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Chapter 1

Introduction

“Silicon is likely to remain the basic materialli€n will predominate, because
of the technology which has already evolved arotiraehd because it is an abundant and
relatively inexpensive starting material. [...] Thengplexity for minimum component
costs has increased at a rate of roughly a fadttwam per year. Certainly over the short
term this rate can be expected to continue, iftadhcrease. Over the longer term, the
rate of increase is a bit more uncertain, althotingine is no reason to believe it will not
remain nearly constant for at least 10 years. Thaans by 1975, the number of
components per integrated circuit for minimum oegk be 65.000. | believe that such a
large circuit can be built on a single wafer” [Gordon E. Moore - 1965]

1.1 The Silicon Technology

To say that we live in a world based on photonicsvadays would be an
understatement. In fact, photonics is presentlithal aspects of our everyday life. The
modern life, based on electronics and telecommtioit® more than the past years, has
been possible by the presence of innumerable ptediat rely on integrated electronic
circuits based on silicon wafers. A good examplethe growth of the Internet
communication, with the number of users continutogdouble every few months.
Microelectronics and photonics have tremendousigapbns for industry, employment,
strategic position of the country, and even forfiltere organization of the society. It is

natural that everyone wonders which new applicatioihmicroelectronics and photonics




are most likely to come into the everyday life Ire thear future and which differences
these applications might make for the'2&ntury. Gordon Moore was the precursor of
the silicon technology as we can see in his papblighed in 1965 [1]. This is the reason
why | have chosen one of his sentences to introducéhesis. The complexity is usually
equated to the transistor count, and by that meaberexponential progress predicted by
the Moore’s law has been maintained through theegmieday. Figure 1.1 shows the
original plot of the Moore’s paper, which represetihe number of components per
integrated function as a function of the yearsywiken the 1959 and the 1975. | have
decided to put this original plot, in order to gae historical hint to my thesis. Figure 1.2
shows instead the actualization of the Moore’s layw,to the beginning of the new
century. The number of transistors per chip haeeptially increased as a function of
the year. The key point is that it has become afreaper time to pack more and more
transistors into integrated circuits because eadividual transistor is always being made
smaller. This continuous scaling process allows empowerful chips with more
transistors to be made for a reasonable price stakng process is the engine of progress
in silicon microelectronics. It is sustained onlyd continue research and development in
the silicon technology itself. Goals and benchmaiids scaling are established and
monitored in the International Technology RoadmapSemiconductors (ITRS), a public
document drawn up every year by a consortium reptesy the global semiconductor

industry [2].
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Figure 1.1. Number of components per integratecctfan as a function of the year. (After
Gordon Moore [1]).
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Figure 1.2. Transistor counts for integrated ciswhowing the historical accuracy of Gordon
Moore’s prediction of exponentially increasing igrtated circuit complexity.

The roadmap is intended “to provide a referencerasfuirements, potential
solutions, and their timing for the semiconductodustry” over a fifteen-year horizon.
For many years in the past, the ITRS has highl@jluee threat to continue scaling in
particular that must be addressed in the short faetune in order to avoid slowing down

the pace of the Moore’s law.

1.2 Optical Interconnects

Photonics will be the answer to provide the longntesolution for many open
problems. In the so-called optical interconnecesabs, the copper wires between regions
of an integrated circuit would be replaced by ateysof lasers, modulators, optical
waveguides and photo-detectors. In his paper, Miiees a brief historical summary of
the development of the field of optical interconiseto silicon integrated circuits [3]. The
potential benefits of the silicon technology in thygical communication scenario include
the virtual elimination of delay, cross talk, anower dissipation in signal propagation,
although significant new challenges will be introdd in signal generation and detection
[4]. Stable laser sources, interferometric modufatodense wavelength division
multiplexing (DWDM), and low loss planar waveguidedl all be necessary components
of an optical interconnect [5]. These photonic texbgies are now applied primarily in
the long-haul telecommunications industry, wheivildual component cost and size do

not drive the market. Data transfer rates and tst per transmitted bit through optical




fiber networks have improved dramatically in pemi@ance over the last few decades [6],
following the exponential progress curves that campound even faster than Moore’s
law. Microphotonics refers to efforts to miniatwithe optical components used in long
distance telecommunications networks so that iategr photonic circuits can become a
reality [7]. Work in this field spans many subjeciscluding planar waveguides and
photonic crystals, integrated diode detectors, rnatdrs, and lasers. Advances in the
related and often overlapping field of nanophotsrsaggest the possibility of eventually
controlling optical properties through nanoscalgieeering [8]. Some progresses have
also been made in efficient silicon photonic deuwiexelopment. On the transmit side,
carrier-depletion microdisk [9] and microring [1@)odulators have demonstrated an
energy efficiency of a few 10s fJ/bit at 10 Gb/gti@ized racetrack ring modulators with

reduced voltage swing can further improve efficietew about 10 fJ/bit [11]. This fact is

very important, because these devices became cilnhepatith voltage supply levels

associated with the switch power of the transistors the detection side, very low

parasitic Ge photodetectors have reported highoresyity and bandwidth [12].
1.3 The Silicon Photonics

The goal of silicon photonics is to create highf@enance optical devices from
the set of the Complementary Metal Oxide SemicotmU€MOS) compatible materials
used in electronic integrated circuits so thatghetonic components can be made using
the already existing silicon fabrication technolobypwadays, in fact, the CMOS circuits
have tremendous power efficiency advantages anthareasic building blocks for all the
microprocessors. It is important to ensure thatradterials used in a CMOS facility do
not contaminate these fundamental components afitbait. One key word of the silicon
photonics itself is the CMOS compatibility. Of cear silicon is a CMOS compatible
material. Many of the properties that make sili@ogood choice for electronic chips are
helpful in optical applications as well. It is abumdant material, with good thermal
conductivity and good mechanical strength. It dsas a high index of refraction and a
small intrinsic absorption at infrared photon wavgjths. Silicon-based device solutions
have been already demonstrated for planar wavegaide for high-speed detectors. On
the other side, silicon is a poor material for nmgkmodulators or lasers, which together
comprise the necessary signal transmission souaragtical communication. The two

main problems, which are limiting the use of silicm the photonics scenario, are its




centrosymmetric lattice and its indirect band gtreee Now, | will briefly describe the
first problem, while 1 will enter more in the ddtaf the second one, object of my thesis
work and study. The silicon crystal, in fact, isntesymmetric (i.e. it has inversion
symmetry, so the points at (X, y, z) are indistisgable from those at (-x, -y, -z)), which
means it lacks the™order non linear susceptibilif”, which is the responsible for the
linear change in refractive index with an appliéectic field. Last years, here in Trento,
both second-harmonic-generation experiments amsttdninciple calculations produced
values of strain-induced bulk second-order nonlireesceptibility, up to 40 pmV at
2300 nm. So, the nonlinear strained silicon couttiiple a competing platform for a new
class of integrated light sources spanning the-rieamid-infrared spectrum from 1.2 to
10 um [13]. Moreover, on the other side, silicos ha indirect band structure, as shown
in Figure 1.3. This means that the top of the vadeband and the bottom of the
conduction band are not aligned in the momentuncespim order to absorb or emit a
photon at the visible wavelengths, an electron numstergo a band-to-band transition
between two of these states. This transition reguthe simultaneous absorption or
emission of a phonon to accommodate the momentusmatch, making it much less

likely to occur than in a direct semiconductor.

i ——
Indirect radiative 32 !
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Absorption
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Figure 1.3. Energy band structure of silicon (iedirband gap material). The value of the energy
gap is 1.12 eV, but there is a momentum offset etwthe lowest energy states in the conduction
band and the highest energy valence band stateketéh of the possible ways for radiative and
non-radiative recombinations in silicon is showntiy arrows [14].




In silicon, the radiative recombination has an agerlifetime faq ~ ms) bigger
than that of other non radiative processgs,{ad~ ns) for which the internal quantum
efficiency, which is the ratio between the probiépithat a radiative recombination
occurs and the probability that a recombinatioruosdn general, takes value in the order
of 10° + 10”. So, up to now, silicon cannot be used for ligaheration and for light
amplification, but, due to the great and huge ggkepof the scientific community in this
material, several strategies have been adopted thwéhaim to increase its radiative
emission and its power efficiency. The recentlyorggd first silicon laser [15] did not
rely on the emission of photons by excited conducband electrons. This laser instead
operated by Raman scattering in which sub-bandgafops interact only with phonons.
The crystalline structure of silicon makes Ramaattecing relatively strong in relation to
amorphous glasses, but intense optical pumpingilisequired to create a population
inversion of the excited virtual phonon state. Whilese results are impressive, it is clear
that Raman lasers do not have a practical futucause they require optical excitation by
a pump laser and have a relatively small specraje in which gain can be achieved. So,
the major drawback of the silicon Raman laser ésrtéed of an external optical pumping
[16]. Materials which have superior optical propest such as compounds of Group IlI
and V elements, are used to make the lasers usédngihaul telecommunication
networks. These materials are not CMOS compatpiejarily because of mismatched
crystal lattice constants with respect to silicblowever, the list of materials that are
CMOS compatible is always expanding as new metloddategration are introduced.
This heterogeneous approach is currently beinguedrdy start-up photonics companies
such as Luxtera, as well as Intel’s silicon phatenesearch group. Both companies have
recently demonstrated electrically pumped lasersilicon substrates that use integrated
[lI-V materials to achieve gain [1[]8].

Lastly, there is another possibility to use sili@nlight emitting material, without
the bonding of the silicon substrate wafer andIth¥ materials group. This approach
has the role to exploit the quantum mechanicalkgdfef silicon, in order to improve the
optical properties of the silicon itself or of othmurrently CMOS compatible materials.
Following this approach, silicon quantum dots, alatled silicon nanocrystals or silicon
nanoclusters (Si-NCs in the following of my theslsgve been identified for many years
as promising candidate material for the silicontphas.

In all my thesis activities, | have worked on elmally pumped silicon

nanocrystals based devices.




1.4 The Silicon Nanocrystals

Optical emission in silicon nanocrystalas shown already 25 years ago with the
first report of photoluminescence from porous siid19] [20]. Porous silicon is formed
by the electrochemical dissolution of a silicon erafthe anode) in a solution containing
HF [21]. When Fand a hole injected from the wafer are both presethe interface, the
silicon dissolution takes place. Porous siliconolstained by decreasing the current
density or increasing the HF concentration, sottatholes are the limiting species at the
interface. The sizes of the pores and the silicemnants can be tuned from the
nanometer regime to beyond 1 um. Light emissiomspecially strong in “spongy”
porous silicon, which contains typical feature size the nanometer range. Figure 1.4
shows an example of photoluminescence of Si-NGdizezl here in Trento, in a PMMA
solution. The responsible for the enhanced photproperties of the silicon itself is the

guantum mechanical effects.

Figure 1.4. Photoluminescence of Si-NCs in a PMMJ#ugon. We can notice the typical red
emission of the silicon nanocrystals.

Qualitatively, the effect of quantum confinementsiticon nanocrystals can be
understood by considering the simple particle iboa problem. In order to satisfy the
boundary conditions, we find that the characterigtiound state energy scales inversely
with the square of the width of the confining pdigihwell. Confinement raises the
energy of the ground state, tends to create aalesdensity of states at low energies, and
introduces uncertainty into the momentum of theigar Figure 1.5 shows the density of

states for systems of three, two, one and zeroriimors. One can notice the discrete




density of states in the case of silicon quantuts.\We can improve our approximatis
of a quantum dot by considering the particles of gggrexcitons, in a thr-dimensional
spherical confinement potential representing thesulating matrix around tr
semiconductor nanocrystal. Excitons are ele-hole composite states that are couj
together by Coulomb attraction. The mathematics ts@tbscribe an exciton is identi
to the modethat we use to study the hydrogen atin terms of the electron and the h
that comprise the exciton, the Bohr radius canhmright of as the typicaleparation
distance. In silicon, the exciton Bohr radius is@attb nm. This tells us that we can exg
to observe quantum confinement effects in silic@macrystals that are smaller tr
approximately 5nm in diameterin the devices characterized ancgexned in my thesi
work, the silicon quantum dots are grown in matfixnsulating silicon dioxide, and the

have the dimensions of 2 or 3 n
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Figure 1.5. Density of states for systems of twoafgum wells), one (quantum wires), z
(quantum dots) ichensions. Quantum numbers for the different statesalso shown in tf
picture: a single number identifies a quantum welp numbers a quantum wire and thre

guantum dot.

In addition to causing the blue shift of the sihdoand edge emission il the near
infrared or red spectral rancthe quantum confinement in tlsdicon nanocrystalgives
brighter emission than the oobserved from bulk silicon. The brighter emissioastrbe
explained by some combination of enhancement inathsorption crcs section and
radiative recombination rate and decrease in tie o& nor-radiative recombinatior
Experiments suggest that the absorption crossosetrtisilicon nanocrystals shows it
or no enhancement over bulk silicon on a-atom basis. Of theemaining two factors
most of the improvement in radiative recombinatefficiency comes from a drama
decrease in the nonradiative recombination raterdbative exciton recombination
bulk silicon is typically dominated by Shock-Hall-Read recornination at mid ga
defect states corresponding to defects and impariti the crystal. In nanocrystals t

are small enough to show quantum confinement effetuch defects a




thermodynamically unfavorable and tend to grow oluthe quantum dot. Two other
recombination mechanisms that contribute to théfiarency of light emission in bulk
silicon are recombination at surface defects andeAuecombination, in which the
energy of the exciton is transferred to a thirdrghacarrier. Both of these mechanisms
can be worse in silicon nanocrystals than in bulikan. The enhanced sensitivity to
surface recombination can be understood by notieghigh surface-to-volume ratio,
while the rapid Auger recombination rate in chargatocrystals results from the large
effective carrier concentration that a single earmnepresents in the small nanocrystal
volume. There are two factors that contribute topriowement in the radiative
recombination rate in silicon nanocrystals. Thetfecan be understood in the context of
Fermi’'s Golden Rule for quantum mechanical traos& which can be derived using
time dependent perturbation theory. In the fornmalef Fermi’'s Golden Rule, the rate of
an optical dipole transition is proportional to thegnitude of an off-diagonal matrix
element calculated by evaluating an overlap intetiyat connects the electron and hole
wavefunctions together through the dipole operaBecause the nanocrystal forms a
potential well that confines the electron and tlwehspatially, these wavefunctions
overlap more in position space and the matrix efdrfa the transition increases [22]. At
the same time, the uncertainty in momentum spaaedbnfinement introduces relaxes
the momentum conservation rule and allows a greatgrortion of the phonon density of

states to assist in the indirect band-to-band itiang23].
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Figure 1.6. Room temperature PL spectra of Si ngstals embedded in Sj@hin films. The
average diameters are changed from about 9 ton2.&Rcitation wavelength is 488 nm.

Figure 1.6 shows the photoluminescence (PL) spett&a-NCs embedded in silica films
at room temperature with an excitation wavelendgtd&8 nm [24] . In my work, | will

study the luminescence of Si-NCs under electrioahping.




1.4.1 Silicon nanocrystals formation techniques

The most widely used approach to create the SiiN®ased on the deposition of
sub-stoichiometric silicon dioxide (SiX¥ilms, with a large excess of silicon, followey b
a high temperature annealing. The annealing caaugdwmse separation between the two
constituent phases, i.e. Si and Si@th the formation of small silicon nanocrystal$he
size and the density of the Si-NCs can be contidiie the deposition and the annealing
parameters. The chemical vapor deposition (CVDa ikey process in semiconductor
fabrication to deposit thin films on semiconductdrsthis section, | will describe both
the Low-Pressure CVD (LPCVD) and the Plasma-Enhar@éD (PECVD), which are
the two different deposition techniques used infdi®ication of the samples studied in
this thesis.

LPCVD is a process used in the manufacturing af fiims with a thickness
ranging from a few nanometers to many micrometePVD is used to deposit a wide
range of film compositions with good conformal steprerage. These films include a
variety of materials including polysilicon for gatentacts, thick oxides for isolation,
doped oxides for global planarization, nitrides atioer dielectrics. LPCVD is similar to
other types of CVD in that it is a process whergegas specie reacts on a solid surface or
wafer to produce a solid phase material. The LPQW&cess can be summarized as a
consequence of four different steps. First, thetne@ gaseous species are transported to
the surface. Second, the gaseous species absorthensurface of the wafer. Third, the
heterogeneous surface reaction produces reactmlugts. Finally, the gaseous reactants
are removed from the surface. The low pressure stk reactor distinguishes LPCVD
from other CVD processes. The main reason for usP@VD is the ratio of the mass
transport velocity and the velocity of reaction the surface. When the ratio is close to
one, the two velocities are of the same order ofmtade. The velocity of the mass
transport depends mainly on the reactant concenrradiffusion, and thickness of the
border layer. When the pressure is lowered duriR€VD, the diffusion of the gas
decreases proportionally to the reciprocal of thesgure. The pressure for LPCVD is
usually around 10-f0Pa. The LPCVD process has a quartz tube placadspiral heater
that starts with tube pressure at very low pressanmaind 0.1 Pa. The tube is then heated
to the desired temperature and the gaseous sp@s@king gas”) is inserted into the
tube at the pressure predetermined between 10G0@ Ha. Figure 1.7 shows the system

used for the LPCVD technique deposition. The wagkgas consists of a dilution gas and
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the reactive gas that will react with the substeatd create a solid phase material on the
substrate. After the working gas enters the tubsprieads out around the hot substrates
that are already in the tube at the same temperailine substrate temperature is
extremely important and influences what reactiaise tplace. This working gas reacts
with the substrates and forms the solid phase materd the excess material is pumped
out of the tube. One of the most interesting pecitiles of the LPCVD technique is that it
is suitable for the deposition of silicon dioxidedapolysilicon. The samples produced
with LPCVD studied in my thesis work have been iizdited at the CEA-LETI laboratory

in Grenoble.

LPCVD System

P Cluaniz Tube

———m

¢ TorPump

|
Walers Waker Boat
Proveds Gas Inler
Loading Daor

Figure 1.7. LPCVD system.

PECVD is used to deposit SIOBEN4 (SkNy), SkOyN, and amorphous Si films.
In this method of CVD, plasma is added in the démwschamber with reactive gases to
create the desired solid surface on the substPddesma is a partially ionized gas with
high free electron content (about 50%). Plasmasiaided into two groups: cold (also
called non-thermal) and thermal. In thermal plasrebectrons and particles in the gas are
at the same temperature; however, in cold plasimaselectrons have a much higher
temperature than the neutral particles and iongréffare, cold plasmas can utilize the
energy of the electrons by changing just the pressthis allows a PECVD system to
operate even at low temperatures (between 100 80d°@). The energy from the
electrons in cold thermal plasmas is useful in PECWhen the mean free path is large
and the system size is small, the free electronsai@xchange energy with ions before
they collide with other gasses. The energy fromelleetrons is then used to dissociate the
reactive gas in order to form the solid film on théstrate. In order to excite and sustain
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the plasma, a voltage must be applied to the plasheavoltage is usually applied using
an RF signal between two electrodes. The PECVDesysimust contain two electrodes
(in a parallel plate configuration), plasma gasl seactive gas in a chamber. To begin the
PECVD process, a wafer is placed on the bottonmtrelée and a reactive gas with the
deposition elements is introduced into the chamB&sma is then introduced into the
chamber between the two electrodes, and voltaggpdied to excite the plasma. The
excited state plasma then bombards the reactive agassing dissociation. This
dissociation deposits the desired element ontaviifer. Advantages of PECVD include
the low temperature, high film density for dieléctrand ease of cleaning the chamber.
Disadvantages include the expense of the equipnaent the stress of plasma
bombardment. Figure 1.8 shows the system usedhtserPECVD deposition, with in
evidence the precursor gases and the RF powertaisadite the plasma.

Plasma Enhanced CVD System

fnert Process
Gas Gas

i

Sl — Waler
M c_I,._'::
W |

By-Froducts

Figure 1.8. PECVD system.

The samples produced with PECVD studied in my thesork have been
fabricated at the “Advanced Photonics and Photaigdt (APP) Group of the Bruno
Kessler Foundation, in Trento.

In my thesis work, | have studied samples fabratdbeth with LPCVD and
PECVD deposition processes. For every section ofvork, | will specify the deposition
technique, and the used main parameters, sucle &fliton content excess, the annealing

time and the annealing temperature.
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1.4.2 Metal Oxide Semiconductor Structure

Silicon nanocrystals (Si-NCs) based light emittidgvices (LEDs) typically
present a metal oxide semiconductor (MOS) capasttacture. A typical MOS structure
is shown in Figure 1.9. The metal plate is usuallgeavily n-doped polysilicon layer,
which behaves like a metal, and it is called thie.géhe insulating layer is composed by
silicon dioxide and the other plate of the capaaga semiconductor layer, which in this
case is p-type silicon, and it is called body. Tamd diagrams for the three materials

taken separately are shown in Figure 1.10.

p-type Si

l Body

Figure 1.9. Simplified scheme of a metal oxide semductor (MOS) capacitor.

A relevant quantity is the work function®g which is defined as the energy
required to extract an electron from the Fermi lared to bring it to the vacuum level.
Depending on the metal, one may have diffefegtvalues, as well as, depending on the
concentration of the impurities within the semicocidr, there are also different values

for @,

Ef —— Ey — e —
T Ec — L ) T
qP, qxs

oL I
%//% E,=8eV Ev o Er

metal Z
(n*-type Poly-Si) p-type Si

Ey
7
Si0,

Figure 1.10. Band diagram for metal, silicon di@xi@nd p-type silicon, respectivelyy ¢ the
semiconductor electron affinity, whilglgis the work function.
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Typically the work function &, for an ri-type polysilicon is 4.05 eV. For a p-
type silicon @sis around 5 eV. The electron affinityy,gqdepends on the material and it is
defined as the minimum energy required moving a&cttedn from the bottom of the
conduction band to the vacuum level. The electf@inity for silicon is 4.15 eV, while
for SiG, is 0.95 eV. Now the problem is what happens whercembine the three layers
together in order to form the MOS capacitor.

In this case, there are several assumptions, wiagh to be taken into account to
reach a simple model. We assume that the insukter has infinite resistance; hence no
charge carrier can pass through the dielectria leyen a bias voltage is applied between
the metal and the semiconductor. The thicknestekemiconductor layer, supposed to
be uniformly doped, has to be chosen large enoaghllow the formation of a wide
depletion region. The metallic gate is thought asequipotential region and an ohmic
contact has been established between the semidondutd the metal contact on the
backside of the device. Moreover no lattice misimagcare present at the interfaces and,
despite the fact that silicon dioxide is in amonphihase, the band diagram is assumed
to be that of crystalline SO These last simplifications allow for neglectingerface
trapped charges and oxide charges which surelyp@®gent in a real MOS structure.
Therefore, neglecting boundary effects, the probleam be considered as a one-
dimensional one (only the x-coordinate). Figurelishows the band diagram in a MOS
structure for different applied voltages at theahebntact.

“'\-..__-_ —
"]
/‘
) i | . k Cond. band
Va<0 |
D...
L o 4
Valence band
bz | (a) | (b) (c) (d)
L /
Ve < @, Ve=0n <0 VG=0 VG }>O

Figure 1.11. Band diagram in a p-MOS structureaouaulation(a), under flat band condition
(b), without biagc), and under inversion conditigd).
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The differences between the work function in theéamnand the work function in
the semiconductor is
qPms = Pm—qds< 0
and the voltage which has to be applied to acHietdands is the flatband voltage
VEg = Oms

Now, | will explain the three different working MO&gimes: accumulation,
depletion, inversion, respectively.

With large negative bias applied to the gate asvehia Figure 1.11.a, holes are
attracted by the negative potential to form an audation layer at the silicon surface
with higher concentration than in the bulk silicorhe valence band edge, Bbends
upward near the silicon surface approaching toFgrni level. Since the carrier density
depends exponentially on the energy differenceBE this band bending causes an
accumulation of majority carriers (holes) near g®miconductor surface. The high
concentration of these holes forms the secondretietof a parallel plate capacitor with
first electrode at the gate.

When the bias is reduced, negative charges arevezhfoom the gate, holes leave
the accumulation layer until the silicon will beutel everywhere. This happens when
the applied gate bias is the flat band voltageufedl.11.b). As the bias on the gate is
made more positive with respect tqgy holes are repelled and a region depleted of
carriers is formed at the surface. Under depletmmditions, the bands bend downwards.
A special case of this regime occurs when no lsiapplied to the capacitor, as illustrated
in Figure 1.11.c. IncreasinggVvat positive voltages; the width of the surface |elégn
region tends to obtain larger values.

With increasingly applied positive voltage, the faoe depletion region will
continue to widen until the onset of surface ini@rds observed. An inversion layer is
formed; the bands bend further downgrade till thark level near the silicon surface will
lay close to the bottom of conduction band (FiglrEl.d). This inversion layer is very
thin and separated from the bulk of silicon by thepletion layer. The build-up of
inversion layer is a threshold phenomenon. Thestiolel voltage ¥ marks the equality
of the concentration of minority carriers (elecspmo the doping concentration. At the
onset of inversion, the depletion layer width ressch limit.

Summarizing there are three regions of interestumeclation, depletion and
inversion corresponding to three different biastagés. The charge distribution

corresponding to these conditions is shown in Edui?2.
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Figure 1.12. Charge distribution in a MOS capaaiteder accumulation, depletion and inversion
condition [25].

The capacitance of the MOS structure depends,rm tn voltage that is applied
to the body. The dependence is shown in Figure, lw&re the three regimes of
operation are separated by two voltage values: Which separates the accumulation
regime from the depletion regime ang Which demarcates the depletion regime from the

inversion regime [26].
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Figure 1.13. Typical Capacitance-Voltage (C-V) aswshowing the three different regimes:
accumulation, depletion (the flat-band conditionassumed occurring with no bias applied),
inversion for low frequency (a), intermediate fregay (b) and high frequency (c) in a p-MOS
structure. Curve (d) represents the deep depletmdlition, i.e. high frequency with fast sweep
(After Sze [27]).

In the depletion condition 4 < Vs < V1), the capacitance from the gate to the
substrate associated with the MOS structure degse&i®cause a capacitance associated

with the surface depletion region adds in serighéocapacitance across the oxide.
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At the onset of the inversion condition {\> V1), the depletion layer width
reaches its limit. Since the charge density initkrersion layer may or may not be able to
follow the alternating current variation of the &pg gate voltage, it follows that the
capacitance under inversion conditions will be recfion of frequency. At low frequency
the increment in the gate charge is balanced bubstrate charge. Therefore, the low
frequency capacitance of the structure is equivatenhat of the oxide layer, just as in
accumulation mode. Differently, at higher frequescithe increase of charge in the metal
side is not balanced by the substrate charge, shreceninority carriers can no longer
adjust their concentration. The number of minordgrriers in the inversion layer
therefore remains fixed at its dc value and thdedem width simply fluctuates about this
value. This situation is equivalent to two parafidte capacitors in series.

Summarizing, an overall theory can now be constditty combining the results
of the accumulation, depletion and inversion comsitions. Specifically, we expect the
MOS capacitance to be approximately constant ;aur@er accumulation biases, to
decreases as the dc bias progresses through thetia@iepand to be approximately
constant again under inversion biases at a valualéq ~ Cif the frequency is low or to
C’min If we are in the high frequency regime.

