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Abstract

Development of high-speed electronic and optoedeatrdevices based on semiconductor
quantum wells requires clear understanding of §achics and kinetics of carrier transport and
relaxation on an ultra short time scale. The cacapture and the decay times are the two most
important parameters that decide the dynamic pedoce of the devices. This Thesis is devoted to
study the carrier dynamics in various MBE grown pooend semiconductors, such as
InGaAs/GaAs, InGaAs/InP and InGa(N)As/GaAs QW durtes. The temporal evolution of non-
equilibirium carriers in QWs samples was monitonsthg a femtosecond up-conversion technique.

The as-grown QW structures show decay time valaeging from 500 t01000 ps, which is
far too long for ultrafast operations. The aimtagtstudy was to make the semiconductors faster by
reducing this decay time values to sub-picosecenrdl$ using the ion implantation technique and
to investigate systematically the influence of imienally created defects and post-irradiated
annealing on carrier capture and relaxation prosesswide range of QW samples. The effect of
different ion species, implantation energy, doseé annealing on decay and capture processes are
studied in detail. The main findings are that sidmgecond lifetimes of choice could be achieved in
InGaAs/GaAs and InGaAs/InP structures at appropriltise, implantation energy, and annealing
conditions. We have observed that heavy ion credaéekcts are not thermally stable with time for a
certain period after the irradiation and show rommperature ageing. Among the different light
and heavy ions used for implantation, irradiatidgthviNe” ion was found to be considerably more
effective than the others, which is a good altéveab the more traditional Rirradiation.

The QWs collect only those carriers, which areted near the QW interfaces. The capture
as well the decay time was found to decrease \wghdbse. Annealing was found to increase the
lifetimes appreciably in all the irradiated struetsibut the capture profile of carriers in the Q\&sw
found to be independent of annealing in almosbfathe structures studied. This suggests that ion
implantation creates shallow traps near the baai&t QW region and deep centers far from the
barriers. Mainly the shallow traps affect the captdynamics, while mainly the deep traps affect
the decay of carriers. The QW samples preparedtaniied in this Thesis were aimed for the active
region of SESAMs devices. Furthermore, the comprele details and mechanism for carrier
transport and relaxation in QW heterostructuresvisstigated in depth. Precise values of decay and
capture time for InGaAs/GaAs, InGaAs/InP, and INBGaL/GaAs samples are reported with
irradiation dose, light and heavy ion species, anfdtion energy, MBE growth temperature and
annealing as the main parameters.
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1. Introduction

Semiconductors are the foundation of today’s infation age. Much of the information
technology is based on the fast response of snmall Figh speed microelectronic and opto-
electronics devices. This ever-demanding need &stef response and faster processing of
information is one of the major challenges in tlewelopment of semiconductor microelectronics
and opto-electronics. For many years there has lwemsiderable interest in exploring the
limitations of semiconductors used in this techggldy investigating at a fundamental level and
the underlying fast microscopic processes, whictupon a picoseconds or even a femtosecond
time scale [1-3]. Today however, semiconductor netbgy has reached a level where the
characteristic time scales of the underlying plglsigrocesses determine the speed limits. The
research and development of such high-speed denggesre a clear understanding of the various
dynamical properties of carriers in semiconductorsan ultrafast time scale [1-3]. Among various
devices exploiting the properties arising from tlhggantum confinement of the carriers,
semiconductor quantum wells are particularly imaottdue to their unique properties and wide

applications as active region in optical and etattr devices [4,5].

A quantum well is formed when a narrow bandgap netss sandwiched between the two
higher bandgap materials called barriers, wherec#tigers in the well are restricted to move only
in two dimensions giving rise to quantized enertates. The optical excitation of semiconductor
structure above the barrier band gap creates noifilggqum carriers. These hot carriers relax to the
lattice temperature and reach the Q¥ different scattering mechanisms involving the $ort
and relaxation of carriers. The most important peters that are crucial for the quantum well
based devices are the characteristic time limith@$e two processes: (1) carrier transport freen th
barriers followed by their capture into the quantweil, and (2) subsequent decay of these carriers
in the well with time. The decay time (lifetime) ohrriers determines the fast response of the
devices such as saturable absorbers and couldeogsgly controlled by creation of intentional
defects in the semiconductor structwie the ion-implantation, while the upper frequency
modulation limit in devices such as semicondudsets is controlled by the capture time. The time
evolutions of capture and decay process is govebyedifferent scattering process in barrier as
well as within the well. Typical time scales foetkcattering process in semiconductors are in the

range of picoseconds or femtoseconds and the irggdignamics are generally termelirafast.



Ultrafast laser physics and technology now allesvto study the very initial interaction
processes of non-equilibirium carriers in semicatdts. The typical time scales for the fastest
processes in semiconductor ranges from a few fesotoels to picoseconds. With the development
of lasers that can generate pulses as short asefetoseconds, a great deal of insight details of
carrier dynamics in semiconductor could be inveséd. In other words, the application of time-
resolved optical spectroscopy to the study of egiax and transport dynamics of carriers in
semiconductors is closely related to the abilitptoduce laser pulses on these time scales. One of
the first challenges that researchers faced inedmdy days of the investigation of the photo-
excitation of semiconductors by laser pulse waactdeve high temporal resolution. The shorter the
duration of the pulse used in the excitation of iegterial the better the temporal resolution of the
various dynamical processes. The motivation wagetterate very short optical pulses that would
allow researchers to probe faster processes. Bydhlg 1980s this challenge was met with the
availability of sub-picosecond laser pulses allayiresearchers to use time resolved ultrafast
techniques. However, a time-resolved measuremehtudtrashort resolution is a formidable task.
The traditional approach, which uses high-speedtreleic instruments, failed since the response
time of such instrumentation is several orders afgnitude slower than the dynamic processes
occurring in semiconductors. Novel and preciseoaptiechniques are now being used to explore
the properties of semiconductors on a time scalehnshorter than those previously believed to be
attainable. The developments of excite-and-prolbnigues, such as up-conversion and pump-
probe, have shown how to probe extremely shortllipeocesses with resolution limited only by

laser pulse itself.

This Thesis deals with the detailed investigatafnultrafast carrier capture and decay
dynamics in InGaAs based semiconductor quantum wstelictures using the femtosecond up-
conversion and pump-probe techniques. The samp@s @grown by molecular beam epitaxy
method and mainly consist of InGaAs/GaAs, InGaAR/Bnd InGa(N)As/GaAs quantum wells.
The goal of this thesis was to study the captucedeatay processes of non-equilibrium carriers in
different QWs as a function of ion irradiation dpsight and heavy ion species, implantation
energy, annealing and MBE growth temperature. Tagicbmechanism of carrier transport and
relaxation in these heterostructures is invest@jatestematically with precise values of the capture
and decay times reported, which could be explofteddesigning various opto-electronic and

electrical devices, especially saturable absonvarsh are based on short recovery times of carriers



in the active region and semiconductor saturabkodier mirrors (SESAMs), which are used as

cavity end reflectors for pulse mode locking indstate and fibre lasers.



2. Background

In this chapter the main theoretical concepts dral techniques used in this Thesis are
reviewed. The subjects to be considered are retated

i) [11-V compound semiconductors

i)  Growth by molecular beam epitaxy (MBE)

iii)  Quantum confinement effects in semiconductor hetewotures

iv)  Creation of defects in quantum well samples: loplantation

v)  Mode locking and semiconductor saturable absorlieora (SESAMS)

vi) Femtosecond photoluminescence (PL) up-conversimigue

vii)  Pump-probe technique

viii) Carrier dynamics of QWs

2.1 1lI-V compound semiconductors

The 1lI-V semiconductor materials are potential didates for opto-electronic devices,
because of their direct bandgap structure [5,6@s€hcompounds are basically semiconductors that
consist of permutations of the column Il elemeAltsGa and In, and the column V elements N, P,
As and Sb. 1lI-V semiconductors are characterisgthkir excellent optoelectronic (efficient light
emission and absorption) and electronic (high eamiotilities) properties [5, 6]. lll-V compound
semiconductor materials generally have a zinc bknacture, which is made up out of two face
centered cubic units cells, displaced over a quditgjonal. The optoelectronic applications of the
various families of 11l-V materials are determingdlarge part by the wavelength ranges within
which they emit and absorb light efficiently. Garedated materials have a spectral window
between 0.8-1 um and InP-related materials betvie®i.7 um. The thermodynamic stability of
most ternary and quaternary alloys provides a vaipgportunity for bandgap tuning towards the

optical communication wavelength window.
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Figure 2.1 Bandgap energys. lattice constant for various IlI-V compound senmdactors [4].

