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Summary

Control of charge carrier recombination and generation in semiconductor
structures is an essential part of the semiconductor technology development.
Thesis of this lecture is focused on the summary of latest development and
trends in two fields where the control of carrier recombination is currently
subject of intensive research. Firstly, it is the lifetime control in high-power
silicon devices and, secondly, the application of nanometric InAs/GaAs
quantum coupled structures for control of radiative recombination in the
near infrared band. The lecture is based on the results, which were achieved
in laboratories of the Department of Microelectronics, Faculty of Electrical
Engineering, Czech Technical University in Prague in cooperation with
Czech and foreign academic and industrial partners, and introduces them in
the wider international context.

Irradiation by electrons, protons or alphas allows an accurate and
localized introduction of lattice defects acting as recombination centers. In
this way, carrier lifetime can be killed only in that part of semiconductor
device where it is necessary. This is indispensable in the case of high-power
bipolar devices where an appropriate control of the electron-hole plasma
collapse during the reverse-recovery reduces the turn-off losses and extends
the safe operating area of the irradiated device. Different irradiation
techniques are compared from the point of view of introduced
recombination centers, their distribution and thermal stability. Optimum
axial lifetime structuring in the power P-i-N diode for optimization of the
trade-off between on-state and off-state losses is presented. Negative side-
effects given by irradiation and means of their elimination are also
discussed. Finally, lifetime killing by in-diffusion of platinum (palladium)
guided by radiation defects introduced by helium irradiation is presented.
This technique allows introducing an arbitrary profile of ideal
recombination centers and optimizing the doping profile of the device.

Quantum confinement of electrons and holes in semiconductor
nanostructures into regions comparable with their de Broglie wavelength
(~ 0.1 - 10 nm) allows to set the transition energy and significantly enhance
the intensity of radiative recombination. For this reason, InAs/GaAs
quantum wells or dots can be advantageously used as an active layer of
highly-efficient and stable lasers operating in the 1.3 or 1.55 pm optical
communication band. Characterization of these InAs nanostructures grown
on GaAs by metalorganic vapor phase expitaxy is presented and the
application of the numeric simulation for identification of electronic
transitions is demonstrated. Finally, the effect of quantum dot covering by
InGaAs (GaAsSb) strain reducing layer is discussed regarding its influence
on the morphology of quantum dots and their electronic states.



Souhrn

Rizeni procesti rekombinace a generace nositelti naboje v polovodi¢ovych
strukturach  tvofi neodmyslitelnou souéast rozvoje polovodi¢ové
elektroniky. Teze této prednasky se zaméfuji na shrnuti nejnovéjsi poznatkil
a trendi ve dvou oblastech, ve kterych je v souCasnosti ovladani
rekombinace nositelll naboje pfedmétem intenzivniho vyzkumu. Jedna se o
fizeni doby zivota nositeli naboje ve vysokovykonovych kiemikovych
soucastkach a vyuziti nanometrickych kvantoveé vazanych struktur systému
InAs/GaAs pro ovladani zafivé rekombinace v blizkém infracerveném
pasmu. Prednaska prezentuje piedevSim ty vysledky, které wvznikly
v laboratofich katedry mikroelektroniky Elektrotechnické fakulty Ceského
vysokého uceni technického v Praze ve spoluprici s tuzemskymi a
zahrani¢nimi akademickymi i primyslovymi partnery, a uvadi je do SirSiho,
mezinarodniho kontextu.

Ozafeni energetickymi Casticemi (elektrony, protony a alfa
Casticemi) je vyznamnym nastrojem pro presné a lokalizované zanaseni
krystalovych poruch do té oblasti polovodi¢ové struktury, kde je nutné
snizit dobu Zivota nadbytecnych nositeli naboje. To je nezbytné zejména
u vysokovykonovych bipolarnich kfemikovych soucastek pro fizeni
extrakce elektron-dérové plazmy béhem jejich zavérného zotaveni. Cilem je
predevsim snizeni vypinacich ztrat a rozsifeni oblasti bezpecné Cinnosti.
Vhodnost jednotlivych ozatfovacich technik je porovnana z hlediska
parametrt zanaSenych rekombinacnich center, jejich profild a stability.
Diskutovany jsou nezadouci vlivy spojené s ozafenim a moznosti jejich
odstranéni, zplsoby vzajemné optimalizace statickych a dynamickych
vykonové P-i-N diody axialnim strukturovanim doby zivota. Dale je
popsano vyuziti iontového ozareni pro fizeni difiize platiny a paladia, které
umoznuje lokalni zanaSeni idedlnich rekombinacnich center s vysokou
teplotni stabilitou a vhodné nastaveni dota¢niho profilu soucastky.