On the other side, the current-voltage (I-V) of &@®1diode critically depends on
the insulator thickness. If the insulator layesusficiently thick (greater than 5 nm for the
Si/SIG, systems), carrier transport through the insulktger is negligible and the MOS
diode represents a standard conventional capagéitiernatively, if the insulator layer is
very thin (less than 1 nm), little impediment i®yded to carrier transport between the
metal and the semiconductor, and the structureesepts a Schottky-barrier diode. The
last type of devices with an intermediate layeckhess (1 nm <g < 5 nm) is the MOS
tunnel diode. | will take into account two relevagdases: the MOS tunnel diode on
degenerate semiconductor substrate and, then, @8 tdnnel diode on non-degenerate
semiconductor substrate. Figure 1.14 shows simeglifiand diagrams, including also the
interface traps, for a MOS tunnel diode with degeatee (§*) semiconductor substrate.
Applying a positive voltage to the metal (see Fggdrl4d.a), causes electron tunneling
from the valence band to the metal. This tunnebngent is always assumed to be
allowable and increases monotonically with the easing energy range between the
Fermi levels. It further increases with the dedregasulator barrier height. Applying a
small negative voltage to the metal, (see Figutd.b), results in electron tunneling from

the metal to the unoccupied semiconductor valeace fArrow 1). According to Figure
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1.14.c, an increase of the voltage —V implies anease in the effective barrier height for
electron tunneling from the metal to the unoccugitedes of the valence band. However,
electrons in the metal with higher energies cameéursimultaneously into the empty
interface traps and momentarily recombine with sofethe valence band, resulting in
another current component (Arrow 2 in Figure 1.1l4=nally, an additional increase of
the bias results in a third very fast-growing tunmerent component from the metal into
the conduction band of the semiconductor (see tihewA3 in Figure 1.14.d). Figure 1.15
shows the measured |-V characteristics at room ¢eatpre (solid lines) and at liquid
nitrogen temperature (dashed lines) for thréespicon samples with a thin oxide layer (2
nm) [27].
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Figure 1.14. Simplified band diagrams, including tmterface traps, of a MOS diode on
degenerate substrate.
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Figure 1.15. Measured |-V characteristics for dife g™ silicon samples with the oxide layer (2
nm) treated in different ways (After Sze [27]).
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Notice the small influence of the temperature o £V curve, which is typical
for tunneling. The |-V characteristics of curve$ éad (b) show, in principle, the same
trend as curve (c), but exhibit considerably inseshcurrents especially in the forbidden
energy range (- 1.1 V <V <0 V). The left brancbéshe curves for V < - 1.1V represent
electron tunneling from the metal into the conduttband. The right branches represent
tunneling from valence band into the metal.

For a MOS tunnel diode with non-degenerate semigctod substrate, the energy-
band diagram at thermal equilibrium is shown inuFegl1.16.

q(#’a
Ee %

Figure 1.16. Energy band diagram at thermal equilb for a MOS diode on non-degenerate
substrate with a metal-insulator barrier heigh.@feV.
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Figure 1.17. Simulated current-voltage characiessbf MOS tunnel diodes with different
insulating layer thickness. Experimental resultsamied for dox (insulating layer) = 2.35 nm are
also shown in the picture (After M. Green [28]).
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One of the most important parameters for this digdde metal insulator barrier
height, which has a profound effect on the I-V euteristics. For the shown cas&®i)=
3.2 V), the surface of the p-type silicon is ineert Two main current components exist:
J-m from the conduction band to the metal apg, Jrom the valence band to the metal.
Figure 1.17 shows the theoretical I-V curves comegufor different oxide layer
thicknesses.

Under small forward and reverse biases, the dorhinarrent is the minority
(electron) current.dy, since the Fermi level is close to the conducband edge. As the
forward bias increases the current also increasasotanically. At a given bias, the
current increases rapidly with decreasing insuldtmkness. At reverse bias the current is
virtually independent of the insulator thicknessdg < 3nm, because now the current is
limited by the rate of supply of minority carrigf@lectrons) through the semiconductor,
and is similar to the saturation current in a reedniased p-n junction. Figure 1.16 also
shows the experimental results foi & 2.35 nm. Note that there is a good agreement
between theory and experiment, and the currenageltharacteristics are very similar to
those of a p-n junction.

1.4.3 Charge injection and light emission in siliao nanocrystals

In this section, a summary of the basic transpoechmnisms and the main
excitation processes that can occur in an insulay@r structure is reported. In particular,
| will summarize some concepts, which | will usetle following of my thesis. Due to
the constant downscaling of the gate-dieletric kilsses in the MOS devices, the
tunneling effects have drastically gained relevaridee quantum mechanical tunneling
describes the transition of carriers through asita#ly forbidden energy state. This can
be an electron tunneling through a dielectric, Wwhiepresents an energy barrier, from
one side to the other of the MOS structure. Evahefenergy barrier is higher than the
electron energy, there is, quantum mechanicalfinige probability of this transition. As
the wavefunction of the particle penetrates theidaand can even extend to the other
side, quantum mechanics predict a non-zero prabafol an electron to be on the other
side. The different types of electronic conductionp-MOS device under forward bias

are summarized in Figure 1.18.
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Figure 1.18. The gate current in the thin oxidegdaunder forward bias may be due to the
different mechanisms of electronic conduction. Efectron may freely travel inside the oxide
layer (thermionic effect, direct tunnel and FowNwrdheim tunneling), or their transport may be
associated with traps (Poole-Frenkel effect, happionduction, and space charge limited
current).

The tunneling mechanisms are the most common ctiodunmechanisms through
the insulators. The tunneling itself has a strondependence on the applied voltage, but
it is essentially independent from the temperat@ensidering the shape of the energy
barrier, direct tunneling (see Figure 1.18 (a)Fowler-Nordheim tunneling (see Figure
1.18 (b)) can be distinguished, depending on whetheiers tunnel through the whole or
only partial width of the barrier respectively. the case of the direct tunneling, the
barrier shape is trapezoidal, while in the casethef Fowler-Nordheim tunneling is
triangular. The most common approach used to egpifes tunneling current in such
devices is the Tsu-Esaki formula. All the detali®at this expression can be found in the
reference [29].

The model most frequently used to describe tungelar thick dielectrics and
high electric fields, where gate electrons crossamgular energy barrier shape, is the

Fowler-Nordheim formula [30]. The mathematical eeq®ion is here reported.
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J=A-E2 - exp(_';:;x)
which was originally used to describe the curresmigity due to the tunneling between
metals under intense electric field,Edefined as the ratio do« (voltage applied over
the thickness of the oxide barrier — see Figur&)1.The parameters A and B have been

refined by Lezlinger and Snow [31]. The resultingrieling expression is the following:

3, 8my/2myy (qPp)3
] — & . EZ . exp 3thox
8mm,, hqdy °*

where g is the elementary charge value, m* is ftifiecéve electron mass, gnis the
effective electron mass in the dielectric, h is ®lanck constant anfg®jy) is the
difference between the Fermi level in the electradd the conduction band edge in the
dielectric. In this case, the electrons do not @liirectly to the other side of the barrier.
Instead they tunnel from the gate contact to thedaotion band of the dielectric layer
from where they are injected into the semiconductor

There are also other possible injection processbgh | have shown in Figure
1.18, and which | will briefly describe here, witlicentering in too much detail. In the
Schottky conduction, the thermionic emission ouee imetal-insulator barrier is the
responsible for the carrier transport. Besideguheeling and the thermionic conduction,
which are defined and found in the literature as-st@p tunneling processes, defects in
the dielectric layer give rise to tunneling pro@ssdased on two or more steps. It is
assumed that traps arise in the dielectric layertdithe repeated high voltage stress. For
thicker dielectrics with a high defect density st ieasonable to assume that also the
interaction of two or more traps in the tunnelimgqess takes place. This is the case of
the hopping conduction, in which the energy of éhectrons is less than the maximum
energy of the height trap potential well. The Pdedenkel emission (see Figure 1.18 (e))
is instead due to the field-enhanced thermal etkaita of the trapped electrons into the
conduction band. The model which describes thissiom of trapped electrons could be
found in the reference [32]. The main motivationuse this expression is that the trap-
assisted current density has been found to beearlifunction of the square root of the
electric field in the dielectric, & It has to be noticed that this is in contraghi Fowler-
Nordheim tunneling current, which is instead adinginction of the electric fieldg& In
the case of the hopping conduction and of the PBdekel emission, the electric field is

assumed constant. When the electron injectiorramgt this hypothesis is no more valid
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and the potential distribution should be calculatsing the Poisson’s equation. The
space charge limited current results from a cailngrcted into the oxide, where no
compensating charge is present (see Figure 1118 (f)

Therefore, the main problem of having light fromvides based on silicon
nanocrystals is the difficult carrier injection etnthe host matrix for the Si-NCs is an

insulator.
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Figure 1.19. Electron-hole pairs are usually getiedran silicon nanocrystals either by bipolar
injection from both electrodes of the diode or tmpact excitation (unipolar injection).

In theory, the charge injection mechanism shoulghdesible when the thickness
of the silicon oxide between the silicon nanocrgsis reduced at a value that tunneling
currents become important. Figure 1.19 shows hosv dlectron-holes pairs can be
generated in silicon nanocrystals. The electricgdtion into the silicon quantum dots is
a complex and a delicate task. Electroluminescenoebe produced either by blackbody
radiation or by impact excitation of electron-hglairs in the Si-NCs by energetic
electrons which tunnel through the dielectric blfaavler-Nordheim process (see Figure
1.19 on the left). In this particular case, theceten has to flow through a barrier with a
triangular shape. Electron-hole pairs excited is thay recombine radiatively with an
emission spectrum which is very similar to the ob&ined by photoluminescence. The
problem with impact excitation is its inefficieneyd the damages it induces in the oxide
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due to the energetic electron flow. To get a strelegtroluminescence one should try to
get bipolar injection, with the simultaneous injentof electron and holes within the Si-
NCs (see Figure 1.19 on the right). In this paléicease, the carrier has to flow through a
barrier with a trapezoidal shape. The direct tuimgeis a conduction mechanism which
leads to large injected electrical currents at &pplied voltages (less than 3.1 V, which
corresponds to the barrier height at the intertddbe SiQ), without leading to the oxide
degradation. A right silicon oxide thickness torp#rtransport is as low as a few nm.

The barrier height and the oxide thickness detezmthich one is the prevailing
mechanism between bipolar (direct tunneling) angalar (Fowler-Nordheim tunneling)
injection, as shown in Figure 1.20. This Figurevgfidhe main injection mechanisms for
different working conditions, depending on thecaih dioxide thickness and the applied
electric field. It is interesting to notice thaetdifference between the direct tunneling and
the Fowler-Nordheim one occurs for values of theliad electric field between 6
MV/cm and 8 MV/cm: for the standard thickness ®fl@S capacitor active material, this

electric field corresponds to an applied bias \g#taf 3 V.

? [ T T T T ™
£ §
" £
@ 4
] m
= ©
R =
= T
o) (=]
EE

D TAEEE NSNS TN LIS GRS [SEY WL [T NN S R [ SN ()

0 2 4 €6 8 10 12 14
E (MVicm)

Figure 1.20. Relationship among oxide electricdfiebxide thickness and current mechanism
through thin silicon dioxide layer [33].
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1.5 Silicon Nanocrystals Based Light Emitting Devices

Despite the advantages that the nanostructuregsibffers in comparison to bulk
silicon, it is still a relatively poor optical maial compared to the direct gap IlI-V
semiconductor materials. The radiative rate, whicimately limits the optical power that
can be radiated by a volume of material, is pertwa@sor two orders of magnitude faster
for the Si-NCs than for the bulk silicon at 10 kHHowever it is four orders of magnitude
slower than the 1 GHz emission rates found in nmageisuch as GaAs. While the
radiative recombination efficiency is high, the ul&ing matrix that surrounds and
defines the quantum dot complicates the electimgattion of carriers. Table 1.1 shows a
classification of the various efficiencies, usedtie following of this work. Silicon
nanocrystals based light emitting devices have fe@mcated and such devices can reach
efficiency up to 0.17 % at low injected current anturn-on voltage of 1.7 V [34], fully
compatible with the CMOS technology itself. Table Bhows in a very simplified
timeline frame the network of historical events g¥hiled to the present state of the
development of the Si-based sources. | have decaedt the developments in the last
20 years, because they are the most significaninfpothesis work. The complete table
can be found at the reference [35] . In Table hee are both visible and infrared (IR)
devices, because the work done in this thesisbsifiocalized on both of these two topics.
In fact, even if the silicon nanocrystals emissisrfar from the 1.3um and 1.5um
telecommunications spectral windows, they can hégpleal to the emission of erbium
ions to create a hybrid optical matefi@éb]. This fact and the possibility to reach energy
transfer between the silicon quantum dots and rihier@ ions has made the Si-NCs more

attractive for the data transfer application areldptical interconnections.

Internal Quantum Efficiency | Number of photons emitted versus the number of
electron-hole pairs generated

External Quantum Efficiency | Number of photons externally detected versus |the
number of charge injected

Power Efficiency Watts of light detected versus the watts of eleityri
used to drive the device

Table 1.1. Classification of the various efficieexin Si based LEDs.
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Year Infrared Devices Visible Devices

1990 Porous Si Photoluminescende
(Canham)

1994 RT Er-doped SiOx LEDs
(Franzo et al.)

1996 Integrated porous Si LED
(Hirschman et al.)
2000 Si/SiGe cascade laser Optical gain in Si quantum dogs
(Dehlinger et al.) (Pavesi et al.)
2001 | Optical gain in Er doped Si QDs
(Han et al.)
2002 Si quantum dots LED

(Franzo et al.)

2003 Er doped Si QDs LEDs
(Castagna et al.)
2006 Er doped microdisk laser
(Kippenberg et al.)

2008 Cascaded Si Raman laser
(Rong et al.)

2010 Room temperature Ge laser
(Liu et al.)

2012 | Electrically pumped Ge laser
(Camacho-Aguilera et al.)

Table 1.2. Development of Si-based light sourcé$ [3

Indeed, when incorporated in silicon dioxide, theé*Hons exhibit a weakly
allowed atomic transmission at 1.5dn that is well aligned with the transmission
maximum in the optical fibers. For this reason wmbi doped fiber amplifiers are
commonly used in long distance telecommunicatiansestore the intensity of optical
signals. Because the radiative rate of silicon ngystals is fairly low, nonradiative near
field energy transfer to erbium ions placed in elgsoximity to the nanocrystal can be
the dominant recombination pathway for excitonsthis way, silicon nanocrystals have
been shown to be effective sensitizers for erbionsiin optically pumped waveguide
amplifiers. Figure 1.21 shows the energy band diagfor silicon nanocrystals and
erbium ions and how energy transfer can occur ith ssystems. Figure 1.22 shows
instead a photoluminescence experiment (PL) peddron two different samples: one
with only Si-NCs, and one with Si-NCs and®Eions. The PL spectrum is respectively
the red one for the first sample and the black famethe second one. The excitation
wavelength is 476 nm, which is non resonant witli ahthe EF* internal transitions.

This experiment has been performed in our photaotestence laboratory by Nikola
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Prtljaga. In the PLgectra, we can clearly obserthe erbium emission at 980 nm anc
1535 nm. Moreover, the most import aspect which has to be noticed is that t--NCs

related PL band around 800 nnreduced by energy transfer to thé'Hons.

Si0, Si Si0,

Electron

Erbium ion ' I'

Figure 1.21(left) The wavefunction of an electr—hole pair (‘exciton’) in a silicon nanocrys
can couple to a nearldyr ion in the silica matri: (right) Energy bands are shown for silic
nanocrystals and erbium ions embedded in & matrix. Anexcited electra-hole pair in the
nanocrystal can recombine by transferring energgrntd&** ion. The latter is then excit from

the ground state to the first excited state ascaidd by the red arrow. Here ato-scale
engineering in combination with nanoscale energgdfer can lead to the development of a

class of miniature optical amplifie (After Polman [37]).

13/2 '[15/
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800 1000 1200 1400 1600
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Figure 1.22 Room temperaturehotoluminescencepectra of two different samples (red linw-

NCs embedded in a silicon oxide matiblack line Si-NCs and Efions in SiC;). Symbols on
the spectra refer to the irnal transition between the indicated states of E** ions. The
excitation laser wavelgph is 476 nm. These plots arcourtesy of Nikola Prtljag
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The photoluminescence measurements here reporteel praved the energy
transfer between the silicon nanoclusters and theira ions under optical excitation.
Moreover, all optical pump-probe experiments hagendnstrated that a positive signal
enhancement can be achieved in thick slot wavegtiaeing Si-NCs and Ef ions as
active material [38]. Both the energy transfer #m&lsignal enhancement in such systems
will be object of study in my work. What is new mofy approach is that the pumping will

be electrical.
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1.6 Outline of the thesis

In the present work the electroluminescence andrémsport properties of silicon
nanocrystals based devices have been studied hékis s divided into two main topics.
The first one is related to the study and the awpemtal characterization of silicon
nanocrystals based light emitting devices. The a=vhave been fabricated either at the
Bruno Kessler Foundation in Trento or at the CEAFLEaboratory in Grenoble. In the
second, | will present my work done on erbium dopiidon nanocrystals based optical
cavities, from the design and the simulation, upthe optical and the electrical
characterization. In this case the devices haven Haéricated by the CEA-LETI
laboratory in Grenoble.

This thesis presents an experimental work realéetie Nanoscience Laboratory
of the University of Trento. All the experimenta&tgps assembled and used are presented
in the appendix A. The chapters are organized lasifs:

In chapter 2, | present the fabrication and tharatterization of silicon
nanocrystals based light emitting devices. Thiskwbas been financed by the Intel
Corporation and it has been performed in collabanatith the APP Group of the Bruno
Kessler Foundation. Devices produced by differeamichies and different layouts are
studied and compared in terms of structural proggrtconduction mechanisms and
electroluminescence properties. Finally, | discassrent-voltage, capacitance-voltage
characteristics and time resolved electrolumineseeneasurements. Power efficiency is
evaluated and studied in order to understand tHatioe between the exciton
recombination mechanisms and the electrical comaluct

Chapter 3 describes the fabrication and the chexiaation of silicon nanocrystals
based light emitting devices realized at the CEAFLE&boratory in Grenoble with the
financial support of the European Commission, tglodhe project ICT-FP7-224312
HELIOS. Devices produced by single layer or mw#adepositions are studied and the
electrical charge transport is discussed as aituncf different fabrication parameters. |
report also electroluminescence measurements. Kkernal quantum efficiency of
optimized light emitting device is evaluated. Ligimitting field effect transistors are
fabricated and a complete electrical and opticahratierization is performed. A
comparison between light emitting capacitor antitligmitting field effect transistor is

reported.
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In the fourth and the fifth chapters, | report niydy done on the erbium doped
silicon nanocrystals based light emitting devices aptical cavities.

Chapter 4 discusses the initial work done on erbdoped silicon rich silicon
dioxide based light emitting devices. The invedtagaof the opto-electrical properties of
LEDs in direct current and alternate current regarestudied in order to understand the
different injection mechanisms and the role ofdlieon content and of the oxide barrier
thickness in multilayered devices. The bipolar pdlgxcitation in such devices is also
discussed and | estimate the value of the eneaggfer between the silicon nanocrystals
and the erbium ions. Finally, the best active mialtas chosen in order to fabricate
erbium doped silicon nanocrystals optical cavities.

Therefore, in chapter 5, | report all the studyf@ened on the erbium doped
silicon nanocrystals based optical cavities. Sl@veguides are described, from the
design and the simulation, up to the fabricatiord ahe electrical and optical
characterization. | also discuss the infrared ptaniductivity and the photovoltaic effects
of the silicon nanoclusters in the waveguides.h@ last part of the chapter, there is a
description of the study performed on the erbiunpaedbring resonators. A complete
experimental characterization, also with electréegh pump-probe experiment, is
reported. Some ground for the lack of the activecfiwns are presented and discussed in
order to delineate a path for the fabrication obatical amplifier, by means of electrical
pumping.

Finally, in chapter 6, | present the conclusionslbthe work and | discuss future
directions for research in silicon based light ¢&imgt devices and | report a brief outlook

for silicon nanocrystals based devices in silichotpnics.
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Chapter 2

Silicon Nanocrystals Based Light Emitting Devices
fabricated by FBK

Visible light emission from a Si-NCs based LED. Thelevices have been fabricated at the
FBK in Trento.

In this chapter, silicon rich silicon oxide baseght emitting devices, fabricated at
the Bruno Kessler Foundation (FBK) in Trento, witlihe INTEL project, are presented.
After a brief introduction on the project, the sdenpayout and the active material
splitting are here described. In particular, thigdy is focalized on the latest two runs of
the project, Run 2C and Run 3. After that, | wiladl with the electrical and the optical
characterization. Electroluminescence study, ties®lved measurements, with a detailed

analysis, and power efficiency estimation are atpmrted.
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2.1 The INTEL project

The project “Novel Scheme for a Silicon nanocrystehsed LED” has been
carried out by the MicroTechnologies Laboratorytbé FBK and the Nanoscience
Laboratory of the Department of Physics of UniTN, dollaboration with the INTEL
Corporation. The project ended in 2008. The proproduced different runs, each one
fabricated to improve the electroluminescence (BhYl the power efficiency of the
devices with respect to the previous ones. At ticea the project, light emitting diodes
with power efficiency of 0.17 % have been realizbty. study, carried out from April
2013 — five years after the end of the project # @ focalized on the latest two runs,
Run 2C and Run 3 and it has the goal to undersan still open issues, related to the
differences on the |-V characteristics and on timeetresolved electroluminescence
measurements. The study of the power efficiency vél presented here, but the main
objective of this study is the understanding ofdifeerent performances between the two
different runs. These two runs are presented abélgening of this chapter. The batch of
Run 2C consists of 17 wafers, while Run 3 inclugesvafers with different active layer
stacks. For an appropriate comparison, only WabeofIRun 2C and Wafer 13 of Run 3
will be considered because they have the sameealaixer, but different structure and
layout. Moreover, Wafer 16 and Wafer 17 of Run 8 & discussed in order to figure

out the kind of charge injection occurring into 8tadied devices.

2.2 Sample layout and active material splitting

All the light emitting devices (LEDs) realized withthe project have a metal
oxide semiconductor (MOS) structure on p-type ailicsubstrate with a sequence of
silicon rich silicon oxide and silicon dioxide lageas gate dielectric. These layers have

been grown by plasma enhanced chemical vapour diepo$ECVD).

2.2.1 Run2C

In Waferl0 of Run2C the active structure has areetqul total thickness of 32
nm. The substrate is p-type (boron doped) Si with 18 Q-cm resistivity. The gate is
formed by 100 nm-thick layer of n-type in-situ ppberus doped polycrystalline silicon
(poly-Si) with resistivity around IdQ-cm. The poly-Si is covered by a 50 nm-thick
SizN, antireflective coating deposited by low-pressufgeroical vapor deposition
(LPCVD) to improve the light extraction. A 120 nimdk SiG, layer (TEOS) protects the
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active layerLocal oxidation of silicon (LOCOS) was performedla60 °C for 30 min t
both grow a 500¥m thick field oxide (for active are@olation) and decompose tSRO
into the Si-NCs and th8iC; in the gate dielectric. By sputtering at 200 °CG0® nn-
thick layer of Aluminum (Si 1% was deposited on back of the wafer and Al (1% Si$
also used to connect the gate with the bonthg pad. The devices were additione
electrically isolated by a channel s obtained by boron implantation i-type substrate.
For adetailed description of fabricati process of Run2C see the refere[39]. All the
layer thicknesses are nominal values (based on prewateful characterization of t
deposition rates), wth were controlled by both prlometry and variable ang
spectroscopicellipsometr performed on previous batches of monitor we A
schematic crossection of a light emitting device (LED) structwkeWafer10 of Run2
is shown in Figure2.1. According with the results obtained for the formrens ar
increment of the poli gate thickness from 15 nm to 100 nm was involved inipéad
Run2. In fat, a very thin pol-Si layer might cause spiking of Al, which might cortt
directly the silicon rich oxid¢ (SRO) layers or/and resuih a large increase of tt
resistivity of the polyiayer hindering the uniform distribution the carriers in the pc-
Si gate.Three levels of photolithographic mask were usdtliwithe process for realizir
Run2C wafers. In Figure2.2 righthand side, the masks are shown in threfferent
colors: violet, light green and dark green. Three blocks of phibtography checer,
shown in LED blockright hand side, has betlso provided. Lefkand side, a whol
wafer with the 13 dies (depict in bluish green) containing the devices of intere:
represented. In alition, the figure indicates alsahe labeling system appliefor

identifying every singletructure on a wafe

LPCVD Si:N+ 50 nm

n-type poly-Si 100 nm
Si-nc/SI0: Multilayer 20-30 nm

p-type Si substrate

Figure 2.1. Simplifiecand not to scaldrawing of the cross-section dfe structures realized
Run2C.
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C1 Structure

Figure 2.2Scheme of the wafer layout used for Run2C. Theodswof interest for this wa
are situated in the 1@&:d labeledareas. The labeling systeapplied to identify every type
structures on the wafés shown in the right tc.

2.2.2 Run3

The aims of Run3 are to remove metal contact fiigit kemitting region to avoi
spiking and toreduce the therméreatment of the SNCs formation simplifying th
structure and the fabricatiggrocessIn the previous runs, silicon nitride and % layers
have beerdeposited after SRO and p-Si in sequence, in ordéo increase the ligt
extraction and to prett the active layer ding the procesd-dowever, those depositiol
introduced extra hedateatmentand consequently infenced the formation of the silici
guantum dotswhich has beenoticed by the weakening of Si-N@hotoluminescenc
signal after thelevice procesdng. On the other hand, having metal contact on th of
active region can cause spiking through -Si into the active material resulting in de
formation and nommniformec carrier injection. To solve tke problems, ne structure
has been designe@ee Figure 2.. The device structures a MOS capacitor whei
alternating stoichiometric S, and SROayers with large Si excess, grown by PEC)
is used as the gate oxide. In this w Waferl3, Waferl6 and Waferl7 of Ruiare
detailed. The nominal thickness of SRO/, multilayer (ML) is 32 nm for Wafe 13 and
29 nm for Waferl6 and Wafe 17. The substrate is atype Si layer. A 500 n-thick
oxide layer, growrby thermal oxidtion at 1050 € for 60 min, was etched to cane the
device active area. The 120 -thick poly-Si gate layer was isitu phosphorus dope

during LPCVD deposition (resistivity caround 1G Q-cm). Silicon nanocrystals i

34

——
| —



Wafer 13 were formed by annealing the ML at 1150f6CC30 min and 1000 °C for 6
min in nitrogen. In Waferl6 and Waferl7 only a &ngnnealing i 1150 °C for 30 mir
in N> was performedln addition, up tc2 pm of Si were tehed away from the backsi
of all thewafers to remove the doping inversion layer: thigersion layer is a result |
dopant diffusion from nype poly-Si to silicon substrate during the annealing. Alowam
(1% Si) is used t@onnect the gate area wthe bonding pad and is also deposited (
nm-thick layer) orback of thi wafers by sputtering at 200 °The actual thicknesses
the individual layers within the ML stack were sammat smalle than the nominal
thickness values. This is due to a dele plasma injection during tl plasma-enhanced
chemical vapor deposition (PECVD) growth and iniffusion at the M interfaces
during the high temgrature annealing. The total active laythickness is found t

decrease adibout 30% of its nominal valt

n-type poly-Si 100 nm
Si-nc/SiOz Multilayer 20-30 nm

p-type Si substrate

Figure 2.3. Crossectional ketch of Run3 layout (not to scale).

m Ili'
6- 6-6
= TH * Cranl)
E | ()
[] (el )
i G
g, 3-6
D2 Structure

Figure 2.4. Scheme of wafer layout used for Rurt Ebeling system applied to identify ewv:
single device of the wafer is shown in the rigigt.
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As shown in Figure 2.4 left hand side, three lealsnask have been used in
Run3. The first mask was used to define the dearea (in blue color), which means
field oxide has been patterned and the active nelgas been opened for SRO deposition.
The second photolithography was applied after SR@ORoly-Si deposition. The purpose
of the second photolithography was to leave SRO @oig-Si (in pink) only covering
active region. Finally, Aluminum was deposited gradterned by the third mask as metal
contact (in green). Similar to the previous layotttee blocks of photolithography
checker were also provided, shown in LED block trigand side. Oferent MOS LED
structures and test structures, such as capaaitarsesistors, were designed for reference
and test measurements. As shown in the right afirEi@.4, the whole wafer is divided
into 10 mm by 10 mm dies. Literally, the methodd®vice labeling is illustrated in
Figure 2.4 right top. In this new layout, plenty afeas is preserved for materials
characterization. Besides these areas for speofrgsneasurement, some capacitors and
resistors are designed for electrical characteomanside the LED blocks. LED block
01 and O2 are field oxide capacitors used to cheniae the quality of thermal oxide and
estimate the substrate doping. C1, C2 and C3 ar§& pacitors with SRO instead of
SiO, to study the transport in the SRO film. Poly-Sdanetal wire resistors are also
provided in LED blocks R1 and R2 to determine tbsistivity of the electrodes. Figure

2.5 shows pictures of fabricated wafers of bothrthres.

