex plane plot3he fitting model

impedance is thu¥ = R/[1 + (jwt)*], where t = (TR)l/a. CPE has been considered to
represent a circuit complex element with limitirghlwvior as a capacitor far= 1, a resistor fou

= 0 and an inductor far = —1. For the device under testis about 0.95 which means that the
CPE describes a system with an average behavidtasite a distributed capacitor or a
transmission line network. Practically, this modekcribes, in a compact way, a network of RC
elements connected togeth&” The RC network is thus representative of the vari®i
nanocrystals (the capacitors) and of the leakagemupaths (the resistors). At low frequencies, a
weak current flows through the resistor networkosi@ or more percolation paths, which connect
the various nanocrystals. Injection into the néeBks like the charging of a capacitor. Indeed nc-
Si are used as storage elements in memories. Atfteguencies, charging and discharging of the
capacitors, formed by separately charged nanod¢systaminate the conductivity: in this regime
high current can flow at the expenses of the bipibigction into the silicon nanocrystals. This
explains the decrease in the EL power efficiencylevtne injected current increases. Another
way to look at this problem is to consider the\aetayer as a composite with phases of different
conductivities which has an average conductivitycvlincreases with frequencyhis is because

the space over which carriers move is determinedhbyfrequency: the span is short at high
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frequency while it is long at low frequency. Thas high frequency the charge carriers move in
high conductivity regions, while at low frequencdsarge transport is limited by bottlenecks of
poorly conducting regions. On the considered ravfgigequencies, from 20 Hz to 1 MHz, the

module of impedance decreases by three orders ghitnde with increasing frequency and the
phase shift changes from 0° to 85° (Fig. 3.2.2.(Wjth these values the dissipated electrical
power increases by about 70 times as a functidregtiency (Fig. 3.2.2 (a)). It is also interesting
to note that a pure RC model € 1) cannot fit the data since it yields a consfower as a

function of frequency.
Power Efficiency Estimation

During the impedance characterization the spegtrategrated (400-1000 nm) EL was
measured too. Thus, with one single measurementhalparameters to estimate the power
efficiency in AC regime (¥us, lrvs, @ and Rp7) are achievable. Wheng)ls = 3.66 V and offset
= 3.5V, the EL increases by 1.6 times from the foeguencies value, quasi-DC regime, to the
peak value, whileglys increases by three orders of magnitude. Singg Was kept constant, the

power efficiency decreases.
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efficiency level in DC at \l. = Vrus (horizontal dashed ling, the absolute DC power efficiency is 0.05%.
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To define the starting point DC value, we sgt¥ Vrus and confirm that the EL intensity is the

same for the two measurements.

Finally, Fig. 3.2.3shows the power efficiency in DC (as a level) amd\C as a function
of frequency for different offsets. The DC leveté&ached for quasi-DC regime. As the frequency
increases, the power efficiency slightly increaesad, then, dramatically decreases. In DC regime,
charge transport is dominated by the tunneling aymamSi and by the accumulation of charges at
interface states at the contacts/active materialrfece. The charge accumulation screens the
applied electric field and decreases the effedtiyection. When the LED is driven in AC, the
mean amount of accumulated charges decreasesangettion becomes more efficient. In this
case, the bias modulation enhances the efficidfigure 3.2.3hows that at an offset equal to 3.5
V, the efficiency enhancement at 4 kHz is up ta%®f the DC value, while the EL intensity
increase, at the same offset, is about 160 % &H20(Fig. 3.2.1 (b)). Note that the EL is due to
bipolar injection into the nc-Si, which means ttie electron and hole have to be injected into the
same nc-Si simultaneously. Low frequency means thsignces that a carrier can cover, i.e., the
probability that an electron encounters a hole mtoc-Si is large. For higher frequencies the
efficiency decreases dramatically because thetijlecharges are constrained to move on short
distances or in short dissipative paths. The eneoyprobability thus decreases and, in turn, the
EL drops. It is thus evident that the efficiencyA is governed by a competition between field
screening, charge transport and dissipative preses$his occurs for frequencies where

recombination is not lifetime limited.

This analysis suggests that, to increase the paffeiency, one has to keep the
conductivity constant in a wide frequency rangewviyrking on the geometry (large area or
smaller thickness) of the device and on the pragemf the active material (large dielectric

constant)
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3.3. Physical Interpretation of the CPE Model

The Constant Phase Element (CPE) is a non-intuiiinaaiit element that was discovered
(or invented) while looking at the response of real-world sysde In some systems the Nyquist
plot (also called the Cole-Cole plot or Complex &dpnce Plane plot) was expected to be a
semicircle with the center on the x-axis. Howeuwhe observed plot was indeed the arc of a

circle, but with the center some distance belowxtagis.

These depressed semicircles have been explainachbynber of phenomena, depending
on the nature of the system being investigated. ¢¥ew the common thread among these
explanations is that some property of the systemois homogeneous or that there is some

distribution (dispersion) of the value of some pbgbkproperties of the system.

Mathematically, a CPE's impedance is given by:
1 T(ie)
7 = T'iw)

where T has the numerical value of the admittatt¢Z() atw = 1 rad/s. The units of T are &-s

A consequence of this simple equation is that thasp angle of the CPE impedance is
independent of the frequency and has a value9df x a« degrees. This gives the CPE its name.
Whenao = 1, this is the same equation as that for theethapce of a capacitor, where T = C.
Whena is close to 1, the CPE resembles a capacitortheuphase angle is not 90°. It is constant

and somewhat less than 90° at all frequencies.
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Figure 3.3.1: The Nyquist (Compex Impedance Plane) Plot of a CPE is a simple oneoifa solitary CPE
(symbolized here by T), it is just a straight line visich makes an angle ofa x 90°) with the x»-axis as shown in
red. The plot for a resistor (symbolized by R) in grallel with a CPE isshown in blue. In this case the center ¢

the semicircle is depressed by an angle of-a) x 90°.
What Does It Cause a CPE?
CPE could be originate by different mechars. In particular:

» Surface Roughnes

One physical explanation put forth for CPE behr is electrode roughne. For a rough,
fractal, surface, the fractal dimension (D) he surface is between 2 andranslated, this means
that the surface fills between 2 dimensioi.e, it's absolutely flat) and 3 dimensiori.e., the
surface fills three dimensions, branching ev-whichway through space, and resemblin
porous cube.) It has been shc ©® that for these electrodes, the interfacial impedag@tectror
transfer or double layer capacitance) is modifiy an exponent, n = 1/-1). For a smooth
surface the fractal dimension (D) is 2.0 ar = 1: The impedance is unchanged. For a hi

contorted surface (D 3), and 1= 0.5.

For many real metalsr solid electrodes, the measured impedance inldble-layer region
(no faradaic current) follows a power law, suchhet for the CPE, with a value « between 0.9
and 1.0. The phase anglethis "capacitance" is not 90°, but is given la X 90°). The observed

angle is something beeen 80° a = 0.89) and 90°o = 1.0). When this "capacitance" is
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parallel with a charge-transfer resistance (R),Nlgguist plot is the arc of a circle, but with the

center of the circle below the x-axis: It is thepdessed semi-circle" shown in Fig. 3.3.1.
* A Distribution of Reaction Rates

Another explanation is inhomogeneous reaction ratea surface. This might be seen at the
polycrystalline metal surfaces or carbon electrogliis a distribution of active sites (with varying
activation energies) on the surface. A recentlarfié shows that for a glassy carbon electrode,
the CPE exponent correlates with the fraction gfosed edge plane orientations, not with the

fractal dimension of the surface.

* Varying Thickness or Composition

A third possible explanation may be a varying thies or composition of a coating. For
example, if the bulk conductivity of a coating chas with distance through the coatiffy then

the resultant impedance spectrum can closely appat& that of a CPE.
* Non-uniform Current Distribution

At the 2004 EIS Symposium, Triboll&? presented a paper in which the impedance of the
whole electrode was measured in the traditional a@y the spectrum above 1 Hz was fit to a

Randles Cell containing a CPE with @value of 0.91.

The local impedance was also measured by placsupanm current probe a short distance
over the electrode. The local impedance was medsasea function of the distance along the
radius of the electrode. Near the center, dhealue for the CPE was 1.0, indicating a true
capacitance. However, at the edge of the electtbde-value for the CPE was 0.83. We would
expect the current density to be fairly homogenamar the center of the electrode, and normal
to the surface. Near the edge, the current demsitycertainly be perturbed by "edge effect".
Current flow will also not be perfectly normal teetsurface. Both effects are likely to change the

a-value for the CPE.

Another publication "The RC time “constant” at asldielectrode'™ discusses the same
phenomenon, but from a slightly different perspextiOldham showed that the local RC time
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constant (uncompensated- or solution-resistancestidouble layer capacitance) varies from 0 to

2 RC over the disk.
Universality of ac conduction in disordered solids

Materials like glass or plastic have electrical gendies remarkably in common. For
example, with few exceptions the DC conductivityAehenius temperature dependent. It is
almost always possible to scale measurements offrdguency-dependent conductivity at
different temperatures into one single master cubBifferent solids have quite similar master
curves. In particular, AC electronic and ionic coatibn cannot be distinguished. The only
common feature of the numerous different solidshatihg this AC universality is their disorder.
Below two models for AC conduction in disorderedidsare presented, a macroscopic model
and a microscopic model. These models have esieijtist one ingredient: disorder. For both
models the AC conductivity is independent of th&aie of the disorder when the local mobilities
cover many orders of magnitude. For both modelsuliversality is caused by an underlying
percolation conduction at extreme disorder. In nmodsondensed-matter physics the extreme
disorder limit is not often considered. For AC coatibn in disordered solids this limit leads to
unusual non-power-law universalities. Similar undadities may very well occur elsewhere in

“disordered” physics.