The variation of bandgap with respect to the lattonstant for different alloy composition
can be read from Figure 2.1. The lattice constants the band gap energy of the ternary (three
components) compounds can be obtained from theaybranstituents by Vegard’'s law [7]. For
InyGay-As, the lattice constaai(x) can be expressed as

a(x) = xa®** + (1- x)a"™* (2.1)

wherea®s a"™ are the lattice constant of the binary GaAs ard loompounds, respectively.

If the energy gaps of GaAs and InAs are denoteEchfés, Eé”AS, then the bang gap energy
(Eg) of the ternary IxGa,.xAs compounds is given by:
E,(¥) = xEg™* + (1-X)E/™ —cx(1-X) (2.2)

wherec is the bowing parameter. The lattices constantstb® band gaps of the other compounds
follow from the similar relations.

2.2 Growth by molecular beam epitaxy (MBE)

The molecular beam epitaxy (MBE) is a highly preasid versatile epitaxial crystal growth
technique invented by A. Y. Cho at Bell Laboratsrig]. It is an ultrahigh vacuum (UHV)
deposition technique and has the ability to prepspédaxial layers with atomic dimensional
precision down to a few angstroms [8]. MBE teclgylis used in the development of a host of
highly efficient optical and electronic devicescBuas strained QW lasers, VCSEL'’s, QW infrared
photodetectors, quantum cascade lasers, HEMT, 8T MOSFET [9].
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Figure 2.2 Schematic for a simple MBE system.

The main elements of solid source molecular beaitagp(SS-MBE) growth chamber are
shown in Figure2.2. Molecular beams, generated by effusion céfigginge on a crystalline
substrate mounted on a rotating holder under bifgh-vacuum (UHV) conditions. The substrate is
held at a suitable temperature in order to actittaethermal migration of adsorbed species on the
surface. The UHV environment is required in order reduce the background pressure of
contaminants that, otherwise, would be incorporai@d the solid phase. To ensure UHV
conditions during growth, the chamber is providdathviquid-nitrogen shrouds. Group Il and V
molecular beams are produced by evaporating olinsatthg source materials contained in high
purity crucibles in the effusion cells. The fluxafsmolecular beams that depend on the temperature
of the respective cells are measured by means airagauge that can be placed in the substrate
position. The molecular beams can be interruptednbgns of mechanical shutters with actuation
times corresponding to those required to depos# than an atomic layer of material. The UHV
environment allows the use of in-situ analysis gaslch as Quadruple Mass Analyzers (QMA) to
monitor the vacuum environment and Reflection Highergy Electron Diffraction (RHEED)
equipments to study the growing surface. Otheragttarization techniques, such as Auger Electron

Spectroscopy (AES), X-ray Photoelectron SpectrogcgPS) and Secondary lon Mass



Spectroscopy (SIMS) are available in the growthndber or, more frequently, in separate chambers

connected to the growth one by UHV modules.

GaAs, 100 nm

InGaAs QW, 6 nm
GaAs barrier, 17 nm
InGaAs QW, 6 nm

o]

n-GaAs substrate

Figure 2.3 InGaAs/GaAs MQW structure grown by MBE.

A typical InGaAs/GaAs QW structure used in this Siseand grown by MBE is shown in
Figure 2.3. The llI-V compounds grown by MBE werainly InGaAs/GaAs, InGaAs/InP and
InGa(N)As/GaAs QWs structures.

2.3 Quantum confinement effects in semiconductor he terostructures

The electronic and optical properties of low-dimenal semiconductor structures and
semiconductor nanostructures are completely deteanby size quantization and confinement
effects.

When the thicknesg, of a semiconductor layer is reduced to the ordea carrier de
Broglie wavelengthA(= h/p ~ L,), effects not typical of the bulk material, knows quantum size
effects occur [10-12]. By sandwiching a thin laydra narrow band gap material between two
(normally thicker) layers of a wide gap materiapatential well may be formed (Figure 2.4a). The
effect of this potential is to reduce the numberdefiree of freedom of free carriers in the well,
which lies in the narrow gap material. A well isrmpregarded as narrow if its width is less than th
electron de Broglie wavelength. In such casesp#émmnissible electron energies are quantized along
the growth direction, due to the potential energyriers formed by the wide gap material. The
energy levels in a quantum well are determineddthickness and its depth. In a conduction band,

the well electrons are confined by a barrier ofgheiequal to the conduction band offsetk,.



Similarly, in the valence band, holes may be cadito discrete states in a QW of depth equal to
the valence band offsetSE,. The offsets and discrete states in a QW systesndapicted
schematically in Figure 2.4a.

z Bulk

»g (E)

E(GaAs) E,(InGaAs)

Ehhl
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R Ennz ?
h2
N L/

_____________ A
‘ E,
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Figure 2.4 (a) Energy states in a quantum well as result of eaoonfinement an¢b) density of states and transitions for
electronsE,, and holes;,. The half parabolas that originate from the cotidncband edgé&, and the valence band edgge
correspond to the density of states for the bulkpda. The step-like densities of state are chamatite of a two-

dimensional or quantum well structure and the ftemmsof electron and holes [13].

Resulting carrier energy Eigen-values in the QWgiwven by

E(nk,.k,) =E, +1°/2m, (k. +k,*) (2.3.1)

WhereE, is thenth confined-particle energy Eigen-value of theomponent of the Hamiltonian,
M np is the electron or hole effective maass Planck’s constant, ang andk, are the unconfined
x andy components of the crystal momentum. The valuds, af (2.3.1) are designated in Figure
2.4a byE; andE; for electrons, byEnn;, Enne for heavy holes, and Wiin;, Epn, for light holes. As
shown in Figure 2.4, there are no allowed electtates below the enerdss. Then, as shown in

Figure 2.4b [13], a sub-band with a constant dgnsdf states (per unit area)
g(E)dE = {m; /(nhz)}dE begins ak;, followed by another sub-band (step) with a camsitéock of

states appearing &b, etc. This behavior applies to holes and lighebas shown in Figure 2.4b.
Figure 2.4b illustrates a very important and adagebus feature of quantum-well heterostructures:
recombination can proceed from a block of electraikin principle located at nearly a fixed

energy, say;. In a bulk sample, the recombining carriers astrithuted in energy over parabolic



varying densities of states, which are small atoéved edges, and thus in principle the electrods an
holes cannot all be located at fixed energies hat they emit in a narrow linewidth or fixed
wavelength.

Thus, the quasi-two-dimensional confinement ofiees in quantum wells leads to a variety
of new phenomenon, both with respect to the opticaperties and the dynamics of the carriers.
The electrical properties of semiconductors areeddpnt on the availability of holes in the valence
band and electrons in the conduction states tdittdei the flow of charge under an applied
potential. Similarly, optical properties arise frahe electromagnetic energy absorbed or emitted as
the free carriers undergo inter-band (between waleand conduction band) or inter-subband
transitions.

Figure 2.4a represents a single QW structure. Bgidating many such QWs on top of each
other, separated by thick layers of barriers malgrive constructed multiple quantum well MQW
structure. Due to the wide barriers, no significateraction may arise between the wave functions
of confined states in adjacent wells. Consequerlig, properties of MQW heterostructures are
similar to those of an isolated QW of the same ntand well width, and having thick barriers.