Finally, the differences in the fabrication procestween Run 2C and Run 3 can

be summarized as following:

¥v" Run 3 has the displacement of the metal contaot ffe active region and
of two layers on top of the active layer matenmbrder to avoid spiking;

v" The annealing treatment of the two different ruresdifferent;

v" In the Run 3 process, up to 2 um of silicon wasedcaway from the
backside of all the wafers, in order to remove dbping inversion layer.
This inversion layer is a result of dopant diffusibom r-Poly to silicon
substrate during the annealing. The thickness efirtiersion layer was

obtained from simulation.
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Figure 2.5. Photographs of fabricated wafers of RQleft) and Run 3right) , respectively.

2.2.3 Active material splitting

A multilayer approach in the LEDs active materidkdws the independent control

of Si-NCs size and density. Upon annealing at & bémperature, the thickness of non

stoichiometric SRO in the ML structure confines tianocrystals size, while the excess

silicon content of the SRO layer determines thentira dots density. The pair of SIO

and SRO layers forms the ML period.

Label Nominal SRO SiO; layer SRO layer Annealing
abe
thickness* | layers | thickness (nm) | thickness (hnm)| treatment
Wafer 10 | 2 nm SiQ/ 1150 °C
5 15+0.1 3.1+£0.1
Run2C | 4 nm SRO 30 min
. 1150 °C
Wafer 13 | 2 nm SiQ/ .
5 1.8+0.1 3.1+0.1 30 min;
Run 3 4 nm SRO 1000 °C
60 min
2 nm SiQ/
Wafer 16 1150 °C
3nmSRO| 5 1.8+0.1 2.0+0.1 ,
Run3 |+4nmSiQ 30 min
at top
2 nm SiQ/
Wafer 17 1150 °C
3nmSRO | g 1.8+0.1 2.0+0.1 _
Run3 |+4nmSiQ 30 min
at bottom

Table 2.1. Active layer composition for the samplesder study. The color code used to
distinguish the four wafers will be repeated inthé# plots of this chapter.
(*) The nominal thickness is referring to the noalithickness of a single layer.
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All the studied structures present five periodssulting in a gate dielectric
thickness of around 20-30 nm to achieve measuralieents at rather low voltages.
Table 2.1 gives all the details about the sampteseustudy. Figure 2.6 shows a high
resolution TEM image of the Wafer 10 of Run 2C. Bmalysis confirms the presence of

the multilayer structure and the formation of tiiesn nanocrystals.

50 nm

Figure 2.6. TEM image of W10 — Run 2C.

For Run3 devices, instead, three different strestwill be analyzed (see Figure
2.7). Wafer 13 has 5 ML periods of nominal 2 nm $M0vm SRO with 2 nm-thick oxide
facing both the top gate and the bottom substk&fiEerl6 and Wafer 17 have five ML
periods of 2 nm Sig3 nm SRO, the first with 2 nm-thick oxide at thp smd 4 nm-thick
at the bottom of the ML, which serves as a tunigebarrier for holes, and the second
with 2 nm-thick oxide at the bottom, and 4 nm-thakde at the top of the ML, serving
as tunneling barrier for injected electrons. The akelectron or hole barriers makes it

possible to distinguish the case of electrons tehimjection.

L2 s ol ~ 77 s 7 7 A 777773
#ee008200000000 SI0: (4] s
SO | R SC | SESSSSSSSNEESES 0 pEssesSeleReE S
2 — "7 o) TSSSSEEEEEEE 00 gsssseny
I .
TR — R
B
£E800EBEIIBETRS i s
P~ Type 5 (a) P-TvpeSi (b) P Tupe §i (c)

Figure 2.7. Drawing of the active layer stacksfoafé/13(a), Waferl6(b) and Wafer17c) of
Run3 devices. Silicon nanocrystals are represdntdaack dots, while the silicon dioxide matrix
is the yellow background.
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2.3 Experimental characterization

2.3.1 I-Vs and C-Vs measurements

A first set of reliability tests has been performanl the wafers studied in this
work. In fact, several environmental factors caedcfthe LEDs during the five years that
passed after the production. These measuremengsagaexhaustive proof that both the
Waferl0of Run2C and the Waferl3, 16 and 17 of Run3 coeldised for further tests
and for the understanding of the different perfanoes of these two runs.

The I-V characteristics of Waferl0 - Run2C and WH3e— Run3 are shown in
Figure 2.8. Note that the current is here repoag@dbsolute value, in order to be able to
use the logarithmic units. Actually, when we apalforward bias the current is negative
(i.e. from the top contact to the chuck); whiler@verse bias the current is positive (i.e.
from the chuck to the top contact). This behavsoverified for all the analyzed devices.
These plots are obtained by averaging ten singéeps: The error bars atemputed by
standard deviation. For every measurement, thecegvare chosen among the never
tested one, with the same design and active areader to compare directly the current
values. In all the measurements, the chuck is gtedinwhile the voltage bias is applied
on the metallic contact on top of the wafer. Therefa negative bias to the LED means
forward bias condition. Vice versa, with a positivas applied to the gate, we are in the
reverse bias condition. To study the LED reliapjlthe I-V curves recorded in 2008 are

also reported in the figure [40].

10m 10m -
1m] W10 - Run ZC| (a) imy W13 - Run 3' year2013|  (b)
E Forward
100
100y 5 H 1 —s— Backward
10p 10u ‘
E 1] E 14 -% year 2008
= 100n] year 2013 = 100n Forward
5 16 Forward d=,1 10n ! —— Backward
et 3 —e— Backward - n4
5 1n BrohT 5 i
S 1 year 2008 | 5 100p 4
100p 4 Forward 10p 4
10p 4 —— Backward 1p !
1P Forward bias Reverse bias wOf!; Forward bias Reverse bias
1nf+——F——+——+—+7——+—— 77—+ 7 71— 1f+——F—T—T T 7
5 4 3 -2 -1 0 1 2 3 4 i S5 -4 -3 2 A1 0 1 2 3 4 5
Voltage (V) Voltage (V)

Figure 2.8 I-V characteristics of the multilayered LEDs ofaf®r10 - Run2Qa), Waferl3 —
Run3 (b). Error bars represent the standard deviation efplotted data but are covered by
symbols because of the high reproducibility.
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Figure 2.8 (a) shows that Waferl0 devices behdeeifi 2008. This means that
the fabrication process used for realizing Run2@wal making very reliable structures.
The |-V characteristic presents almost the sameenturin forward and reverse bias.
According to what has been discussed in Chaptéarslig typical of a MOS device with
heavily doped p-side (see Figure 1.15) or of ackewhere the oxide barrier is thick (see
Figure 1.17).

For negative gate voltages (forward bias), thrdeemrint current trends can be
clearly distinguished in Figure 2.8 (a). From 0 W t0 -1.1 V, the current increases
weakly (up to electric fields of around 0.5 MV/cnrithen, a fast increment follows up to -
3V (1.2 MV/cm). For negative voltage bias largeart -3 V, the current increment slows
down. In reverse bias the current increases witeasing the gate voltage, and at + 3V it
takes the same values as the one observed in fbrivems. Therefore, the |-V
characteristic is not rectifying. The symmetrytoé 8-V characteristic is a consequence of
the injection mechanism, for which we have bipamgection in forward bias, while we
have unipolar injection in the reverse bias. Thedexquality is such that, in reverse
condition, an inversion layer is formed in the jtioc between the active layer and the p-

type doped substrate. A simplified mechanism oftvidhaccurring is given in Figure 2.9.

5i0, nc-5i
V=0
3.2eV
. 9 a)
4. 7eV
= [mot to scale)
':E:' —:\- .
- 3 TN
—
&hit —== i
S (V.
RN N
& BN b)
B cotn —
o - -
e
®

M~ o0 s

Figure 2.9. Schematic band diagram of an idealilaydtr structure undgg) no bias(b) forward
bias andc) reverse bias.
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In forward bias, both electron and hole tunnel itite active layer (see Figure
2.9.b). In reverse bias condition, an inversioretas formed in the junction between the
active layer and the p-type doped substrate (sgaré-i2.9.c). In this case, there is only
unipolar injection of electrons from the backsidetloe gate dielectric. The straight
arrows indicate the tunneling in the multilayerusture. The electroluminescence —
indicates as emission of photons in Figure 2.9ib expected only in the forward bias
condition, because of the bipolar injection of &i@c and holes inside the active layer.

For low current injected or at low forward bias bgqgh, a hysteresis loop is found
in Wafer 10 devices, which extends to about -1.linder forward bias. The hysteresis
originates from the charge accumulation within @O layer. Positive charges — injected
from the substrate - are accumulated under negdiveard bias. This causes a built-in
potential that adds to the external bias. Thisaxglthe weak increment of current in the
hysteresis region. The hysteresis width is assatiaith the density of trapped charges
[41].

Figure 2.8 (b) shows the I-V characteristic for ides of Waferl3 Run3. On the
plot also the sweeps performed in 2008 are showerelis a good agreement between
measurements in forward bias regime. The largedaivbias current is due to tunneling
mechanisms within the ML structure. On the contramyreverse bias there is a marked
difference between the curves. The behavior of WaldetRes is very different from the
one of Wafer 10 — Run 2C. The |-V characteristicWgafer 13, in fact, is strongly
rectifying. The reverse current is of the orded 6fpA, while in forward bias the current
rises over 100 pA. This |-V characteristic reseraliige one of a p-n junction diode,
demonstrating an exponential dependence at lowal@woltages and the effect of a
series resistance at high forward voltages. Thawehfor this new type of Si-NCs MOS
LED resembles the behavior a MOS tunnel diode leidliky oxide or thin oxide layer. In
fact, when the oxide is leaky, no inversion layerformed at the oxide-p-type doped
substrate and the I-V characteristics yield remdiion (see Figure 1.17). Therefore, it is
not possible the injection of electrons from thekside of the gate dielectric.

We believe that the differences between the two dRéracteristics have to be
researched in a different quality of the oxide, vehea one case it is well insulating and in
the second it leaks through. The critical interfémethe injection mechanism in reverse
bias condition is the one between the multilayed #re device substrate. In order to
better understand the injection mechanism intodmwices, we have studied also W16
and W17, which have a thicker electron or holeibesy respectively.
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Figure 2.10 show the |-V characteristics for Waldér and Wafer 17 devices
respectively. These LEDs share the same ML strediut the former has a 4 nm thick
SiO; layer at the top of the active region and the lest a 4 nm thick SiQayer at the
bottom of the active region. These additional oxaeers result in a current reduction of
about four orders of magnitude when the LEDs aredod biased. In fact, a 4 nm thick
SiO; layer constitute a large barrier for electron oleltunneling.

The new measurements performed on Wafer 16 shanga hysteresis region in
reverse bias (negative charges are accumulated)agzens for Waferl3 devices with
positive gate voltage applied. Both Waferlé and é&klf present a behavior in
agreement with the one obtained five years agomvdrd bias, but they present a bigger
hysteresis in reserve bias condition, which showsegradation of the oxide with the
formation of more trap states. It is interestingntgice that, in forward bias, the currents
start to flow at different applied voltage. For aBge voltages larger than -2.5 V (for
W16) and larger than — 3.8 V (for W17), the currdmws into the devices. These voltage
values give a hint on the barrier height for eleesr (W16) or holes (W17) tunneling in an
F-N mechanism. Note also that, a part the regiotwden — 3V to + 3V, the |-V
characteristics of W17 starts to get symmetric.sTikian hint on the role of the thick
oxide barrier in permitting the formation of thevamsion layer and, therefore, of the
injection of hot electrons through the active layara way, W17 resembles the situation

found for W10 — Run 2C and schematically shownigufe 2.9.
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Figure 2.11. C-V characteristics of the multilagktdEDs of Waferl0 - Run2@a), Waferl13(b),
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Figure 2.11 shows the high frequency C-V charasties recorded for Waferl0 -
Run2C and Waferl3, Waferl6 and Waferl7 - Run3 @svidhese measurements are
performed in order to clarify the presence of ckdrgpping at interfaces. The difference
between the C-V sweeps obtained for Waferl0 ande¥¥afdevices (Figure 2.9 (a) and
(b)) is due to the different capability of the opadensity in the inversion layer to follow
the ac variation of the applied gate voltage. Wk8ds not able to follow the ac variation
of the applied gate voltage. This difference betwen two wafers is the same observed
also for the I-V characteristics. In the reverseshiondition, there is no current flowing in
W13 and there are no charges accumulated. Thigwatge agrees with the previous

considerations done observing the |-V charactessti
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In the case of Waferl6 and Waferl7 devices (sear€332.9 (c) and (d)) the C-V
curves at the highest frequency have a step-ligpeshThis behaviour might be attributed
to the mechanism of charge trapping at the Si NiOg/fhterface or near the interface
region. The hysteresis is counterclockwise, wigpeet to the voltage scanning direction,
in Wafer 16 and this is the indication of a netipes charge accumulated close to the
ML/barrier interface [41]. In contrast, the C-V leesis is clockwise for Wafer 17,
meaning the trapping of net negative charge aMhb#arrier interface. Summarizing, in
the case of W16 the trapped charge is positive|lewhi the case of W17 the trapped
charge is negative. The amount of the net trappedge in Waferl6 is larger than in
Waferl7, as shown by the difference in the C-V énestis width. This is supported by the
tunneling mobility and the barrier height that éaeger for holes than for electrons. In
fact, we do not have to forget that the potentatiler height in Si/Si@system is 3.2 V
for conduction electrons and 4.7 V for holes inevale band.

Summarizing, the C-V characteristics confirm thesgnce of the inversion layer
both in Wafer 10 — Run2C and in Wafer 17 — Run3. &8a conclude that the main
differences between W10 — Run 2C and W13 — Runtlgeislifferent quality of the oxide,
where in the first sample it is well insulating, iehin the second one it leaks through.
Wafer 17 supports our guess of the presence ointrersion layer in W10 — Run 2C,
because they behave in a similar way and it hasck bxide on the bottom of the active

layer.

2.3.2 Electroluminescence spectra

In this section, spectral analysis of electrolussitence (EL) will be
presented. It has to be underlined that the elleichioescence signal can be detected only
in the forward bias regime, i.e. a negative voltagplied to the gate and the chuck
grounded. In the Run 2C we do see EL only in fodvhaias, even if the I-V curve
presents a not-rectifying behavior. This observati® explained by the fact that we
cannot efficiently inject holes from the metal, aswdthe electrons injected from the back
cannot recombine. In the Run 3 devices we do nee sy current flowing in reverse

condition (see Figure 2.8) and, thus, no electratescence signal.
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Figure 2.12. EL spectra of Wafer 18), Wafer 13(b), Wafer 16(c) and Wafer 17(d) for
different applied voltages. The values of electmuhescence are reported in arbitrary units and
are useful for a comparison between different desvic

Figure 2.13. Pictures of the EL from Si-NCs basétDLon Wafer 13 — Run3. The voltages
applied to the device are 3V, 4V and 5kgm left to right.
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Since only the forward bias region is significaot the EL measurements, the
negative voltages (with respect to the groundedtsate) applied to the gate are simply
reported in absolute value. The EL spectra of Wafer Run 2C and Wafer 13, Waferl6
and Waferl7 - Run3, collected at different appliettages, are shown in Figure 2.12. EL
intensity almost doubles in Wafer 13 (Figure 2.&4p (vith respect to Wafer 10 (Figure
2.12 (b)) at the same applied voltage. The EL speate broadened and extend to short
wavelengths. The spectra from SRO 4 nm{Si® nm devices peak at ffirent
wavelengths depending on the gate voltage. Thetiposof the EL peak is slightly
shifting towards shorter wavelengths with incregdas. In particular, a peak around
900 nm is evident below 3 V, while a peak at al&lfi nm rises at higher voltages. The
origin of this behavior lays in the fferent mechanisms that generate luminescence into
the Si-NCs. The most probable path for electrol@saence involves both exciton
recombination in the Si-NCs and defect-assistedméination, where luminescence is
the result of the recombination of carriers trappedadiative recombination centers that
form at the interface between Si-NCs and the dieeor even in the dielectric itself
[43]. One possible candidate for these centerdassilanone bond that is formed by
double Si-O bonds [44]. The light emission at looltages (emission peaked at ~ 900
nm) is mainly due to the bipolar (electrons andelplinjection via the direct tunneling
mechanism. In fact, EL emission occurs at voltdge®r than 3.1 or 4.7 V, which are the
values corresponding to the height of the energgidra at the silicon oxide interface for
electrons or holes, respectively. The large banthwad the emission is a consequence of
an inhomogeneous broadening due to the size disper$ Si-NCs. At higher voltages,
Fowler—Nordheim tunneling of hot electrons into txéde conduction band occurs: EL is
then produced by recombination of electron-holespai the Si-NCs which have been
excited by the current of hot electrons via an iotgxcitation mechanism. The impact
excitation mechanism is iffécient, and the hot electron injection damages kiéeo At
high voltages applied the recombination occurs tpathrough trapped carriers on
radiative interface states (emission peaked at0-n8Q) [45].

In Waferl6é and Waferl7 devices (Figures 2.12 (@ @) the oxide barriers
block the injection of electrons and holes into ®BieNCs, respectively. Very weak
electroluminescence emission is observed under apyitied electric fields. The light
emission is undetectable below 5 V for Wafer16 beldw 9 V for Waferl7. EL spectra

of Waferl6é and Waferl7 confirm the previous clainmgleed, in the devices with the
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electron barrier (EB), direct tunneling is prevehend the onset of Fowler-Nordheim
tunneling is responsible for emission around 900 @m the other side, in the devices
with hole barrier (HB), emission due to defect-stesli recombination (at shorter
wavelengths) prevails.

Figure 2.13 shows the visible EL from a device chfé¥ 13 - Run 3. The three
pictures are showing the red color, typical of 8ieNCs emission, as a function of the
applied voltage. The photographs have been dotleeotievice with large emitting area.

Figure 2.14 shows the integrated EL as a functioih@ applied voltage, in order
to see the different injection mechanisms. The esmlare obtained by integrating the
whole areas of the EL spectra at different applielfages/injected currents. In Figure
2.14 (a) and (b) the integrated EL dependence erafiplied voltage shows twaearly
distinct regions: a region of low voltages, whea EL increases rapidly, and a region of
high voltage, when it increases more slowly. The fiegion is attributed to the bipolar
(electronsand holes) injection into silicon nanocrystals unithe direct tunneling regime
[46]. The directunneling is the dominant charge transport mechamsstructures with
thin (2 nm) oxidelayers. The second region is instead due to theirgorh unipolar
(electron) injection into siliconoxide conduction band by the Fowler-Nordheim
tunneling. The transitiohetween these two regions occurs at the appliddg®lof about

3V, which corresponds the energy barrier height for electrons at theiSyMterface.
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Figure 2.14. Integrated EL as a function of theliadpvoltage for the ML device of Wafer 10 —
Run 2C(a) and Wafer 13 — Run (). The intersection between the two linear fits givalues
around the 3 V. The first region is attributed hie bipolar injection into the Si-NCs, while in the
second region the unipolar injection is the maicitexion mechanism.
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The Integrated EL as a function of the bias gatéage has been also evaluated
for Waferl6 and Waferl7, but it is not reportedeheéBecause of the 4 nm barrier of
silicon dioxide in the active layer, no EL is preséelow 5 V and 9 V respectively.
Indeed, the direct tunneling mechanism is preveimedese devices because of the oxide
barriers. In Waferl6 devices, when voltages highan 5 V are applied (i. e. under the
Fowler-Nordheim tunneling regime), the light emissis attributed to impact ionization
of electrons injected from the top electrode ite &i-NCs. Instead, in Waferl7 devices
the holes are more ffiicult to inject than the electrons and the electrohescence is
principally due to recombination of carriers trappet radiative recombination centers
[47]. Figure 2.15 shows, in the same plot, thegrated EL obtained in Wafer 10 and in
Wafer 13 devices as a function of the current dgn$he slope of the integrated EL vs.
the current density characteristic is related wititernal quantum efficiency. The results
are reported in the plot. It has to be underliet it is a log-log plot, and so the slope of
the apparent fit tell us if the relationship betwéleese two parameters is linear, sublinear
or superlinear. In our case, both the devices sti@esame slope of (0.9 = 0.1), for
applied voltages below 3 V. This means that, is tkgion — which is the region in which
the bipolar tunneling occurs — the EL increasesdity with the injected current. When
the applied voltage rises over 3 V, a smaller sigpevident. The dference in the slope
value might be attributed to the hot carrier in@ctthat takes place under the Fowler-

Nordheim tunneling regime, leading to lower effiwg than in direct tunneling regime.
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Figure 2.15. Integrated EL as a function of theremwtr density. The apparent linear fit is
calculated for both the wafers in the region belbesonset of the Fowler-Nordheim tunneling.
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2.3.3 Time resolved electroluminescence

It was theoretically predicted [48] and experiméptdemonstrated [49] that the
EL of the silicon nanocrystals LEDs shows a pealenkhe supply voltage is swept
abruptly from positive-to-negative values and weesa. Walters et al. demonstrated the
possibility to have sequential injection in LEDsitlwelectroluminescence overshoot
peaks at the bias transition and, then, a lack@feimission under the DC electrical bias.
After the gate bias is switched from a negativa psitive level, the emission pulse rises
to a peak value and then begins to decay as theopsty injected holes are consumed by
electrons in exciton formation and recombinatiorom® fraction of the exciton
population may be formed by charge carriers thajrate between nanocrystals in the
ensemble rather than by the direct carrier injectdd/hen the EL signal is no longer
observed, there are no holes left in the nanodrgsigemble to form excitons. However,
electrons continue to be injected into the nandalhymray due to the positive bias gate,
resulting in each nanocrystal becoming rechargéd an electron. When the gate voltage
is switched back to a negative potential, hole®retite electron-charged nanocrystals,
forming excitons, and there is another electrol@saence overshoot. Therefore, an
alternating current pumping scheme allows to gdbrimation on the injection
mechanisms in such devices. In this section, lgmethe measurements performed on all
the wafers under study with an alternating cur(&@) pumping scheme.

Figure 2.16 shows an example of the behavior of etimesolved
electroluminescence performed on Wafer 10 — Runid@ dashed line represents the
square waveform voltage applied in AC to the devicehis case the voltage is switched
abruptly between - 3V and + 3V), while the bluetplepresents the time resolved EL
signal (y-axis on the left). The first observatisnthat we do have electroluminescence
signal in forward bias, while there is no EL in tleverse bias regime. This agrees with
what we found in the previous sections. In additievery time we switch abruptly the
polarization, we do see an electroluminescencesbweet. The presence or not of these
EL overshoots and their explanation is the focushisfsection.

Figure 2.17 shows in fact time resolved electrohescence measurements
performed both on Wafer 10 — Run2C and on Wafer Rn3 in different AC regimes
(reverse to forward regime, reverse to zero and teforward polarizations). As shown

in the figure, there are several differences betvikese plots.
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Figure 2.16. Example of time resolved electroluragssce measurement performed on W10 —
Run 2C. The dashed line represents the square avavebltage bias applied, while the blue line
is the time resolved EL signal.

Figure 2.17.a shows the time resolved electrolusteece of W10 — Run 2C with
a square waveform AC applied from -3 V and +3 Ve Tevices show EL peaks every
time the sign of the gate bias is changed. Undmnstant bias, the holes accumulate at
the interface between the substrate and the mydtil@VL) gate, while the electrons
accumulate at the interface between the top andhtktige material. When the bias is
abruptly changed, electrons are injected into tle-bharged nanocrystals side and holes
are injected into the electron-charged nanocrysidks, generating the two overshoots of
the EL emission. The amplitude of the peaks is afmur times larger for the forward-to-
reverse bias transition than for the reverse-toxddod one. This asymmetry might be
explained by the difference in electron and holedtion efficiencies from the n-type
polycrystalline silicon gate and the p-type Si s¢tdis. Indeed, the accumulation of holes
in the multilayer is greater under forward than emceverse bias. The EL decay time is
larger for the reverse-to-forward bias transitigR$0 us) than for the forward-to-reverse
transitions ¢ 40 ps). Moreover, after reverse-to-forward biasiditgon, the EL peak
emission decays to a non-zero EL signal. This emdEL signal under the forward bias
is the direct current EL emission.

In Figure 2.17.b the reverse side of the drivingiesg-form voltage signal is
reduced to zero. When the bias is switched to -BLV/rises till the continuous emission
regime. The constant EL signal under the forwages lis due to bipolar injection into the

Si-NCs of electrons from the gate and holes froendibstrate. When the supply voltage
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is turned off, an EL overshoot occurs. Then, ELayscto zero. The created excitons
remain inside the Si-NCs even after the voltagaches off. In this condition, the wave

function overlap of each confined electron-holer pgimaximized and consequently the
probability of radiative recombination is increasddhe height of the EL peak is two

times larger with respect to the continuous EL algntensity. The EL overshoot could

also be related to the presence of a current ggabably due to the release of carriers
accumulated in the device under steady state gondjtwhich are released when the
external biasing voltage is switched off [50].
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Figure 2.17. Time resolved plot of the AC drivinguare waveform voltage (dashed line) and
resulting EL (colored solid line) of the Si-NCs LEDf Wafer 10 — Run 2Qa), (b), (c)) and
Wafer 13 — Run 3(d), (e), (f)) Every single plot is normalized to the highesiugarecorded
during the measurements. The frequency of the sguaveforms is 100 Hz.
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Figure 2.17.c supports the previous claims. In tlase the forward side of the
polarization signal is reduced to zero, in a waat the switch the voltage from reverse
bias to zero and then to reverse bias again.