Solids are classified into metal and nonmetals. &ainhas a large weakly temperature-
dependent DC conductivity, a nonmetal has a muchllemDC conductivity which, however,
increases strongly with increasing temperaturey @l disordered nonmetals AC conduction is
different from DC observed far below phonon frequies. As mentioned before, these solids
have quite similar AC conductivities. Examples ofigs with universal AC properties are ion
conducting, amorphous semiconductors, polycrysgllsemiconductors, electron conducting
polymers, ion conducting polymers, transition meteides, metal cluster compounds, organic-
inorganic composites, and doped single-crystal s@maiuctors at helium temperatures (where the
disorder due to the random positions of the dopbgms becomes important). While ion

conduction is a classical barrier crossing procelggtron conduction in disordered solids usually
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proceeds via quantum-mechanical tunneling betweealited states (i.e., states with wave

functions decaying exponentially in space).

Macroscopic model

Any solid consisting of phases with different coatikity has an overall conductivity
which increases with frequency. This is becauséigh frequencies localized charge carrier
motion makes it possible to take maximum advantdgeell conducting regions, while at lower
frequencies charge transport must extend over todigéances and is limited by bottlenecks of
poorly conducting regions. This can be describeth whe circuit shown in Fig. 3.3.2. It is
tempting to interpret the resistor currents asftbe charge currents and the capacitor currents as
the bound charge currents. This is not correct, eévawy because in that case according to
Kirchhoff’'s current law there could be no chargewaaulation at any node of the circuit, i.e.,
anywhere in the solid. So, the resistor currengsthe free charge currents, this follows simply
from the definition of the resistors as being pmipoal to the local free charge resistivity. The
capacitor currents are less straightforward: thergd on any capacitor is the capacity times the
potential drop across the capacitor. In a peridigil the current through the capacitor is the

displacement current.

Figure 3.3.2: Electrical equivalent circuit fr a CPE This circuit and its higher dimensional analog dscribe the
macroscopic model. All capacitors are proportionako the bound charge dielectric constant while eactesistor
is proportional to the inverse free charge conductity at the corresponding position in the solid. Wien the
circuit is subjected to a potential difference apped to two opposing faces the electrostatic poteats at the

nodes are found by solving Kirchhoff's equations.
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To extract the overall AC conductivity from theatiit one imagines a periodic potential
applied across two opposing faces acting as el#e$rolhe average resistor current determines

the free charge AC conductivity.

Symmetric hoping model

The macroscopic model does not apply for solid$ #ra strongly disordered on the
atomic scale. We now consider a model with micrpgcdisorder. While the macroscopic model
via Gauss’s law includes all Coulomb interactiotlaskeep things simple these interactions are
ignored in the model. We call it the hoping mod&he term hopping refers to sudden
displacement of a charge carrier from one posittoanother close. We shall only consider the
simplest hopping model. This model has non intérgatharge carriers placed on a cubic lattice
with only nearest neighbor jumps allowed. The jurages (jump probabilities per unit time) are
assumed symmetric, i.e., they are the same forguimpvards or backwards between two sites.

The more general asymmetric hopping model has appled to study, e.g., protein dynamics or

/\AAA/

L] L] L) L] :
Figure 3.3.3: Typical potential for a system describd by the symmetric hopping model (random barrier nodel)

viscous liquid flow.

in one dimension. The arrows indicate the two posdié jumps for the charge carrier shown. The term
“symmetric” refers to the fact that the jump rate is the same for jumps forwards and backwards across given
barrier. The symmetric hopping model corresponds tahe discrete version of motion in this potentialwhere

non interacting charge carriers reside on a latticalefined by the minima.

Figure 3.3.3 gives a one-dimensional example ofkinel of potential leading to the

symmetric hopping model (also referred to as tinelwen barrier model). The symmetric hopping
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model may seem completely unrealistic for the felfeg three reasons: (i) it ignores that charge
carriers repel each other; (ii) it allows an admyr number of charge carriers at each site, but
whether the charge carriers are ions or localizectr®ns there is room for just one at each site;
(iii) it does not allow site energies to vary. A raarealistic model has randomly varying site
energies with room for just one charge carrieraahesite. Surprisingly, when this “Fermi model”
is linearized with respect to an external eledigld, the resulting equations are the same asthos
of the symmetric hopping model. This traditionadlgrves as the justification of the symmetric
hopping model.”™ The linearization, however, involves the nontiivissumption that the
occupation number (0 or 1) may be replaced by &@raoous variable. Although the connection to
the “Fermi” model is not rigorous, it is believdtht in the extreme disorder limit it is likely that
these two models have identical universal AC cotidities. Because the charge carriers by

assumption are non interacting it is enough to idemshe motion of just one of them.

3.4. CPE Based Model for General Electrical Driving

The CPE based model presented in the previouseeds a very powerful and compact
tool to fit and to explain the experimental datdha alternated current regime when the bias is a
sinusoidal waveform. Looking at the IV charactéest(Fig 3.4.2) of a device, it is very non
linear, so the previous CPE model is a linearizatibthe true model. With the linear model it is
not possible to fit the IV characteristics, i.eredt current regime, and a generalization for other
possible driving waveforms applied has to be peréat. In Fig. 3.4.1 is shown the full model
based on the CPE. The resistor is replaced byraopaiiodes” in series. The device is a silicon
pin junction with the SRO multilayer as the i laybr this case, the top diode of the model is a

real diode and represents the pn junction of tivicde

(= e ()1

Equation 3.4.1: Diode equation.
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Isis the reverse bias saturation current, n thditgdactor and \f the thermal voltage.

The second diode is a multi-barrier tunnel diodkee Tunneling is through the silicon
oxide barriers between the silicon nanocrystale amalytical equation for the tunneling through
a general barrier was given by J.G. Simm&RsG. Michaelet al. " generalized the Simmons’s

equation for a multilayer stacks. The current tigtoa multilayer structure is given by:

I = Iforward — Ipackward

-2
V
Iforward (q ) {Z Eiym \/(®L ev;) — \/(@L - eVi+1)}

X exp {—— g\Jm; [\/((DL —eV)3 —/(@; — eViy)3 ]}

-2
Ipackwara = (qV) {Z \/_\/(Q) +eV —eV;) — \/(Q +elV — eVl+1)}

xexp{‘_iw_ V@it ev—er)® — @ +ev —evs)? ]}

Equation 3.4.2: Tunnel equation.

ltorwarg IS the current that flows from one electrode ® dther and,lcwargthe current that flows in
the opposite directiong Bnd A are constants, g the electron chaggiae dielectric constant for
each barrier; the effective barrier high,;\the voltage drop, mthe effective barrier mass, and i

is the number of barriers.
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CPE

Figure 3.4.1: CPE based full model.

The CPE element gigesome contribute only in alternate curreagime. Figure 3.2

shows the IV charadtistics of a device ana fit done by using the full model &fg. 3.2.1.

1E-5

1E-6

Reverse Bias
1E-7

1E-8

1E-9

Current (A)

1E-10

Forward Bias

1E-11

Bias (V)

Figure 3.42: (square dots) IV characteristics; (red line) fll model fit. The LED is the same presented in sectic
3.2. The fitting parameters are: for the real dioden=1 and Is=2x10"° A; for the tunnel diode, two barrier are

used, 3.5 nm and 4.0 nm thick respectively and thearrier high is 1.9 eV
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The two diodes limit the conduction in two diffetgolarization. In forward bias the current is
limited by the tunneling through the nanocrystalsilevin reverse bias the current is limited by

the saturation current of the pn diode.

The expression for the current in DC is expressed complicate equation but it have the
advantage to be an analytical expression, so allfdrther calculation can be treated formally.
With the full model it is possible to calculate tRMS value and it is also possible to draw the
current and voltage temporal evolution. In Fig..3.the temporal evolution of a sinusoidal bias

applying and the resulting current (the CPE istakén in to account yet) are shown.
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Fig 3.4.3: Bias and resulting current as a functiorof time for a applied waveform with Vygs.=0V, V=5V and

frequency=1kHz.

The RMS values of voltage, current and electricalgr can be calculated analytically:
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1 T
VRMS = _f Vz(t)dt
T 0

1 T
IRMS = —f Iz(t)dt
T 0

1 T
Prus = Tjo V(t)I(t)dt

Equation 3.4.3, 3.4.4 and 3.4.5

Adding a capacitor in parallel to the diodes (ingtef the CPE) the total current is the sum of the

current from the diodes plus the current from theacitor, which is simply:

d
legp = CEV(t)
Equation 4.3.6

Figure 3.4.4 shows the temporal evolution of a somal bias and the resulting current.

Comparing the current with that in Fig. 3.4.3 tffea of the capacitor current is visible.
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Fig 3.4.4: Bias and resulting current as a functiorof time for a waveform applied with Vygse=0V, V=5V and

frequency=1kHz (Diodes + Capacitor).
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From the point of view of the RMS values thgw is constant because it is defined by the
applied waveform, therlis increases as a function of the frequency due eoirtbrease of the
capacitor current, while thexfgs value is constant. An ideal capacitor is a nosigaive device,

so only the displacement current increases, buetlgenot higher dissipation as a function of
frequency. In other word, the electrical powerasistant as a function of frequency because the
increase in current is compensate by the phasevsitif the bias.dus and Rys as a function of

frequency are shown in Fig. 3.4.5.
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Figure 3.4.5: RMS values of current and electricapower as a function of frequency for a full model \ith a
capacitor applied. The dissipated power is constariiecause the increase in current is compensated the phase
shift with the bias.