2.4 Creation of defects in QW samples: lon implanta  tion

High-speed optoelectronics devices rely on the tstewovery times of carriers in their
active region [14]. The main techniques used taeaghshort carrier lifetimes in semiconductors
include low-temperature (LT) epitaxial growth [13}Jand ion implantation [18-19]. LT-growth of
semiconductor compounds, such as GaAs incorpoegatgsitic (As) point defects, which acts as
carrier traps thus reducing the lifetime. lon inmtégion on the other hand shortens the carrier
lifetime in semiconductor materials by introducintentional defects in the form of impurity atoms
or dopants, which creates the defect states ihdkerostructures. At these defect states the carrie
could be trapped or recombine non-radiatively. ilmplantation is particularly attractive, mainly
due to its ability to accurately control the numloérimplanted atoms and to place them at the
desired depth of choice. lon implantation has pnaeebe a viable alternative to LT-growth, and is
closely controlled. A significant advantage of ioradiation over LT-growth is the fact that once an
epi-wafer is grown, the physical properties of Qués be tailored by a choice of the energy and
dose of implantation and annealing conditions. Ysire ion implantation technique, the lifetime of
carriers could be shortened precisely from nanos#das-grown) to sub-picoseconds or even
femtosecond levels by choosing the appropriate amaiuirradiation dose and implantation energy
[P1, P2, P3, P5, P6].



lon implantation works by ionizing the réea atoms, accelerating them in an electric field,
selecting only the species of interest with anyaat) magnet and directing this beam towards the
substrate. When the ions enter the substrate theyncously loose energy and change direction
due to collisions with the target atoms. The degthwhich the implanted atoms come to rest

beneath the surface of the semiconductor deperas up

* mass of the dopant atom
» energy of the dopant ion
* mass of the target atoms
« implantation angle

« orientation of the target

* implantation temperature

The processes responsible for slowing down (enkagg) the incoming dopant atom within
the target are termed electronic and nuclear stgp20]. Electronic stopping occurs via the
excitation of the target electrons by the incomilogant atom. It is an inelastic process and can be
likened to the viscous drag experienced by a ledring when dropped into a jar of syrup. On the
other hand, nuclear stopping, as the name suggsstise slowing down of the incoming atom
through elastic collisions between the incomingatdmtom and the target nuclei. The total energy
loss or the total stopping power S [20] is defirredthe loss per unit length of the ion, and is a

combination of electronic and nuclear energy loss:

s:(ﬁj +(Ej (2.4.1)
dX nuclear dX electronic

In Figure 2.5 it can be seen that at low ion veiesinuclear stopping dominates, whereas at
higher velocities the energy is transferred todleetrons of the target material [21]. The depdsite

energy profiles in the structure could be estimatgdg the SRIM 2003 computer code [22].
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Figure 2.5 Electronic and nuclear stopping in a material [21]

lon implantation can be further classified intghli and heavy ion irradiation. It is known
that heavy ion implantation of semiconductor heteratures create mainly the cluster of point
defects, while the light ion implantation createjonigy of isolated point defects [23-28]. The kind
of defects is expected to have different effectsrughe charge carrier dynamics. In this thesis we
have mainly used heavy ion Nor the irradiation. However, the effect of diféet heavy and light
ion species such as NeHe" and H ions is also investigated in detail [P6, SP3]. Emergy
deposited by each of these ions in the QW sampées determined entirely due to the nuclear
damage [SP3].

2.5 Mode locking and semiconductor saturable absorb er mirrors (SESAMs)

INGaAs/GaAs and InGaAs/InP QWs are widely used etivea regions in saturable
absorbers and SESAMs devices for pulse mode lodi@f@e4]. Typical recovery time required
for pulse mode locking is about several tens obggconds. The recovery (decay) time of choice
is achievable in these structures by proper contibimaof irradiation and annealing. In the
following sections the basic mode locking mechansnd mode locking using the saturable

absorber and SESAMs is reviewed briefly.

2.5.1 Mode locking principles

Mode locking is a method to obtain ultrashort psilBem a laser. Ultrashort light pulses are
generated by locking the phases of a large numbé&ngitudinal modes sustained by the laser
gain-width [35]. A typical mode locked laser comsif the resonator with an intercavity

modulator. This modulator is whether a saturabkodter, an acousto-optic, an electro-optic, or a
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self-phase modulating component, modulates the iardpl or the phase of the field inside the
cavity to generate short pulses. There are twodboaéegories of mode locking mechanisictive
andpassive The active mode locking uses an optical modulatortrolled by an external source,
e.g. an acousto-optic or electro-optic modulator, ptho#o the laser cavity to yield an ultrashort
pulse [36]. Passive mode locking is performed bgciplg a non-liner element,e. saturable
absorber in the laser cavity, which imposes amsitg-dependent loss on a light beam incident on
it [37].

Laser Gain CW
@ . Envelope

Intensity

Time

Mode locking

_’||‘!_'(D1/! w

Mode-locked laser
(b) HHHHHHH Output
t—»
—>|2|-/C|<— Time

Intensity

Figure 2.6 (a) The resonator modes, which oscillate, are detexthby the gain profile and the resonator loss(&hd he

temporal output of the laser with all modes lockegether. In the above schematic diagram L cormdpdo the cavity
length of the laser.

Many modes are allowed in a laser along the rasorais with frequency separation of
c/2L (Figure 2.6a), wheré is the optical length of the cavity amdis the speed of light. These
modes usually oscillate with random phase and uteggamplitudes, resulting in a randomly time
varying amplitude within the round time trip perideé2L/c. However, if these modes have the
same phase, they will constructively interfere at the samstantTy = (¢/21)T of the round trip
time. The output will thus consists of a seriepofses centered a, To+ T, To + 2T,.., (Figure
2.6) and the laser is said to be mode locked (Eiguéb). The lament that fixes these relative
phases is referred to as mode-locker (like satarafisorbers). The widtht of each of the
successive pulses is approximately equal to thersevof the frequency range spanned by the
modes being locked in phases. In the laser resgmatale locking in the time domain corresponds

to a single pulse traveling back and forth betweemors with loss on the output mirror being
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compensated by the gain from pumping at each radpdThe operating regimes of a laser are
classified on the basis of temporal characteristiceutput emission. As shown in Figure 2.6, in
continuous wave (CW) operation, the laser outpstasionary in time, while in mode locking the

output is time dependent. Other important reginfdaser operation can be found in [38].

2.5.2 Saturable absorber and SESAMs

A saturable absorber is a non-linear optical maktehat shows decreasing light absorption
with increasing light intensity. It works like amptical switch and generate laser pulses passively
through intensity-dependent absorption of the ldggt. The key parameters for a saturable
absorber are its wavelength range (where it absodymamic response (how fast it recovers),
saturation intensity and fluence (at what inteneitpulse energy density it saturates). In pardiGul
performance characteristics of saturable absorbpent on short recovery time of carriers in the
active region and high non-linearity properties-g28.