The EL peak occurs at the reverse-to-zero tramséiad its amplitude is very low
(only four times larger than the background noigédo in this case the presence of this
overshoot is due to the "relaxation processesti@arapped with Si-NCs tunnel towards
nearest opposite-charged Si-NCs, leading to EL icgua reduction of the internal
energy) and the low amplitude of the EL peak camdbated to the low hole-injection
efficiency under the reverse bias condition. Indeeiden the supply voltage is switched
off, EL cannot be generated by external injectimecause, in reserve bias condition, we
can inject electrons from the substrate, but wenctimject efficiently the holes from the
top of the device.

For Wafer 13 — Run3 the time resolved electrolusteace measurements show
different shapes.

Wafer 13 - Run3 devices show an EL peak only fowéwd-to-reverse transitions
(see Figure 2.17.d). The absence of the EL peakhtoreverse-to-forward transition is
expected and it is due to the rectifying behaviooven in the I-V characteristic (see
Figure 2.8). In fact, in reverse bias the formatidrthe electron inversion layer does not
occur, as demonstrated by the C-V sweeps. Thelpaght is less than twice the constant
EL signal amplitude and the decay time is about 1€0The comparison between this EL
emission peak and that one shown in Figure 2.Where negative pulsed bias is applied,
suggest that the “relaxation process” is respoedinl EL overshoots. When the square-
form voltage signal is reverse-no bias (Figure 2)1Wwe show only background noise:
this indicates that no EL is emitted by the Wafed&8ices. The results reported in Figure
2.17.f are not surprising because of the rectiffoehaviour of the current-voltage
characteristic of the Waferl3 — Run3. In fact,sitiinpossible to inject current in the
devices both in reserve bias and in the no biaditons.

A simple model of what happens in these structisresported in Figure 2.18. On
the left of Figure 2.18, there are the band diagréonthe Wafer 10 — Run 2C in forward
bias (top) and in reverse bias condition (bottdm}he forward bias condition, when both
electrons and holes can be injected, they can rec@and emit the photon. In reverse
bias condition, there is the possibility to injemtly the electrons from the substrate.
These electrons are injected in the hole-chargézbisinanocrystals (they are charged

because of the previous polarization) and can reamgrgenerating luminescence.
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Figure 2.18.Schematic band diagram of an ideal ML structunder forward ias (top) and
reverse biagreverse) conditions.On the left, the model for W10 Run 2C, on theright the
model for W13 — Run3.
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On the right of Figure 2.18, there are the diagranrsesponding to Wafer 13 —
Run 3. In this case, the situation in the forwarashbconfiguration is similar to what
discussed for Wafer 10 — Run 2C, but it is différ@nthe reverse bias regime. In reverse
bias, in fact, there is no injections of electr@masn the substrate. This observation can be
explained with the different quality of the oxides discussed in the previous sections.
The time resolved electroluminescence measurengentsm our thesis.

Additional support to the previous reasoning isegi\by the time-resolved EL
measurements performed on Waferl6 and Waferl7 3.Rarorder to obtain detectable
EL signals, the bias amplitude is increased wipeet to the previous measurements
because of the presence of a 4nm-thick oxide layehe top or at the bottom of the
multilayer (ML). Figure 2.19.a shows a similarity the behaviour of W16 with what
obtainde for W13. All the three different plots thfese two wafers present the same
shapes. In such devices, the electron injectiontaadole injection are efficient only in
forward bias. The difference between these two $srip only that a large forward bias
is needed to tunnel through the 4 nm oxide.

Waferl7 — Run 3 presents instead a 4 nm-thick obagler at the bottom of the
ML, which block the hole injection under forwardabiregime. The time resolved EL
measurement of Wafer 17 show similar shapes of Waf — Run 2C. The only
difference is reported in Figure 2.19.e, becaus¢hefabsence of electroluminescence
under forward bias, due to the high voltages regluin order to have a detectable
luminescence signal. Figure 2.19.d shows two wafihéd EL emission peaks every bias
transition. In forward bias regime electrons ajedted from the gate inside the ML but
holes are blocked by the thick oxide layer at tb&dm of the ML. No EL is detected
under this condition. When the bias is abruptlyngel, holes are injected into the
electron-charged nanocrystals from the gate, bmjndghe peak of EL emission. At the
reverse-to-forward bias transition a large amouhtelectrons is injected into hole-
charged nanocrystals, causing the other large Ekstoot.

Summarizing, from the time resolved measuremerdgshave found a similar
behaviour between W16 and W13, and between W10 rR2Ruand W17. The main
important parameter needed to understand theseedeig the injection mechanism in the
reverse bias condition. The differences betweerettsamples have to be researched in

the different quality of the oxide.
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In order to understand the frequency-dependanavwetr, the time resolved EL
signal over one period for frequencies among 100akHd 10 kHz are evaluated. The
decay time for EL pulses corresponding to forwardeverse transitions are fitted at each
frequency and for different voltage amplitudes gsistretched exponential decay. In
fatc, for silicon nanocrystals, a stretched exptin€ecay is typically reported in the

literature [51]. The fitting expression is the tling:

EL (t) = EL (t = 0) - exp"®’
where EL (t) and EL (t = 0) are the electrolumiresie intensity during the decay and at
t=0, respectivelys is the decay time arflis called the dispersion factor. This parameter
tells us the distribution of the silicon quantunigdsize and the diffusion among different
Si-NCs. In generalp < 1 represents a distirbution of indipendent sngkponentials
(from nanocrystals of a certain size as determbeghe observation wavelength) with
different lifetimes.

Figure 2.20 (left) shows the decay time as a fonctf the applied voltage for
three different frequency values. TRevalues lie around 0.8. The decay time of the EL
signal also decreases with increasing the frequeasyshown in Figure 2.20 (right).
Higher frequencies induce a response from a smaliee distribution of silicon
nanocrystals, which have a faster decay time [SErting from the decay time and the
rise time, it is possible to estimate the valuehef excitation cross section for the Si-NCs
under electrical pumping [50]. The results are reggbin Figure 2.21 as a function of the

voltage at a fixed square waveform frequency of H20

W13 - Run 3' e 100Hz e 3Vims

90 e 1kHz ® 4Vrms
B e 10kHz e 5Vrms

——Fit Linear R

-
o
o

EL decay time (us)

=
(=

EL decay time (us)

3 4 5 100 1k 10k

Voltage rms (V) Frequency (Hz)
Figure 2.20. Dependence of EL decay time from BoWhS voltage valudleft) and frequency
(right) for the Wafer 13 — Run 3 devices. The lifetimes aomputed performing a stretched

exponential fit during the forward-to-reverse tiitina of the exciting waveform. In some cases,
the error bars are covered by the symbols.
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Figure 2.21. Excitation Si-NCs cross section asurection of the voltage, at a fixesiquare
waveform frequency of 100 Hz.

The value of the excitation cross section decsefrsen few 10 to few 10" cn?
with increasing the amplitude voltage. The values & a good agreement with
theoretical predictions and similar measurementgeedm Si-NCs light emitting devices
by Irrera et al. or by Valenta et al. [50], [534]. As expected, the highest values of the
Si-NCs cross section are related to the best wgrkiondition for the studied LEDSs,

which is the direct tunneling regime 8 V).

2.4 Power Efficiency estimation

The measurements reported so far are useful écamparison between devices
with similar characteristics and similar geometri@sorder to compare the performances
of the studied LEDs, parameters such as opticalepoand power efficiency are
evaluated. The definitions of all these paramedezseported in Table 1.1.

The optical power has been measured with a lafige photodiode, whose output
current signal has been measured by a Keithley G#@86amperometer. A simple
correction for the collection solid angle has bemmluated, taking into account the
acceptance angle of the photodiode. The photoditake been placed within a few
millimeters above the LED. The optical power isirasted as P = Fsirfp, whereo is
the acceptance angle of the photodiode apdsPthe measured fraction of the total

emitted optical power emitted into the air.
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Figure 2.22. Experimental setup used to measureptieal power and the power efficiency.

Label Optical Power Current Density Gate Power
Density (uW/cnf) (mA/cm?) Voltage (V) | Efficiency (%)
Waier 10 0.19 + 0.01 0.86+001 | 2.30+0.01| 0.010+0.001
Run 2C
Wgﬁ ;3 0.51 + 0.02 0.59 + 0.01 2.00+00L  0.043 +0.002

Table 2.2. Power efficiency estimation for differelevices measured at low injected current.

Figure 2.22 shows a picture of the experimentalseiith the wafer on the chuck,
the electrical probes and the detector on the tofi. orhe highest values of power
efficiency for Wafer 10 — Run 2C and Wafer 13 — Rudevices are reported in Table
2.2. The recorded values for the two wafers arewsiw that the fabrication process
involved in Run 3 yields to the realization of meaféicient LEDs in comparison to those
of Run 2C. We can conclude that the different fadiron process has lead to the
realization of a more efficient light emitting deei

Despite the power efficiency in Wafer 13 is enhahiog a factor of 4 with respect
to the previous run, the value of the optical powensity is anyway still too low for
practical purposes in lightening. One possible iappbn of such devices will be

proposed at the end of the thesis.
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2.5 Conclusions

In this chapter, charge injection, transport anatomgbination in silicon
nanocrystals based LEDs have been presented. Eanthlysis and the electro-optical
characterization, four devices have been studiedtife comparison, Wafer 10 — Run 2C
and Wafer 13 — Run 3 have been analyzed becaugeh#ive similar active layer, but
different structure and layout. Moreover Wafer I&d aVafer 17 - Run3 have been
considered in order to figure out the characteshairge injection occurring in the studied
devices. In fact, the first has a 4 nm-thick oxalger at the top of the ML, which serves
as a tunneling barrier for electrons, and the sgdmas a 4nm-thick oxide layer at the
bottom of the ML, serving as tunneling barrier fiojected holes. The use of electron or
hole barriers made it possible to differentiate ¢éfhectron and the hole injection giving
more information about the opto-electrical behavoiuWNaferl3.

The 1I-V sweeps show a non-rectifying behavior farnRC devices, while a
marked rectifying behaviour is shared in Wafer 18un3, suggesting that there was a
difference in the substrate for the two runs. Wdférpresents a similar behaviour of
Wafer 13, while Wafer 17 share the same behavidvafer 10 — Run2C. We believe that
the differences between the two |-V characteristiage to be researched in a different
quality of the oxide, where in one case it is weBulating and in the second it leaks
through. The critical interface for the injectioreamanism in reverse bias condition is the
one between the multilayer and the device substhteeover, the C-V measurements
give us an hint on the role of the thick barrierdexin permitting the formation of the
inversion layer, and, therefore, of the injectidmot electrons through the active layer.

A spectral analysis of EL was performed on theistldamples, and starting from
the obtained results the different emission medmasithat can occur under appropriate
gate bias condition have been discussed. The red@pkctra revealed a peak around 900
nm, evident below 3V in forward bias, and the ordet peak at about 800 nm, at higher
voltages. The origin of this behavior lies in théfedtent mechanisms that generate
luminescence in the silicon nanocrystals. The nposbable path for EL involves both
exciton recombination in the Si-NCs, at longer wemngths, and defect-assisted
recombination, where luminescence is the resulh@frecombination of carriers trapped
at radiative recombination centers that form at ititerface between Si-NCs and the
dielectric or even in the dielectric itself. ThgHt emission at low voltages is due to the

bipolar (electrons and holes) injection via direstneling mechanism. In fact, EL occurs
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at voltages lower than 3.1 or 4.7 V, which are \thkies corresponding to the height of
the energy barriers at the silicon oxide interfémreelectrons or holes, respectively. At
higher voltages, Fowler—Nordheim tunneling of higicgons into the oxide conduction
band occurs: EL is then produced by recombinatfoelectron-hole pairs in the Si-NCs
or through trapped carriers on radiative interfataes, which have been excited by the
current of hot electrons via an impact excitatioeciranism. By applying square wave
voltages at varying frequencies, integrated EL peska frequency between 10 kHz and
100 kHz, depending on the root mean square valegoml these values the pulse
duration will be shorter than the radiative lifetiraf the Si-NCs and some of the excitons
will not recombine due to the statistical naturespéntaneous emission.

Time-resolved EL measurements yield more diredrimftion of the carrier dynamics of
the devices operation. Using pulsed pumping scheheze is the possibility of
sequentially injecting opposite carriers into theNEs material, which subsequently
recombine radiatively. This is pointed out by thregence of EL overshoots when the
supply voltage is swept abruptly from positive-tegative value and vice versa. Wafer10
- Run2C devices share this behaviour. On the contid/aferl3 - Run3 devices
(rectifying 1-V characteristic) present a lower Emission peak only during forward-to-
reverse bias transitions. The presence of theseslovets is associated with the excitons
that remain inside the quantum dots even aftervibleage is switched off. At this
moment, the wavefunction overlap of each confinedtedn-hole pair is maximized and
consequently the probability of radiative recomhboma is increased. The electron and
hole barriers present in Waferl6 and Waferl7, wspdy, allow for selection of the
charge injection and the time-resolved EL charsties of these two samples confirm
the previous claims. W16 is quite similar to W13 W17 — Run 3 to W10 — Run 2C.
All the measurements confirm the fact that the atiggn from the substrate is the
responsible of the differences between the samples. key parameter needed to
understand these devices is the injection mechamsthe reverse bias condition. The
differences between these samples have to be cbselam the different quality of the

oxide.
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Chapter 3

Silicon Nanocrystals Based Light Emitting Devices
fabricated by CEA-LETI

Visible light emission from a device with silicon anocrystals. The devices have been
fabricated at the CEA-LETI center in Grenoble.

In this chapter, | will talk about silicon rich isbn oxide based light emitting
devices, fabricated at the CEA-LETI laboratory ire@ble, within the European project
HELIOS. The devices have been realized after th&and the experience on the Si-NCs
based LEDs obtained in the INTEL project, preseimetie previous chapter. In this part
of my work, after a brief introduction on the HEL®(project, the new device design and
the active material optimization will be presentédter that, | will report the electro-
optical characterization and the power efficiensgireation. At the end of the chapter,
light emitting field effect transistors are repakit@nd a comparison between capacitors
and transistors. A comparison, in term of devicegfgumances is also done between

these devices and the ones presented in the psesi@pter.
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3.1 The HELIOS project

As described in the introduction of the thesigcsil photonics (or more precisely
CMOS Photonics) is a way to tackle the problem lyetbping a small number of
generic integration technologies with a level ofdtionality that can address a broad
range of applications. In these three years, | haweked on the European HELIOS
project. The HELIOS acronym stands for “pHotonidse&ironics functional Integration
on CMOS”. The aim of the project is a complete gnédion between photonics and
electronics within a single chip, all CMOS compkgibnd all silicon based. The objective
of the HELIOS project is to combine a photonic laygth a CMOS circuit by different
innovative means, using microelectronics fabricgatpyrocesses. Within this European
project, my work was in the Work Package 11, whiah the aim to evaluate the potential
of silicon related materials for light emission dight amplification. In particular, |1 was
involved in the experimental characterization aficen nanocrystals light emitting
devices, erbium doped silicon nanocrystals lightttamy devices and erbium doped
silicon nanocrystals optical cavities. These threen topics will be presented in the last

three chapters of my thesis.

3.2 SI-NCs based LEDs

In this section the mask and the device desigmpersented. The active material

optimization and the structural analysis of moni&yer are also reported.

3.2.1 Device design

A schematic top view of the mask is presentedigude 3.1. On every dies, there
are two regions: one of n-type devices and onetypp devices. For every region, there
are several devices: capacitor, Van der Pauw stegtind transistors. The dimensions of
these devices can vary between 100 pym x 100 pno 4Q@0 pm x 1000 pm. All the
measurements performed in my work have been domkewoes with emitted area of 300
pm x 300 um. Figure 3.1 reports also a zoom ordétail of the capacitor used with the
definition of the two metallic contacts used. Férthe devices the cross section is the
same. A schematic cross-section of a Si-NCs LED amulcture of it are shown in
Figure 3.2 and in Figure 3.3, respectively. In Fgy8.2, the active layer is shown in the
green color, while the bias polarization is repdrtwith the light blue color. The

polarization depicted in the figure is the one ukedhe forward bias condition, with the
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negative bias applied on the n-type polysilicont@m of the active layer and the positive
voltage applied on the "psilicon. This condition is the only one, which Igg

electroluminescence from the Si-NCs LEDs.
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Figure 3.1(top) Die layout of the mask for the silicon nanocrystiadsed light emitting devices.
(bottom) Detail of the capacitor used, with specified the ®lectrical contacts.

VT [
|

n+

p-well

p-type substrate

Figure 3.2. Si-NCs LED cross section. The actiyedas shown in the green colour. The reported
polarization is the one used for the forward biasdition.
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Figure 3.3(left) Photograph of the fabricated Si-NCs LED wafers pra@be station antight)
Photograph of an orange emitting Si-NCs LED undeward bias (a red square at the probe tips).
The device under test is a capacitor with an afd®@0 um x 1000 um at high voltage applied.

The device geometry and the layout of cross sedhave been designed by
Alessandro Marconi and Oleksiy Anopchenko.

3.2.2 Active material optimization and structuralanalysis

Different runs have been fabricated within the HBSI project. In this section, |
will present the CMOS 1 and CMOS 3 batch run awilllenter in the detail of the active
material splitting of these two different batchés.the following of this chapter, | will
report the experimental characterization of theiab=y always referring to the active

material splitting here reported.

v' Single layers

The silicon nanocrystals material optimization @rmis of photoluminescence
intensity and emission peak wavelength and optiti@zaof numerous deposition
parameters have been performed on a series of onoméfers grown in two different
monitor batches, not reported here. Further Si-Mgsr optimization has been performed
via splitting of the growth parameters during tladrfcation of the single layer Si-NCs
LEDs. This run is called CMOS1 and it has as a gealchoice of the best annealing
treatment and of the best silicon content excelss. flin is formed by devices with single
layer active material. The active material compositells us the deposition technique (in
this case, LPCVD), the thickness of the active mat¢50 nm) and the percentage of the
silicon content excess. The annealing of the samplas been done either in a
conventional furnace annealing or by means of rédpamal processing (RTP). All the

details are reported in Table 3.1.
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_ o Wafer Label — Run: CMOS1
Active layer composition

W1l | W2 | W3 | W4 | W5

LPCVD 50 nm 12 %
LPCVD 50 nm 16 %
Annealing RTP 1100°C, 5 min

Furnace annealing at 900°C, 1h,
effective 14 h 30 minutes
Furnace annealing at 1100°C, 1H

Table 3.1. Composition of the active layer of thmgke layer Si-NCs LEDs.

v' Multilayers

The multilayer geometry of the active material aoachieving a better control of
the Si-NCs formation via confined growth of nanatays [40], [55], [56]. Moreover,
multilayers provide an independent control over sl and density of Si NCs, silicon
oxide thickness and composition (stoichiometry)ha direction of the electrical current
flow. A small series of monitor Si-NCs multilaydras been grown and characterized (see
Table 3.2). This batch of multilayered monitor wafes called CMOS3 — Control batch.
The photoluminescence measurements and the conggétal characterization of this
batch have been performed by Nikola Prtljaga. Agsult of his characterization, the
optimized multilayer growth parameters have beamdoand multilayer Si-NCs LEDs

have been fabricated. This run is called CMOS3tl#dldetails are reported in Table 3.3.

Wafer Label

Active layer composition Run: CMOS3 — Control Batch

W21 | W22 | W23 | W24 | W25

LPCVD (2 nm 0% + 3 nm 20 %) x10

LPCVD (2 nm 0% + 3 nm 25 %) x10
LPCVD (2 nm 0% + 4 nm 20 %) x8
Annealing RTP at 1100°C, 5 min
Furnace annealing at 900°C, 1h
Furnace annealing at 1000°C, 1h
Furnace annealing at 1100°C, 1h

Extra annealing at 800°C, 6h

Table 3.2 Composition of the active layer of monBo-NCs multilayers.
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Wafer Label
Active layer composition Run: CMOS3

W21 | W22 | W23 | W24

LPCVD ((2 nm 0% + 3 nm 20 %) x 10) + 2 nm O
LPCVD ((2 nm 0% + 3 nm 25 %) x 10) + 2 nm Q %
LPCVD ((2nm 0% + 4 nm 20 %) x 8) + 2 nm 0 %
LPCVD ((2nm 0% + 4 nm 25 %) x 8) + 2 nm 0 %

Furnace annealing at 1000°C, 1h

Table 3.3. Composition of the active layer of najtered Si-NCs LEDs.
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Figure 3.4.(a) Unfiltered TEM image revealing a layer thickness4éfnm;(b) and (c) Filtered
images, obtained filtering around the Si Plasmaakg@&7 eV) in different regions of the sample,
show the presence of the silicon nanocrystals énldlver half of the active layer close to the
substrate. The multilayered structure is hardly ntaamed and the Si excess aggregation is
randomly distributed(d) Diameters of the precipitates ranges betweenrd.amd 3 nm.

The Si-NCs LEDs have been fabricated by meankeot PCVD technique at the
CEA-LET!I laboratory, in Grenoble. In Table 3.2 afdble 3.3 the active material is
presented as a multilayered structure, with x nnsilbiéon dioxide (the percentage of
silicon content excess is 0%) and z nm of silicanactrystals formed after the deposition
of some silicon content excess, presented in ptgxgen These alternating structure is
repeated either ten or eight times, depending lywhafer. For the CMOS3 run the
annealing was equal for all the wafers and waslfate1 000 °C for one hour.
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In order to check the fabrication process, a TEMgmof W21 of the CMOS3 run

(see Table 3.3) has been requested. The TEM asdigisibeen done at the Scientific and
Technological Center of the University of BarceloRaure 3.4 shows the TEM images
obtained. It is evident that the nominal structisraot respected. Some problems occur in
the fabrication processes and so in the real deuioe multilayered structure is hardly
maintained. The sample shows two different zonafarla one, 20 nm high, and another
one of 25 nm thickness, with white dots, which #@re silicon quantum dots. The total
thickness of the active layer is 45 nm, and sotless the one expected. The darker layer
on top can be considered as silicon dioxide. Oothesis is that, during the fabrication
process, some of the layers on the top of the edéiyer have undergone an oxidation
process. In the second region, instead, it canldslg observed the presence of the Si-
NCs. The size of the quantum dots ranges betwéemrd.and 3 nm. Even if the total
multilayer structure is lost, the Si-NCs dimensiams respected. The structural analysis
on the fabricated samples has been done on only, W2Me believe that also the other
wafers of this run have undergone the same anmge@éatment, and so they have similar
problems.

3.3 Single layer and multilayer Si-NCs LEDs

3.3.1 Electrical charge transport

The Si-NCs LEDs operate at high voltages, becatisleeounwanted thick oxide
layer on top of our devices. We have performed taileéel analysis of charge transport
and correlate it to the growth parameters and streof the Si-NCs layer of the CMOS 1
run (see Table 3.1). The objective of this studihes comparison between samples with
different silicon content excess and different ating treatment. We have decided to fit
the current-voltage (I-V) curves with two differenmtodels. These models are: i) the
Poole-Frenkel (P-F) one, which corresponds to th#dynactivated conduction between
localized states in the gap assisted by the etefitid [57] and ii) the Fowler-Nordheim
(F-N) one, which describes the tunneling of chatbesugh a triangular barrier, from the
electrode into the dielectric [58] or between laoad states. Note that by localized state
we understand defects in the oxide matrix, or Sioghusters. More details on these two
model, with also the F-N equation, can be foundséttion 81.4.3. Each of the
experimental |-V curves has been fitted with thesations. The plots are reported in

Figure 3.5. The fit parameters are the height eéarand the relative permittivity,
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respectively. The fitting with both models providas interesting evolution of the
transport properties with annealing treatment, Whecbelieved to be a consequence of
the material microstructure. Indeed, the layersealed by RTP show at low voltages a
current that is too large to be originated from FoviNordheim injection. A better
agreement with the Poole-Frenkel law is found avide range of voltages. However, in
layers annealed by conventional furnace, the ctigets lower, and a better agreement
with the Fowler-Nordheim law is found. This suggeshat for the same annealing
temperature (1106C), the injection is more fficult when the annealing time is longer,
leading to higher voltages required to promote gbsirtransport. The influence of the
annealing treatment on the material propertiesheeve several origins. On one hand, it is
well known that an annealing procedure is requiedure the layer from the defects

introduced by the processing.

Current (A)

10 15 20 25 30 35 10 15 20 25 30 35
Voltage (V)

Figure 3.5. Fits of the I-V curves by the modelsled-renkel (green continuos line) and Fowler-
Nordheim (red dashed line). The labels W1, W2, \Wd /5 refer to Table 3.1.

An annealing of 5 minutes may not bdfatient [59]. On the other hand, at this
temperature the formation of Si nanoclusters iseetqd, as also confirmed by the
measured electroluminescence centered at aroundr80@hich is attributed to quantum
confinement or to Si-NCs surface states [60], [6e suggest that a fékrent
nanoclusters size and spatial distribution are &ffor each of the annealing treatments.
However, the Si excess does not seem to have avyfispinfluence on the transport

mechanism for the range of Si excesses studied Warecan just observe larger currents
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when a larger Si excess is introduced. To go furthe have looked at the relative
permittivity we can extract by fitting the |-V cws with the P-F law, or the injection
barrier that we can extract from the F-N fit. Thesdues are reported in the Table 3.4.
When the P-F model is used to fit the I-V curvesigh voltages (larger than 30 V), a
permittivity of about 4.5-5 is found for the RTR/as, and less than 2.5 for the layers
annealed in the conventional furnace. This latt@luer is too low to be acceptable,
whereas 4.5-5 is a value expected for a Si-ricbasiloxide [41]. In Figure 3.5, the fit by
the P-F law has been done by maintaining the pevitytat about 4.5-5. This leads to an
agreement with the P-F model at lower voltage, oedaiced range of voltages. Above a
threshold voltage, the F-N law is found to fit wié I-V curves. Concerning the barriers
heights found from the F-N fit, larger values amerfd for the layers annealed one hour.
These values corroborate that i) injection is mdiféicult for these layers than for the
RTP ones, and ii) the transport is essentially donelectrons, because if holes would be
involved, larger values would have been obtainedh@es see a much larger potential
barrier than electrons. Note however that the hiolestion in the active layer limited to

a region close to the Si substrate cannot be disdd62].

Height barrier (eV) [F-N] Relative permittivity [P -F]
w1l 1.6+0.2 45+05
W2 20x0.3 24+04
W4 1.3+0.2 51+£05
W5 1.8+0.2 25+0.3

Table 3.4. Injection barrier height and permitgvéxtracted from the fits of the |-V by model
Fowler-Nordheim and Poole-Frenkel respectively. THiels refer to Table 3.1.