When CPE is in parallel to the diodes the totaremnitris still the sum of the current from the

diodes plus the current from the CPE but the CREentis calculated as:

a

d
Icpg = CWV(U

Equation 3.4.7

which is thea-derivative of the applied bias. As shown in settb2a is a parameter that can
assume all the real value between -1 and 1. Thenmthat the related derivative is a fractional

one. The ways to solve a fractional derivative rmany and they are applied in different fields.
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Dalir ™ lists different definitions for the fractional deative and various applications. For
periodic signals, i.e. waveforms, the best waydlrwdate the fractional derivative is to use the

Fourier’s definition:

Cla
() =

e g (k) (—ik)%e~tdk

V T f_
2 [ee)

1 (® .
k =—f et dk
9t =—2=| f(®)
Equation 3.4.8

For sinusoidal waveform it is particularly simptegerform thex-derivative because it adds only

a phase factor aig to the original function:

a

Wsin(t) = sin (t + ag)

Equation 3.4.9

In this case, as a function of the frequency, theent is no more compensated by the phase

factor and the electrical power becomes functiotheffrequency as shown in Fig. 3.4.6.
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Figure 3.4.6: RMS values of current and electricapower as a function of frequency for a full model wth a CPE
applied. The dissipated power is not constant becagighe increase in current is not compensated by thghase
shift with the bias.
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The Fourier's definition is particularly useful wrder to generalize the model to other bias
waveforms. In fact, any waveforms can be writtenthy Fourier's expansion as the sum of

sinusoidal waveforms. The fractional derivativeti®en, the sum of sinusoidal waveforms with a

phase factor o&% As a limit, Equation 3.4.10, shows V(t) and i(t)Fourier's expansion for a

square waveform:

V() = Zzzl 221_ Ssin (22 - )t)

I(t) = Z(Zz — 1)%sin ((2z — 1)t + ag)
z=1

Equation 3.4.10

In conclusion a full model based on the CPE wassé@rin order to fit the I-V characteristics in
DC regime and to estimate the values of voltagaeat and electrical power in AC regime for

any kind of bias waveforms.

3.5. Time Resolved Electroluminescence and Carrier Injection

3.5.1. Time-resolved and pulsed-current electroluminescence

The device structure is a metal-oxide-semicondu@tidS) capacitor. Alternating layers
of stoichiometric Si@and silicon rich silicon oxide (SRO) with a lar§eexcess were grown by
plasma-enhanced chemical vapor deposition (PEEVINese are used as the gate oxide in the
MOS. The SRO layer within the ML structure hasfililowing composition: 52 at. % of silicon,
44 at. % of oxygen, and 4 at. % of nitrogen, whiets been measured by x-ray photoelectron
spectroscopy. The pair of SiGand SRO layers forms the ML period. Here are Hetai
particular, two devices: the thicknesses of the $&@r within the ML period were 3 nm for the

W9 device and 4 nm for the W10 device. The thicknelsthe oxide layer was 2 nm in both

% Fabbricate at FBK
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devices. This layer thickness is a nominal valugeaon a previous careful characterization of
the deposition rates. The number of ML periods. i$tte gate is formed by 100 nm thick n-type
in situ doped polycrystalline silicon (poly-Si), 500 nm thick Al (1 % Si) is used to connect
the gate area of 7.94x%0r? with the bonding pad. The poly-Si is covered byaatireflective
coating formed by a 50 nm thicksBi layer and a 120 nm thick SjQdayer to improve light
extraction. Wet oxidation was performed at 115G&C30 min to grow both a 480 nm thick field
oxide (for active area isolation) and the Si nagst@ls in the gate dielectric. The total thickness
of the ML was 27 nm (32 nm, depending on the theglenof the SRO), which was controlled by
both profilometry and variable angle spectroscaliipsometry. The substrate was p-type (100)

Si with 12—-18Q cm resistivity. The device layout is shown in firevious section 2.2.2.
Characterization Techniques

The EL signal was collected with a single photoortong module SPCM-AQR. The
total light emission intensity (counts/s) was iméégd over the whole visible spectrum. A
function generator, Tektronix AFG 3252, was usedirige the device under alternating current
(AC) or pulsed-current injection scheme. Time-reedl EL signal was recorded with a
multichannel scaler SR430. The measurements weferped at room temperature in a dark

room.
Opto-Electrical Characterizations

When the direct current (DC) voltage is swept atiyufsom positive-to-negative value
and vice versa the EL of the nc-Si MOS-LED showseak. This was predicted theoretically in
Ref. (75)and demonstrated experimentally in Ref. (23). la former work, bipolar charge
injection into nc-Si is studied by Monte Carlo siations. A perturbation of the static electric
field was induced by a larger electric field. Thirturbation increases the e-h density in the nc-Si
and gives rise to an enhanced EL emission. Altemsigita field-effect EL model was developed
in Ref. (23)based on an alternate polarity charge injectiomftioe silicon substrate into the nc-Si

which was followed by exciton formation and reconation in the nanocrystals. Both electrons
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and holes are injected from the silicon substrat® ithe nc-Si through Fowler-Nordheim
tunneling. The injection is not simultaneous andrgk leakage brings about an asymmetry in the
EL peak intensities at different bias transitiombese proposed effects are explored here by
applying a square waveform signal to the gate ofldtD. Figure 3.6.1.1shows the peak EL
emission at both negative-to-positive and positorenegative bias transitions for the W9 device.
It also shows the EL peak decay during the peribdomstant bias with a root-mean-square
(RMS) value of 4 V. Figure 3.6.1.1. (a) shows Elalp@nd decay after forward-to-reverse bias
transition while Fig. 3.6.1.1. (kdhows the EL peak and decay after reverse-to-fahvidas
transition. The time axis is given in unit lessued, t /T, where T is the period of the driving
square-form voltage signal. The following reasonmight explain the peak EL emission at the
bias transitions. Under a constant bias, the hamtesmulate at the anode side of the oxide layer
containing the nc-Si and the electrons at the cattside”® ® At the bias transitions these
charge populations will exchange positions moviogard each other and bringing the peak of

EL emission.
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Figure 3.6.1.1: Time-resolved EL signal in device th 2 nm SiO,/3 nm SRO. The driving gate signal is a square
waveform with the RMS voltage value of 4 V. (a) EL emssion decay at the bias transition from forward to
reverse, which is sketched in the inset; (b) EL decast the bias transition from reverse to forward. Thedriving

gate frequency value is shown in the figure legend.

83



The amplitude of the EL peaks is about four tinggér for the forward-to-reverse bias
transition than for the reverse-to-forward one.sThisymmetry might be explained by the
difference in electron and hole injection efficiezscfrom the n-type polysilicon gate and p-type
Si substraté® Under forward bias, holes accumulate in the gatdeoi a greater amount than
under reverse bias, because hole injection talee® ffom the accumulation layer in Si substrate.
There is a constant EL signal under the forward bdawhich the EL peak emission decays after
reverse-to-forward bias transition. This constahtdignal under the forward bias is the direct
current EL emission. Figure 3.6.1sthows the EL peak decay for several driving fregiesn The
peak EL emission decreases when the driving freguigicreases for both transitions. This is due
to the decrease in the time available for storihgrges in the nc-Si layers with increasing

frequencyThe EL decay could be fitted by a stretched exptialetiecay equation:

1(t) = 1(0) exp [— (< i >)ﬁ

Equation 3.6.1.1:

where <> is an effective recombination lifetime (named HBé&cay time) and the exponet
accounts for deviation from the single exponerd&day curvesf(= 1). The stretched exponential
decay is related to the energy transfer relaxagi@mtesses among nanocrystals with different
dimensions in a dense ensemble. Figure 3.8Ho#vs the EL decay parameters as a function of
the driving frequency for the same device in Fi§.B1. Figure 3.6.1.2 (ghows the dependence
of the EL decay time for both bias transitions. Hile decay time is larger for the reverse-to-
forward bias transitions than for the forward-tverse transitions and both decay times decrease
when frequency increases. This is because wherritimg frequency increases, the injected
electrical power increases too. The decrease inldday time of Si p-i-n diode after application
of a reverse bias potential was observed in Ré#.and (78)and attributed to the change in the
width of the space-charge regiéf. Although no dependence on the current pulse andglitvas
observed in these works, a small decrease in thdeehy time with increasing the density of the

extra peak current under a pulsed excitation wasrted in Ref. (62). Figure 3.6.1.2 (khows
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the frequency dependence of the stretched expombatdifference in the exponent values and
the effective decay time corresponding to the tvias dransitions might be attributed to the
difference in the mobility of electrons and holésitt migrate among the nanocrystal in ML
ensemble. Electrons have larger mobility than hateds hence, shorter times and larger exponent

value.
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Figure 3.6.1.2: Parameters of the time-resolved EL ginals (Fig. 3.6.1.1) obtained from a fit against # stretched
exponential function. Solid symbols correspond tohte bias transition from forward to reverse (Fig. 36.1.1 (a));

open symbols correspond to the bias transition fromeverse to forward (Fig. 3.6.1.1 (b)).

The total integrated EL emission as a functionhef driving gate frequency is shown in
Fig. 3.6.1.3. Figure 3.6.1shows the EL signal integrated over a 30 s perjod ECD camera.
At low frequency, the EL emission is the same adeurdc bias. When the driving frequency

increases, the number of bias transitions in 3&ceases too. Although the peak EL emission at
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the bias transition decreases when the frequerargdses, the EL signal collected in the 30 s
period will increase. It peaks at a value of 50 Wdzrause the mean radiative lifetime becomes
equal to the driving gate frequency at this valthe (dashed line in Fig. 3.6.1.2 a). The EL
emission under such a pulsed excitation schemardgeil than for dc by a factor of 4 at the peak
(optimal) gate driving frequency. A stronger enossiis present up to a gate modulation
frequency of 1 MHz. A full modulation of the EL sigl exists until the frequency reaches its
optimal value of 50 kHz (Fig. 3.6.1.1). The full dwation means that EL emission peaks at the
bias transition, decays exponentially, and reaehstady-state value at longer times. At higher

frequency the EL modulation is partial, i.e., theasly-state value is not reached.
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Figure 3.6.1.3: The increase in total EL emission undeAC injection over the EL emission under_DC (at the
forward voltage of 4 V). The total EL intensity was ollected with a CCD camera for the period of 30 sThe AC
driving signal is a square waveform with the RMS vitage value of 4 V. Solid symbols: device with 2 ni&iO,/3

nm SRO; open symbols: device with 2 nm Si€4 nm SRO.