After an incident pulse is coupled to the absqrbpon transmission through the absorber,
the low-intensity tails (wings) of the output pulaee attenuated, while the high-intensity center
part of the pulse is transmitted without signifitdmss. As a result, the transmitted pulse has a
reduced duration. When such an absorbing elemamed within a laser cavity, it promotes the

pulse operation with increased peak power and sspps the lower intensity CW light. Because

? Cap layer

Semiconductor
mirror, R > 98 %

Substrate

Figure 2.7 Structure of SESAM employing a saturable absorber.
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the laser tends to operate with minimum cavity lpss round-trip, the longitudinal modes of the
lasers become phase-locked, corresponding in tongadh to high intensity short optical pulses.
The monolithical integration of a saturable absprivéh a Bragg reflector is a device
known as a semiconductor saturable absorber n{lBB88AM) [29-34] and is shown in Figure 2.7.
The SESAM is a saturable absorber that operate=flection, thus the reflectivity increases with
higher incoming pulse intensity. SESAMs facilitte integration of saturable absorber into laser
cavities as a cavity end mirror. It allows us taigaobtain self-starting mode locking [31]. As
explained earlier, the low intensity part of thdseuwill be absorbed, while the high intensity part
will pass through the material with little loss, i results in compression of the pulse, the
pulse becomes shorter and shorter when it passesgth a saturable absorber. The saturable
absorber shown in Figure 2.7 could either be a batkiconductor or QW based. The advantage
of using QW based absorbing layers is that theyeHawer saturation energy and higher non-
linearity than bulk absorbers. Increasing the vauaf the absorbing layer yields higher non-

linearity at the expense of increased non-satulabie

2.6 Femtosecond photoluminescence (PL) up-conversio n technique

A schematic diagram of the basic principle of tlaegmetric up-conversion technique [39-
40] is shown in Figure 2.8. After an ultrashortgaukxcites the sample, the luminescence from the
sample is collected, collimated, and combined vgé#nt of the excitation pulse in a non-linear
crystal such as BB The angle of the crystal is set in order to phas¢ch the frequency of the
gating pulse with a selected frequency of luminaseeA signal whose frequency is the sum of the
laser and luminescence frequencies is generatdiaebgrystal and detected by a photodetector. By
varying the delay of the gating pulse and measutiegsum frequency signal, the temporal profile
of the luminescence is obtained with no backgrosigdal. Since up-conversion involves virtual
electronic transitions, this gate has a response ith femtosecond time scale.

(a) Instrumentation : Ti:Sapphire laser was tuned at 800 nm wavelelagith the laser
beam with 50 femtosecond pulses was split into pads such that about 15% of the beam was
used for the excitation (reflection from mirror Mahd the rest was used as the gate pulse. The
excitation beam is focused onto a sample by len§fadal length 3 cm) at incident angle close to
45, The excitation spot size was estimated to be hiyug0 um. The sample emissioayn, is
collected in a direction close to the normal of zmple surface so that the reflected excitation
beam did not fall into the aperture of lens L2 &mcused onto a non-linear crystal (NLC) by lens

L3. The gate pulses are passed to the delay lid¢hem focused to hit the sample emission spot on
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the NLC. The crystal mixes the base,and the emissior,, frequencies and generates the sum
frequency,wy = w+ @m The light intensity atwy is measured by the detection system. Therefore,
the frequency of the detected signal is shiftedyphe valuewrelative to the emission frequency
awhe that is why the method is called up-conversion.e Tdetection system consists of a

monochromator, a photomultiplier (working in photepunting mode), a discriminator and a

photon counter.

Excitation
NUIS%
Delay <|/
line :
N Emission
W
Ti:Sapphire laser
Detection
system :
'\’\L_C/hg_ /\Gwate pUIse
-------------- E%At%
L Pump (Ar-ion) RN )
ts ..} Signal pulse
W= a)em+ w ot SN e, o

Figure 2.8 Scheme for PL up-conversion technique.

Right after mirror M1 the excitatiote(t), and gatdg (), pulses have the same timing (and
time profile). The excitation pulse at the samglalélayed by the propagation tim&,. It creates
an emission, which is given by

oo = [1,,()D(E - D)7 (2.6.1)

whereD(t) is the sample emission response to a delta-gisigation i.e. D(t)=0 att < 0 andD(t)

> 0 at t> 0. The determination of the functidd(t) is the goal of the study. The goal of the
measurement procedure is the determination ofdheatution functionen(t). At NLC entrance the
emission is delayed by timatg,) and is given by functiothy{t-Ater). The delay of the gate pulse
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is determined by the position of the delay litlg, and by the propagation time from M1 to the
delay line and from delay to NL@tg. Thus at the NLC the gate pulsdj@-Aty —Aty). Right after
the NLC the intensity of the light at the sum fregay, ay, (the signal) is proportional to the

product of the intensities of the gate and the simns that is
Iy (1) =7l (t=At, —Aty)l,,(t - At,,) (2.6.2)

whereys is the efficiency of the NLC. The delag.nandAtg are constant. Whefity= Ater, timet
can be counted from the moment of the gate pulseabto NLC atAty = 0, and thus Equation
2.6.2 is reduced to

Id(t)znslg(t_Atd)lem(t)1 (263)

l4(t) is a short pulse with the shape determined maiylythe gate pulse sinden(t) is a slow
function of time as compared tg(t), in the majority of the measurements. The detacsigstem

measures energy of the pulsay.counting photons aty. Thus the measured signal is

U= STId(t)dt, (2.6.4)

wheres is sensitivity. For a simple case of very shontation of the excitation and the gate pulses,
when they can be assumed being delta-pulggs= 1450(t) andle(t)=1e4(t), Equation 2.6.4 leads

U =57,1,1.D(@At,). (2.6.5)

In other words, the signal is proportional to thmission decay function at the delay time
determined by the position of the delay line. Saagrithe delay time one can measure the time
profile of the emission decay point by point. Nuinetetails of various parameters are given in
[41].

2.7 Pump-probe technique

In the pump-and-probe (excite-and-probe) technigmeaultrashort laser pulse is separated
into two pulses, the pump and the probe, with @abée optical delay between them. The two

incident ultrashort laser pulses are made to opeslaatially on the sample under investigation
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(ideally the probe beam has to be covered complételthe excitation beam). The intense pump
pulse excites the sample, causing a change indgepties. A weaker probe pulse monitors these
changes initiated in the sample by the pump pul$e time evolution of the excited state is

investigated by varying the time delay betweenpghep and the probe pulses. The pump-probe
technique may be used to investigate such propatieeflectivity, transmission, Raman scattering,

and induced absorption.

Beam splitter
v M1,
7

Variable dela

ADC

=
Pump laser

Computer : e NGV AG ]

Figure 2.9 Scheme for pump-probe system.

The delay between the pump and the probe pulsdseosainple can be written as

_ 2(d, —d)
===

At (2.7.1)

whered is the position of the reflector mirror at varialalelay line and, is the distance when the

pump and probe reaches the sample at the sameeirsetting up the zero delay.
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2.8 Carrier dynamics: theoretical concepts

In 11I-V semiconductors, the decay of the carrieas be described by the relation [42]

_dn
dt

wheren is the carrier densityAon-rad is the coefficient for the non-radiative recombioa due to

= Ahon—radn + Bradn2 + Cn31 (281)

the defectsBraq is the coefficient for radiative bimolecular redoimation andC is the coefficient
for Auger recombination. The latter is the sum leiceon-electron and hole-hole contribution and
only comes into force when the carrier densities igh (>16° cm®) [42]. Other higher order
processes may also become important at higheecalensities. If the excitation density is not too
high the term due to the Auger recombination cdaddcheglected and Equation 2.8.1 can be written

as:

%‘ = Ao raa N+ Bog 7, (2.8.2)

At room temperature (RT) the non-radiative recamabion dominates and radiative recombination
is negligible [43]. Therefore, at RT the carriecdg rate is essentially determined by non-radiative
recombination:

—%‘ =A . (2.8.3)

Therefore, we will not include the radiative recongtion terms while describing the barrier and

QW carrier dynamics at RT in the following section.

2.9 Barrier and QW carrier dynamics

Photoexcitation of the multiple quantum well stre such as InGaAs/GaAs with the
excitation wavelength shorter than the barrier bgag (corresponding to the conduction and
valence band gap of GaAs barrier shown in FigurE0)2creates free carriers all over the
heterostructurd,e. in the barrier, QW, cap layer, and buffer. Onlggé carriers that reach the QW
contribute to the QW carrier dynamics. The carriersich are created far enough in the cap layer

for example, and thus do not manage to reach thewglAhave no influence on the QW carrier

18



dynamics. Further, the whole barrier's length exiseéar greater than the total QWs length,

therefore majority of the photo-excited carriers erthe barriers.

Diffusion Quantum-capture
Thermalisation
[J
'} Qw
| k/

Shallow traps— @iziTit

Deep traps——

Excitation pulse

. InGaAs QW .
GaAs barrier GaAs barrier

Figure 2.10 A simple mechanism for capture and decay dynawiicsectrons in ion-irradiated InGaAs/GaAs

QW structure upon photoexcitation.