Polovodi¢ové nanostruktury omezujici pohyb elektrontt do oblasti
srovnatelnych s jejich vlnovou délkou (~ 0.1 — 10 nm) vyznamnym
zpusobem ovliviiyji energii a i€innost zativych pfechodt v polovodi¢ovych
strukturach. Kvantové jamy ¢i tecky systému InAs/GaAs jsou proto
perspektivni pro konstrukci vykonnych a stabilnich laser pro opticka
telekomunika¢ni pasma 1.3 a 1.55 pm. Prezentovana je problematika
charakterizace téchto InAs nanostruktur vypéstovanych v GaAs metodou
plynné epitaxe z organokovi. Demonstrovan je vyznam numerické
simulace pro identifikaci kvantovych prechodi a namétenych dat. V zavéru
je diskutovan vliv prekryti InGaAs (GaAsSb) vrstvou redukujici pnuti na
morfologii kvantovych tecek a jejich elektronové stavy.
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1. Introduction

Improvement of semiconductor materials or devices performance
necessitates a precise control of processes leading to recombination or
generation of charge carriers. In semiconductors, electrons and holes can be
created or annihilated by different mechanisms which are classified
according to the ways in which the energy is released when nonequilibrium
carriers leave their bands. There are three basic recombination mechanisms:
nonradiative recombination, band-to-band radiative recombination, and
Auger band-to-band recombination. The relative importance of the
particular mechanism depends on the width of the bandgap and its structure,
on the electron and hole densities, presence of recombination centers, etc.

In an indirect band semiconductor like silicon, the change of the
electron momentum is necessary and the nonradiative recombination
prevails. The recombination is controlled by recombination centers
exhibiting deep levels in the semiconductor bandgap and the energy of the
recombining carriers is released via phonon emission. Deep-levels arise
from crystal defects or impurities introduced during fabrication process.
Control of non-radiative recombination has a key importance in bipolar
devices, radiation detectors or silicon solar cells. In high-power silicon
bipolar devices, the axial/lateral control of carrier lifetime by recombination
centers introduced by different irradiation techniques allowed a significant
reduction of turn-off losses and extending the safe operating area. This topic
is thoroughly discussed in the first part of the lecture.

In direct band semiconductors, no change of electron momentum is
necessary and the excess energy of recombining electron-hole pair is
released by emission of photon. Radiative recombination is mainly
exploited in semiconductor light sources. Quantum confinement of holes
and electrons in semiconductor nanostructures allows to tune transition
energy and significantly enhance intensity of radiative recombination. This
will shown in the second part on the example of InAs/GaAs quantum wells
and dots investigated as a prospective active layers for highly-efficient and
stable lasers for the 1.55 um optical communication band.

Results presented were achieved at the Department of
Microelectronics, Czech Technical University in Prague in cooperation with
numerous academic and industrial partners. In the field of advanced lifetime
control in high-power devices an intensive cooperation has been ongoing
with Institute of Nuclear Physics ASCR, Forschungzentrum Dresden, Ruhr
Universitdit Bochum, IPF Dresden, CNM Barcelona, Semiconductors,
Prague Inc., ABB Switzerland, Semiconductors Ltd., etc. Results obtained
on InAs/GaAs nanostructures then originate from a fruitful cooperation with
the MOVPE group of the Institute of Physics ASCR.
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2. Control of Non-Radiative Recombination in Power Devices