Estimation of the power efficiency under pulsedtagé excitation is a difficult task. It
requires knowledge of the load impedance, whichiccawot be measured under the pulsed
excitation waveform we used. Besides, the measureiménpeded by parasitic capacitances and
resistances of the electrical circuit. Chargingrents show very sharp and intense peaks at the

bias transitions which decay at the nanosecondstiaie"® The field-effect EL power efficiency
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of similar devices was estimated in Ref. (&8@sed on the electrical power provided by the
voltage source. The value is 0.1%—1¥Our estimate of the power efficiency shows that @ow
efficiency decreases with the driving frequency #rid about four times smaller at 50 kHz than
the value at dc. Our estimate is based on the éreyudependence of measured RMS value of

AC current through the device.
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Figure 3.6.1.4: Normalized EL spectra collected at &ferent AC driving voltage frequencies for the dewte with
2 nm SiG/3 nm SRO. The frequencies are (from the top to theottom, in kHz): 1, 2, 5, 10, 20, and 100. The
driving gate signal is a square waveform with the RIS voltage value of 4 V. The inset shows the EL speaimn

peak energy as a function of driving frequency.

EL spectra collected at different frequencies dren in Fig. 3.6.1.4. The spectra are
normalized to the peak intensity and peak enerdpe ffeak energy dependence on the driving
frequency is shown in the inset. This dependencerisistent with the dependence of the total EL
emission shown in Fig. 3.6.1.3. The EL peak enstfits to higher energies and has a maximum
at about 50 kHz, the optimal frequency of EL eimiss This blue-shift is connected to the
decrease in the EL decay lifetime shown in Fig.13%6 As it was shown in Ref. (81), EL
emission at shorter wavelengths peaks at largetindrifrequencies than emission at longer
wavelengths. Therefore, charge injection into smalocrystals _more efficient _ occurs faster

than injection into large nanocrystdf$) When the gate modulation frequency increasesEthe
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peak wavelength blueshifts and the effective ELagldime decreases. Variation in the optimal
driving frequency at different emission wavelengtias studied in Ref. (81) and used later on to
build a white light LED®? Very recently an alternative explanation for tieddf effect EL was
suggested by Carreras et &. The authors developed a multitunnel-junction madesimulate
charge transport in nc-Si MOS field-effect trarmisitructures and field-effect EL using a simple
rate equation. Showing good agreement with thedehdhe authors stated that impact excitation
of the nanocrystals by electrons and holes injefrted the same silicon substrate is the origin of
the field effect EL. A large difference in the twling times of electrons and holes is the main
argument of their work. The tunneling times werdcalated within the Wentzel- Kramers—
Brillouin approximation. However, tunneling time pdence on bias voltage has a more

complex serrated shape, 25 and so this argumeuldshe taken with some precaution.
Conclusions

Time-resolved EL experiments were performed by idgvthe LED with a square
waveform voltage. Under such a pulsed excitationemhanced EL emission is observed at the
gate bias transitions, which decays in the timdesoch a few tens of microseconds. The EL
emission is enhanced by a factor of 4 at the dygifaquency of 50 kHz. This could be of interest

for the applications in which LED is driven with &.
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4. Erbium Doped Silicon Nanocrystal Based Devices

4.1. Introduction

In this chapter, erbium implanted silicon rich axibased devices are presented. The
investigation of opto-electrical properties of LEDdirect current and alternate current regime
are studied in order to understand the injectiorthmpism and estimate the energy transfer
between silicon nanocrystals and erbium. At the ardevice layout and process flow for an

erbium doped silicon nanocrystal based laser strectre shown.

4.2. Erbium doped Light Emitting Devices: Role of Silicon Content

A multilayer approach in the growth of the nc-Singmsite material allows the
independent control of nanocrystals size and denéifter a high-temperature annealing, the
thickness of the SRO layer in the multilayer stuoetdetermines the nanocrystals size, while the
excess silicon content of the SRO layer determthesnanocrystal density. In addition, a tight
control over the silicon oxide layer quality andckmess which separates silicon nanocrystals in
the multilayer structure is possible. These featam® enough to create an easy recipe in order to
engineer the band gap energy of nc-Si via thicknesgposition profiling of a multilayer
SRO/SIQ structure. Comparison between light emitting dsotesed on single and multi-layer
structures, with different silicon content, in tesrraf light emitting power efficiency of erbium

ions is presented.
Sample Description

The device structure is a MOS capacitor with aliiny stoichiometric SiQand silicon-

rich oxide (SRO) laser. In addition, all the samspheere implanted with Etions (Fig. 4.2.1).
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p-type silicon substrate

Figure 4.2.1: Device description: the cross-sectiols a MOS capacitor in which the gate oxide is repted by

Er®*ions sensitized silicon-rich oxide.

The sampléswere grown by LPCVD. The silicon nanocrystals wimened by annealing the
layers at 900 °C for 1 hour in a nitrogen atmosph&he erbium ion concentration was around
4x10° cmi®, obtained by Ef implantation with a fluence of $0ions/cnt and energy equal to 20
keV. Post implantation annealing was performedd@t & for 6 hours. The basic geometry of the
device is a 30@um x 300um square with n-type polysilicon gate. The devipessented in this

work are summarized in Table 4.2.1.

Device Structure SRO Si Excess (%)
P1 Multilayer LPCVD (2nm 0% + 3nm 20%)x10 115
p2 Multilayer LPCVD (2nm 0% + 3nm 20%)x10 14.4
P3 Multilayer LPCVD (2nm 0% + 3nm 20%)x10 16
P4 Single Layer LPCVD 50nm 12

Table 4.2.1: Summary of the devices under study

Samples P1, P2 and P3 have as active layer a ageltistructure, formed by an alternance of
SRO and of silicon oxide layers. The three devidessen for this work only differ in silicon
content and are used to evaluate the effect obiflemn excess on the power efficiency of the

devices. Sample P4 is a single layer device, withickness of 50 nm and silicon excess equal to

" Projected by Gianfranco Dallabetta UNITN
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12%. This latter was selected in order to compingesthick layer with multilayer devices, while

the silicon content excess is constant.
Results and Discussions

The light emitting diodes under study have low csii excess and hence low
conductivity, which means high operating voltagesdirect current (DC) regime, the Eiions
are excited by impact excitation, as high energgditions of erbium were clearly observed in the
visible region of the spectra. Figure 4.2.2 sholes integrated electroluminescence intensity of
the peak at 1.54m as a function both of the injected current andhef applied voltage. It is
reported for P1, which is the best multilayer samphder study, and P4, in order to do a
comparison between the single and the multilaygt lemitting devices. Both P1 and P4 active
materials have the same thicknesses (50 nm) and Himsame average silicon excess. We found
larger voltages for the multilayered device. Thislue to the different distribution of nanocrystals
inside the active layer, providing higher injecti@mergy barriers for multilayered devices

compared with the single ones. However, both devit@w very similar EL intensities.
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Figure 4.2.2: Electroluminescence behavior vs. injéed current and applied voltage for a multilayer (Hue) and

a single layer (red) light emitting diode.

Starting from this, the power efficiency in therarled was evaluated and Figure 4.2.3

shows it as a function of the injected currenthia figure, only P1 and P4 are reported. The most
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important result is that the multilayers have abowincreasing the power efficiency of the
devices by about 1.5 times with respect to thelsifayer device. The maximum value of power

efficiency achieved is 1.5x¥0%, referred to P1 at an injected current equabD®nA.
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Figure 4.2.3: Power efficiency as a function of thénjected current for a multilayer (blue) and a sirgle layer

(red) light emitting diode. In the inset, an examp of the EL spectrum for P1 is shown (injected currenof 50
pA).

Figure 4.2.4 shows the external quantum efficigiie®.E.) as a function of the injected current
for multilayer LEDs with different thicknesses okide and SRO, different concentration of

silicon nanocrystals and different silicon contextess.
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Figure 4.2.4: External quantum efficiency as a funtion of the injected current for P1, P2 and P3, mullayers

with different average content of Si excess.

The maximum value of E.Q.E. is achievable withd@&1 it is equal to 0.4%. This value is
once again higher than the one achieved with thglesiayer light emitting diode. The best result
was obtained on the multilayer with lowest sili@tess and this suggests that more studies need

to be performed on the role of the silicon excaghé multilayered devices.

Figure 4.2.5 shows the infrared electroluminescenimmsity as a function of the silicon
excess in different multilayer devices, with silicexcess in the range between 9 and 16 %.
Extrapolating the EL intensity dependence on siliegcess (Figure 4.2.5) to zero value gives an
higher value of the EQE than the one measureddrEtfi-doped LPCVD and thermal silicon
oxide. The same value of EQE is reached at aboubf68licon excess. This figure also shows
(right axis, red symbols) that lower operating agks are achievable with higher silicon excess
and/or thinner silicon oxide scaffold that confimesSi. These LEDs operate at voltages below 5

V and emit at around 850 nm.
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Figure 4.2.5: Electroluminescence intensity at 1.5@m (left axis, blue symbols) at a fixed injected cuent of 1
pA as a function of average content of silicon exce$or a series of multilayer LEDs (squares) and singllayer

LEDs (stars) and corresponding driving voltages (righaxis, red symbols).