As shown in Figure 2.10, after a very short thersagion in the barrier, the motion of
photoexcited carrier follows the following sequantsteps: (1) drift and diffusion in the barrier
layer, (2) quantum capture by the QW, (3) fastxafion within the QW states.€. E,-E;), and
finally (4) the decay of the carriers in the QW daehe non-radiative (via defects/traps states) an
raditive recombinations. At RT, the radiative redmnation is negligible compared to the non-
radiative recombination.

lon implantation creates defects and traps indigehieterostructure. Shallow traps denote
the traps located very near to the barrier and¥A\einterfaces and the defects created deep enough
(near the fermi level)e. far from the barrier conduction edge are denotedesep traps (shown in
Figure 2.10). Heavy ions at high implantation erescare likely to form few shallow traps and
majority of deep traps. We believe that as thediation doses are increased, mostly the shallow
traps affect the capture dynamics and that theydégaamics is governed mainly by the deep traps
[44].
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If the barriers are sufficiently thin, so that tbarriers are created near the vicinity of the
QWs, the diffusion of carriers in the barrier lagan be neglected. According to references [45-47],
if the barriers thickness is less than 20 nm, ditio in barriers is negligible. Diffusion will play
dominant role only if the barrier thickness exceB@snm. In the present work the barriers for all
the samples were less than 20 nm, therefore thesaih contribution was negligible.

The hole capture is a much faster process thaeldwéron capture, mainly due to the large
hole effective mass [48-50]. Thus, the electronadyits will be discussed in this Thesis assuming
that this is the time limiting process.

Neglecting the diffusion of carriers in the barrlayers, the decay of barrier population

(N3p) with time is given by:

dN3D (t) = _kQWNgD _kB N3D ’ (291)

dt cap defect

wherek®” is the capture or trapping rate of the carriehbarriers by the QW arkf,, is the

cap fect
non-radiative recombination rate of carriers in biarier layewvia defects (native or implantation
induced).

Above Equation has a trivial solution

QW B
N3D (t) - Noe(kcap kdefec)[ ’ (292)
whereNp is the initial population of carriers in the barmupon photo-excitation. After the carriers

are trapped by the QW and are in the lowest codfstate in the QW, the decay of QW carriers

with time is given by

dNQW(t) _(
dt

KO + kS

cap defect

Ny — k2 Noy, (2.9.3)

defect

and solution of the above Equation yields

M k(gW‘FkBeeC (@ 4B e
NQW (t)= kQW (_ (lZQW -:;(Bt) [e (kgap kdefec!)[ -e deefec; , (294)

defect cap defect)
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whereM is a constant. The TRPL intensl{y) is proportional to the number of carriers in thé&/Q

therefore

QW B
I (t) _ N(kcap + kdefect) [e_(cha\g/"'kt?efect)[ _ e—k(%\?éc{] (2 9 5)
PL ) .
kr?e\?éct - (k(g\;l)v + kc‘jgefect)

where N is another constant. Let us define the te%égr =k —(kQW +kg, ) as the effective

cap ~ \ ‘cap defect,
cap

capture time (or carrier lifetime in the barrier) tbe carriers in the QW. Clearly the effective
capture time depends upon the recombination oferarin the barrier at the shallow defects traps.

As the irradiation doses are increased the shallays density also increases and in turn the

B
defect

effective capture time is expected to decreasetauke increase ik alone. The above term

can be written as

NKke" (et QW
QW ap = [e (kcap)[ _e kdefecl: , (296)
defect kcap
or
_eeff e
O =l e, 29.7)
()
_ cap ff — (1, QW B
wherea = —ow et andkfap = (kcap + kdefect) :
defect kcap

The negative term in above Equation represent theige time and the positive term

corresponds to the PL decay time or lifetime. Whietm is negative depends, whethet,, <

ect

ke or KW - >kef

cap defect cap "

In general the following conditions arise:

(1) k& >KkQV - In this case is negative and Equation 2.9.7 can be written as

cap defect®

e eff _ 1. QW
| (t),, = —ae " +ae =t (2.9.8)
here the first term represents the rise profilelevtiie second term corresponds to the PL decay
profile, in other words

t St
| (t)p, =—ae ™ +ae " (2.9.9)
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The above relation holds true for the as-grown sam@and samples irradiated at low doses. In this

case the recombination of carriers in the barigeregligible and

keff — (kQW + kB

cap

SKQ  or KO > KW (2.9.10)

cap defect) defect cap defect

(2) k" <kQ¥ - With the increase of the irradiation dose boté #hallow and deep defects trap

cap defect*
densities increase, but the increase in deep tsapsuch more pronounced, and therefore the

recombination ratekly . also increases rapidly, while the recombinatiotekgp increases

defect

relatively slower. For as-grown samples and thepsesnirradiated at low dosdsf:p> kY ., but

defect?
ultimately at sufficiently high doses the conditimay arise when the recombination rate of carriers

at the deep centres exceeds that of the overadlctefé carrier capture rate by the QWM.

k§:p=(k§f+k§efect) <kQ¥ .. When this condition is fulfilleda is positive in Equation 2.9.7,

implying that the first term is positive and remets the decay profile while the second term is
negative and represents the rise profile. At tlusitpone can say that the exchange of rise and

PL _
rise

PL — Z.F’L
decay ~ °rise

decay times take place;;, =7, andr

(3) ke =Keee: | (t) profile is no more exponential and,,, (t) = te".

cap — Mdefect*

The irradiation related damage to the crystal cdwddrecovered partially by rapid thermal
annealing (RTA). The defect dynamics is expecteddoa function of annealing. The carrier
capture and decay profiles are expected to deppnod the irradiation dose, type of ion species
(kind of defects), implantation energy and anneglifhe effect of all these parameters on the
capture and decay processes has been reviewedaih tier in this Thesis. Excellent reviews
related to the capture and relaxation of carrierseémiconductor QWs structures can be found in

references [57-61].

22



3 Results and discussion

The main heterostructure samples studied in thissiBhwere, (1) InGaAs/GaAs (2)
InGaAs/InP, and (3) InGa(N)As/GaAs QWs. Each of Hanples were grown by solid source
molecular beam epitaxy and studied by using thetdsetond time-resolved up-conversion

technique.

3.1 Sample structures

(a) InGaAg/GaAs: samples consisted of five compressively strain®dsQ@nade of 6 nm
thick Iny 2dGa 7:/As/17 nm GaAs heterostructures, which were depibsitdo a 200 nm GaAs buffer
layer on a GaAs (001) substrate and capped wiftDanin GaAs layer.

(b) InGaAdInP: samples consisted of an InP buffer layer of 10Qmokness, deposited on
an n-type InP substrate cut along a (100) crystal plaiedowed by the growth of seven
INg 576G & .42AS/INP QWSs (compressive strain0.3% in units of lattice mismatdia/a), each 6 nm
in thickness and separated by 8 nm thick InP hatriehe whole structure was capped with a 100

nm InP layer; all layers were nominally undoped.

(c) InGa(N)As/GaAs. Two Ga sdnosAs/GaAs QW and two GadnosMNo.01#AS0.0sd GaAs
samples were grown on-type GaAs (100) substrates. All samples were gr@awrsubstrate
temperaturdy, = 420°C or atT, = 460°C, as read by a pyrometer. The layer structureistusof
a 100-nm thick GaAs buffer layer, a 30-nm GaAsibatayer, 10 GalnAs (or GalnNAs) QWs each
with 6 nm thickness, and a 100-nm GaAs cap layaheriop of the heterostructure.

Rapid thermal annealing (RTA) for all the sampleswerformed at 61T for 60 seconds.