To summarize the electrical properties found irs¢h&i-NCs LEDSs, for devices
with long annealing treatments, we found that eieat current obeys the field-enhanced
Fowler-Nordheim tunnelling law at high voltages.w&ver, a better agreement with the
Poole-Frenkel law is found at low voltages and avéarge range of voltages in Si-NCs
layers annealed by rapid thermal annealing (RTR)hiwthe range of Si excess used in
our LEDs, we have not observed any significant oation to the current from bipolar
direct tunneling. In comparison to the Si-NCs LEWssented in the previous chapter, in
fact, here the applied bias voltages are one @flaragnitude higher. The bipolar direct

tunneling has therefore also to be ruled out bexatithe high voltage applied.
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3.3.2 Electroluminescence measurements of optimz&EDs

The results presented here have been obtained dpiimized Si-NCs LEDs,
namely the single layer Si-NC LEDs W 2 and W3 ($able 3.1) and the multilayer Si-
NCs LED W21 (see Table 3.3). The other LEDs shdheeisimilar results or the results
that fall short of the objectives. In terms of dmartransport, the Fowler-Nordheim
injection becomes the most efficient transport naectm inside the devices, providing
higher quantum efficiencies due to the injectiorhof electrons impacting directly with
nanocrystals, generating e-h pairs suitable foriata® recombination. The I-V
characteristics of the studied device are showRigare 3.6. The voltages applied to the
LEDs are higher than the one applied to the INTHLEDs, because of the unwanted
thick silicon oxide layer on top of the active laydhe I-V shows a not-rectifying
behavior, but it is difficult to compare this cumtevoltage characteristic with the ones
reported in the previous chapter. In the |-V, is ha be noticed the presence of the two
big hysteresis loops, both in forward than in reednias. As discussed also in Chapter 2,
the hysteresis originates from the charge accumualatithin the SRO layer. Positive
charges are accumulated under forward bias conditio

Electroluminescence (EL) spectra of the optimizedls layer and multilayer
LEDs are shown in Figure 3.7. The spectra wereectdl at the same current density of
about 1 mA/crfi The Si-NCs emission has a broad wavelength ramitfe a peak
wavelength at around 800 nm. The light intensitytred multilayer LED is somewhat
lower than the single layer LED due to the lowenealing temperature in the fabrication

process.
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Figure 3.6. |-V characteristics of the CMOS3 malt#r devices.
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Figure 3.7. EL spectra of the optimized single taamd multilayer Si-NCs LEDs.

AC bias yields improved EL emission (see Figure).3Rgure 3.8 shows the
integrated EL as a function of the driving frequenthe Si-NCs LEDs are driving with a
square waveform under AC excitation. The samplented is W5, but we can obtain
similar results for all the samples under study].[@®e difference between the blue and
the red points is the different AC square wavefapplied to the device. The red constant
line shows the EL signal obtained under DC exatatWe can immediately see that the
electroluminescence signal is enhanced. The Eleasas significantly as the frequency
increases, it reaches a maximum (in this caseoandr10 kHz of driving frequency) and,
then, it decreases. This increase in EL is atethub a major injection of carriers, both
electrons and holes, up to a maximum frequencyerAfiis, the decrease is attributed to
the Auger suppression of the EL due to the finkeiten recombination lifetime [64],
[65].
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Figure 3.8. Integrated EL intensity as a functidthe driving frequency, under a negative square
pulse applied. The typical EL spectrum is showth&inset.
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The integrated electroluminescence as a functidheofnjected current and of the
applied voltage is shown in Figure 3.9. The log-figt of the EL (I) indicates if the
behavior is linear, sublinear or superlinear. Tlopes are reported on the plot, but we can
affirm that the dependence is linear for all th@ides under study. The optical power
density and external quantum efficiency, EQE, af 8i-NC LEDs as a function of
current density in DC bias conditions are shownFigure 3.10 and in Figure 3.11,
respectively. The optical power density increasesarly with the current density and
reaches a value a2 pwW/cm? without any significant sign of power saturationhigh
current densities. The maximum achieved power @deisi7 uW/cn? (not shown in the
Figure). However, the operating voltages and teetet fields are high (7 MV/cm), and
this fact could have a detrimental effect on theiake stability and on the power
consumption. The multilayered Si-NCs LEDs show milsir behavior due to a low
average Si excess and thick barrier thicknesses.ahinealing temperature and Si-NCs
formation have a large effect on the LED charasties. Higher annealing temperatures
lead to a larger extent of phase separation ofstoichiometric silicon oxide and hence
better passivation of Si nanocrystals and largantium efficiency. However, less defects
in silicon oxide matrix that confines the Si nanmtals also accompanied by larger
voltages required for charge tunnelling if thecaih oxide that separates Si nanocrystals
is thick and the direct tunneling currents are \@amall.
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Figure 3.9. Integrated electroluminescence as eifumof the injected current/applied voltage for
the four multilayered devices presented in Talls(@MOS3 run).
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Figure 3.10. Optical power density of single lagad multilayer Si-NCs LEDs as a function of
the applied voltage and current density. Annealérgperature of the Si-NC layer is indicated in
the legend.

The external quantum efficiency of about 0.03% @1l % has been measured in
the single layer and multilayer Si-NCs LEDs withtiopzed fabrication parameters,
respectively (see Figure 3.10). The EQE only sligtiecreases over the current density
range used in the experiment. The better E.Q.Bbtained in the sample which has

undergone the treatment at the highest annealmpesature.
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Figure 3.11. External quantum efficiency, EQE, teé single layer and multilayer Si-NCs LEDs
as a function of the current density. The maximu@itBvalue achievable is about 0.03 %.
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3.3.3 LEDs summary

Silicon nanocrystals based light emitting deviaes designed by A. Marconi and
A. Anopchenko and they are fabricated at the CEAdLB&boratory, in Grenoble. The
LEDs emit light at around 800 nm and the light esiais is also visible with a standard
camera. The most important results obtained wighctaracterization of different sample
batches can be summarized as following:

v" The electrical injection in the Si-NCs LEDs witmipannealing treatments obeys
a Fowler Nordheim law, while the devices annealedow temperatures/short
time are governed by trap assisted centers (PaelekEl). The onset voltages of
electroluminescence for both single and multilajevices are around 20 V. High
voltages are required in these LEDs, since sonmihefayers on the top of the
active layer have undergone an oxidation processngl the fabrication. Direct
tunneling cannot be achieved in these Si-NCs LEDs;

v |-V characteristic are not rectifying, but it isfféiult to compare this result with
the ones obtained in the previous chapter, beaaiue high voltage required in
these samples. The EL is achieved in forward biaginte and the
electroluminescence increases linearly as a fumctib the injected electrical
current;

v' Optimized Si-NCs LEDs have an external quantunciefficy of ~ 0.03 % at low
current densities and show several microwatts peare centimeter of optical
power density with the peak wavelength at arour@rga;

v" The main limitation in the LED efficiency is thejéation mechanism due to the
thick tunneling barrier in the multilayer samplehel unwanted silicon dioxide
thick layer on top of the devices does not allow diirect tunneling in our devices.
The main injection mechanism is the unipolar. Thereoom for improving the
efficiency of the LEDs by raising the annealing parature in the fabrication
process. Unfortunately, the fabrication of anothatch of samples within the

HELIOS project was not possible.
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3.4 Light Emitting Field Effect Transistors

In this section,a possible way to build an -chip electriclly pumped light
source, using a light emitting field effect tramsiSLEFET, instead of a MOS capaci,
is reported The novelty of this approach is that the actiaerial of the transistor gate
composed by an alternating structure with silicxide and silicon rich silicon oxic
layers. The characterization of this kind of desicgill be done by means both
electrical and optical measurements, and the eesilthis study will help to develc
practical optoelectronic and photonic devicesth higher value of external quantt
efficiency in a structure with silicon oxide andicgin rich silicon oxide layersThe most
important difference between the capacitors andttaesistors is that we have mq
degree of freedom in the use of the de itself, because we can use the source, the ¢

the body and the gate.

34.1 LEFETSs desigr

The devices studied in this work are light emittdeyices based on light emitti
field effect transistor. fie active region of the device is an alternastructure with a
nominal thickness of 50 n deposited bythe LPCVD techniqueA schematic cross
section of the LEFET is shown Figure 3.12.a anchée top view of the LEFET and lig
emitting MOScapacitor is shown iFigure 3.12.b and in Figure 3.t2respectively. The
study has been performon n-type LEFETs, with an emittingrea of300 x 300um*
(gate length x gate width). IFigure 3.12.b the foupads for the electric contacts are
also reportedsource (S), drain (D), body (B) and gate

Figure 3.12a) A schematic cross section of the LEFET and top wéb) LEFET andc) MOS
capacitor.
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The LEFETs are fabricated always at the CEA-LETGirenoble and they present
the same active material splitting of the Si-NC®isieported in Table 3.3.

342 Electrical characterization

» Current-Voltage characterization

An electrical characterization has been performadtie different devices. The
current-voltage (I-V) characteristic has been rdedr using an Agilent B1500A
semiconductor device analyzer, at room temperafline. LEFET source terminal is
connected to the body terminal, and both are cdeddo the ground. The current at the
drain, b, has been monitored first as a function of theéagd between the body and the
gate, \&s from -30 V to +30V, and back, fixing the voltagetlween the drain and the
source, Ws, at 2 V, in order to evaluate the resistivity oé tgate oxide with Si-NCs,
The LEFET has a non-ohmic behaviour but it is gtidissible to evaluate the ratio
between the electric field and the current dengitgure 3.13.a shows the valuespof
which have been extracted at 30 V, as a functiothefsilicon excess. The higher the
silicon excess the lower the resistivity of theegakide. It has to be noticed thafor a
LEFET having as active material silicon dioxidegual to 4*16 MQ*m. Moreover, the
resistivity is lower for the devices with thickeRO layers of the multilayer stack and
hence larger Si-NCs. Secondly,Has been collected at a fixed voltages¥nd scanning
the potential between drain and sourcgg,Mrom 0 to 2 V. These measurements have
been done for different value oY from O V to 10 V. Figure 3.13.b showsdf W21 as
a function of \4s. Once reached the saturation voltagestVIp decreases slowly instead

of maintaining a constant value.
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Figure 3.13.a) Resistivity andbd) current-voltage characteristic of W21.
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» Capacitance-Voltage characterization

The capacitance-voltage (C-V) data has been cetleat a frequency of 100 kHz.
The source and the body terminals have been cathéstground. C-V measurements
allow determining the flat band voltagegy the flat band capacitanceg; the dielectric
constant and the trapped charge in the devicesLER&ETSs show very similar hysteresis
curves, but W22 and W24 have a larger hystereslthvim comparison to W21 and W23.
Larger is the width, more charge can be trappdtierdevices. The charge trapped value
can be calculated through the formul@=Cs x AV, where Gz is the capacitance at the
flat band condition andV the hysteresis width at the capacitance valualegu80% of
the maximum capacitance,ufx. Figure 3.14 reports a C-V characteristics of W21,
showing, Gg, 80% of Gyax andAVeg,

'LT
2
O 50+
40- w21
"""" Crs
80% Cyjax
30 f f f f——— —
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LAV V V]

Figure 3.14. C-V characteristic of W21.

The flat band voltage, pd, can be easily extracted as the voltage in whingh t
capacitance is equal tor£ Crg is usually computed by using the thicknesses aed t
dielectric constantsr,i of the different parts of the device. The valuaf the charge
trapped in the gate oxide, tlagi and the G are summarized in Table 3.5 for all the

devices under study.
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w21 w22 W23 w24

AV[V] ]9.86+0.0511.49 +£0.0510.70 £ 0.0511.05 + 0.05

Crs[pF] | 66.3+05| 63.4+05 657+05 64805

&) 4.6 +0.2 44 +0.2 44 +0.2 43+0.2

Table 3.5. Vs, Ceg, & and the density of total charge, holes and elasttmpped in the device.

3.4.3 Optical characterization

* Photoluminescence measurements

For the photoluminescence (PL) measurements, S4e73nm line of Nd:YVQ
laser with an average power of 0.1-5.0 W has bessd.uDuring the continuous wave
(CW) PL measurements, the laser beam passed thavugktenuator to keep the power
intensity constant at 20 mW. The detection systensisted of a monochromator coupled
to a GaAs photomultiplier with an overall resolutiof 2 nm for the visible range. PL was
measured on monitor silicon wafers with the sanwegssed silicon oxide multilayers.
The spectra of the different samples, reportedigurié 3.15.a, show a similar shape, but
not the same intensity: W23's intensity is lowantiW?21 or W22. This difference in the
intensity can be explained by the different ratameen Si and SiOIn fact, we are near
the maximum of the total luminescence emission ametion of SiQ/Si, which implies
that a variation of this percentage induces a lantensity in the PL [66]. In addition, the
absence of W24 in the monitor wafers batch didatlotv further considerations, such as
the intensity as a function of the different stuwes. The peak wavelength is different for
all the samples, due to the different size of tlamacrystals for each sample. This
behaviour confirms the presence of Si-NCs in thmma, and, even if the multilayer
structure is hardly maintained, the alternatingaséon is still important to determine
the properties of the Si-NCs, particularly size sk distribution. After that, the time-
resolved measurements have been done. The excita® been performed modulating
the laser beam by a mechanical chopper which wadulated by a square wave. The
same square wave has been sent to a multicharalet &SRS 430. The resolution of the
measurements is @fs, while the modulation frequency of 19.00 Hz hasrbehosen to
guarantee the attainment of steady-state condifiba.power beam has been maintained
constant at 9.5 mW. The PL decay is not exponeriat it is well described by the
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stretched exponential function, as shown in Figddb.b, for W21. The mathematical

expression is the following:

(_E)B
PL(t)= PL(t=0)-exp

where PL (t) and PL (t = 0) are the photolumineseeintensity during the decay and at
t=0, respectivelys is the decay time arflis called the dispersion factor. This parameter
tells us the distribution of the silicon quantumgdsize. In generafj < 1 represents a
distirbution of indipendent single exponentialsoffr nanocrystals of a certain size as
determines by the observation wavelegnth) withedéiht lifetimes.

The physical origin of such behaviour is still atter of discussion, the most
commonly accepted explanations are related to Hogtom migration between inter-
connected nanocrystals, the variation of the at@triecture of Si-NCs of different sizes
and the carriers tunnelling from Si -NCs to digitibn of non-radiative recombination
traps [67]. The recombination time for all the s#&spis around 3%us, which is in
agreement with the estimated size of the nanodsy@tatween 2.5 and 4.0 nnfy)values
are between 0.66 and 0.87. W21 exhibits the laweand the highef, which means that
the nanocrystals formed in W21 are the smallestamaewith narrow size distribution. It
can therefore be assumed that the energy traraes place with a good efficiency in

W21. The values of all the different samples ararsarized in Table 3.6.
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Figure 3.15.a) Photoluminescence spectra andtime resolved photoluminescence for W21,
with the mathematical fitting performed using a&&thed exponential function.
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w21 w22 W23

A [nm] 769 +1 774 +1 776 £ 1
TpL[US] 33+1 37+2 35+1
B 0.86 +0.07 0.66 +0.04 0.77 £ 0.05

Table 3.6. Parameters extracted from the photolesecence characterization.

* Electroluminescence measurements

Electroluminescence (EL) measurements have bedorped applying a direct
current (DC) voltage between the body and the gairinals of the LEFET. Also in this
case, source and body have been grounded. Alldhieas under study show EL. The
voltage region in which it has been possible to entke measurements is limited in
forward bias between -20 V and -40 V, and betwd®¥ znd 35 V in reverse bias. The
lower limit is given by the fact that below 20 wlthere is no EL, the upper one is the
maximum voltage which could be reached before thecé breakdown. The normalized
spectra at different voltage applied at the gatesiwown in the Figure 3.16. It has been
also observed, that at different voltage, the pwsivf the wavelengths for peaks changes,
showing a red shift when the amplitude of the \g#tapplied decreases. This is due to
the fact that different voltages allow activatingN&Cs with different size. W21, with
W22, shows a minor variation of the position of fheak as evidence of the better
uniformity of size distribution of the nanocrystalsgure 3.17 shows the dependence, in
forward bias, of the integrated EL as a functionthe injected current. The trends are
linear with respect to the injected current throdlyé gate, d. This result is in a great
accordance with the one reported for the Si-NCs $BbDthe previous section of this
chapter (see Figure 3.8). The maxima and the mime#k’s wavelength and the slopes
of the plotted EL @) are all summarized in Table 3.7 for all the saspl

w21 W22 W23 w24

Amin [NM] (at -40V) 777 +4 782 +4 172+4 789 +4

dmax[NM] (@t -25V) | 805+4 | 809+4 | 806+4| 822+4

Slop&orward 0.95 £ 0.05 0.90 = 0.05 0.95 + 0.05 0.88 £ 0.05

Table 3.7. Maxima and minima peak’s wavelengthtaedEL () slopes.
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Figure 3.16. Normalized EL spectra for all the desgiunder study.
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Figure 3.17. Integrate electroluminescence asatifan of the injected current in a log-log
plot.

From these measurements it has also been possielatuate the optical power,
the external quantum efficiency and the power iEficy. The forward bias regime shows
the higher electroluminescence intensity, whichliegpa stronger optical power density,

and, at the same time, a larger quantum exterfialegicy and the larger value of power
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efficiency. This fact is due to the kind of excitet which is given by impact excitation
by electrons and so it is more efficient in thewfard regime condition. The values of
EQE achieved are one order of magnitude lower thanones obtained with the MOS
capacitor. The properties of the LEFET under aditgrcurrent (AC) regime have also
been studied. The voltage applied between the laodythe gate is taken as an RMS
drive voltage. In this case, it has been obseryet, tbeyond a certain frequency
threshold, around 10 kHz, electroluminescence asad profoundly, due to the e-h wave
function overlap, until a maximum frequency (700zkHwhere other recombination
processes - particularly Auger’'s ones - become danti It has to be noticed that an
alternate current regime allows having a good l@sience even at lower voltages than
in DC regime. This is in agreement with previousrkgoon similar silicon nanocrystals
based light emitting devices [49], [64].

Lastly, two different experiments in AC polarizatibave been performed. The first
one has been done polarizing the gate with a negatiltage applied and connecting the
source and the body with a square waveform sigited. second one, instead, polarizing
the source with a positive applied bias and conngdb the AC signal the gate and the
body. These experiments have been done in orddrytdo reproduce the Walters
experiments [65], [48]. In all the performed measnents, we have never seen an
increase of the electroluminescence signal, bo#mgimg the voltage and the frequency
values. In all the cases, we do see electrolumamescfrom defects in the matrix or from
the bulk silicon, but not an enhancement of theih@scence coming from the Si-NCs.
We believe that these results are the best thawebtain with such devices that operate
at higher voltages than the one required in ordlé¥at/e a real working device compatible
with the silicon photonics scenario.
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3.4.4 LEFETs summary

Light emitting field effect transistors, with antae region composed by an
alternating structure of silicon nanocrystals asiticon dioxide, have been tested by
means of electrical, optical and electro-aggticharacterization. The samples under
study have different values of silicon content escand different values of the silicon
oxide barrier thicknesses. The devices paired bystmilar percentage of silicon excess
show similar results. From the performed measurésneve can observe that the increase
of the silicon excess per layer does not improwedpto-electrical properties. The better
suggestion in order to build an efficient light émg field effect transistor is the
combination of low percentage of silicon excesswitinner silicon oxide layers. These
two factors together allow a better growth of thenocrystals and a narrow size
distribution. The unipolar injection of the eleaisis the main excitation mechanism in
these devices, in which the impact excitation dat@s. The measurements using an
alternating current scheme have shown an increatbe iefficiency of the devices.
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Chapter 4

Erbium Doped Silicon Nanocrystals Light
Emitting Devices

Visible light emission from a device with silicon anocrystals and EFf* ions. The devices
have been fabricated at the CEA-LETI center in Gremble.

In this chapter, erbium implanted silicon rich &in oxide based light emitting
devices are presented. The investigation and tndy saf the optical and the electrical
properties of the LEDs under direct current andratiting current schemes are studied in
order to understand the injection mechanisms atich&® the energy transfer between
the silicon quantum dots and the erbium ions. Aaited study of the role of the silicon
excess and of the silicon dioxide barrier thicknss&ere reported. At the end of the
chapter, the best active material will be chosearder to fabricate erbium doped silicon
nanocrystals based optical cavities, which will the topic of the next chapter. The

erbium doped silicon nanocrystals light emittingides are labelled as Si-NCs:Er LEDs.
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4.1 SiNCs:Er LEDs: Design and fabrication

4.1.1 Sample layout: desigrand active material splitting

A schematic figure of the light emitting deviceydat is shown in Figure 4..
which presents also a zoom on the chosen activerialdayer. The layout of the mask
the same presented in tlprevious chapter (see Figure B3.IThe active materic
optimization, in terms of photoluminescence intgnsind coupling efficiency betwet
the EF* ions and the silicon quantum dots, has been peedron a series of monit
wafers. All the details about the ive material optimization and the photoluminesce
measurements can be found in the refer [36]. The samples used are thin** doped
(by ion implantation) films of alternatirsilicon rich silicon oxide (SRCand SiC; layers
deposited on a crystalline silicon wafer by low ga@re chemical vapor depositi
(LPCVD) in a standard CMOS line. Thin films (d ~ Bf) have the advantageat can
be studied by electrical [68bptical [69] and optoelectronic meap&]. For example,
deposition starts with a d = 2 nm thin & layer deposited on fype crystalline silicot
wafer on top of which is deposited a d = 3 nm ttFSRO layer with nominalsilicon
excess of 20 at. %. Thaqeedure is repeateten times in order to reach the desil
thickness of d- 50 nm for optimum performan. A d = 2 nm thin layer of Si, is finally
deposited on top. Aftethe deposition, thesamples are thermally trea in order to
induce phase separation and amorphous silicon aatips growth and formatiorthe
annealing temperature is 900°C 1 hour) [71].Subsequently, the samplare implanted
with erbium ions (dose: 1 x ** at./cnf and energy: 20 keV) and thermally treated fi
second time (Jost-annealing= 800°C for 6 hours) in order to recovehe implantatior
damage. Table 4.1 presents composition of all the fabricated LEDRBighlighting the
differencesn the active matial layers.The symbols in the table are the same exple
in the previous chapter for Table 3

______.———"'_
n - type silicon

Er¥

as = . o= - Si0,
beooPoUDEa0ee <
©0.0£9060.09 00! «— SR

p-type substrate p - type silicon

Figure 4.1(left) Er-doped SNCs LED layout(right) A schematic zoom of the -doped Si-NC
active material structure, SRO stands for siligoh silicon oxide.

86

——
| —



Wafer

Active layer composition

W8 | W9

W10 | W11 |W12| W13

W14

W15

W 16

W17

LPCVD 50 nm 12%
LPCVD 50 nm 16%

LPCVD ((2 nm 0% + 3 nm 20%) x 1
+2 nm 0%

LPCVD ((2 nm 0% + 3 nm 25%) x 1
+ 2 nm 0%

LPCVD ((2 nm 0% + 4 nm 20%) x §
+2 nm 0%

LPCVD ((2 nm 0% + 4 nm 25%) x §
+2 nm 0%

LPCVD ((3 nm 0% + 3 nm 20%) x §
+ 3 nm 0%

LPCVD ((3 nm 0% + 3 nm 25%) x §
+ 3 nm 0%

LPCVD ((3 nm 0% + 4 nm 20%) X 7
+ 3 nm 0%

LPCVD ((3 nm 0% + 4 nm 25%) X 7

+3 nm 0%

Furnace annealing 900°C 1 h

Er implantation 18 cm? @ 20 keV
Post-implantation annealing 800°C

Table 4.1. Composition of the active layer of thdEs:Er LEDs.

4.1.2 Sample fabrication and structural analyses

The samples have been fabricated in a standard lepraptary metal-oxide-
semiconductor (CMOS) line in Grenoble, at the CE&/LMinatec center. Figure 4.2
shows a photograph of a fabricated wafer, withvience a zoom on a single chip. As
shown in the picture, on the chip there are seudffls, with different active areas. All
the measurements reported in this chapter have geéormed on light emitting devices

with a square active area of 300 um x 300 pum.




For transmission electron microscopy (TEM) JEOL@EEG (200kV) scanning
transmission electron microscope was used, equippdda GIF spectrometer for the
Energy-Filtered Transmission Electron MicroscopyFTEM) imaging mode. The
samples for the TEM observations were preparedutfiroconventional mechanical
polishing with a final At bombardment using PIPS Gatan system. The TEM sisaias
been performed at the University of Barcelona. #rbiconcentrations has been
determined by secondary ion mass spectrometry (plédBbrated with a sample of
known erbium concentration. The silicon excess walsulated with the formula (1 -
x/2)I[(1 + x), with x equal to the ratio of the oxygy concentration and the silicon
concentration as measured by X-ray photon spedpysc(XPS). The erbium
concentration profile in our fabricated thin filrhas been determined by SIMS and it is
reported in Figure 4.3 (a). The peak concentratiyaa« equal to 5.2 x 19 at./cn?, is
located in the centre of the active layer, at apjpnately ~ 20 nm below the sample
surface. The average erbium concentrationsise= 2.9 x 16° at./cn. A silicon excess
of 9 % was determined by XPS. The thickness obttire material d ~ 44 nm was found
by TEM. The TEM image of the sample is reportedrigure 4.4, with in evidence the
total thickness of the active layer and the loedion of the E¥" clusterization. Note that
the EF* concentration in our sample was chosen basedeiopis reports which indicate
long lifetimes and high emission intensities, ire cooperative photoluminescence
guenching effects [53]. Erbium clusters are visié a dark spotted layer in TEM image
(see Figure 4.3 (b)). This erbium cluster layelomated at d ~ 20 nm below the sample
surface and it is approximately 15 nm wide (seéhkibe Figures 4.3 (b) and 4.4). It
contains the (55 + 5) % of the total number of @embiions (shaded area in the Figure
4.3(a)). This is a first insight on what could linthe EF* emission capability as the
clustered erbium ions emit light very inefficien{ly2]. However, not all of the &fin
this layer may be clustered and, on the other hadunel to the finite resolution of TEM, the
erbium clustered region could be wider, as sméiiuen clusters (formed by a few atoms
only) may escape detection. It is worth mentioningt similar local inhomogeneity in
erbium ions spatial distribution and tendency testrize in silicon rich oxide films have
been reported previously in thin films preparednwiery different deposition techniques
[73], [74]. Thus, this type of behavior is not imbet to the LPCVD technique, but it is
quite general for Bf concentrations larger than®@t./cn?. In the following sections of
this chapter, | will present the opto-electricasuks obtained in these samples and we

will see how this erbium clusterization affects tgical performances of our LEDs.
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Figure 4.3.(a) Semi-log plot of Ef concentration profile in the studied samples oladiby
SIMS. Thick vertical dashed lines indicate integgbetween air/SRO and SRO/ silicon substrate.
Vertical red dotted red line corresponds to thekpeg"® concentration and the horizontal red
dotted red line to an average®Econcentration in the active layer. The shaded eoegesponds
to the layer where erbium clusters are visible EMIimages.(b) Bright field scanning TEM
image of the sample W10

Figure 4.4.(a) Energy filtered TEM (EFTEM) image of the sample ®/This image has been

obtained by filtering at 15 eV (c-Si plasmon pedk).High angle annular dark field TEM image
of the sample W10.

The EF* emission can be observed in our samples both Iyrespnant (see
Figure 4.5 () Aexc = 476 Nm with an excitation photon fldx,. = 3 x 1G° ph./cnf) and,
by resonant optical excitation. The electrical &t@n, both under DC and AC
conditions, will be the object of my study and iillvbe discussed respectively in the
sections 84.2 and 84.3 In Figure 4.5 (b), it is reported as well a visib
photoluminescence (PL) spectrum under CW UV opgsaitation Lexc = 364 NmM®eyc =

! The TEM images were performed at the Laboratoriglettron Nanoscopy at the University of Barcelona.
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3 x 10® ph./cnf). The broad PL band in Figure 4.5 (b) situateld at750 nm is attributed
to residual Si-NCs PL. The additional peak at 559 which is observable only under
UV optical excitation or electrical bias, could bssociated with direct excited state
emission {Ss» — “l15:) radiative EF* transition visible due to its high emission cross
section. Moreover, the presence of cooperative amy@rsion (CUC) processes are
observed by the shortening of the lifetimes of 1t&35 um Ef* emission with increased

excitation photon flux.
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Figure 4.5.(a) PL spectrum of thél 15> — %115, radiative erbium transition in the studied sample
under non-resonant optical excitatig¢h) Normalized visible PL spectrum under CW UV optical
excitation.