The electroluminescence behavior as a functionhef dilicon content confirms that,
increasing the silicon excess, the IR emissionabsas. Anyway, from this plot, it is observed
that for the same silicon content the multilayevides show higher power efficiency than the
single layer ones. However, there is still the peobof the high operating voltages both for the

single and multilayers devices.
Conclusions

In conclusion, it was shown that LED with singlenaultilayer composition of the active
layer operate at high voltages, where impact etiwitaof EF* and unipolar injection are the main
excitation mechanisms. The multilayers have allowedeasing the power efficiency roughly by
1.5 times with respect to the single layer deviddge value of the power efficiency at a fixed

injected current decreases with the increase ddititen content.
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4.3. Bipolar Pulsed Excitation of Erbium Doped Nanosilicon LEDs

The energy transfer mechanism between silicon mgst@ts (nc-Si) and erbium ions is well
documented under optical excitation, Walters et?dland Peralvarez et df® demonstrated
sequential injection of electrons and holes inta&@iocrystals under the bipolar pulsed excitation
of nc-Si LED. Priolo et al. suggested this exocitatischeme as a solution to overcome
nonradiative Auger de-excitation of ¥in nc-Si:EF* LEDs.®* Miller et al. calculated a modal
gain of 2 dB/cm in a slot waveguide confined n&Si: under the pulsed excitation which
mitigates excited carrier absorptiof) In this section, will evaluate the erbium exciati
mechanisms and emission in nc-ST'BrED under electrical pumping using both directrent
and bipolar pulsed excitation schemes, i.e., winendolarity of the applied voltage pulse is

periodically changed.
Experimental

The nc-Si are formed during 1-hour high temperaameeal at 900 °C of a silicon-rich
silicon oxide layer with a nominal 12% of silicorcess (9% measured by X-ray photoelectron
spectroscopy) grown by LPCVD. As measured by semgnibn mass spectrometry, peak'Er
concentration of14x10° cmi® is obtained by Ef implantation with a fluence of 1Dions/cn?
and energy of 25 keV. Post-implantation anneakisgomed at 800 °C for 6 hours. A schematic

layout of the n-type nc-Si:ETLED is shown in Fig. 4.3.1.
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Figure 4.3.1: (top) A schematic cross section of ¢hn-type CMOS nc-Si:Er3+ LED layout. Green color stand

for the Er3+-doped nc-Si layer, blue — oxide, and bk — titanium-aluminum-copper metal contact sandwgh.
(bottom, left to right) Photographs of the unbiasednc-Si LED, an orange emitting nc-Si LED under forward
bias (a red square at the probe tips) and green etting nc-Si:Er3+ LED.

The thickness of the active layer is 50 nm. A seangparent window is formed by a
conductive 150- nm-thick polycrystalline silicoryéa and an antireflection coating of 93 nm of
SisN, and 136 nm of Si© The device studied in this work has a square gada with a size of
500pum x 500um and an n-type polysilicon gate. The direct cur(®) bias polarity convention
is shown in Fig. 4.3.1. Electrical and optical mgasents are performed at room temperature.
Current-voltage (IV) characteristics are recordethwan Agilent B1500A semiconductor device
analyzer. High frequency, 100 kHz, capacitanceagat(C-V) measurements are performed with
HP 4284A precision LCR meter. A 2-meter-long exi@mscable is used. The open circuit
corrections are performed according to the opearatianual. The alternating current (AC) signal
voltage level is 50 mV. A function generator, Tekix AFG 3252, coupled with a high-voltage
amplifier, Falco Systems WMA-300, is used to dritke device in time-resolved

electroluminescence (EL) measurements. Time-redokfe signal is collected with a single-
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photon detector module, id-Quantique 201, and desmbwith a multichannel scaler, SRS 430. EL
spectra are collected using a fiber bundle andyaedlwith a Spectra-Pro 2300i monochromator
coupled with nitrogen cooled charge-coupled de{i€€ED) cameras (one in visible and one in
infrared, IR). Emitted optical power and EQE of theSi:EF* LED are measured using both a
calibrated LED and a Ge photodiode. The acceptamgge of optical systems is taken into

account.
Direct current excitation

Electrical charge transport in these nc-Si LEDdus to electric field-enhanced tunneling
of electrons with the involvement of either defe€tsor confined energy states of nc-80’
Erbium implantation produces deep energy trappevgls which change the transport properties
of the nc-Si LED®® This is supported by the DC I-V and C-V charasté$ shown in Fig. 4.3.2.
The 1-V curves of both nc-Si and¥doped nc-Si LEDs are shown in a voltage range evEr
signal is observed under forward bias (Si substsaia accumulation, see Fig. 4.3.1). The I-V
curves are well describe by the Fowler-NordheinidfeEnhanced tunneling law with effective
energy barrier heights of 1.4 and 1.9 eV for neu® nc-Si:EY" LED, respectively (assuming an
effective electron mass of 0.3, mThe Ef*-doped device is less conductive than the undoped
device, which we ascribe to charge trapping at @erpgy levels due to Erion implantation®
This is also supported by the C-V measurements &8)2). The anticlockwise hysteresis loop of
the C-V curves, which is due to positive chargepiag, is wider for the Bf-doped nc-Si LED
than for the undoped nc-Si LED. Trapped chargeitdeastimated from C-V hysteresis width of

the nc-Si LED is 4.3xT8 cm®. Assuming one trapped electron per nc-Si, thise/aerves as a

good estimate of the nc-Si area den§ity.
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Figure 4.3.2: (top) Forward current-voltage characeristics of nc-Si and nc-Si:Ef* LEDs. Symbols are
experimental data values at which EL is observed, |es are fits to the Fowler-Nordheim tunneling law. lfottom)

Capacitance-voltage characteristics of the Ef-doped and undoped nc-Si LEDs. The signal frequency i100
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Si:EP* LEDs as a function of injection DC current in thisible range and at wavelengths
bracketing the 1.54m Er* emission, respectively. For low injection currer intensity at
1.54um increases linearly with the DC current. Howewaghigh currents a sublinear growth with
injected current is observed. On the contrary, \iséle emission from nc-Si increases almost
linearly (with a slope of 0.90.01 in the log-log coordinates) as a functiontaf turrent. The

saturation of the 1.5dm emission may be attributed to both a limited amtai optically active

Figure 4.3.3 (top panel) shows the integrated spleEL intensity of the nc-Si and nc-

Er** ions and to the onset of non-radiative recombimagirocesses.
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Figure 4.3.3: Integrated EL spectral intensity with wavelengths bracketing 1.54 um (left axis, solid lg) and in
the visible range (left axis, dot line) for nc-Si:Ef* LED and nc-Si LED, respectively, as a function of DC
injected current. Please note that absolute valuesf the EL intensity in the visible and IR ranges arenot to
compare (the y-axes are not the same). The dash-diote shows the corresponding EQE values at 1.54 pumidght
axis). (bottom) EL spectra at the injected current & 2puA. The spectra are normalized to the detection syste

response.

The presence of the last is evidenced by the deerefithe luminescence decay time
shown in Fig. 4.3.4, which will be discuss lateigufe 4.3.3 also shows the EQE of ‘Hioped
nc-Si LED emitting at 1.54m. It is noteworthy that these EQE values are antbadest values
reported so far for the Erdoped silicon LED. The EL spectra of the nc-Si LER] of the nc-
Si:EFP* LED for a same injected current ofi are shown in the bottom panel of the Fig. 4.3.3.
The emission of the nc-Si LED is characterized byaad peak centered at around 770 nm which
originates from excitonic recombinations in theSic-The nc-Si:Ef" LED emission spectrum
shows in addition to the broad nc-Si emission ssvararp peaks at around 550, 660, 850, 980,
and 1535 nm due to the excited Estates emission (presence of the peaks at 668%hdm is
more evident at higher currents). High driving agks (Fig. 4.3.2) along with the presence of the
multiple EF* peaks indicate that Eremission is mainly due to direct impact ionizat@nEr*
ions and not to indirect Erexcitation via energy transfer from nc-Si. Energyisfer between nc-

Si and EF ions cannot be completely ruled out since, th&inemission peak is much weaker in

99



the nc-Si:E¥" LED than in the undoped device. Another argumentte interaction between ¥r

and nc-Si is the value of the excitation crossisaatf EF*. This can be estimated by measuring
the exponential rise and decay time of EL. Theltésishown in Fig. 4.3.4. The excitation cross-
section value extracted from the data is (5 + 2)%X0r’. Note that the evaluation is based only

on the rise and decay times for driving voltagegdathan 30 V.
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Figure 4.3.4: Exponential decay and rise times ofraeintegrated EL spectral intensity in IR as a function of LED
driving voltage (top x-axis) and the correspondingurrent taken from the DC I-Vs in Fig. 4.3-2 (bottan x-axis).
Measurement uncertainty is smaller than the symbokizes. The Ef* excitation cross-section value estimated
from the data is (5 + 2)x10** cnm. The lines are fitted functions with a constant vale of the decay time of 1.2 ms

and an excitation cross-section value of 5.9x1tcn?.