3.2 Effect of excitation energy density on peak PL intensity and lifetime

We have examined the effect of the excitation endensity on the PL peak intensities and
on the lifetimes for the as-grown as well as sdveradiated InGaAs/GaAs and InGaAs/InP
samples. The relation between the PL peak inteasitiythe excitation power is generally given by

the relation [63]:
|, =nE! (3.2.1)

ex’
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where lp. denotes the peak PL intensity, represents the PL efficiency including the capture
ionization, and recombination processes of theaarE.y is the excitation power anddescribes
the parameter determined by the radiative recomibmanechanism. If the value ¢f< 1, the
dominant recombination mechanism for the radiati@@sitions is dominated by trapped excitons,
while for valuesy>1 the main mode of radiative recombination is ttuthe free carriers [63].

In our experiments steady state PL peak intengtigufe 3.1) as well as peak TRPL
intensity (Figure 3.2) show nearly a linear depewede on the excitation intensity. Linear
dependencey(= 1) means that the dominant mechanism of radiatéeombination at RT is
excitonic rather than the free carriers. It shob# noted, that the non-radiative recombination
prevails at RT so that the radiative recombinatsonegligible and the main mechanism of radiative

recombination at RT is excitonic.
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Figure 3.1 Dependence of PL peak intensity on the excitgtioner.
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Figure 3.2 Dependence of peak TRPL intensity on the relak@tation power.
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At the same time, the decay time was found to Hependent of the excitation intensity. The
decay profiles for the sample irradiated ak1@° ions cn? when excited at different intensities
are shown in Figure 3.2. As the excitation intgnsiécreases when filters are used, the TRPL
intensity also decreases, but the lifetimes (slope&igure 3.2) remain essentially the same.
Independence of the lifetime on the excitationnstty indicates that the radiative decay is due to
the monomolecular recombination and for the exoitatiensity used throughout in this Thesis;

the energy states in the QWs were not saturated.

3.3 Capture and decay of carriers in InGaAs/GaAs qu  antum wells

InGaAs QWs are widely used in high-speed optoedaats devices as the active region. In
particular, the performance characteristics of IANG®WSs for optical switches and semiconductor
saturable absorber mirrors depend on QWSs recowasy. tn the following sections the effects of

various parameters on capture and decay dynandds\astigated in detail.

3.3.1 Effect of Ni *-irradiation and RTA

InGaAs/GaAs QWs samples were irradiated by 10 MéVwith doses ranging from 1 to
50 x 10'° ions cn?. The photo-excitation of the sample with 50 fssesl creates non-equilibrium
carriers, mainly in the GaAs barriers, from whene tarrier transport occurs to the QWs. The
formation or rise profiles of the carriers in th&\® irradiated at different doses are shown in
Figure 3.3a. In a few ps time scale the PL intgn$sies from zero to its maximum value indicating
a rise in the population of carriers in the QWse L intensity decreases systematically as the
dose is increased but the profiles remain expoalkatiall doses. The observed exponential nature
of the PL formation suggests that the time-limitstigp in filling the QW states is not diffusion of
the carriers from the barriers, but trapping (cegtioy the QW. In other words the QW collects
only those carriers, which are formed relativel\améhe well, and that the electron-hole pairs
generated far from the QW interfaces never reaetwill as they recombine non-radiatively at the
irradiation induced defect centers.

Since the experimentally calculated rise time depgeboth on the diffusion and the
effective capture (capture at the defect statesk@nthe QW) of carriers, the rise time in the
absence of the diffusion is approximately due ®dhect capture by the QW and the capture at the

shallow defects. For the as-grown sample and thmpleairradiated at low doses the recombination
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at the shallow defects is negligible, thereforertbe time is mainly determined by the direct aarri

capture by the QW. At high doses the shallow dedlecisity increases, which results in enhanced
recombination at the defect sites. The effectivptw@ time decreases as the irradiation dose
increases (Table 3.2.1). For the as-grown QW tlptuca time is about 6 ps but for the sample

irradiated at the highest dose of a0 ions cn¥, the QW relaxation time is 0.62 ps.
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Figure 3.3 () TRPL rise profiles of carriers in InGaAs/GaAs eggd to different Nidoses (indicated in $bions cr)

and(b) effect of irradiation and post-annealing on TRRicaly profiles of few selected samples.

The decrease in the PL rise time with irradiationsed is due to the increase of carrier
recombination at the shallow defects traps locaear the barrier and QW region (as shown in
Figure 2.10). The effective capture time for thegemwvn and the irradiated samples after RTA is
nearly constant, about 4.5 ps, independent of faliation dose (Table 3.1). For the highest
irradiated sample the effective capture time insesafrom 2 ps to 4.4 ps after RTA. This can be
understood accounting for the fact that the anngadit 600°C for 60 sec. removes few shallow
traps, especially for the samples irradiated atédrgloses.

Ni*-irradiation is very effective in achieving the spicosecond lifetimes in the
InGaAs/GaAs samples. The QW decay profiles forcetk irradiated and irradiated-annealed
samples are shown in Figure 3.3b. The decay psoéilte mono-exponential for the irradiated and
irradiated-annealed samples. The PL intensity dedstopes decrease rapidly as thé dbhse
increases. The carrier barrier QW lifetimes for émire dose regimes are plotted in Figure 3.4.
The QW lifetime is 460 ps for the as-grown sampie anly 0.62 ps for the highest irradiated

sample. Table 3.1 shows the carrier barrier lifetiof 2 ps at the highest dose, as obtained using
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Equation 2.9.9 from the data fitting. As was disagk in Section 2.9, at higher doses the

assignment of the rise and decay time values istnaightforward and depends on the condition

whether k"< k@ or k* >k At doses 2810 and 5%10% ions cn?, k< kW

cap defect cap” defect cap defect?
therefore the rise and decay time values extréeobed Equation 2.9.9 are assigned vice-versa. The
details can be found in [P1]. The short lifetimes #e result of the creation of a large number of
induced deep defect states (Figure 2.10), whick astnon-radiative recombination and trapping
sites for the carriers in the QW. Thus sub-picosdddetimes could be achieved in InGaAs/GaAs

QWs samples by irradiation with heavy ion"Ni

8 ~ B Iradiated
g \ —H— Annealed
% 104
[8]
[0 .
[a Iradiated
—,
1_
x
T T T T T T T
0 10 20 30 40 50
Dose (x10*’at./cm?)

Figure 3.4 Decay time for Ni-irradiated and annealed InGaAs/GaAs QWs.

The optical quality of the sample degrades dueht itradiation damage. It could be
recovered partially by annealing. The effect of R@\the decay time is shown in Figure 3.4. The
lifetime of the as-grown QW sample is not much etifel by RTA, it increases only from 460 to
530 ps. The as-grown QWs are likely to contain midfslocations due to the high lattice
mismatch between InGaAs and GaAs layers [62]. RTA18°C for 60 s is therefore unable to
remove most of these defects. For irradiated sasn@dA removes the defects substantially:
decay time for the lowest irradiated sample inazeadsom 62 ps to about 270 ps, while for the
highest irradiated sample RTA improves the lifetineenarkably from 0.6 ps to 109 ps. RTA
removes mainly the deep traps, which is confirmgdhe increase in the decay time after the
annealing, while annealing is not able to remoeedallow traps near the barrier and QW region,
this is confirmed by the fact that annealing ineemathe decay time significantly and has only a
mild effect on the effective capture time. Thus have shown that with a proper combination of

Ni*-irradiation and RTA one could achieve precisely tiesired recovery time in InGaAs/GaAs
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samples. The details of barrier and QW lifetimasri@diated and irradiated-annealed samples are

compiled in Table 3.1.

Table 3.1 Barrier and QW lifetimes of Niirradiated and annealed InGaAs/GaAs QWs.

Ni* dose Irradiated Annealed
(iOﬂS sz) Tba_trrie\ Tow Tbgrriew Tow
0 57+1.3 460:25 4.7+0.5 530+ 30
1x10'° 46+02 62+3 42+05 269+14
2x10'° 5.0£1.0 43+2 44+06 230+ 15
5x10'° 3.0+£03 11+0.8  3.3t0.4 190+ 10
10x10'° 25+0.2 37403 45:07 170:8
20x10% 2404 2+0.2 4+ 0.3 144+ 7
50x10' 2403 0.6240.1 4.4+0.4 1096
3.3.2 Thermal instability of defects: room temperat ure ageing

One of the major highlights of the results obtaiirethis Thesis is the observation that-Ni

irradiated defects are not thermally stable ducedain time period after the irradiation.
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the changes when the experiments were repeatedaagtp of 45 days ar{t) effect of ageing on decay time in*Niradiated and

annealed QWSs. A two-fold increase of the lifetineseen in Ni- irradiated samples after 45 days from the initi@asurements.