Before starting with the physical analysis of tiepomena and the injection
mechanisms, | have performed some tests for theobeneity of the LED fabrication
across the 200 mm silicon wafer. Figure 4.6 shdwe<etectroluminescence (EL) intensity
and its variation as a function of the applied agd for 40 different Si-NCs:Er LEDs of
the wafer W8. This plot shows a good uniformitytled chips fabricated among the same
silicon wafer. We will see in the following of thieesis that this reproducibility of the
measurements among different chips on the same wafde a critical issue, because of

some fabrication problems occur during the fabrocabf the optical cavity sample batch.

I —EL statigticson W8

[
o
-+

[
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Electroluminescence (a.u.)

10 l=5 2=0 2=5 3=0 3I5 4IO

Voltage (V)
Figure 4.6. EL as a function of the applied voltégeW8. The small error bars show a good
homogeneity of the Si-NCs:Er LEDs fabrication oa #0 mm silicon wafer.
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The EL intensity has been measured at randomlgteeldocations on the wafe
Small error bars indicate a good homogeneous grafvthe siliconnanocrystals layer

across the wafer.

4.2 SiNCs:Er LEDs: Opto-Electrical Characterization in DC

4.2.1 Single Layer vs. Multilayer

The multilayer approach in the growth of the silicoanocrystals composi
material allows the independent controthe nanocrystals size and der [75]. After a
hightemperature annealing, the thickness of SRO layer in the multilayer structu
determines the nanocrystals size, while the exsdg®n content of theSRO layer
detemines the nanocrystals density. In addition, attigntrol over the silicon oxic
layer quality and thickness which separates theosilquantum dots in the multilay
structure is possible. These features are enougire@ate an easy recipe in orde
engineer the band gap energy of th-NCs via thickness/composition profiling of
multilayer SRO/Si@structure In this sectiona comparison between differen-NCs:Er
LEDs, based or on a single or on a multilayer stm&; in terms of light eming power
efficiency and external quantum efficiency of thdiem ion, is reporte. Figure 4.7
shows the layout of the studied device and Taleshhows a summary of the devic
analyzed in this section. | will compare three @liéint multilayered devis with a single

layer device, which has the same silicon contecesx of one multilayer wafer. T

basic structure studied is a MOS capacitor, in twhite gate oxide is replaced by
- | +

erbium doped silicon nanocrystals based lay

SRO

p-type silicon substrate

Figure 4.7. Device description: the cr-section is a MOS capacitor, in which the gate oxi
replaced by E¥ ions sensitized silicon rich silicon oxi
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Device| Structure | Er-implanted matrix |Si excess

. LPCVD .
WIO0 | Multilayer | 5 b 006 + 3 nm 2006) x 10 112 %

. LPCVD 0
WIL | Multilayer | 5 b 006 + 3 nm 25%6) x 1 +44%

. LPCVD 0
WI3 | Multilayer |5 n 006 + 4 nm 25%) x g 1%
W8 | Single layer LPCVD 50 nm 12 %

Table 4.2. Summary of the devices under studyiggbction.

The light emitting diodes under study have lowcsili content excess and, hence,
low conductivity, which means high operating volagIn direct current (DC) regime,
the EF* ions are excited by impact excitation, as highrgpéransitions of erbium has
been clearly observed in the visible region of #mectra. Figure 4.8 shows the
electroluminescence spectra as a function of tpéegpvoltage both in the visible and in
the infrared (IR) wavelength regions. On the topttaf figure, the Ef transitions are
reported. The main excitation mechanism is the ghpacitation done by hot electrons,
because of the high voltage applied. In the visitderelength range, we do see the lines
of the erbium emission corresponding to high ertergeansitions. The high applied
voltages are required because of both the silidowidk barrier and the erbium ions
clusterization. The erbium transition at 580 nnistels why we do see the LED emitting
in the green (see Figure in the introduction of dfepter). Figure 4.9 shows the
integrated electroluminescence intensity of thekpedhe IR region as a function both of
the applied voltage and of the injected currentthim plot shown, it is reported only for
W10, which is the best multilayer sample under wtuahd for W8, in order to do a
comparison between the single layer and the mydil&i-NCs:Er LEDs. In fact, both
W8 and W10 active materials have the same thiclesesbout 50 nm) and about the
same average silicon content excess. We found rlargkages for the multilayered
devices. However, both the devices presented here gery similar electroluminescence
intensities. Starting from this point, the powdiaéncy, defined as the ratio between the
optical power and the electrical power (see Tallg, In the IR has been evaluated and
reported in Figure 4.10 as a function of the irgdaturrent. The most important result is
that the multilayers have allowed increasing thevgroefficiency of the devices by about
1.5 times with respect to the single layer one® aximum value of power efficiency

achieved is 1.5 x 19%, referred to W10 at an injected current of 100 nA
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Figure 4.8. Electroluminescence emission at fs4bottom) and in a visible rang@op-right)

of a 300 x 30Qum’ n-type MOS LED at several applied voltages, whéch indicated in the
legend. Arrows with the numbers shows th& Emission peak wavelengths — see the transitions
diagram(top-left). The spectra are normalized to the spectromesporese.
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Figure 4.9. Electroluminescence behavior as a iommatf the injected current and the applied
voltage for a multilayer (blue) and a single lagred) light emitting diode.

93

——
| —



EL jkeoumin]

[, W10
I —— w8
Moon 0 s o 1o0p

Current (A)

Power efficiency @ 1.54 um (%)

Figure 4.10. Power efficiency as a function of thiected current for a multilayer (blue) and a
single layer (red) LED. In the inset, an exampldataf IR EL spectrum at 1.54 um for W10 is
shown (at an injected current of 50 pA).

Figure 4.11 shows the external quantum efficiergyadunction of the injected
current for the different multilayer LEDs with déffent thicknesses of oxide and SRO,
which means different concentration of silicon namystals and different silicon content
excess values. As shown in the plot, the maximulmevaf E.Q.E. is achievable in W10,
and it is equal to 0.4 %, which is one of the higiues reported in the literature. The
maximum value reported in such devices is 1% [B6}, we have to take in mind the

fabrication problems occur in our devices.
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Figure 4.11. E.Q.E. as a function of the injectedent for P1, P2 and P3.
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The best result has been obtained on the multilajtbrthe lowest silicon content
excess value and this fact suggests us that madesstneed to be performed on the role

of the silicon content excess in the multilayeregtides.

4.2.2 Role of silicon content and oxide barrier tickness in MLs devices

The study presented in this section has been doradl the multilayered devices
presented in the samples batch. Referring to Téldlethe study has been done on the
samples W10-W17. This study is important in oraecliose the best parameters for the
fabrication of a silicon nanocrystals erbium dopeded optical cavityg(Chapter 5). The
n-type CMOS Si-NCs:Er LEDs are excited with an &lecsignal under direct current
(DC) condition in accumulation regime, applyingegative voltage over the n-type gate
electrode, with the p-type substrate grounded. €aidiguration is the most convenient
because we drive the device under the forward doaslition. The injected current under
both accumulation and inversion regimes is showirigure 4.12 for a single n-type
MOS capacitor. In this plot, is shown the currealtage (I-V) characteristic for W10.
Similar characteristics have been measured in tier aevices. Again, as the I-V shown
in Figure 3.6, there is a big hysteresis loop, inated from the charge accumulation at
the interfaces. The current density versus thetrétefield plot (J-E plot) can be well
fitted by the Fowler-Nordheim (F-N) expression. §act could be predictable, because
of the high bias voltage, which has to be appliedhe devices in order to have a
detectable EL.

Forward Bias Reverse Bias

Current (A)

Bias (V)

Figure 4.12. |-V characteristic of W10. The arrost®w the bias scanning direction during the
measurements.
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Figure 4.13.a shows the J-E plots for all the deviander study, while Figure
4.13.b is showing the F-N barrier heiglg), extrapolated from fitting the plot with the
Fowler-Nordheim expression, as a function of thiemi content excess. It can be easily
underlined that there is a correlation betweerstheon excess, the oxide layer thickness
and the F-N barrier height. The barrier height dases with the increase of the silicon

eXxCcess.
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Figure 4.13(left) Fowler-Nordheim fit for all the multilayered dees under study an@ight)

F-N barrier height as a function of the silicon o excess. The F-N barrier height differs
between the devices with 2 nm thick of Siéarriers (called 2/x samples in the plot) andahes
with 3 nm thick barriers (3/x samples in the plot).

Figure 4.14 (top) shows the infrared EL intensity a function of the silicon
excess in different multilayered devices at a fixgdcted current of 1 pA, with silicon
content excess in the range between 9% and 16%agdekating the EL intensity
dependence on the silicon excess to zero values giv a higher value of the E.Q.E. than
the one measured in the*Edoped LPCVD and thermal silicon dioxide. The samkie
of E.Q.E. is reached at about 6% of silicon exc&hs. figure also shows (right axis, red
symbols) that lower operating voltages are achievalith higher silicon excess and/or
thinner silicon oxide scaffold that confines theN&i's. These LEDs can operate at lower
voltages and emit at around 850 nm. Figure 4.1#&dby shows instead the infrared EL
intensity as a function of the silicon excess iffedent multilayered devices at a fixed
applied voltage of 32 V. As shown in the figureotgroups of devices can be clearly
distinguished. The EL signal intensity differs beem the devices with 2 nm thick of
SiO, barriers and the ones with 3 nm thick barrierssTact confirms our hypothesis that

the main injection mechanism is the unipolar oné @rat the most important parameter
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for understanding the injection in our Si-NCs:ErQ€is the voltage and not the current.
This fact can be clearly correlated to the F-Ngatign mechanism and to the energy of

the electrons (since the voltage is more relateétdegenergy than the current).

1oi 50
—~ ”\\\‘~‘
S - Sl -+ 40
« Tt aL R ]
S~ T ~ < [ —
l------cccccccccccc> greemocesocosccatWR. grecercecccccccoaad >
E £ \\\ .\‘.\\ 1 N
5 " :\ 30 S
~ o
0 "k‘l\ 8
— N -+ 20 °
T AN >
\
— £
Tt ®. 10
[ * |
1 1 1 } 0
0 5 10 15
Si excess (%)
2/x . . *
*
10%
©
*
m . MRE T
L 2
10° ; } } } } } " }
8 10 12 14 16

Si excess (%)

Figure 4.14. Integrated EL as function of the siticcontent excess, evaluated at a fixed injected
current of 1 pA(top) and at a fixed applied voltage of 32(hbttom).

In conclusion, the electroluminescence behaviour asinction of the silicon
content excess confirms that, increasing the Seexcthe IR emission decreases. All the
results presented in this section and in the ptsvame confirm that the multilayers have
allowed increasing the power efficiency roughly h$ times with respect to the single
layer devices. However, there is still the probleithigh operating voltages both for the
single and the multilayers Si-NCs:Er LEDs. Thislgemn can only be solved with a new
samples batch, which was not possible becauses@ritiing of the HELIOS project.
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4.3 Bipolar pulsed excitation of the Si-NCs:Er LEB

The energy transfer mechanism between silicon nmgstads and erbium ions is
well documented under optical excitation. Waltersle [49] and Peralvarez et al. [77]
demonstrated sequential injection of electrons lamlés into Si nanocrystals under the
bipolar pulsed excitation of Si-NCs LEDs. Prioloagt suggested this excitation scheme
as a solution to overcome nonradiative Auger détatien of EF* in Si-NCs:Ef* LEDs
[78]. Miller et al. calculated a modal gain of 2/dB in a slot waveguide confined Si-
NCs:Ef* under the pulsed excitation which mitigates extitarrier absorption [79]. In
this section, we will evaluate the erbium excitatmechanisms and emission in the Si-
NCs:Ef* LED under electrical pumping using both directrent and bipolar pulsed
excitation schemes, i.e., when the polarity of #pplied voltage pulse is periodically
changed. In particular, we will compare two differd.EDs, one based on the silicon
nanocrystals and one codoped with the Si-NCs ameéribium ions. The schematic layout
of the n-type CMOS LED is shown in Figure 4.15. Tdieect current bias polarity

convention is also reported in the figure.

F{Il
[

netype poly-Si
.El'-NE:Er__

+

n+ n+

p-well

p-type Si substrate

Figure 4.15. A schematic cross section of the e-t@MOS Si-NCs:Er LED layout. Green color
stands for the Bf doped silicon nanocrystals layer, blue — oxidel llack — titanium-aluminum-
copper metal contact sandwich.

4.3.1 Direct current excitation

Electrical charge transport in our Si-NCs LEDs i do electric field-enhanced
tunneling of electrons with the involvement of eitldefects or confined energy states of

Si-NCs [80], [81]. Erbium implantation produces peenergy trapping levels which
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change the transport properties of the Si-NC LEP).[&his is supported by the DC |-V
and C-V characteristics shown in Figure 4.16. TMeclurves of both the Si-NCs and the
Er-doped Si-NCs LEDs are shown in a voltage rangerev EL signal is observed under
forward bias (Si substrate is in accumulation).dbhission is also observed under reverse
bias in both undoped and doped Si-NC LEDs, butigldr voltages and with lower
guantum efficiency. The I-V curves are well desedlby the Fowler-Nordheim field-
enhanced tunneling law with effective energy baimgghts of 1.4 and 1.9 eV for Si-NCs
and Si-NCs:Er LED, respectively (assuming an eiffeceélectron mass of 0.30n[83].
The Er-doped device is less conductive than theoped device, which we ascribe to
charge trapping at deep energy levels due to Emmaantation. This is also supported
by the C-V measurements (see Figure 4.16). A hgsiedoop is observed in the C-V
curves, which is due to charge trapping. The hgsteris wider for the Er-doped Si-NCs
LED than for the undoped Si-NCs LED. Trapped chalgasity estimated from C-V
hysteresis width of the Si-NC LED is 4.3 x'4@m?. Assuming one trapped electron per
Si-NCs, this value serves as a good estimate dbitiMCs area density [84].
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Figure 4.16.(top) Forward |-V characteristics of Si-NCs and Si-NQsLEDs. Symbols are

experimental data values at which the EL is obskrliees are fits to the Folwer-Nordheim
tunneling law.(bottom) C-V characteristics of the Er3+ doped and unddpeNCs LEDs. The

signal frequency is 100 kHz. The arrows show thasbscanning direction during the
measurements.

99

——
| —



Figure 4.17 (top panel) shows the integrated spkegt intensity of the Si-NCs
and the Si-NCs:Er LEDs as a function of injectio@ Burrent in the visible range and at
wavelengths bracketing the 1.54 um Er emissiompems/ely. For low injection currents,
EL intensity at 1.54 um increases linearly with B@ current. However, at high currents a
sublinear growth with injected current is observed. the contrary, the visible emission
from Si-NCs increases almost linearly (with a slope 0.9%0.01 in the log-log
coordinates) as a function of the current. Theratiin of the 1.54 um emission may be
attributed to both a limited amount of opticallytime Er ions and to the onset of non-
radiative recombination processes [85]. The presefhthe last ones is highlighted by the

decrease of the luminescence decay time showrguré-4.18.
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Figure 4.17(top) Integrated EL spectral intensity with wavelengdbhacketing 1.54 pm (left axis,
solid line) and in the visible range (left axidot line) for Si-NCs:Er LED and Si-NCs LED,
respectively, as a function of DC injectedrent. Please note that absolute values of the EL
intensity in the visible and IR ranges are notdmpare (the y-axes are not the same). The dash-
dot line shows the corresponding E.Q.E. values&t fim (right axis)(bottom) EL spectra at the

injected current of 2uA.

Figure 4.17 also shows the E.Q.E. of Er-doped S&NED emitting at 1.54 pum. It
is noteworthy that these E.Q.E. values are amoaddist values reported so far for the Er-
doped silicon LED (see for example Refs. [86], }87The EL spectra of the Si-NCs LED
and of the Si-NCs:Er LED for a same injected cur@n2 pA are shown in the bottom
panel of Figure 4.17. The emission of the SI-NCPLE characterized by a broad peak
centered at around 770 nm, which originates fromitesic recombinations into the Si-
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NCs. The Si-NC:Er LED emission spectrum shows imliteeh to the broad Si-NC
emission several sharp peaks at around 550, 660,989, and 1535 nm due to the excited
Er’* states emission (presence of the peaks at 66@%Mam is more evident at higher
currents). It has to be noted that the green eamsat 550 nm is not due to the Er up-
conversion because the peak intensities of th@wsmemission bands increase linearly as
the injection current increases. The linear ina@dasobserved in a broad range of currents
up to 20 pA. At larger currents, we observed soigiessof the cooperative up-conversion.
High driving voltages along with the presence @f thultiple Ef* peaks indicate that &r
emission is mainly due to direct impact ionizatiohEr* ions and not to indirect Er
excitation via energy transfer from the Si-NCs. e other side, the energy transfer
between Si-NCs and Erions cannot be completely ruled out since the GsMmission
peak is much weaker in the Si-NC:Er LED than inuhdoped device.

Another argument for the interaction between th& End the Si-NCs is the value
of the excitation cross-section of the*Hitself. This can be estimated by measuring the
exponential rise and decay time of EL [78], [88hisl evaluation could be explained by
taking into account a nearly two level system. t8tgrfrom the dynamic rate equation:

dN, N,
dt

J
= 0= (Nota1 — N2) —
€ Tdecay
with
1 1 1
= +
Tdecay Trad  Tnon-rad

whereo is the effective absorption cross section, J ésititident current density, e the
single electron chargegecayis the total lifetime (radiative %4 - and non-radiative Enon-
rad), and Now and N the total implanted and the excitedBons in the first energy level,
respectively. Also, knowing that the electrolumicersce is proportional to NTgecay the

following relation can be obtained [53]:

1 1 + j
= oc—
Trise  Tdecay €

beingo the absorption cross section of the luminescemtecs.
The result is shown in Figure 4.18. The excitatovass-section value extracted
from the data is (5 + 2) x 18 cn. Note that the evaluation is based only on the aisd

decay times for driving voltages larger than 30 V.
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Figure 4.18. Exponential decay and rise times ofnéegrated EL spectral intensity in IR as a
function of LED driving voltage (top x-axis) andeticorresponding current taken from the DC |-Vs
(bottom x-axis). Measurement uncertainty is smattem the symbol sizes. The’Eexcitation
cross-section value estimated from the data is 250" cnt. The lines are fitted functions with
a constant value of the decay time of 1.2 ms anekaitation cross-section value of 5.9%t@nt.

For lower driving voltages, the 1.54m EL rise time exceeds (1.20 = 0.02) ms,
which is equal to the EL decay time. We also nbtt the EL decay time is similar to the
measured 1.54m photoluminescence (PL) lifetime of (1.31 + 0.0%. We measured an
excitation cross-section value which is larger tihha known value of direct impact
excitation of E¥" in Si0,, (6 + 2) x 10" cn¥ [89], and which is close to the indirecEr
excitation cross-section value for*Ercoupled to the Si-NCs. It is noteworthy that the
decrease in the decay lifetime only moderately actfor the decrease in E.Q.E. shown
in Figure 4.17. Saturation of optically active’Econcentration might account for the rest
of this decrease. Summarizing, the results of tkedXcitation presented in this section
suggest that the electrical current is due to mlactunneling mediated by Si-NCs in the
Si-NCs LED and E¥-related defects in the Si-NCs:Er LED. They alsovstthat EF* is
primarily excited by impact of high energy electsoiihe impact of holes is believed to be
small because of a negligible hole current duéhélarger valence band offset of Si and

Si-NCs than the conduction band offset [90].
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4.3.2 Bipolar pulsed excitation

Figure 4.19 shows the spectrally integrated ELnsity at 770 nm and 1.54m as
a function of the driving frequency, f, for a bipolpulsed excitation scheme. Here the
LEDs are driven by varying the bias periodicallydarapidly (within 400 ns) from
forward to reverse and from reverse to forward vaitaquare waveform at a frequency f.
At low driving frequencies, f << 1 kHz, the EL intgty at 1.54 pum (bottom panel in
Figure 4.20) decreases a little with the frequesoe high driving voltages and increases
for low driving voltages, being much weaker for fogv bias. As the driving frequency
approaches 800 Hz, which corresponds to the invefrder®" emission lifetime, the EL
intensity decreases (increases) for high (low).dras frequency range f >> 1 kHz, which
we name a moderate frequency range, it changesstightly for both the high and low
bias. This behavior is accompanied by an increéleegpeak EL intensity at 770 nm (see
Figure 4.19, top panel; high bias). It should béedothat the onset frequency of this
increase is around 800 Hz unlike the undoped Si-MEB where the EL starts to
significantly increase above 10 kHz. The EL ded#stime of Si-NCs is around 5 us
(measured by both PL and EL), which corresponds frequency of 200 kHz. These high
frequencies are not available with our instrumesatghat the lifetime of Si-NCs does not

limit the EL intensity in the studied frequency gan
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Figure 4.19(top) Peak EL intensity at 770 nm as a function of @pglulse driving frequency
with a fixed RMS voltage of 35 V for both Si-NCsda8i-NCs:Er LEDs(bottom) Integrated EL
spectral intensity in a wavelength range bracge1.54 pm as a function of bipolar-pulse
driving frequency at a fixed RMS voltage of&%d 35 V for the Si-NCs:Er LEDs. The meaning
of the different symbols is stated in the figurgded.
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Figure 4.20. The electroluminescence spectra aflQ0, 1k, 10k, and 50 kHz for the Si-NCs:Er
LEDs shown in Figure 4.19. The ascending frequemdegr is indicated by the red arrows.

The frequency dependence of the EL intensity iecefd in evident changes of the
Si-NCs:Er LED spectral characteristics, which aneven in Figure 4.20. The multiple
excited Ef* states emission peaks weaken and the peaks at6680),and 850 nm
disappear at the moderate frequencies. The Si-M@ss®n peak emerges. We attribute
these changes to a change in the dominant excitatiechanism of Ef ions: from
electron impact to the energy transfer between Gé-Mnd EYf" ions. Under the pulsed
excitation scheme, sequential injection of eledrand holes into Si-NCs takes place at
the bias transitions. More efficient injection in8-NCs at high injection frequencies
provides additional indirect Er excitation by means of the energy transfer athias
transitions. This explains an increase of thé" Emission at 1.54 um with injection
frequency at low voltages (no emission by impadote that in these samples only ~1% of
the total E¥* population is coupled to the Si-NCs, which wasaot#d using optical
excitation. Therefore, it is this 1% of Eiions which shows an increased excitation due to
a better energy transfer from the Si-NCs. If tHedtion frequency is smaller than the’Er
emission rate of about 800 Hz, both Si-NCs arnt! &re in relaxed states and follow the
frequency. If the excitation frequency is highearththe Ef* emission rate (while still
smaller than the Si-NC emission rate of 200 kHzJ! Etays in an excited state and further

excitation is limited by non-radiative processes.
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The fact that the energy transfer between Si-NGsEarions becomes a dominant
Er* excitation mechanism at the moderate frequencyerds further supported by the
voltage dependence of EL intensity at 1.54 pum shawrFigure 4.21. The voltage
dependence is stronger for low than for modergeziion frequencies. It is important that
the EL signal in the moderate frequency range senked at lower driving voltages than in
DC or low frequency excitation, namely the onseEbfwas measured at around 18\¥¢
(see Figure 4.21). Beyond this value, the chargpping in the oxide arrests EL. The
energy transfer remains the main excitation mesnarof EFf* up to about 36 Mys at
moderate frequencies. This is supported by the felctsa shown in the bottom panel of
Figure 4.21. There are no *Erelated peaks at wavelengths below 980 nm at tw-t
moderate voltages, while an®Epeak centered at around 550 nm is observed aiz@8 V
At high voltages, for example around 3w, and moderate frequencies, the EL emission
is dominated by impact excitation. Table 4.3 summpearthe obtained results in a broad
range of excitation frequencies and voltages imseof a dominant excitation mechanism

of Er*-ions under electrical pumping.
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Figure 4.21. EL intensity at 1.54 pm as a funced®RMS voltage under bipolar pulsed electrical
excitation for two driving frequencies of 10 Hz @smes) and 10 kHz (circles). The low panels
show EL spectra at 34, 36, and 38, at 10 kHz. Notice an appearance of th&€ Emission band
at 550 nm at 38 V. The lowest red line at the righthe EL spectrum for 30gys at 10 Hz. No
light emission was detected in the visible regibBGVkrus and 10 Hz.
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Low frequency, | Moderate frequency,
f<~1kHz 1 kHz << f <200 kHz
Low voltages, U < 25V N/A Transfer
Moderate voltages,
25\ < U< 36V Transfer and Impagt Transfer
High voltages, U > 36 V Impact Impact

Table 4.3. Ef' excitation mechanisms. Low frequency stands fouirdy frequencies lower than
the Er emission rate, moderate frequency — freqasinigher than the Er emission rate, but lower
than the EL decay rate of the Si-NCs.

In conclusions, energy transfer between the Si-Bi@kthe erbium ions becomes
a dominant excitation mechanism of Eions in a moderate-to-high frequency range of
square waveform electrical excitation, at whichusagial injection of electron and holes
takes place. This allows driving the Si-NCs:Er LEAssignificantly lower voltages and
using small duty cycles. When bipolar charge ingectis achieved in DC, the Er

excitation will be via the energy transfer as ia thminescence processes.
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4.4 Conclusions

Erbium doped silicon nanocrystals based light engttdevices have been
designed and fabricated at the CEA-LETI, in Greaolllhe most important results
obtained in the characterization of different sanphktches can be summarized as
following:

% Both single layer and multilayer structures of SINEr are used as the active
light emitting material. The multilayers have alledv increasing the power
efficiency roughly by 1.5 times with respect to gegle layer devices;

& Optimized Si-NCs:Er LEDs have 0.5% of external duam efficiency at low
current densities and show a hundred microwattsgeare centimeter of optical
power density at the wavelength of 15%;

& Both direct and alternating current excitation sohe of the Si-NCs:Er LEDs
have been studied. We have found that tH& iBns are excited mainly by impact
of high energy electrons under direct current exiah. However, a change in
Er* excitation mechanism is observed under a pulseiation when sequential
injection of electrons and holes into the Si-NGeetaplace. This change, which is
due to the coupling between Si-NCs andl Eans, allows us to drive the Er-doped
Si-NCs LEDs with significantly lower voltages themDC;

& The optimized active material of Er-doped Si-NCa iswltilayer structure with 2
nm of silicon dioxide and 3 nm of SRO. This actimaterial has to be used in

erbium doped silicon nanocrystals based opticalna®r structures.
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Chapter 5

Erbium Doped Silicon Nanocrystals Optical
Cavities

In this chapter, | will speak about erbium implahtslicon rich silicon oxide
based optical cavities. A complete optical and teled characterization is presented,
with in evidence a comparison between a sample thghsilicon quantum dots and a
samples without it. The possibility to have optigaln and to use this device as an optical
amplifier, by means of electrical pumping, is hineestigated. At the end of the chapter,
experimental measurements or?‘Edoped ring resonator are reported and some future

perspectives which could be done in order to hgtea gain in such devices.