For lower driving voltages, the 1.54 pm ¥lise time exceeds 1.20 + 0.02 ms, which is
equal to the EE" decay time. It should be also noted that the Etageime is similar to the
measured 1.54 pum photoluminescence (PL) lifetimd.81 + 0.05 ms. The excitation cross-
section value measured is larger than the knowneval direct impact excitation of Erin Si0,,

(6 + 2)x10" cn?f, and which is close to the indirect®Eexcitation cross-section value for’Er
coupled to nc-Si. It is noteworthy that the dececiaghe decay lifetime only moderately accounts
for the decrease in EQE shown in Fig. 4.3.3. Stitureof optically active E¥ concentration

might account for the rest of this decrease. Inreary, the results of the DC excitation presented
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in this section suggest that electrical currerttus to electron tunneling mediated by nc-Si in the
nc-Si LED and EY-related defects in the nc-Si*EILED. They also show that Eris primarily

excited by impact of high energy electrons.
Bipolar pulsed excitation

Figure 4.3.5 shows the spectrally integrated Ekensity at 770 nm and 1.54 pym as a

function of the driving frequency for a bipolar petl excitation scheme.
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Figure 4.3.5: (top panel) Peak EL intensity at 770 nnas a function of bipolar-pulse driving frequency vith a
fixed RMS voltage of 35 V for both Si-NC and nc-SEr®* LEDs. (bottom panel) Integrated EL spectral intensiy
in a wavelength range bracketing 1.54 pum as a furion of bipolar-pulse driving frequency at a fixed RMS
voltage of 25 and 35 V for the nc-Si:E¥" LEDs. The meaning of the different symbols is stateth the figure
legend.

Here the LEDs are driven by varying the bias pecaity and rapidly (within<400 ns)
from forward to reverse and from reverse to forwarth a square waveform at a frequency f. At
low driving frequencies, f << 1 kHz, the EL intefysat 1.54um (bottom panel in Fig. 4.3.5)
decreases a little with the frequencies for higtvinlg voltages and increases for low driving

voltages, being much weaker for the low bias. Asdhving frequency approaches 1 kHz, which

corresponds to the inverse of*Eemission lifetime, the EL intensity decreasesrénses) for
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high (low) bias. In a frequency range f >> 1 kHhieh we name a moderate frequency range, it
changes only slightly for both the high and lowsbi&his behavior is accompanied by an increase
of the peak EL intensity at 770 nm (Fig. 4.3.5, pgmel; high bias). It should be noted that the
onset frequency of this increase is 1 kHz unlike indoped nc-Si LED where the EL starts to
significantly increase above 10 kHz. The EL dedfgtime of nc-Si is around ps (measured by

both PL and EL), which corresponds to a frequerfc0® kHz. These high frequencies are not
available with our instruments and, so that, tfetifne of nc-Si does not limit the EL intensity in

the studied frequency range.
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Figure 4.3.6: The EL spectra at 10, 100, 1 k, 10 k, dr50 kHz for the nc-Si:Er* LEDs shown in Fig. 4.3.5. The

ascending frequency order is indicated by the arrow.

The frequency dependence of the EL intensity ikectdd in evident changes of the nc-
Si:ErP* LED spectral characteristics, which are shown ig B.3.6. The multiple excited Er
states emission peaks weaken, but the peaks at®80L535 nm. The nc-Si emission peak
emerges. These changes has to be attributed angeln the dominant excitation mechanism of
Er* ions: from electron impact to the energy trandfetween nc-Si and Erions. Under the
pulsed excitation scheme, sequential injectionl@fteons and holes into nc-Si takes place. If the

injection frequency is smaller than the”Eemission rate of about 1 kHz, both nc-Si antf Bre
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in relaxed states and follow the frequency. If theitation frequency is higher than the*Er
emission rate (while still smaller than the Si-N@igsion rate of 200 kHz), Erstays in an
excited state and barred from impact. However, meffigient injection into nc-Si at high

injection frequencies provides additional indirEct” excitation by means of the energy transfer.
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Figure 4.3.7: EL intensity at 1.54 pm as a functionfd(RMS voltage under bipolar pulsed electrical excétion for
two driving frequencies 10 Hz (squares) and 10 kHircles). The low panels show EL spectra at 34, 36nc 38
Vrus at 10 kHz. Notice an appearance of the Bf emission band at 550 nm at 38 V. The lowest reché at the
right — is the EL spectrum for 30 Vgys at 10 Hz. No light emission was detected in thesible region at 30 \us
and 10 Hz.

Note that in these samples only ~1% of the totdl Eopulation is coupled to the nc-Si
therefore it is this 1% of Efions which shows an increased excitation due better energy
transfer from the nc-Si. The fact that the energpgfer between nc-Si and®Eions becomes a
dominant E¥* excitation mechanism at the moderate frequencgeras further supported by the
voltage dependence of EL intensity at 1,64 shown in Fig. 4.3.7. The voltage dependence is

stronger for low than for moderate injection freqeies. It is important that the EL signal in the
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moderate frequency range is observed at lowermdyivioltages than in DC or low frequency
excitation, namely the onset of EL was measuredraiind 18 Vys (Fig. 4.3.7). Beyond this
value, charge trapping in the oxide arrests EL. &hergy transfer remains the main excitation
mechanism of Bf up to about 36 VRMS at moderate frequencies. Ehsipported by the EL
spectra shown in Fig. 4.3.7. There are nS Elated peaks at wavelengths below 980 nm at low-
to-moderate voltages, while ansEpeak centered at around 550 nm is observed atz38 YAt

high voltages, ca. 36g¥s, and moderate frequencies, the EL emission is iiat@d by impact.
Conclusions

It was observed a change in thé'Eexcitation mechanism under pulsed electrical tigecand
studied its dependence on the injection frequemcy \eltage pulse amplitude. We ascribéEr
emission at high voltages (for both DC and pulsgdction) to the impact excitation by high
energy electrons while Eremission is due to the non-radiative energy temsbm nc-Si at low
voltages. The Bf emission at the low voltages becomes accessiliieatrmoderate injection
frequencies which are larger than the inverse df&nission lifetime of a few milliseconds. This
behavior is quite general since a similar trends whserved on a number of other nc-Si:Er

LEDs with various structural parameters.

4.4. Erbium Doped Silicon Nanocrystal Based Laser: Process Flow

The study of erbium doped silicon nanocrystal maltshows interesting results as shown
in the previous sections. More interesting is the of this material in optical cavities in order to
achieve optical amplification. In this section, lllwpresent the process flow developed to
fabricate laser structures. In order to ensuret@at pumping and wave guiding, an horizontal
slot waveguide configuration was chosen. Figurd.14shows the slot waveguide in which the
active material is in between two wall of dopedcsih. The doped wall are used to build the slot

waveguide as well as electrical contacts.
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Figure 4.4.1: Active material cross-section. Finafaterial composition as well as other parameters ifne, type,
temperature of annealing, number of layers etc.) Mlibe decided on basis of control devices resultsiown in the

previous sections).

Figure 4.4.2 shows the devices final cross-seciitie. “wings” of the slot waveguide have two

functions:

* to be used as contact (top and bottom);
» to space apatheareas of higldopingand themetal contactérom the optical modal area

of the active region.
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Figure 4.4.2: Slot waveguide cross-section. In thbrackets the refractive indexes of the materials &

shown?®

8 Design Optimizaion by Nikola Prtliaga
105



Two types of cavities were designed (Fig. 4.4.3):

e ring resonators coupled to a waveguide;

» Fabry-Perot based on two Brag gratings.

Different ring radius, waveguide widths and cougliistances were designed in order to find the
best trade-off between electrical injection, ogtaaplification and signal extraction. As well, for

the Fabry-Perot, waveguide widths and cavity lengtare varied.

[ —=

=,

Figure 4.4.3: Type of cavities. (top) ring resonata coupled to a waveguide, (bottom) Fabry-Perot badeon two
Bragg gratings

In the following | describe the detailed processal Four structure are presented at the same
time:

a) waveguide;

b) Fabry-Perot based on two Bragg gratings;

¢) ring resonator coupled to a waveguide;

d) cross-section view.
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Figure 4.4.4 shows the substrate cross-section.stdréing point is a p-type (1Gt./cni) SOI
(silicon on insulator) wafer, i.e. 220 nm of mongstalline device layer silicon on top of 2 pm of

buried silicon oxide (BOX).

Monocrystalline silicon — p type

Silicon substrate

Figure 4.4.4: Substrate cross-section. Four typed structures are represented: a) waveguide, b) FarPerot

based on two Bragg gratings, c) ring resonator coulgd to a waveguide and d) cross-section view.

The process starts with the SRO deposition anthérenal treatment (Fig. 4.4.5).
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Figure 4.4.5: SRO deposition and thermal treatment.

The next step is the definition of the erbium dopesglons and proceed as follow (Fig. 4.4.6):

a) photo-resist deposition;

b) resist photo-lithography of the erbium doped zone;
c) erbium implantation;

d) post-implantation annealing;

e) photo-resist removal.
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Figure 4.4.6: Erbium doped regions definition and ebium implantation.

Figure 4.4.7 shows the result of the process after:
a) polysilicon deposition;
b) hard-mask deposition;
c) photo-resist application;
d) photo-lithogrphy of the structures;
e) etching of the hard-mask;
f) stripping;
g) polysilicon etching;
h) SRO etching;
i) partial silicon etching;
j) heavy p-type dopping (~ 1bat./cnd);

k) dopants thermal activation.
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Sipoly100nm
: .l‘:: =

Silicon substrate

Figure 4.4.7: Structures definition. Green represets the Er** doped active region; Red represents polysilicon fo

layer.

After a silicon oxide deposition, through a cherhic&chanical polishing (CMP) the structures

are planarized and the polysilicon thickness redaoeabout 20 nm (Fig. 4.4.8).

Silicon substrate

Figure 4.4.8: Structures after CMP.
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The process proceed with a deposition of 100 nmabfsilicon and the doping of the contact

regions (Fig. 4.4.9).

SipolyN 1
E20100nm

Siol20nm

SipolyN 1

Sipoly100nm E50100nm

Silicon substrate

Figure 4.4.9: Top wing formation and contact doping.