Lifetimes after 60 and 100 days of ageing werelsinto that for 45 days and are not shown herelaoity.

Surprisingly, it was observed that the decay tirhéhe fresh sample increased by two-fold

when the TRPL measurements were repeated 45 déssthé initial lifetime measurements

(Figure 3.5). Repetition of the experiments afté @&d 100 days duration shows no more

increment in lifetimes. Thus, after the irradiatittre defects are removed till a particular time,
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such that half of the defects are removed and dffterethe samples remain stable with no further
changes. The time period when the defects are hlasta approximately 30 days from the
irradiation. We call this phenomenon a room temjpeeaself-annealing of defects or the ageing
process. On the other hand, the defects were statiletime for the annealed samples and no
changes in their lifetime were observed after thediation.

These results are crucial for the device desigagthe change in the recovery time could
make the device having unpredictable results igéorterms.

3.3.3 Effect of ion implantation energy

In addition to the ion implantation dose, the detimye also depends upon the implantation
energy. Figure 3.6a shows the dependence of denayfor InGaAs/GaAs QWs samples on the

implantation energy at a fixed dose 0k3.0' ions cn. The implantation energies were varied
from 6 to 30 MeV.
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Figure 3.6 Variation of decay time with the implantation emem InGaAs/GaAs QW sample at a fixed Mose of 5x
10" ions cn?? (a) before annealing ar() after annealing.

As can be seen in the Figure 3.6, the decay tincee@ses from 52 to 85 ps as the
implantation energy increases from 6 to 30 MeV.sTikidue to the fact that with the increasing
implantation energies the amount of nuclear depdsgnergy in the active region decreases. At
high implantation energies ions get implanted diesple GaAs substrates causing less damage
than the low energy ions but leaves trails of dsfetong their trajectory in the top layers. The

defects may have a higher capture rate (midgaps3tdéiut only have a small density per unit
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surface in each QW. This explains the increaseeirag time with implantation energies. From
Figure 3.6, it is clear that for efficient defeebguction, the ions with implantation energyl5
MeV are preferred.

The decay time values after the annealing are showigure 3.6b. Decay time depends on
the annealing and increases from 52 to 200 pshersample implanted at 6 MeV, while the
increment is from 85 to 238 ps for the sample iatedl at 30 MeV. However, the capture time
does not depend on either the implantation energheannealing after the ion implantation. The
capture time is about 2.5 ps for all the samplé® fise and decay time values as a function of the

implantation energy is given in Table 3.2.

Table 3.2 TRPL rise and decay time values. the implantation energy for InGaAs/GaAs QWs at a

fixed Ni* dose of %10' ions cn?, before and after the annealing.

Implantation Before annealing After annealing

energy

(MeV) Trise Tdecay Trise Tdecay
6 21+£0.2 52+3 21+0.1 200+12
10 2.0x0.1 51+2 28+0.5 212+16
15 1.7+0.1 53+2 23+£05 21712
20 2.2+0.2 65+ 3 29+ 04 219+18
25 27+04 86+ 3 25+0.2 230+18
30 2.4+0.3 85+ 3 2.4+0.1  238+13

3.3.4 Effect of light and heavy ion-irradiation

The effect of different heavy (Niand Né) and light (Hé and H) ions irradiation on the
capture and decay dynamics in InGaAs/GaAs QWs wabesl in detail. The implantation energy
for each of the ions were chosen such that theg bdout the same stooping range profile in the
sample and each of the ions pass through the a@gien. The implantation energies used for
H*, He', N€e', and Ni were 100 keV, 200 keV, 500 keV, and 6 MeV respetyi

The main results obtained from these experimetsthe effective capture time for the light
ions HE and H is almost independent of the irradiation dose,lavfor the heavy ions, Neand
Ni*, the capture time decreases with the dose (F@Ji@). The fastest population of the carriers in
the QW was observed for the Nen irradiation, with the effective capture timeanmly 1 ps. The

capture time for light ions is about 3.5 ps (Fig8réa). Irradiation with light ions is as effectias

30



—H—10MeV Niions
51 E 400 KeV Ne ions
—@— 200 KeV He ions i -
g Ni* —X—100keV Hions 100 '\\
~ 4 °
§ W & 3 %
P LN “*
~ 31 12N J_ LA (] 10- } \ H+
E s 2 \
g 21 | g _ e\
=] \_ @ B 10MeVNions
= T~ ) 400KeV Neions Y
S 14 = 7 S 13- o 200kevHeions o
! - X 100KeVHions
Ne" —fit
1 10 100 1000 1 10 %00 ' 21000
10 . 2 il -
Dose (x 10 ionscm ) Dose (x 10 "cm”)
(a) (b)

Figure 3.7 InGaAs/GaAs QWs irradiated with heavy {NN€e") and light (Hé and H) ions(a) capture time as a function

of irradiation dose antb) decay time as a function irradiation dose

that with heavy ions in achieving the desired sderday time (Figure 3.7b) but for similar nuclear
energy deposition and penetration depth profilesefach ion species, much higher doses are

required for lighter ions implantation than that ke” and Ni to yield the same carrier lifetime.
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Figure 3.8 Decay time as a function of deposited energy fider@nt light and heavy ions. Different decay tsne

are observed for similar nuclear deposited energy.

Figure 3.8 shows the decay time values for eachaga function of the nuclear deposited
energy in the active region. For similar nucleapatéted energy, each irradiation resulted in
different decay time values. This suggests thatigldone depends not only on the deposited

energy but also on the specific kind of defectsdifferent ions produce. It is known that light on
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create mainly isolated point defects, while thevimraions produce a cluster of defects. While
comparing the Nian Né-irradiation, it is clear from Figure 3.7, that tbarrier lifetime and the
doses were about the same for both the methoddNiliions are preferred over Nidue to the
faster capture dynamics, remarkably lower implaotatnergy requirement and low cost of

process (Nebeing a noble gas) to obtain the desired irrasfiaitiduced effects.

3.4 Capture and decay of carriers in InGaAs/InP qua ntum wells
3.4.1 Effect of Ni "-irradiation and RTA

The effect of Ni-irradiation and post-annealing on the carrier gaptand decay process
was investigated in InGaAs/InP QWs structures. dffiective capture time decreases with the dose,
being 8 ps for the as-grown (no irradiation) sangsid 2 ps for the sample irradiated at the highest
dose of 50< 10" ions cn? (Figure 3.9a). Annealing has no effect on the waptime.

Since annealing affects the decay time (Figureb} $ignificantly, but not the capture time,
it can be argued that the defects responsiblerfoging change in the carrier capture dynamics are

different from those affecting the decay time. Tinisans that the shallow defects produced near
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Figure 3.9 (a) PL rise time £ capture time) for irradiated and irradiated-aneddhGaAs/InP samples as a function of thse

and(b) decay times of irradiated and subsequently annga@aAs/InP QWs as a function of Niose.

the barrier and QW interfaces or in and aroundidarionly affect the capture time while the deep
traps do not significantly effect the capture dym=mbecause the electron wave function is
delocalized for the shallow centers while it isdbred compared to the deep traps. Thus most

likely the electrons in the barrier deal with theakow traps while their transfer to the QW. The
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deep defect states are responsible for shorterhiegQW decay time alone. The decay time
decreases rapidly as the dose increases (Figuog E& the as-grown QW, the decay time is 1.19
ns, while it is only 3.7 ps for the highest irradi@ sample. Annealing brings no change in the as-

grown sample, while it recovers defects to somerexh irradiated sample, but not completely.