5.1 The mask layout

A new mask layout, different from the one preserntethe previous chapter, has been
designed and it is shown in Figure 5.1. The diiv&ded into three different regions. One
region is dedicated to the ring resonator strustu2& different structures are present and
they are the combinations of three waveguide wijdtinee ring radius per waveguide
width and three coupling distances per ring radAusother region is dedicated to the
Fabry-Perot cavities. Six different structures present and they are divided in three
different waveguide widths and two cavity lengthr paveguide width. The third region
is dedicated to the test structures. In that regeolbium doped silicon nanocrystals based
slot waveguides of different widths and lengths present in order to estimate the
waveguide propagation losses. Structures compogeal deries of bend with different

waveguide widths and radii are used to estimatdémel losses. Several other structures
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are dedicated to the electrical tests in ordev&uate the contact resistivity in the lateral

and longitudinal directions.

Figure 5.1. Die layout of the new designed mask.

Figure 5.2 shows a picture of a zoom on the diffedées on a fabricated wafer, in which
we can see the three different regions reportedrbeh the design and here effectively
fabricated. In the first section, | will presenetresults on the slot waveguides, while in
the second one the characterization of the ringne®r. Every section will be divided in
design, simulation and experimental characteripatith the description of the used

setups.

Figure 5.2. Photograph of a zoom on the differées dn a fabricated wafer.
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5.2 Si-NCs:Er slot waveguides: Design and Fabridain

In this section, | will describe the design, thesiation and the active material
splitting chosen. Moreover, the fabricated sampled the experimental setup will be
reported. The novelty of the experimental setuphis convergence of photonics and
electronics within a single chip, with the two peslfor the electrical contacts and the two
infrared tapered fibers for the optical signald, adapted in a standard commercial

electronics probe station.
5.2.1 Sample layout: design and simulation

The slot waveguide scheme has been demonstratecathaffer the possibility of
electrical injection and can increase the lightfowmment in the gain region [91]. This
waveguide configuration enables to concentratege lraction of the guided mode into a
thin low index material layer (slot) sandwichedvietn two high-index strips. In our
case, the slot waveguides are formed by two thiddos layers separated by a thin (~ 50
nm) erbium doped silicon rich silicon oxide layehere most of the optical mode can be
confined. There are two possible slot orientatidingt could be considered for the
realization of a slot waveguide based amplifiertical and horizontal [92] [93]. In the
vertical configuration, significant optical lossesy be induced by slot wall roughness
[94]. Although significant progresses have been enadcently [95], multi-layered
material deposition on side walls remains a rathatlenging task even by the conformal
growth [94]. On the contrary, horizontal slofEdoped SRO structures, which might also
consist of alternating layers of SRO and §i@re easier to deposit and process [96].
Therefore, we opt for a horizontal slot configuoati In this configuration, field
enhancement effects due to the slot waveguide gepraee observed for transverse
magnetic TM polarization only. While very precisentrol of device dimensions can be
achieved by using electron beam lithography, optidhography is preferred for
industrial applications and mass production. Unifioately, electrically driven devices
have a very complex design, involving multiple digmaphic patterning steps [97]. Thus,
special attention has to be paid in order to relptical alignment constrains between
different mask levels. Another relevant issue ie thoice of the slot wall material.
Polycrystalline silicon (polysilicon) or amorphosgicon can be used [98]; polysilicon
being better suited for electrical-injection dewahie to a better electrical mobility. This

motivates our choice of a polycrystalline silicarptcladding. Low optical losses in
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polysilicon can be achieved by long high temperatannealing in the presence of
hydrogen [98]. However, this may be impractical iasnay interfere with optimum
thermal budget for Bf doped SRO films and causes dopant out-diffusidrer&fore, to
reduce the optical losses it is more conveniemitomize the fraction of the light guided
in the polycrystalline part, while still maintaigna high fraction of field in the slot
region. This can be achieved by an asymmetric gagnoé the slot waveguide (see
Figure 5.3.a). The asymmetric geometry still alldasa large field fraction in the slot
region while minimizing the field in the polysilioctop cladding layer (see Figure 5.3.b
and Figure 5.3.c). The slab character of the pgstatline silicon top cladding allows for
extremely easy lithographic patterning of electeodmce the top polysilicon width does
not influence critically the optical waveguiding the TM polarization.The structure
optimization (layer thicknesses) has been performigial a commercially available fully
vectorial mode solver based on film mode matchikgN) method (FIMWAVE, Photon
Design). The structure optimization and the optioade simulations have been done by
Nikola Prtljaga. The whole structure is definedommmercially available SOI wafer with
a 220 nm thick silicon layer on the top of a bursedde (2 pm thick).

The active material thickness in the slot was fit@80 nm, an optimum value for
a slot waveguide amplifier [99], [79] and a maximuaiue for which efficient electrical
injection in multilayer samples has been demoretr§68], [100]. In his work, Miller
reports a maximum Er modal gain of 2 dB/cm in a slot waveguide with ri@ thick
active material [79]. The waveguide width of 1uns lieeen chosen in order to increase
the active material volume. For this width the famental TM mode displays high
confinement in the slot region (see Figure 5.3amiije the higher order modes exhibits
high radiative losses and, practically, do not dgbote to light propagation. The
thicknesses of the top cladding and bottom eleespdavhich form side slabs named
wings in the following, have been chosen in order naintain good electrical
conductivity while still inhibiting the mode lealgntowards the wings (see Figure 5.3.a
and Figure 5.3.b). Moreover, as the optical fietesl not penetrate in wings, doping can
be increased providing good electrical contactditahally, the slot parameters chosen
for the fabrication are quite robust with respect fabrication induced variations,
including the changes of active material thicknessefractive index (different silicon
excess, thermal treatments, see Figure 5.4).
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Figure 5.3.(a) Schematic of the asymmetric slot waveguide foctelal injection. C.F. stands
for confinement factor which gives the fractiontbé optical electric field in the indicated area.
(b) Intensity profile of the fundamental TM modé) Vertical electric field profile of the
fundamental optical TM mode.
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Figure 5.4. Confinement factor (black full symbaods)d power fraction (red empty symbols) of
the fundamental TM mode in the slot region (circlasd polysilicon top cladding (squares) as a
function of (a) active material thickness arfd) active material refractive index. Vertical blue
dotted line indicates nominal parameters. Red dhsfeare indicates the range of parameters for
which fundamental TM mode experiences additiondiatave losses due to “leaking” towards the
waveguides “wings”.
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5.2.2 Sample layout: devices fabrication and expemental setup

The waveguides have been fabricated on SOI wafees 200 mm CMOS pilot
line of the CEA, Léti. The schematics of the typipeocess flow are reported in Figure
5.5. Commercially available SOI wafers with 220 aflightly doped p-type Silicon (Si)
layer on a 24m-thick buried oxide (BOX) were used for device mf@cturing. The
device layer was implanted with boron to form a amnmiration gradient, with high
concentration near the BOX and light doping in pheximity of the surface (fGcnt).
The active layer with a thickness of 50 nm was gr@n Si (see Figure 5.5.a). It consists
either of stoichiometric or non-stoichiometric i&an rich) oxide. Stoichiometric silicon
oxide was an high temperature oxide (HTO) and vezslas a reference sample. Silicon
rich silicon oxide (SRO) was deposited by low puesschemical vapor deposition
(LPCVD) in a multilayer sequence. A layer of 2 nfrsiticon dioxide and a layer of 3 nm
of SRO, with a nominal silicon content excess d¥2Were repeated ten times. The gases
used are BD and silane, only the ratio changes for the,&ifd the SRO layers. For the
SRO step, the time is 16 minutes and 30 s, withtia between the XD and the Sild
equal to 200/40 sccm, while for the oxide step tihee is 26 minutes and the ratio
between the gases 960/40 sccm.

A measured overall silicon content excess in theksbf 8.7% was determines-
situ by the x-ray photoelectron spectroscopy (XPS). dtteve layers were then annealed
at 900 °C for 1 hour. This thermal treatment prasdhe phase separation and the silicon
nanocluster formation in SRO active layer. TEM gsigl shows a loss of layering in the
annealed film. Erbium was finally introduced by iiomplantation with a dose of lcn?
and energy of 20 keV. A peak’Erconcentration 0£3.5x13%cm’in the centre of the
active layer was determined by the secondary iossnspectrometry (SIMS). Erbium
clustering was also observed. The waveguide has thened by etching 90 nm of the
silicon layer on the BOX (see Figure 5.5.b). Theveguide formation is followed by
boron implantation into the areas outside the sdgion (“wings”) and silicon dioxide
deposition (see Figure 5.5.c). The post-implantaéionealing is performed at 800 °C for
6 hours in order to activate both the"Hons and the boron implant. Afterwards, the hard
mask on the top of the waveguide surface is remawed chemical-mechanical
polishing/planarization (CMP) steps (see Figured).5An undoped top polycrystalline
silicon layer 116-nm thick is deposited by LPCVD620 °C (see Figure 5.5.e). The top

polysilicon layer is doped outside the slot aren@s) with phosphorus to an electron
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concentration of 1¥/cm®. A CMOS compatible Ti/TiN/AICu metal stack is uséat

contacts (see Figure 5.5.f). Figure 5.6.a showdapeut of the fabricated waveguides.
The real thickness of the active layer<isf0 nm. To couple the light in and out, the
waveguides are ended with an adiabatic taper agrdtang coupler. The SEM images of
cross section of the fabricated waveguide showttietnitial design is reproduced in the

fabrication.

(b}

M— W=

(e ks
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Figure 5.5. Schematic overview of the processimpsstfor the realization of the ¥rdoped
electrically driven asymmetric horizontal slot wguéde. (a) Deposition on the lightly boron
doped SOI wafer (light blue — BOX, green — silidager) of the active layer (red - £rdoped
SRO or silica){b) Waveguide definition by a partial 90 nm etch of silicon layer on the BOX
(the blue layer is a mask laye(%) — The bottom electrode in the wings are implant@t boron
while the mask layer protect the waveguide core;inole structure is then covered with an
oxide; (d) — Excess silica and hard mask (blue) are remoneal CMP (chemical mechanical
polishing) step(e)— The top polycrystalline silicon cladding is dsjted and defined yielding the
slot waveguide[f) — Vias openings and metal deposition define theahwontacts (black), for
electrical injection in the slot waveguide.

Metallic contacts
Grating coupler Grating coupler
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Figure 5.6.(a) Top view optical image of the waveguides. Note tad" was implanted only in
the region covered by the metal line (label actiggion). (b) SEM image of the fabricated
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waveguide cross-section. Dark and light regionsrespond to silicon oxide and silicon
respectively.
In the following sections, the waveguides contairtine layer with the Bf ions in

silica will be labeled as Er:SgQwhile the ones with the silicon nanocrystals viié
labeled as Er:Si-NCs. Table 5.1 reports a summéthe devices under study, with in

evidence the fabrication parameters. The digitarcent is the silicon excess content.

PO1 — Er:Si-NCs| P02 — Er:SiO,
LPCVD Multilayer X
((2 nm 0% + 3 nm 20%) x 10) + 2 nm 0%
Thermal oxide (50 nm) X
Annealing at 900°C for one hour X X
Er implantation X X
Post-annealing at 800°C for six hours X X

Table 5.1 Fabrication details and summary of thécgs under study.

The realized structures have been experimentallyacherized, both electrically
and optically. The whole setup has been built onommercial probe station (Suss
MicroTec PM8), where both optical and electricablprs have been used. The optical
probes have been realized by using single modeddfiders facing the gratings with the
optimized input angle, which is equal to 25° wigspect to the normal (spot diameter of
2.5 £ 0.3 um at a working distance of 14 + 2 um)hftograph of the probes during a
measurement is shown in Figure 5.7.

The electrical analysis has been performed usisgnaconductor device analyzer
(Agilent B1500A). The connections to the device aehieved via triaxial cables,
terminated with a sharp probe tip contacts. Optitearacterization has been done using
two different infrared tunable lasers (NetTest TSnBT or Santec TSL-210F). The
transmitted signal is analyzed with an optical spec analyzer (OSA Anritsu
MS9710B). To measure electroluminescence, a photamting module (ldQuantique
1d201) is used. As a vision system for alignmentppses, an infrared camera mounted

on a microscope has been used.
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Tapered fiber

Figure 5.7. Details of the experimental setup. phetograph shows a zoom on the measurement
region, with the two probes for the electrical @mi$ and the two infrared tapered fibers for the
optical signals.

5.3 Electrical and optical characterization

5.3.1 Electrical characterization

Current-Voltage (I-V) characteristics show a regtif behavior with a larger
conductivity in the Er:Si-NCs waveguides. In fordabias, the silicon nanoclusters
enhance the electrical conductivity, leading tohkigcurrents for the same voltage bias
On the other hand, these high currents lead tavableakdown voltage. In fact, while for
the Er:Si-NCs waveguides the maximum voltage isiaao40 V, for the Er:Si@devices
higher voltage (up to 48 V) can be applied withiorgaking the device. Similar behaviors
have been already observed in light emitting diogéh the same active material, and
discussed in the previous chapter.

Figure 5.8.a shows the J (E) characteristics ufm®rard bias of the active slot
waveguides for the two slot active materials stddforward bias means here that a DC
negative voltage has been applied to the n-typediopp electrode. This yields electron
injection at the top electrode and hole accumutatibthe lower interface. We will not
give here details on inversion (reverse bias) dtaretics as the currents involved are
orders of magnitude lower (rectification) and thight emission is very poor. As
demonstrated in earlier test capacitors of a smyfae driven into accumulation, the hole
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transport through the slot can be ruled out duthéolarge energy offsets between

valence bands of silicon and those of , or SRO, which g between 4.0 and.7 eV.
Instead, the band offset for electrons is betweé and3.1 eV (depending othe silicon
excess precipitation). Nevertheless, one expedasri@in degree of hole injection a
trapping at the lower interface (seen as displient current) as demonsied in pulse

programming of Si-N€ memorie.
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Figure 5.8(a) Current density versus applied electric field JEaracteristics for the Er-NCs
device (solid line) and the Er:S; device (dotted line) up to device breakdc Horizontal lines
mark the onset of electroluminescence for the tewviads. Inset, the Fow-Nordheim plot fol
the Er:SiQ device.(b) Resistivity values of e top electrode for the Er:8Ii€s device (empty
squares) and the Er:SiO2 device (filled dos a function of the injected current density. Tihe
shows the fit of the data with the thermionic emsissmodel. Inset, J(E) characteristic for
bottom electrode(c) Comparison between the emitted EL spectrum colie@tem the active
waveguide sdace (straight line) and from the output gratinger (dotted lines

The devices were biased up to device breakithat was usually between 11 ¢
12 MV/cm, value which is compatible with a high 4ty silica layer grown on silico
[101]. The voltage sweeping step was fixed at 10mV/s whglsmall enough fc
achieving quasi-static V) curves by allowing trap charging/discharging ag-
equilibrium at each step (as seen from the pulsgdrigation dynamics of the syst).

The horizontal lines in the figur5.8.arepresent the current density threshold for
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emission (red for the Er:Spalevice and black for the Er:Si-NCs device). Speiify,
the threshold field for light emission was aroun® 61V/cm for both samples and
threshold currents were 64 mA/Erfor the Er:Si-NCs device and 26 mA/tior the
Er:SiO, device. These values of threshold field correlaitn the onset of the Fowler-
Nordheim tunneling current, which starts to domgnat around 6 MV/cm. This fact is
well in agreement with what reported in the intrciion, i.e. see Figure 1.19. We can
consider this threshold as a profound modificabbthe transport properties of electrons
through the layer: i) For voltages below this thidd the current is bulk limited and
proceeds by hopping between trap states (eith@etwr Poole-Frenkel type as deduced
from fittings not shown) for which carriers remaiold and do not gain enough energy to
excite EP* ions and ii) For voltages above this thresholdeleetrons are injected into the
conduction band of SiDor SRO and are accelerated by the strong elefodtat up to
average final energies between 3.0-4.5 eV for didddtween 6-11 MV/cm, as shown by
DiMaria et al. from Montecarlo simulations [101]. Accelerated atlens have thus
enough energy to impact and excité'Hons to the first excited level (0.8 eV-1550 nm)
and even to upper levels (1.27 eV-980 nm, 1.46 B¥48m,...- for details see the*Er
transitions in Figure 4.8); the EL spectroscopyhef upper levels of Ef (up to 2.54 eV-
488 nm emission) can be nicely seen in the emisgp@ctra of MOSLED capacitors, as
shown in the previous chapter. As said before, abthe EL threshold, the (V)
characteristics are well within the Fowler-Nordhdimnelling dependence (see the inset
of Figure 5.8.a). The Fowler-Nordheim formula ist meported here, because it was
already presented in the previous chapters. Affihe experimental data can be done
using that expression. The fit to the data yield®fective barrier height of 180.4 eV
(1.1 £ 0.3 eV) for the Er:Si@(Er:Si-NCs) layer. These values are consideratlyel
than the ones reported in the MOS capacitors (gped-4.13), which we believe it is due
to the presence of the lightly doped top polysiico the slot waveguide region as we
will demonstrate here in the following. The injetteurrent in the active layer is in fact
preceded by the conduction mechanisms taking plabén the upper lightly doped (high
resistivity) polysilicon layer. These mechanismsravéurther validated by measuring
additional test devices, where two metal stripeseve®ntacted to the two side-wings of
the top electrode. The results are showing a cudensity dependent resistivity - from
10° QBm (at 1IMV/cm) down to 1®2@m (at 11.5MV/cm), as seen in the figure 5.8.b.

Therefore the dominant conduction mechanism thrabgHightly doped polysilicon was
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thermionic emission over the potential barriershat grain boundaries (grain boundary
carrier trapping mechanism) [102]. In this case, ékpression for the current densiiy (

is:

J :2A*T2exp(_q¢bjsinh v 3
KT 2KT L
whereA’ is Richardson’s constangy is the potential barrier height at the grain bamd
KT is the thermal energy, is the length of the polysilicon layeg) is the mean grain size
andV the total applied voltage. From this equation,rdsastivity can be obtained:
(%)
Vv \Y KT
p =

LJ: ‘LT?
ALY ol 2 02

2KT L

A good fit to the experimental data is obtainedhwda potential barrier height of
(0.43t0.05) eV and a mean grain size of£2b5nm (green line in Figure 5.8.b). Note that
these values agree with previous reports on similaterial[103]. On the contrary, the
bottom electrode showed an ohmic behaviour (sest ofsFigure 5.8.b) with a resistivity
of 14 mQ[dm. As a result, the low barrier height found at the electrode-active layer
interface can be explained by assuming that injeetectrons already face the electrode-
active layer interface with energies above the ootidn band (warm electrons) as a
consequence of the thermionic transport and aatelardue to the voltage drop within
the lightly doped polysilicon electrode. Figure .6.8hows instead the normalized®Er
spectra collected either at the active waveguidéase (straight line) or at the output
grating coupler (dotted line) for a bias of 10 M/cThe typical Ef emission spectrum
is observed. Ef is excited mainly by impact excitation due to Highly energetic carrier
after acceleration in the Si@r SRO. Note a shift of about 10 nm and a diffetare
shape between the two spectra. Since this shiftimadhape difference are not observed
when EL is collected from a cleaved facet of thievaovaveguide, they are thought to be
due to the filtering action of the output gratingedo some unavoidable random errors in
its fabrication [104].

A more detailed analysis and study of the opticabpprties and the

electroluminescence signal is presented in theviollg sections.
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5.3.2 Optical characterization

e Grating couplers

The light is coupled in and out from the erbium edsilicon slot waveguides by
using gratings. The distance between the gratinfjtha active part (i.e. the one’Er
doped) waveguide is 0.8 mm. Figure 5.9 shows theulaof these structure from the top
view. Firstly, | characterized the input gratin@is study has been performed by using
only one grating and collecting the light directhpm the output facet of a cleaved
waveguide. The gratings were designed to coupleniy TM light which is the one
where the field enhancement in the slot regiorcisesved. The grating coupler pitch and
depth are 810, and 166 nm, respectively. Indeed only the TM polaridigght was
transmitted and no light could be detected when pgbkrization was rotated by 90
degrees. Then, a laser light was scanned in therrégtween 1500 nm and 1600 nm and
the incident angle is varied to look for optimunupbng efficiency. Figure 5.10 shows
the transmitted intensity at a fixed wavelengthl580 nm as a function of the incident
angle (with respect to the normal). The optimumplimg angle is 25° at which a
coupling efficiency of -(24 + 2) dB is achieved.aBaing the signal wavelength at this
angle the transmission spectrum reported in Fi§ut@.b is obtained. It has to be noticed
that changing the coupling angle the peak of taesmitted spectrum shifts as expected
[105].

Grating coupler o Grating coupler
/ LNG_1BBB_UH _ Actveregion P77 HiG_1_UK \
‘ L
Tapered waveguide —Q Tapered waveguide

Metallic contacts

Figure 5.9. Layout of the test structure, whichludes the two grating couplers, the adiabatic
tapers, and the active waveguides (central purgaig.pgn evidence also the two metallic contacts,
which will provide the electrical current to theige area of the device.

* Propagation losses

Propagation losses have been evaluated by usingguales with different lengths
(2-3 mm). The propagation losses are (40 + 5) dBierthe region between 1500 and

1600 nm for both waveguide types. No wavelengtheddpnce is observed.
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Figure 5.10. Transmitted intensity in a 1 mm longveguide as a function of the incident angle
(a) and as a function of the wavelendgi).

Therefore, the Ef absorption losses — estimated to 3 dB/cm at 134(106] — are
masked by scattering losses due to processing tdef@ainly associated to the CMP
process. This is inferred since a significant wamaof the propagation losses from die to
die on the same wafer has been observed, withuitions in excess of + 20 dB. The
random variations in the waveguide thickness duthéoimprecise CMP could lead to
mode leaking towards the heavily doped wings, antsequently to combined effect of
radiative and free carrier absorption losses. Ehiglanation is confirmed by a simple
estimation with the values of the free carrier @apgon in silicon reported in literature
[107]. It is moreover worth mentioning that the tseang/absorption losses in polysilicon
top cladding are probably contributing as well,pitesthe asymmetrical design of the slot
waveguides. From similar measurements performetherwaveguide P02, comparable
values of propagation losses have been found.r€Bigdt leads to the conclusion that the
losses are mainly due to the waveguide itself,ratdo the active layer.

* Electroluminescence

An electro-optical characterization has been pserét by monitoring the
electroluminescence (EL) as a function of the aapbiasing voltage. The stronger EL is
observed in the devices without the nanoclusteas tim the device with the silicon
nanoclusters for the same applied voltage. In Eidoll.a, the electroluminescence

spectrum when the emission is collected by plaand@ber directly on top of the
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waveguide is reported. This EL spectrum evidencaswe excite the Efions by impact
excitation caused by hot carrier injection. In Fey8b is reported the EL collected by a
tapered fiber from the output grating as a funcoéithe applied voltage for the Er:SiO
waveguides. This shows that light is guided in dogve part of the device and emitted
from the grating. The voltage range, where the Igbha can be detected, is very small
(only 10 V — see Figure 5.11.b) and peaked at hgtages. The optical power density
collected is in the range of tens p¥V/cn?, increases linearly with the electric field
applied and superlinearly with the injected currelmterestingly, the light intensity does
not depend appreciably on the waveguide lengthurEi§.11.c shows this dependence for
both the Er:SINCs and the Er:Si@aveguides at a fixed applied voltage, respectioél
40 V and 44 V. These data indicate that the cabb@&mission is coming from a region
close to the grating independently on the wavegledgth due to the high propagation

losses.
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Figure 5.11.(a) EL spectra for a voltage of 44 V, collected frohe ttop of the Er:Si®
waveguide.(b) EL signal as a function of the applied voltage tbe 1 mm long Er:Si©
waveguide. Signal is collected at the grating outf@) EL as a function of the waveguide length
for the two different devices at a fixed appliedtage of 40 V and 44 V, respectively. The optical
signal is collected at the grating output.
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*  Pump-probe experiment

Finally, | tested the transmission of a probe diggsga function of the applied
voltage. This experiment is similar to a typicahpguprobe experiment, but the novelty of
this approach is that the probing signal remairgs dptical one, while the pumping is
electrical. This experiment could give insightstbe suitability of this approach for an
on-chip optical amplifier. Figure 5.12 shows on thp scheme of the experiment with the
definition of the parametergdbe and I yump-probe@nd, on the bottom, the plot of ratio
between the transmitted signal at an applied biaerdus the transmitted signal for U = 0
V — this quantity is usually named signal enhanaggn(®E) — as a function of the applied
bias voltage. The reported data are for a signakleagth of 1550 nm and for the Er:Si-
NCs waveguides. We observed that the SE decreasescdreased bias voltage. No
dependence on the signal wavelength is observed/Neoattribute this effect to charge
accumulation in the Si-NCs [108] or defects in ¢tixede and to the free carrier absorption
(FCA) phenomenon, caused by the injected currenihénsilicon slot waveguide. The
losses are higher in forward bias (negative volagaied to the gate) than in the reverse
one, because the injected electron current is higbe. Very interestingly, in the Er:S;0
waveguides the behavior of the SE is not monotdmit,at higher injection rate, in the
forward polarization regime, it starts to increa$his absorption bleaching is observed
for voltages lower than -40 V. The reasons of thisresting behavior are under further
investigations. The main point that has to be umt is that the overall loss of the
device, at the maximum electrical pumping levelpidy -6 dB, pointing out to a loss
reduction of the 2 dB with respect to the opticases at the lower levels of electrical
pumping. However, the magnitude of this enhancenerarger than the maximum
estimated enhancement value calculated from theséoni cross-section of ¥rin this
active material and the Erconcentration. This fact, together with the weplecsral
dependence of the enhancement, point out to & géferent factors (change in electrical
transport across device, heating etc.) influendimg optical losses in studied devices
under high electrical pumping. In fact, the optit@dses increase, due to the injected
current, because of absorption of the injected gdgraccumulation of carriers in the
interfaces and the refractive index change duéedrjected carriers. Assuming that the
accumulated charges change only the refractivexinfibe our doping concentration, a
change of the refractive index of the orderAof = 0.01 is expected [109]. Due to this

change, we estimate a maximum increase of the gatjoa losses of 10 dB/cm, due to
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the higher overlap of the optical mode with lossgions of the waveguide. Thus it can be
concluded that the refractive index change is fdrbbaf secondary importance with
respect to the optical losses induced by free eraabsorption and accumulation. In
conclusions, we do observe guided EL caused byssmisfrom electrically excited
erbium ions. Unfortunately, due to the high propimgaand the FCA losses, no optical
amplification has been observed. A necessary dondib develop silicon-based optical
amplifiers which exploit the Bf ions as active material is to improve significgritie
process to reduce the propagation losses.
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Figure 5.12.(top) Scheme of the pump-probe experimgbbttom) SE as a function of the
applied voltage for the two different waveguideanth long, at a fixed probing wavelength of
1550 nm.
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5.4 Infrared photoconductivity of Si-NCs in the wareguides

In this section, | will experimentally investigatiee infrared (IR) absorption and
the photocurrent generation in Er-doped Si nantetasincorporated into silicon slot
waveguides. The slot waveguides studied here arsaime reported in all the chapter and
presented in the section 5.2. The experimentapsstthe same reported in the previous
section (see Figure 5.7). The laser used for tkpem@ment is the tunable infrared Santec
TSL-210F, because of its possibility to reach &lgher wavelength, as 1.6 um.

We ascribe the observed IR photocurrent generatioithe photovoltaic effect of
Er-doped Si nanoclusters to the presence of thp dep states in Si nanoclusters, the
states through which Si nanoclusters sensitiZ&i&ns.