In recent years, the irradiation with fast electrons and ions became a
dominant technique for an accurate control of carrier lifetime in silicon
power devices. Radiation defects, which can be precisely placed in different
location of the device (see Fig.1), are introduced to enhance the
recombination of excess carriers, decrease the switching time and turn-off
energy losses (see Fig.2) [1]. First, the electron irradiation with energies
from 1.5 to 12 MeV, which guarantees an axially homogeneous distribution
of recombination centers in up to 1000 um thick power devices, substituted
the traditional methods of lifetime killing based on the noble metal
(platinum, gold) diffusion. This technique profited from its uniformity,
controllability and productivity [3]. Latterly, the irradiation with
high-energy protons and alphas came to be popular since it allows an
introduction of a very narrow defect region where the carrier recombination
is enhanced [4]. By choosing an appropriate energy of the projectile, this
region with locally reduced lifetime can be precisely placed only in that part
of the device, where it is necessary. Switching parameters of ion irradiated
devices are then improved without serious deterioration of static ones [5].
Moreover, multiple ion irradiation can introduce complex, custom-specific
profiles of recombination centers to further optimize device characteristics
and extend its safe operation area [1]. Attention also turned to the
application of electron irradiation with energies lower than 1 MeV [2]. In
this case, the full-width half maximum (FWHM) of the absorbed dose
distribution is comparable to the device thickness. This allows introducing
so-called “sloping” profile giving a gradual decrease of the defect

+  High-Energy 'H" Nt
P ¢] gy N
R Standard ‘He** )

P Low-Energye ,’

L]
\'- I,/ High-Energye'III
-l ¢ === Doping
L]

,
/ ’ Defects
N

Concentration

Fig.1 Doping profile of power P-i-N diode with measured concentration
profiles of recombination centers — homogeneous (high energy
electrons), local (standard alphas), sloping sharp (high-energy protons)
and gradual (low-energy electrons) [2].
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Fig.2 Reverse recovery waveforms of the P-i-N diode subjected to
different lifetime killing — none, homogeneous (electron irradiation) and
axially structured (ion and electron irradiation). Advanced lifetime
killing reduces reverse recovery charge and increase diode softness.

concentration from the irradiated surface up to a certain depth in the device.
Sharper slopes can be also achieved by high-energy proton irradiation
through appropriate set of energy degraders (foils) [2].

When strong lifetime reduction is required, application of irradiation
methods brings undesirable increase of leakage and parasitic doping which
can decrease device blocking capability [6]. Proper post-irradiation
annealing usually reduces leakage problems, but it can simultaneously
enhance negative doping effects. It was shown that these drawbacks can be
avoided when radiation damage is used for guiding the in-diffusion of
impurities exhibiting superior recombination properties (platinum,
palladium). In this way, an arbitrary profile of ideal recombination centers
can be created and superior device parameters can be achieved [7-9].

2.1. Recombination Centers Produced in Silicon by Ion and Electron
Irradiation

During silicon irradiation, energetic particles are loosing their kinetic
energy by collisions with silicon atoms creating primary damage - vacancies
and interstitials. Ions create most of the lattice damage towards the end of
their range, enabling localization of the region with high defect
concentration while most of the silicon bulk is left relatively unaffected.
Lighter electrons have a much higher penetration depth and are subjected to
larger deflection. As a result, the damage is homogeneous for typical
irradiation energies (>1MeV). Primary defects are unstable and interact with
each other or with structural imperfections of the target, creating secondary
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stable defects, mostly vacancy related complexes such as divacancies and
vacancy-impurity pairs (e.g. vacancy-phosphorus, vacancy-oxygen, etc.).
This process is affected especially by the conditions of irradiation (dose,
temperature, dose rate) and subsequent annealing, type of projectile, target
material and its thermal history [10]. The radiation defects change the
crystal structure locally and give rise to energy levels appearing deeper in
the silicon bandgap. The deep levels generated in this way affect
non-radiative (thermal) generation and recombination of free carriers and
consequently the minority carrier lifetime.

Deep levels influence semiconductor properties even at very low
concentrations (~ 0.01 ppb). Deep Level Transient Spectroscopy (DLTS) is
a very sensitive method monitoring a transient capacitance response of the
pn junction to identify emission rates connected with particular deep levels.
Fig.3. shows typical DLTS spectra of majority carrier traps recorded on
n-type silicon irradiated with protons, alphas high- and low-energy electrons
[2]. Corresponding survey of identified deep levels is then presented in
Fig.4. Fig.3 shows that irradiation with electrons and alphas produces pure
radiation defects: divacancy — V,, vacancy-oxygen pair - VO, and
carbon-oxygen interstitials pair C;O;; giving rise to different deep levels in
silicon bandgap. The most prominent of them are the acceptor level of
vacancy-oxygen pair VO™, which is the most efficient recombination center
at high injection levels, and the single-acceptor level of divacancy V,”,
which is responsible for carrier recombination at low injection and
generation in the depletion regime. Annealing of divacancies at
temperatures above 320°C results in formation of more stable high-order
vacancy complexes which can either influence leakage of irradiated device
or can getter other impurities present in the bulk of semiconductor.