After the contacts definition, the metallizationdatime definition of the electrical pads complete

the process. The final results is shown in Fig.104
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N1E20 | Sipoly100nm
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Silicon substrate

Figure 4.4.10: Final cross-section of the structuse

The mask layout is shown in Fig. 4.4.11. The digivided in three regions. One region is
dedicate to the ring resonator structures. 27 mdiffe structures are present and they are the
combinations of 3 waveguide widths, 3 ring radies waveguide width and 3 coupling distances
per ring radius. Another region is dedicated toRhabry-Perot cavities. 6 different structures are
present and they are divided in 3 different waveguvidths and 2 cavity length per waveguide
width. The third region is dedicate to the tesudtires. In that region, slot waveguides of
different widths and lengths are present in ordeedtimate the waveguide propagation losses.
Structures composed by a series of bend with @iffiewaveguide widths and radii are used to
estimate the bend losses. Several other structweededicated to the electrical tests in order to

evaluate the contact resistivity in the lateral bomdjitudinal directions.

112



Figure 4.4.11: Die layout.

Figure 4.4.12 and figure 4.4.13 show more detailshe ring resonators and Fabry-Perot cavities

lay-out.
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Figure 4.4.12: Ring resonator details
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Figure 4.4.13: Fabry-Perot details

| note that the Fabri-Perot structures were designe Nikola Prtljaga while the ring-

waveguide structures by Nicola Daldosso. | perdprdiaw the mask layout and prepared the

GDS file.
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5. Other Applications of Silicon Nanocrystal Based

Devices

5.1. Introduction

In this chapter, some other applications of silic@mocrystal are presented. An example
of all-silicon solar cell is shown. The photovottgoroperties and carrier transport of silicon
nanocrystal based solar are studied. At the eral,ctimbination of emitting and absorbing
properties of silicon nanocrystal based LED areduse develop an all-silicon based optical

transceiver.

5.2. Photovoltaic properties of Si nanostructure based solar cells

Recent results have shown the possibility of usitigon nanostructures to develofl Generation
photovoltaics® where the theoretical efficiency is well beyond Bhockley-Queisser efficiency
limit. ®® The most promising applications of Si nanostruesiin &' generation solar cells are all-
silicon tandem cell$™® photoluminescence down shift€f) and hot-carrier solar cell€® So far,
only a few examples of all-silicon tandem solaid balve been reportefi® These are stacks of
p/n junctions where the active materials have difie energy thresholds each absorbing a
different band of the solar spectrum. Usually tlaeg connected together in series. In a silicon
nanostructure tandem cell, the active materialhef sub-cell absorbing photons with higher
energy than that of the bulk silicon is formed ldicen nanostructures, which have larger and
tunable bandgap than that of bulk silicon. Thig gebmetry offers a significant improvement in
efficiency without increasing appreciably the mautiéiring costs per unit, even for large-volume
production, which results in a corresponding desgeia installed system costs. The theoretical
efficiency limits for two-cell and three-cell stackre 42.5% and 47.5%, respectively. There are

many methods to fabricate Si-nanostructures. Thleatovoltaic properties and carrier transport
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should be compared between different silicon nanostres to optimize the all-silicon tandem
cell. Moreover, the sub-cell of an all-silicon tand cell should be preliminary studied to
elucidate the role and properties of the siliconastructures independently of the underneath

silicon. Here silicon nanostructure based solds ¢abricated on a quartz wafer are presented.
Experimental

All cells were fabricated on 500 um thick 4 inchaga wafers. The geometry and layer sequence
of the cells are shown in Fig. 5.2.1. A 180 nmkHayer of polycrystalline p-doped silicon layer
was deposited on quartz by low pressure chemigadrvdeposition (LPCVD) followed by boron

ion-implantation to obtain the"ilicon layer. Its resistivity after dopant actiem is 0.05Q cm.

metal
“— n'-poly Si
*~ active layer
Q p*-poly Si
quartz

Cross-section

1020

Unit in um

Top-view

Figure 5.2.1: Top-view and cross-section of the deds®

The active layer was deposited by plasma enhantednical vapor deposition (PECVD)

followed by a furnace annealing at 1050 °C ip fdr 60 min. Three different active layer

® Fabricated by FBK
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compositions are compared: an amorphous silice®i)(8i0, superlattice (Q1), a silicon-rich
silicon oxide (SRO)/Si@ superlattice (Q2) and a silicon-rich silicon m&i (SRN)/SiN,
superlattice (Q3). The three different active layare composed by superlattices of 5 periods
where the nominal thickness of the silicon nanastme is 3 nm and the thickness of the barrier
layer is 1 nm. For SRO layers, the gas ratio batv® and SiH in PECVD chamber is 3, the
plasma power is 30 W. While the ratio is 30 for ®Bi&©, layer. The a-Si was deposited by
PECVD using Ar diluted Sildas precursor and 50 W plasma power. For SRN lagergjas ratio
between NH and SiH in PECVD chamber is 1:3 with,Nas diluent. While for 3N, layer, the
gas ratio between NHand SiH is 8:11. Both layers are deposited at 50W plasowep. The
substrate temperature of all thin films depositgdPECVD was maintained at 300 °C. Finally, a
70 nm thick poly-crystalline ‘adoped silicon layer was deposited by LPCVD andgiin doped,
with a resulting resistivity of 1.0x10Q cm. The bottom poly-p and top poly-n electrodesewe
surface contacted by Al metal layer and grid, respely. All cells have a working area of 1.06
mn¥. Current-voltage (I-V) characteristics have beenorded both in dark and under light
illumination in a micro-probe station by an AgiléBit500A. Spectral response has been measured
by a LH 151 Xenon arc lamp (1000 W) coupled withm@nochromator GM 252. The
measurements were performed at room temperatus&0AN ABET SUN 2000 solar simulator

with AM1.5G spectrum was used for the photovolf@cameter measurement.
Results and Discussions

A multilayer structure has been used to fabricdieoa nanostructures to finely control the size

of the silicon nanostructures. When amorphousasilis used, after annealing, a quantum well-
like silicon nanostructure is obtained where theiees are confined in one dimensional (vertical
to the amorphous layers) by the two adjacent &i¢ers whereas, when a silicon rich dielectric is
used, a quantum-dot like nanostructure arrangeal vertical superlattice geometry is obtained
where the carriers are three dimensionally confiedhis case, the nc-Si diameter is defined by
the thickness of either the SRO or SRN layers. Siastrol is crucial because both the

conductivity as well as the bandgap of the subdstiend on it.
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Figure 5.2.2: I-V curves of the devices. The diffent curves refer to different active layer structues as

indicated.

Figure 5.5.2 shows the current-voltage (I-V) cureéshe devices. According to the |-V
measurements, conductivity of the Q1 device is drigihan those of the other devices under
forward bias. This is expected since Q1 has a tdgeontent. The current of Q3 is larger than
that of Q1 under reverse bias larger than -0.4 ¥ tua larger defect content which provides
current shunt paths. If we compare the nc-Si sapie#s Q2 and Q3 devices, we found that
nitride based nanostructures (Q3) conduct bettan tbxide based nanostructure (Q2). The
conductivity in the three devices is mainly affectey two factors. Firstly, although silicon
nanostructures have been formed by phase sepaiatialh devices, their particular structure
differs. After the high temperature annealing, theSi crystallizes into brick-shaped
nanostructure$” (Q1) while spherical nc-Si precipitate from SR@ @RN layers through phase
separation mechanisff? (Q2 and Q3). Secondly, the dielectric matrix wheve nanostructures
are formed, influence the transport. In fact, tineneling probability is mainly dependent on the
barrier height between the barrier layer and th&in&SgN,4 has a lower barrier height than $iO
with respect to Si. Thus 3B, layer is more transparent for charge flow than,SEhotovoltaic
properties of different devices were investigatadar 1 sun illuminations. A representative result

for Q1 is shown in Fig. 5.2.3. A short circuit eemt L. = 6 A was found, an open circuit voltage
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Vo =220 mV and a fill factor FF=0.30, due to poor hand high series resistances. The
conversion efficiency is 0.04% which is mostly doea low absorption (less than 10 percent of

the incident light) by the active layer and badh$@ort properties.

7
1 |Sc26:l:1pA
64 FF: 0.30
— 5-
< .
S Hasm P :40.8 yW/em
C I
5 o
3 F
O 2
1
). 120mvi V220 £1 mV
000 005 010 015 020

Voltage (V)

Figure 5.2.3: Photovoltaic characteristics of Q1 uder illumination of a solar simulator at 1 sun with AM1.5G

spectrum.

Photoresponsivities of the three devices are showkig. 5.3.4. It is observed that the
photoresponsivity follows the trends of the |-V @af1, which has the highest conductivity, has
also the largest photoresponsivity. In additiore photoresponse does not only scale with the
conductivity but also with the absorbance of theaséructure layer. Since the silicon content is
larger in Q1, also the optical density is highelichhin turn means a higher absorbance in the a-
Si/SiO, quantum well superlattice than that in the othgreslattices. The larger photoresponse of
the nitride based superlattice with respect to dkigle based superlattice is due to a larger

conductivity.
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Figure 5.2.4: Photoresponsivity of the devices. Thdifferent curves refer to different active layer stuctures as

indicated.

Conclusions

In conclusion, different silicon nanostructure-lzthselar cells fabricated on quartz have
been investigated to test their potentiality as-aeibin all-silicon tandem solar cell. a-Si/SiO
guantum well superlattice seems to be the bese singhows a larger photovoltaic effect with

respect to the other investigated nanostructures.