The Current vs. voltage;V, characteristics of the slot waveguide with Er-elbp
Si nanoclusters under dark and ju® guided light transmission are shown in Figure
5.13. The hysteresis loop observed under a voltage from +40 V to -40 V and
backwards is a result of charge trapping in the sdgion. Thel-V curve under light
transmission/illumination is collected at the manimavailable optical power of 11 mW
incident on the optical fiber grating coupleri44 uW of power coupled to the
waveguide). There is an apparent increase in dutmeder illumination. The generated
photocurrent (the difference between current unitienination and current in the dark)
increases with the applied voltage bias and theease is larger under forward bias (a
photoconductivity regime) than reverse bias coadi{la photodiode regime) of tipei-n
waveguide device. It is noteworthy that the photoent generation is a broadband effect,
which has been observed in a wavelength range @-15600 nm (see also Figure 5.14).
This broadband photoconductive effect should beedihtiated from room temperature
sub-band gap light emission/absorption in silicae tb optically active defects, which is
often observed in SOl membranes and implantedosil[@10]. We attribute the photo-

carrier generation to the presence of deep gagssitaiSi nanoclusters.
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Figure 5.13. Current-voltage characteristics of Eraloped SiQ waveguide in dark and under
1.5 um guided wave illumination (optical powerll mW) showing photoconductivity. The
hysteresis loop is observed under a voltage seaan #40 V to -40 V and backwards and is a
result of charge trapping. Voltage ramp rats 00 mV/s.
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Figure 5.14. Current-voltage characteristics ofEheloped SiQ(upper curves) and Si@bottom
curves) waveguides in dark (dotted lines) and umdmreguide illumination (solid lines) with a
wavelength of 1.¢um (optical power 3.5 mW). Voltages are scanned from + 40 V to -40he
data show the presence of the photoconductivetedtes longer wavelength than the absorption
band of Er ions. The photoconductive effect is igggle in the Er-doped stoichiometric oxide.

We have also ruled out the contributions of wavegunterface states, sub-oxide

defects due to the Er implantation, and Er up-cosiga based on the results presented in
Figure 5.14. Figure 5.14 shows the |-V charactedgsiof the same Er-doped Si

nanocluster device under transmission of @6 light. The photoconductive effect is
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observed at a wavelength longer than the Er alisarptind. Figure 5.14 also shows |-V
curves both in dark and under light transmissioaroequivalent (reference) device with
an Er-implanted stoichiometric oxide in the sldteTreference device shows much lower,
but measurable conductivity, and negligible photoent generation in the IR region (I-V

at 1.6um is shown only in Figure 5.14). These results suppur hypothesis that the

photoconductivity is due to the Si nanoclusterss lhoteworthy that we have studied an
optimized system of Er ions coupled to Si nanoeltsstHowever, we did not observe any
increase in Er up-conversion due to neither ligittamicement in the slot waveguide nor

due to sensitizing of Er absorption with Si nanetgus.
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Figure 5.15. Current-voltage characteristics of Enaloped SiOx waveguide in dark and under
1.5 pym guided wave illumination (optical powet7 mW) bracketing 0 V and showing
photovoltaic effect with an open circuit voltaged/ 290 mV. Voltage ramp rate<s10 mV/s.

The room temperatureV characteristics bracketing 0 V and showing geedrat
photovoltaic effect with an open-circuit voltayfe. = 290 mV are shown in Figure 5.15
when a light signal of photon energy (wavelengtft827 meV (1.5um) and of an optical
power of around 7 mW is used. Thig value is related to the deep gap states in the Si
guantum dots. The occupation of these states isiaea by measuring photocurrent vs.

light intensity at different bias polarities.
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Figure 5.16. The absolute value of the photocurasn& function of optical power incident on a
waveguide grating coupler for two opposite eleefritias polarities. Lines are linear regressions
through the experimental data points with the slapdicated in the figure legend.

Figure 5.16 shows the absolute value of the photentias a function of optical
power incident on a waveguide grating coupler Yoo bpposite electrical bias polarities.
The photocurrent follows a power-law dependencdigmt intensity. The power law
exponents are 0.47 and 0.85 for forward and revieia® conditions, respectively. The
exponent value is a measure of the position oFtreni level (in dark) with respect to the
sub-gap states [111], [112]. Under forward biasditions the photocurrent is controlled
by bimolecular recombination dynamics at the unpal sub-gap states lying above the
Fermi level. This results in the exponent valu®df7. Under reverse bias conditions the
photocurrent is controlled by a linear recombimatfrocess with the deep gap states
lying below the Fermi level and being populatedhwétectrons.

In conclusion, IR photoconductive and photovol&diects have been observed in
Er-doped Si-NCs incorporated in a silicon p-i-ntsi@aveguide. The effects are ascribed
to the presence of deep gap states in silicon akigeto the Si-NCs. These subgap states
contribute to the electrical conductivity of thegbbnic devices with Si nanostructures.
The room temperature open circuit voltage of thienpwaveguide device is 290 mV
under monochromatic guided wave illumination witle fphoton wavelength of 1p&m.
The light intensity exponent is found to take aueatlose to 0.5 and 1 for forward and
reverse-bias conditions, respectively. The former attributed to bimolecular
recombination, and the latter is a characteridtia kinear recombination process with the

states being populated with electrons.
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5.5 Erbium doped ring resonators

Electrically driven erbium-doped SiOx horizontabtsting-resonators coupled to
slot waveguides have been designed, fabricatedemteld. The objective was to engineer
an injection laser cavity. Despite electroluminesee has been observed, no laser
oscillations are reported due to a combination eVesal factors, which are here

discussed.
5.5.1 Design and fabrication

Electrically driven silicon slot waveguide ring oemtors coupled to slot
waveguides are designed, simulated and fabricafbd. active material of the ring
resonator is Er-doped multilayered SiOx. It habemoticed that the Erions are present
only in the cavity — the ring resonator — and mothe waveguide. In this way, it will be
possible to electrically inject currents only insidhe resonator. The samples are
fabricated by using Plasma Enhanced Chemical VBemosition (PECVD) technique.
After the deposition, all the samples are thermaldated to yield the phase separation,
the silicon precipitation and the nanocrystals fation. The annealing treatment is equal
for all the samples (900 °C for one hour). Thebjiwen is introduced in the active layer
using ion implantation with a dose of 1 x*1@toms/crh and energy equal to 20 keV.
After the implantation, the samples are additignalhnealed to recover implantation
induced defects and to activate the implanted erbions. This second annealing
treatment is performed at 800 °C for six hours. THyaut of an electrically injected ring

resonator optical cavity coupled to the slot wavegis shown in Figure 5.17.

X1.38K 23.14m

a) b)

Figure 5.17a) Photograph with a zoom on the ring resonator anthe electrical contacts.
b) SEM image of the fabricated device.
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A series of the ring resonators with various riagirand waveguide widths were

designed. A complete list of the structures is regabin Table 5.2.

WG number WG width (nm)/RR radius (nm) Coupling gap (hm)

1 WG300 / RR15 410
2 WG300/ RR15 440
3 WG300 / RR15 480
4 WG300 / RR25 475
5 WG300 / RR25 505
6 WG300 / RR25 545
7 WG300 / RR50 495
8 WG300 / RR50 525
9 WG300 / RR50 565
10 WG500 / RR15 345
11 WG500 / RR15 375
12 WG500 / RR15 415
13 WG500 / RR25 460
14 WG500 / RR25 490
15 WG500 / RR25 530
16 WG500 / RR50 365
17 WG500 / RR50 395
18 WG500 / RR50 435
19 WG1000 / RR15 200
20 WG1000/ RR15 220
21 WG1000 / RR15 240
22 WG1000 / RR25 200
23 WG1000 / RR25 220
24 WG1000 / RR25 240
25 WG1000 / RR50 200
26 WG1000 / RR50 220
27 WG1000 / RR50 240

Table 5.2. A complete list of the devices showireyveguide (WG) widths, ring resonator (RR)
radii, and coupling distances.

Figure 5.18. High-resolution cross-sectional TEMages of a ring resonator coupled to the slot
waveguide. The multilayer structure of the activ®,Snaterial deposited by PECVD is clearly
observed. The multilayer thickness is around 40 nm.
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Figure 5.18 shows high resolution cross-sectiortaMTimages of a fabricated
device. The multilayer structure of the active Si@aterial is clearly observed with the
total multilayer thickness around 40 nm. The caouplidistance between the ring
resonator and slot waveguide (see Table 5.2) hais ¥elected on the basis of our study
of the critical optical coupling between a slotgiresonator and a slot waveguide. An
example of the computed coupled intensity deperelemcthe gap distance is shown in
Figure 5.19.

—u— COUPLED
—B— TRANSMITTED

Critical coupling (a=3dB/cm)
———————— Lasing condition (o=-1dB/cm)

WG width = 300nm

100F 5 w ® o " g _ o = &
N 5
10 - " \ B
F 3
1 3 R=100um 3
r . l ; l ; l ; l ; l
100f & A, e | . b ko
F / - "
10 .
o 1 Fr =
> 1k u 4
g R=50pm
é’ T N NI S RS
gloo -, = "\=><i" - 7.f4.,,§
b - T :
1k \-\—;
| l l l R:25|,1|m 1
100fF w w-u_  m =88 B8
E i 3
E 7 Tm ]
10 3 .><.///l \l\. R=15um'§
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, >.,,,,,,,,,,,,,,,,,;
1¢ TR 3
: -
01 1 1 L 1 L 1 L 1 L 1

0O 100 200 300 400 500
Gap (nm)

Figure 5.19. Transmitted and coupled intensitytioms as a function of the gap distance for

different ring radii for a waveguide width of 30hnThe coupling factor for critical coupling and
lasing conditions are also reported (dashed lines).

5.5.2 Experimental characterization

* Optical transmission

Firstly, | have measured transmittance spectraepfcds with different active materials.
An example of the optical transmission spectra fthenring resonator coupled to the slot
waveguide is shown in Figure 5.20. The qualitydextvary significantly among different

devices and active materials. The best valuesnameange between 1.5x14nd 2.6x16
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The Q factor of the ring resonatoiith the radius of 50 um, reported in Figure 5.&
equal to (24400 £ 800Y.he measured free spectral range (FSR) dependentte aing
resonator radius (s€kable 5.) is in a good agreement with the theoretical ddpane.
We have not observed a dedence of FSR on the wavelength in a wavelengtherafi
1530-1570 nmThis fact leads to the conclusion that the erbians contribution in th
FSR is masked by the high propagation losWaveguide propagation losses estime
from the quality factorsre in a range of 2441 dB/cm for the PECVD active materi
These values agree well with the propagation loseessured in a series of s
waveguides with various lengths by the cutback negke and reported in the previo

sections.
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Figure 5.20. Tansmission spectrum of a ring resonator with tkeusaof 50 pn

Ring radius (um) FSR (nm)
15 7
25 4
50 2

Table 5.3. Rounded values of the free spectrale@df§R) measured as a function of ring r

* Electrical characterization and electroluminéscence

Current-voltage,-V, characteristics of a large series of ring resmrsahave bee
measured (see Figute2l). The |V data scatter significantly among different dewsi
which we attribute main to a nonuniform CMP processing (on this argumryou can
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also see the section 5.3.2). Some [-V curves shegtifying behavior, which is
characteristic of th@-i-n heterojunction. In bulk, device conductivity isMalue to the

low conductivity of the Er-doped SiOnaterial and undoped region of the top polysilicon
clad.
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Figure 5.21. An example of I-V characteristics damea series of ring resonators measured at
different locations on the same silicon wafer.

Electroluminescence (EL) was measured from theofofhe ring resonator (see
Figures 5.22 and 5.23). EL spectrum is charactergtEr emission. EL is observed at
high voltages only, which implies impact excitatiminthe Er ions. This is consistent with
our EL studies of LEDs and slot waveguides, regbntethe previous chapters. | were
unable to measure EL from the ring resonator caupbethe passive waveguide using
either optical fiber grating couplers or bare wavdg facets because EL intensity is
beyond our measurement capacities. This is duarg¢e Igrating coupler losses, coupling
and propagation losses, and small light emissiea/aolume. For example, the largest

ring resonator area is an order of magnitude smiddéa the luminescent waveguide area.
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Figure 5.22. Normalized EL spectrum of a ring regonmeasured at the applied bias of 50 V.
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Figure 5.23. EL intensity at 1.54m as a function of injected current collected stamgously
with the I-V characteristic shown in the inset. Thle is observed at high voltages only, which
implies impact excitation of the Erions. The optical power collected is in the ordétens of
pW.

* Transmission under electrical injection

The transmittance spectra of quir wide slot ring resonator with the radius of 50
pm coupled to the slot waveguide are shown in Figugd. The transmitted intensity
decreases with increasing bias, which might beilzsdtrto a combination of several
factors: increased losses in the slot waveguide mmgl resonator due to electron
injection, a change in the coupling due to the dempefractive index change, and to an
experimental temporal drift of detector readingbe Tquality factor of the resonances
decreases by 25% due to electron injection intestbeof the ring resonator (see Figure
5.25). Electron injection increases carrier absonpiosses and lead to the decrease of the
quality factor. A systematic blueshift of the reanoes has been observed (cf. Fig. 5.25
and Fig. 5.26). This blueshift is due to the reikecindex change because of electron
injection and charge trapping in the ring slot. Tiheeshift dependence as a function on
the voltage bias is reported in Figure 5.26: theeshift itself is due to the carrier effect
and that the thermal effects are insignificdmts result agrees with what we have found

for the slot waveguides with the same active malteri
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Figure 5.24. Transmittance spectra at zero and #a¥ of a Jlam wide slot ring resonator with
the radius of 5Qum coupled to the slot waveguide.

I T I
& s Al Ba N TR, B A A
(7) A h ‘i F [ \ _{J ;
2 Vi L/}
€ o9l 1] LI
= 1 /]
g Vi -
8 0.8 |- I ' Vl ; i
S ) o
E 07F \I —=— 0V \I i
S I 40V i
Z | I
| j
0.6 - - ! . |
1535 1536 1537

Wavelength (nm)

Figure 5.25. Normalized transmission spectra ag/sho the previous Figure.

136

——
| —



O _° T T T T T T T T_]
5L A ly=oy = 1539.871 nm ]

-10

-15

20 | i

Blueshift (pm)

35 | i

_40 I | L | L | L | L |
0 10 20 30 40

Voltage (V)

Figure 5.26. A square root dependence of the bifteshapplied bias.

5.5.3 Grounds for the lack of the active functions

We have not observed active functions in our erbilamed ring resonators due to
a combination of several factors, which can be sanmed as follows:
- High propagation losses in the slot waveguides.
- Low conductivity of the active Er-doped SiOwhich results in charge
accumulation in the slot region and an enhancedrptisn and losses
- Erbium clustering due to high concentration intfiddle of the active layer.
- Nonuniform fabrication process, mainly due to th&FC step and thermal

oxidation of the top silicon layers of multilayer8dd.
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5.6 Conclusions

In this chapter, | reported on the development,fateication, and the testing of
Er**-doped silicon based optical cavities.

Electrically driven slot waveguide amplifiers haween designed and fabricated. |
built different set-ups for the waveguides chanazé#ion which allows us to test the
structure both optically and electrically withoutidg the wafers. Probe stations have
been upgraded to include on-wafer electro-opticalasaurements. Optical tests are
performed and high propagation losses are fourdllithe samples. This results lead to
the conclusion that the losses are mainly duedoawéiveguide itself, and not to the active
layer. Electrical tests and opto-electrical meas@r@s show that it is possible to have
electroluminescence light and that the losses asar@vhen an injected current is flowing
into these devices. The electroluminescence signakinly due to the impact excitation
of the erbium ions, while, on the contrary, thensigattenuation is due to the free-carrier
absorption and charge accumulation. At high vokages observed absorption bleaching,
which can be optimistically interpreted as duehe positive role played by stimulated
emission in the Ef ions.

Moreover, electricallydriven erbium doped horizontal slot ring-resonsitooupled
to the slot waveguides have been designed, fabdcand tested for the first time. The
Er* electroluminescence from the top of the ring resonis observed, but the emission
is very low and the propagation losses are verijr.n@ptical ring resonators show good
qguality factors, but device fabrication is not wnh and requires additional
improvements. A better design of the grating copleould be a large asset. Slot
waveguide propagation losses have to be reducetike a real working device. Despite
not demonstrating optical amplification, this stusdlyines some light on the path to

achieve an all-silicon electrically driven optieahplifier.
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Chapter 6

Conclusions and Future Perspectives

In this work, fabrication and experimental charagtgion of erbium and silicon
nanocrystals based light emitting devices for hghte circuits are presented. This thesis
is the result of the work done in three years dd Btudy, in collaboration with the Bruno
Kessler Foundation, the Intel corporation and tBACETI laboratory, and thanks to the
support of the European Commission through theeptdCT-FP7-224312 HELIOS.

The thesis is divided into two main topics. Thetfione is related to the study and
the experimental characterization of silicon nagsi@s based light emitting devices,
while the second one concerns the study done oarertboped silicon nanocrystals based
optical cavities, from the design and the simulatiop to the optical and the electrical
characterization. All the characterizations haverbeerformed at the Nanoscience
Laboratory of the University of Trento.

Light emission silicon nanocrystals based devioes designed, fabricated and
experimentally tested. Light emitting MOS capadt@nd light emitting field effect
transistors, with an active region composed by #errating structure of silicon
nanocrystals and silicon dioxide, have been redliZghe samples under study have
different values of silicon content excess andedéht values of the silicon oxide barrier
thicknesses. The better suggestion in order tallaunlefficient light emitting source is the
combination of low percentage of silicon exceshwuiitinner silicon oxide layers. These
two facts together allow a better growth of the gwmgstals and a narrow size
distribution. The more efficient injection mechanisin such devices is the direct
tunnelling at low voltages applied. In the light iging devices fabricated within the

HELIOS project unfortunately this was not possilidlecause of an unwanted oxidation
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layer in the active material. In the light emittidgvices fabricated within the INTEL
project, we have found differences in the curresitage characteristics and in the time
resolved measurements. We believe that the difteeibetween the devices have to be
researched in a different quality of the oxide. fTmasurements done using an alternating
current scheme have shown an increase in theegftigiof the devices.

Erbium doped silicon nanocrystals based light engttdevices have been
designed and fabricated. The multilayers have a@tbwcreasing the power efficiency
roughly by 1.5 times with respect to the singleelaglevices. The optimized Si-NCs:Er
LEDs have 0.5% of external quantum efficiency aw lourrent densities and show a
hundred microwatts per square centimetre of oppocaver density at the wavelength of
1.54um. The value of the external quantum efficiencgng of the highest in the silicon
photonics scenario. We have found that tH& Bns are excited mainly by impact of high
energy electrons under direct current excitationwkler, a change in Erexcitation
mechanism is observed under a pulsed excitatiomgkguential injection of electrons
and holes into the Si-NCs takes place. This chanb&sh is due to the coupling between
Si-NCs and EY ions, allows us to drive the Er-doped Si-NCs LBt significantly
lower voltages than in DC. The optimized active enat of Er-doped Si-NCs is a
multilayer structure with 2 nm of silicon dioxidac&3 nm of SRO. This active material
is to be used in erbium doped silicon nanocrystased optical resonator structures.
Therefore, electrically driven slot waveguide arfipts have been designed and
fabricated. Probe stations were upgraded to inclumlewafer electro-optical
measurements. Optical tests are performed andgrgtagation losses are found in all
the samples. This results lead to the conclusian tie losses are mainly due to the
waveguide itself, and not to the active layer. Eileal tests and opto-electrical
measurements show that it is possible to haverelantinescence light and that the
losses increase when an injected current is flowintp these devices. The
electroluminescence signal is mainly due to theachpexcitation of the erbium ions,
while, on the contrary, the signal attenuation u® do the free-carrier absorption and
charge accumulation. At high voltages, we obseatesbrption bleaching, which can be
optimistically interpreted as due to the positiséerplayed by stimulated emission in the
Er’* ions. Finally,electricallydriven erbium doped horizontal slot ring-resonsitmoupled
to the slot waveguides have been designed, fabdcand tested for the first time. The

Er** electroluminescence from the top of the ring resonis observed, but the emission
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is very low and the propagation losses are verijr.n@ptical ring resonators show good
quality factors, but device fabrication is not wnh and requires additional

improvements.

* Future perspectives

In this paragraph, | will try to give two ideas fofture perspectives and future
applications of this kind of devices.

The silicon nanocrystals based light emitting desibave low efficiency and low
optical power density. Starting from this considiena any applications in the lightening
is not possible, but they could be used in all ¢hitslds in which the efficiency is not the
main issue and the key-parameter. A possible agpit of the silicon nanocrystals
based light emitting devices analyzed in this wookild take place in the field of the
guantum random number generators (QRNG). This tamgpelld be achieved from the
possibility of counting the number of photons whiglach a detector in a precise way
even in the case of elevated counting, because dbigdd result in a statistical
improvement. Quantum cryptography aims to achieeaiisty from fundamental physical
principles, such as the quantum mechanical phenameh entanglement and
Heisenberg’'s uncertainty principle. In the last fgaars significant progress has been
made in the theoretical understanding of quantugptography and its technological
feasibility has been demonstrated experimentallyar@um cryptography is therefore
regarded as one of the most promising candidatea fature quantum technology and
our LEDs are possible candidates to become quardndom number generators.

An electrically pumped silicon compatible laseithe “holy grail” of the silicon
photonics. In my work, | have tried to develop gmical amplifier, by means of electrical
pumping. Despite not demonstrating optical amgiin, this study shines some light on
the path to achieve an all-silicon electricallyweén optical amplifier. Unfortunately, some
fabrications problem occurred and the fabricatisocpss needs to be optimized. As
future perspective on this topic, | believe théitsh nanocrystals sensitized erbium ions
could be used as an electrically pumped gain mediuma waveguide or in a ring
resonator. The design of this kind of devices cdiddhe same of the one reported in my
work, but both the slot waveguide propagation Ilsskave to be reduced and the
fabrication problem have to be solved in ordergach a better electrical injection in the

silicon quantum dots and make a real working device
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Appendix A: Experimental Setup

% Current-Voltage measurements

The current-voltage (I-V) characteristics are rdeor with an Agilent
Technologies B1500A semiconductor device paramaatatyzer. The hold time and the
delay time in the |-V sweeps are set to be 1s tlanoe measurement speed and
measurement integrity. The scanning voltage std@@smV. A compliance of 100 mA is
imposed in order to limit output current and prevamy damages to the device under test.
The I-V curves can be collected by scanning thecgefrom accumulation to inversion
and then backward from inversion to accumulatioryiceversa. In the thesis, usually the
arrows on the |-V curves indicate the scanninghef tneasurement. In all my work, a
negative gate voltage corresponds to forward hiasthe MOS is in accumulation, while
a positive gate voltage corresponds to reverse, lias the silicon substrate is in
inversion. Figure Al shows the experimental setgedufor performing the I-V

characterization. The measurements were recorded st temperature into a dark room.

L

Probe Station

"= Microscope

Semiconductor Device
Parameter Analyzer

Chuck

Agilent Technologies (ground)
B1500A

Figure Al. Experimental setup realized for recagdime current-voltage measurements.
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% Capacitance-Voltage measurements
The capacitance-voltage (C-V) characteristics aeonded with an Hewlett
Packard 4284A precision LCR meter. The hold timd #me delay time in the C-V
sweeps are set to be both 0.1 s. The scanningyecttap is 100 mV. A cable length of 2
m long is imposed in order to take into account ferasitic capacitance due to
connections. The C-V curves are usually collectad seanning the device from
accumulation to inversion and then backward fromeision to accumulation. The open
circuit corrections are performed according to tperation manual. The alternating
current voltage signal applied to the devices untémt, needed to measure the
capacitance, is 50 mV. Figure A2 shows the expariaiesetup used for performing the
C-V characterization. The measurements were redoatieoom temperature into a dark
room, the same of the I-V characterization.

Probe Station | "' *

Precision LCR Meter Microscope

%
v v REE oouR .' ".

e BN s ' h
E 0 NS ¥ - e L] = . 5 e
[ - |§ e - A [ S
| [} \ |
= ’ "=

5
F

I whilillee @
reTeT—

| — P

fL Hewlett Packard
GPIB Jl"x 4284A

Probe
(Ve)
Chuck

(ground)

Software NI LabVIEW

Figure A2. Experimental setup realized for recogdime capacitance-voltage measurements.
% Electroluminescence spectra measurements

Figure A3 shows the experimental setup used foord#eg direct current EL

spectra. The EL spectra are collected with a filwerdle and analyzed with a Spectra-Pro
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2300i monochromator coupled with nitrogen cooledarge coupled device (CCD)
cameras (one in the visible and one in the infhar€de current, which flows through the
devices during the measurements, is recorded with Hawlett Packard 4145A
semiconductor parameter analyzer. The measuremest® performed at room
temperature in a dark room, different from the presented in the previous paragraphs.
A function generator, Tektronix AFG 3252, coupleiihva high-voltage amplifier, Falco
Systems WMA-300, is used to drive the device inra&gime.

Semiconductor
Parameter Analyzer

Spectra Pro 2300i
Monochromator
1 ) N3

F Ilf: -
\"Visible C€D
' = ‘Camera

Princeton Ins.
Spec_10 System

Serial Port

Bunch
optical fibre
: Chuck | |
- L

Software Princeton WinSpec

Figure A3. Experimental setup used for recordirgtebluminescence spectra of the LEDs.

% Time-resolved electroluminescence measurements
Figure A4 shows the experimental setup used fotecihg time-resolved
electroluminescence measurements. EL is collectad the top of the devices using a
bunch of optical fibers connected to a single photmunting module PerkinElmer
SPCM-AQRH 16. Time-resolved EL signal is recordedhwa multichannel scaler
Stanford Research Systems SR 430. A Tektronix AE& 3unction generator is used to

apply square wave biases and to send a triggealdigithe scaler itself.
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When probing the devices, forward bias is achiebgdapplying a negative
voltage to the gate. The chuck inside the probiostés always referred to ground by the
semiconductor parameter analyzer Hewlett Packa48A1All measurements were taken

at room temperature in a dark room, the same ugdtié electroluminescence spectra.

Single Photon
Counting Module

TSN L ProbeSation
g'##‘@ g Microscope sl

i g
LS -

Hewlett F‘ackard PerkinElmer
4145A SPCM-AQRH16
Stanford Res.

Tektronix AFG
3252

Bunch
optical fibre

Chuck
(ground)

Software NI LabVIEW

Figure A4. Experimental setup used for studyingtthee evolution of the electroluminescence
when the devices are driven under a pulsed cuim@ttion scheme.

Figure A5 shows a photograph of the two differpribe stations used for the
characterization of the devices. The one reportetiealeft is the old one, used for the
electroluminescence measurements, both the caolitectof the spectra and the time
resolved ones. The one at the right is insteach#dve one, used for the current-voltage
and the capacitance-voltage characteristics. Tigshas been also adopted with the two
fibers supports, in order to do both electrical aptical measurements on the waveguides
and on the optical cavities. Figure A6 shows irgteghotograph of a zoom of the setup
used for the EL measurements. This picture giveisiea of how the sample is contacted

with the electrical probes and how the electrolueaagence is collected from the device.
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Figure A5. Photographs of the two different prokestisns used for the characterization of
devices under study.

Figure A6.Example of the wafer on the chuckthe probe station, the electrical probe to cor
the device under study and the fiber bunble onimoprder to collect the electroluminescel
signal.
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