DLTS spectrum measured on H' implanted sample is richer and
shows that hydrogen in contrast with helium interacts with radiation defects
and other crystal imperfections giving rise to additional hydrogen related
levels. These levels have a negligible influence on carrier generation and
recombination due to their low carrier capture cross sections. However, the
implanted hydrogen stimulates formation of shallow hydrogen donors
(HDs) in the vicinity of its end-of-range. HDs concentration is comparable
with the original shallow doping already at proton fluences of 10" cm™.
This can accelerate breakdown of the irradiated device [11].

Fig.2 also presents DLTS spectra recorded on silicon doped by
platinum and palladium [7,9]. Substitutional atoms of these impurities
exhibit nearly identical electronic properties: a series of deep levels in the
silicon band gap: acceptor at EC—O.23eV(PtS'/O)/EC-O.22eV(PdS'/ 0), donor at
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Fig.3 Majority carrier DLTS spectra measured in n-type silicon
subjected to different lifetime killing (Pt or Pd in-diffusion, irradiation
with protons, alphas high- and low-energy electrons). [2, 7, 9]

—
. HDg
Voo
[ — o == pgo
V2 — VOH Pt
V0 e e
— V,H
Ej---------=mmmmmmmmmmmm oo mmmmmmm oo
COMO e o o
o = CO-H Pt e Pd
V0 == e P
Pt
E,
e
14+
P Pt Pd

Fig.4 Survey of deep levels appearing in silicon bandgap after different
lifetime killing.

Ev+0.32eV(Pt"")/Ey+0.33¢V(Pd,"") and double-donor at Ey+0.13eV
(Pt;"*")/Ey+0.17eV(Pd,"*") — see Fig.4. Since the acceptor level of Pty(Pd;)
is nearly an ideal recombination center, lifetime killing by
platinum/palladium is, from the point of view of the introduced levels,
superior to radiation treatment. The in-diffusion of Pt(Pd) also does not
increase device leakage because since no levels are located close to the
middle of silicon bandgap. However, the technique lacks of controllability.

Detailed knowledge about radiation defect distribution is a must
for their application in lifetime tailoring. Fig.5 shows a typical example of
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Fig.5 Concentration profile of the single acceptor level of divacancy in
silicon irradiated with 1.8, 2.8, 3.6 and 7.35 MeV protons to a fluence
of 1.4x10" ¢cm™ measured by the reverse I-V profiling (thick). The
simulated distributions of primary vacancies are also shown.

concentration profiles of radiation defects resulting from ion irradiation -
distributions of the single-acceptor level of the divacancy V,"” in silicon
irradiated with 1.8, 2.8, 3.6 and 7.35 MeV protons to a fluence of 1.4x10"
cm™ [12]. The profiles were obtained by I-V profiling, the newly developed
method for non-destructive characterization of radiation defect profiles in
the full depth of power devices [13]. The method traces the gradient of the
reverse current of the irradiated device versus the depth of the space charge
region (SCR) dl/dx which is a measure of divacancy distribution. Fig.5
shows that divacancy distribution follows well that of the primary damage
only with a small broadening due to vacancy diffusion which is necessary
for formation of secondary stable defects. Similar results were obtained for
other recombination centers in silicon irradiated by protons and alphas.
Detailed information about defect introduction rates can be found in [12].