5.3. Silicon Nanocrystal Based Bidirectional Optical Transceiver

Silicon photonics is a demonstrated technologyrtab&e interchip or intrachip optical
interconnects?® % 9 ptical links able to send 50Gb/s over 200 m spare been fabricated.
(192 The actual implementation of the light source ahthe detector in silicon photonics is based
on an heterogeneous approach where a IlI-V semumtaodact as the active laser material and a
Ge semiconductor as the active detector matétfal. Therefore, there is still an interest to
evaluate the potential of an all-silicon approashdptical interconnects. This could have lower

performances, which implies different than highexpénterconnect applications, but should be
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cheaper and easier to fabricate within a standM@®€ factory. Among different possibilities,
silicon nanocrystals (nc-Si) show interesting ofgoteonic propertiesic-Si based light emitting
diodes (LED) have been fabricated with standard @\@ocessing. The power efficiency of nc-
Si LED is still order of magnitude lower than lll{dased LED one. However, it is of interest to
investigate whether nc-Si LED can be used as owe b an optical link. Here, a nc-Si LED
which is used as a light emitter as well as a ligatector in an optical link (Fig. 5.3.1) is

presented.

Figure 5.3.1: Image of the transceiver. The electral signals are transmitted and collected by the pcontacts,
the chuck provide the reference bottom contact. Theptical signals are transmitted through a 1 mm core

optical fiber coupled on top of the devices. (InsgDevice schematic cross section and top view oftldevice.

The nc-Si LED structure is a metal oxide semicotolucapacitor where 5 alternating
stoichiometric SiQ and silicon-rich oxide (SRO) layers are used a&sattive material which
replaces the gate oxid®(Inset of Fig. 5.3.1) The nominal thickness of SR@ of the oxide
layers within the multilayer (ML) stack is 3 andngn, respectively. Silicon nanocrystals were
formed by annealing the ML at 1150 °C for 30 minnitrogen atmosphere. The ML was

deposited on a $rtype wafer.

10 Fabricated at FBK

121



When the nc-Si LED is forward biased (gate negatiae external power efficiency of up
to 0.2% and an emission peak centered at abounifb@re observed (see Ref. (104) for more
details). When illuminated, the nc-Si LED shows htovoltaic effect®® In addition, when
reverse biased (gate positive) the nc-Si LED behagea photodector for visible/infrared light

(from 400 nm to 1100 nm) with an average photorespty of about 1 mA/W.
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Figure 5.3.2: (Color online) (Filled area) Photoregonsivity of the device in detection mode: reverskiased at 5

V; (Empty area) Electroluminescence of the device iemission mode: forward biased at -5 V.

Figure 5.3.2, shows the optoelectronic propertieslecfroluminescence and
photoresponsivity) of a characteristic nc-Si LEDeTelectroluminescence spectrum is measured
under a forward biased of -5 V (ground on the bottof the LED). The photoresponsivity
spectrum of the nc-Si LED is measured for a revdias of 5 V. It could be noted that the
emission spectrum under forward bias matches tgke photoresponsivity region. In fact, two
different device regions are responsible for the diiiferent responses: the electroluminescence is
due to emission of the nc-Si while the photorespdasiue to absorption in the silicon substrate.
This combination has an advantage with respedtier @ll silicon approach for transceivers since
the emission wavelength is spectrally separate tt@rabsorption band-edge. As an example, J.
Zhaoet al ™. reported an optical link between two similar siticdiodes. The performances of

the link were limited by the fact that emission ascat the silicon absorption band-edge.
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An optical link between two equal 300 um diameteSin LED by coupling on top of the
surface emitting LED a multimode 1 mm core pladiiier is realized. Coupling losses djL
between the LED and the fiber are estimated todi® Iwo different configurations where the
two LED are part of two different dies (i.e. elécally isolated and physically separated) or are
on the same wafer (i.e. only electrically isolateek Fig. 5.3.1) were tested. No differences in the
results have been found. One of the LED was fornkéad while a reverse bias was applied to the
other LED. The results are not dependent on thécehof the LED. Both LED can work as

receiver or as transmitter; this is the reason thieysingle LED is called a transceiver.

Receiver

Current (pA)
| /./

Optical link

Efficiency (%)

Electroluminescence
Transmitter Power
Efficiency (%)

Figure 5.3.3: (a) Receiver photocurrent (Squares) ral Optical link efficiency (Circles) as a function of

transmitter bias; (b) Transmitter electroluminescene (Squares) and Transmitter power efficiency (Ciras) as a
function of transmitter bias.

Figure 5.3.3 a shows the receiver photocurrentlaadptical link efficiency as a function
of the transmitter bias. The transmitter bias waseed from 0 V to -6 V while the receiver LED
was kept at a constant reverse bias of 5 V. A figgmit receiver current is observed when the
transmitter bias is larger than -2V. Figure 5.3.8hbws the transmitter electroluminescence and
transmitter power efficiency as a function of thensmitter bias. It is observed that the
photocurrent is almost linear with the electroluesicence that is the receiver has a constant

photoresponsivity. On the other hand, the tranempbwer efficiency is strongly dependent on
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the transmitter bias. From the ratio of the eleatrpower generated at the receiveg) (@ the

electrical power dissipated by the transmittey) (Re calculate the efficiencyj] of the optical
link:
PR —_ iRVR — DPF({)\/R — DI-CLPLCF?I'O\/R — |:“-CLPI-C”TF?I'VR

-r =0L.L, L2V, =5x10%
Nl P P, P P P clplc/7r VR 0

Equation 5.4.1

whereir andV are the photocurrent and the reverse bias ofatbever,[1 =2mA/W and PF? the
photoresponsivity and the optical power reachireyrédceiverLc andLs=0dB the coupling and
the fiber losses, PTO and 77; =0.2% the transmitter emitted power and the transmip@wer

efficiency. The estimate agrees with the measuegd ds it is evident from Fig. 5.3.3. Note that

in Fig. 5.3.3, R is calculated as the total power measured at ¢beiver (Ry) minus the
measured power in dark conditionr@®): Py = Pyt ~Fraa- IN Fig. 5.3.3 it is also clear that
when the driving bias is increased, the link e#iay drops due to the decrease of the power

efficiency of the transmitter. It is also importait emphasize that the system shows a good

stability over time particularly with respect teetemitter that is most affected by stress.
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Figure 5.3.4: Normalized transfer function as a funtion of transmitter modulation frequency; (inset): Electrical

bias of the transmitter (Top) and electrical outputof the receiver (Bottom) as a function of time.
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Figure 5.3.4 shows the frequency response of thieabink. The transmitter was drove
under square wave forward bias (0,-5V) and varifilelguency. A trans-resistive amplifier (80
resistor) was used to measure the receiver sigitialan oscilloscope operated in alternate current
coupling. A typical lineshape is reported in thegnof Fig. 5.3.4. The receiver current follows the
modulation of the transmitter bias. The cut-offgiuency (3dB frequency) is at 3.3 kHz which is
mainly due to the frequency limit of the transmitf®” However still at 100 kHz we are able to

measure a modulated receiver current, though vegkw

An estimate of the power per bit needed to rundptcal link can be found by the
following arguments. Since the transmitter is shdiet on/off, while the receiver is always on: the
power is dissipated during the on state (sendibd)&or the transmitter and during the waiting
time for the receiver (when illuminated the receigenerates electrical power). The injected
current in the transmitter at the -5V bias is 50 [fAve consider a 10 kHz frequency, i.e. a 50 ps
bit width, the dissipated power by the transmiitet25 pW. On the receiver side, the bias is fixed
at 5 V which corresponds to an injected currelb®@fA under dark condition, so the maximum
dissipated power is 250 fW. Therefore, the maintrimmtion to the dissipated power comes from

the transmitter. Thus 125 pW per bit correspondsitenergy per bit of 1.3%8)/bit.

In conclusion, an optical link based on a siliceenaocrystals device operated as a
bidirectional transceiver was demonstrated. Thep@rformances have been evaluated and found
suitable for niche applications where the most irtggd metrics are integrability and low cost,
e.g. for lab-on-a-chip applications or for slow alalommunication in consumer electronics.
Indeed, the performance of the optical link is mdtall comparable to the state-of-the-art

interconnect technology available in silicon phatsn
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6. Conclusions

In this thesis, fabrication and characterizatiorsiiton nanocrystal based devices were
presented. In collaboration with Intel Corporatamd Bruno Kessler Foundation and thanks to
the support of European Commission through theeptoNo. ICT-FP7-224312 HELIOS and
through the project No. ICT-FPZ48909 LIMA, it was shown that layers and devices coritajn
silicon nanocrystals can be formed in a producsitinon-fab on 4 and 8 inch silicon substrates
via PECVD and subsequent thermal annealing. Deygoeduced by single layer and multilayer
deposition were studied and compared in termsratistral properties, conduction mechanisms
and electroluminescence properties. Power effigiamas evaluated and studied in order to
understand the relation between exciton recomlgzinagind electrical conduction. A band gap
engineering method was proposed in order to bettetrol carrier injection and light emission in

order to enhance the electroluminescence poweiesity.

The power efficiency of silicon nanocrystal lightitting devices were studied in
alternating current regime. An experimental methiabsed on impedance spectroscopy was
proposed and an electrical model based on theamnshase element (CPE) was derived. It was,
then, given a physical interpretation of the eleatr model proposed by considering the
disordered composition of the active material. Blextrical model was further generalized for
many kinds of waveforms applied and it was genegdlifor the direct current regime. Time-

resolved electroluminescence and carrier injedhaaternate current regime were presented.

Erbium implanted silicon rich oxide based devicesavpresented. The investigation of
opto-electrical properties of LED in direct curreamtd alternate current regime were studied in
order to understand the injection mechanism anidnatt the energy transfer between silicon
nanocrystals and erbium. A device layout and pwdcdsw for an erbium doped silicon

nanocrystal based laser structure were shown.
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Some applications of silicon nanocrystal were presk An example of all-silicon solar
cell was shown. The photovoltaic properties andieatransport of silicon nanocrystal based
solar were studied. The combination of emitting abdorbing properties of silicon nanocrystal

based LED were used to develop an all-silicon bagtidal transceiver.
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