Figure 3.10a shows the steady state PL intensiies function of the irradiation dose. The
steady state PL intensity decreases rapidly addbe increases. This correlates well with the TRPL
decay curves showing the rapid decrease in théntiés and TRPL intensities (Figure 3.9).
Annealing recovers the defects only partially. Feg8.10b shows the XRD patterns of as-grown
sample and the sample irradiated at doses b8, 10x10'°, and 5&10' ions cn. The difference
in the SL satellite peaks on both sides of the mpaiak suggests that small structural changes take
place at higher doses. Some changes in the conguosit Ga in the barriers and in the wells are
also possible due to a small amount of intermiatchigher doses. These small changes in the

composition may accelerate the carriers trappinthbyQW and might affect the capture dynamics.
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Figure 3.10 (a) Low temperature PL peak intensities as a funatiothe irradiation dose ar(th) XRD rocking curves for

the as-grown and the samples irradiated at diffeteses, before and after the annealing.

The rise and decay time values for thé-Miadiated and post irradiated annealed samples ar

compiled in Table 3.3.
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Table 3.3 TRPL rise and decay time values fof lradiated and annealed InGaAs/InP QWs.

Ni* dose Irradiated Annealed
(ions cnt) T e e e
0 8+1.4 1186135 6.32 946:252
1x10™ 7+1 92+8 4.91.3 49652
2x10'° 6+0.6 453 4+0.9 34561
3x10"° 52614 253 3.3:0.8 31849
5x10'° 3.408 182 3.21.1 21334
10x10'° 3.260.9 114 2.60.9 15236

20%x10% 3.2¢0.9 9.41.3 2.60.7 13423
50x10%° 2.50.87 3.%1.2 2.40.7 8212

3.4.2 Effect of ion implantation energy

Figure 3.11 illustrates the decay tinmstfie QWs irradiated at= 5x 10'° ions cn? for the

implantation energies between 6 MeV and 30 MeV.
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Figure 3.11 Decay time and deposited energy in the activeoregf InGaAs/InP QWs structure irradiated at $0'°

ions cn? Ni* dose, as a function of implantation energy.

The ryecayincrease systematically from 15 ps to 37 ps irethergy range from 6 to 25 MeV.
This behaviour can be understood in terms of theean deposited energy (in units of eV/ion/A),
since the damage produced in InP and GaAs is déedriay nuclear collision processes for ions in

this range [64] (track formation becomes significanly at higher electronic deposition [65]).
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The nuclear deposited energy in the active regias determined using the SRIM2003
computer code [22] by calculating the energy transfd to recoil by the incoming ion in the active
region in the depth range of 100 to 200 nm. Theltesas averaged over the InP and InGaAs
multiplayer parts (below the top 100 nm InP layemyl is given in Figure 3.11. The results reveal
that the nuclear deposited energy decreasth increasing implantation energy, and this trés
almost exactly opposite to the change in lifetiloess damage is correlated with longer lifetimes.
Accordingly, in order to effectively produce defgdbw implantation energies (less than 5 MeV for

Ni*) are preferred.
3.5 Dynamics of Galn(N)As/GaAs QWs

Effects of the MBE growth temperature and rapidried annealing (RTA) on the PL rise
and decay dynamics of carriers ingG#ng 37As/GaAs and Gasano.3MNo.01#ASo.989/ GaAs quantum
well samples was investigated. The GalnAs/GaAs mumarnwells, grown at temperatureyd of
420°C and 460C, exhibited similar PL rise times of carriers bbat 3.5 ps. RTA at 61%C for 60
seconds had no significant effect on the rise tiGwe.the other hand, the decay time depended on
Tgr, increasing from 439 ps to 517 ps for the sampiavg at Ty = 420°C and Ty = 460 °C

respectively.

Alloying 1.1 at-% nitrogen with GalnAs strongly io#nced the carrier dynamics. The PL
rise and decay times for the GalnNAs / GaAs sam@ee about 1.0 ps and 11 ps, respectively,
when grown at 426C, and 1.0 ps and 15 ps for the sample grown at’@6@ncorporation of N
creates additional defect centers in the heterdstre. Shorter PL rise time observed in N
containing samples is due to the trapping of caipi the defect states near the barrier layer rathe
than the fast capture of electrons by the QW. Thonfirmed by about a 107 times quenching in
the steady state PL intensity (Table 3.4) and ablyut 40 times decrease in the decay time after the

incorporation of N foiTy = 420°C sample.

RTA reduced the amount of structural defects paldily for the lower growtfy, = 420°C
sample, which indicated the carrier lifetime of #® upon RTA treatment. For thig, = 460°C
sample the lifetime was only 40 ps after RTA. Toeder lifetime recovery for the lowy sample
suggested that lowy, should be favored over highy if the sample is subjected to post-growth
RTA. The numeric details of the rise and decay timkies for different samples are compiled in
Table 3.4.
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Table 3.4 TRPL rise (effective capture) times, decay timesd aPL intensity for GgglngsAs/GaAs and

Gay 6dNo 3MNo.01/AS0.98dGaAs QWs grown at different growth temperatuikg) ( before and after the annealing

Tor As-grown Annealed As-grown
Sample C) Rise Decay Rise Decay PL intensity
(ps) (ps) (ps) (ps) (a.u.)
GalnAs/GaA 42C 3.1+0.z 439+1<¢  3.2+0.¢ 434+1. 2.36:
GalnAs/GaA 46C 3.5+x0.« 517+1¢  3.3x0.¢ 55319 3.77¢
GalnNAs/GaAs 42C 1+0.1  11+0.¢ 1.8+0.2 68%€ 0.022
GalnNAs/GaAs 46C 1+0.1  15#1.: 1.4+0.2 404 0.02¢

In summary, the incorporation of N in GalnAs coble an alternative to the ion irradiation
to achieve short lifetimes. Furthermore, for Galmngssnples, lower the growth temperature, the
smaller the decay time. For GalnNAs samples theviirdemperature should be low enough to

recover more defects after the RTA.
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4. Conclusions

Carrier dynamics have been investigated in MBE gramGaAs/GaAs, InGaAs/InP, and
InGa(N)As/GaAs QW structures. The aim was to mdilese semiconductor structures faster for
ultrafast operation by incorporating the defectsigighe ion implantation technique and to study
the effect of different parameters such as irr&liatiose, ion species, implantation energy, MBE
growth temperature, and annealing on the carremsport and relaxation processes. The main

results obtained are summarized below

(1) The decay time could be reduced to sub-picosectaveds in InGaAs/GaAs and InGaAs/InP
QW structures via Niirradiation. Annealing was found to increase tifetime substantially in all
the irradiated structures. By appropriate combamatf irradiation and annealing, the desired decay

times of choice are achievable in these structures.

(2) The defects created by Niradiation are not stable for a certain periodtiofie after the
implantation. The decay time was found to incraasefold when the measurements were repeated
after a gap of 30, 45, and 100 days after theainitieasurements of fresh irradiated samples. The

defects in annealed samples were found to be siatiidime.

(3) In general, the effective capture time decreask thie irradiation dose, while annealing has no
effect on it. lon implantation creates few shalldvaps and a majority of deep traps in
heterostructures. The capture dynamics is affemtadhly by the shallow traps while the decay

dynamics is affected mainly by the deep traps.

(4) For lighter ions (Heand H) capture time is almost insensitive to the irréidimdose while for
the heavier ions (Niand Né&) it decreases as the doses are increased. Efthise tight and heavy
ions is capable of achieving sub-picosecond lifeimn InGaAs/GaAs samples. However for
similar nuclear deposited energy and penetratignhderofile, irradiation with Nerequires far less
implantation energy than Nio achieve the same irradiation induced effettsadiation with Né

was found to be a good alternative td.Ni

(5) For InGaAs/GaAs QWs the decay time increase with MBE growth temperature.
Incorporation of N has a tremendous effect on tharge carrier dynamics. The decay time is
reduced to about 11 ps from 439 ps after N incafpam. Interestingly, the effect of annealing was

more pronounced for the sample grown at lower gndemperature.
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