To be applied in semiconductor device technology, radiation
defects have to be thermally stable at operation temperature of given device.
For this reason, irradiated devices are usually annealed at temperatures
ranging from 200 to 350°C. In helium irradiated silicon, annealing at 220°C
does not affect VO pairs while divacancies anneals out with formation of a
new centre with two charge states located close to V,"™ and V,”". The new
centre, which starts to form at 220°C and anneals out at 325-350°C was
identified as V,0 complex. This complex, which is formed by reaction of
divacancies with interstitial oxygen according to the reaction V,+0O; —V,0,
is responsible for faster annealing of divacanies in oxygen rich silicon.
Above 350°C, the annealing of VO and V,0 gives rise to multiple vacancy
V, and VO, complexes. For low irradiation fluences, these centers remain
strongly localized close to the alpha’s range up to 430°C and kill carrier
lifetime significantly [11].
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In contrast with helium, annealing of radiation damage in proton
irradiated samples is influenced both by the presence of interstitial oxygen
and implanted hydrogen. Recent investigations performed on hydrogenated,
electron irradiated silicon show, that interaction of divacancies with
hydrogen takes place at higher rate than with oxygen [14]. This results in
disappearance of V, without a corresponding formation of V,0 or other
electrically active centre. The proposed interaction is the direct formation of
V,H, complex according to the reaction V,+H, — V,H, without formation
of the intermediate, electrically active V,H centre. Hydrogen also affects
annealing of VO pair, which is normally stable up to>350°C (in the
absence of hydrogen). In samples containing hydrogen, it anneals between
275 and 300°C by transformation to VOH centre VO+H — VOH. This
centre subsequently anneals out by a capture of a second hydrogen atom
with formation of electrically inactive VOH, defect. Also in proton
irradiated samples, the annealing of V,0, VO and VOH above 350°C is
accompanied by formation of new centers (identical to those observed in
helium irradiated silicon) which reduce lifetime and remain localized at the
radiation damage peak [11].

2.2. Radiation Defects and Formation of Shallow Donors

Favorable effect of ion irradiation can be accompanied by negative side
effect - parasitic doping. This effect is important for power devices which
are usually produced on high resistive n-type silicon to provide high
blocking voltages. Therefore, device blocking capability can be easily lost
when an additional donor doping caused by the radiation damage is placed
into the highly resistive region of the device. This is the case of proton
irradiation followed by low-temperature (< 400°C) annealing (necessary for
defect stabilization), when formation of shallow donor levels related to
hydrogen-defect complexes is enhanced [15].

For a long time, helium irradiation was considered to be free of
donor doping side-effects. However, the post-irradiation annealing at
temperatures above 350°C, which is required for increasing of radiation
defect stability or soldering of irradiated devices into modules, discovered
that helium irradiation also introduces shallow donors which follow the
profile of radiation damage produced by helium ions (see Fig.6a). This is
taking place in oxygen-rich silicon irradiated with helium ions which is
annealed in air at temperatures from 350 to 500°C. Origin and evolution of
these radiation enhanced thermal donors (RETDs) is moderated by
hydrogen atoms diffusing from anode contact into silicon bulk (see Fig.6b).
Hydrogen stimulates diffusion of oxygen interstitials (O;) and allows them
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to react with VO pairs. Possible scenario is the enhanced generation of VO,
centers by reaction VO + O; — VO, with subsequent formation of oxygen
dimers Oy; (Si; + VO, — Oy) what is the first step of oxygen agglomeration
preceding TD formation. Therefore, the origin of RETDs in silicon is
conditioned by simultaneous presence of hydrogen, interstitial oxygen and
radiation defects containing vacancies and oxygen. At higher irradiation
fluences or in the peak of radiation damage, concentration these centers and,
consequently, RETDs growth saturates. As a result, profiles of RETDs are
broader and flatter [16].
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which stimulates formation of RETD cores (VO, centers). The reaction
is limited by the maximum concentration of oxygen interstitials (O;).
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2.3. Optimization of Power Device Parameters by Advanced Lifetime
Killing

Proper lifetime killing in the power device brings a significant improvement
of its dynamic parameters like turn-OFF time and turn-OFF losses and
enlargement of the safe operating area (SOA). Unfortunately, the
improvement of the dynamic parameters is off-set by a worsening of static
ones like forward voltage drop (ON-state losses), leakage current (OFF-
state losses) and/or blocking voltage. Therefore, any lifetime control
technique is attributed to the above mentioned trade-off between the static
and dynamic parameters and their mutual optimization is necessary.
Development of simulation tools for advanced lifetime killing by irradiation
techniques [15,17] allowed a significant process in this field. The impact of
different lifetime killing on static and dynamic parameters was then
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Fig.7a Simulated reverse recovery waveforms of diodes subjected to
local lifetime control (LLC) and optimized LLC (single- vs. double-
irradiation). Diodes have identical ON-state losses.
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Fig.7b Simulated carrier profiles in at different time instants of the
reverse recovery waveforms from Fig.7a.
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thoroughly investigated both by simulation and experiment [5,6,18-23]. In
power P-i-N structure, reduction of the lifetime and consequently a decrease
of the ON-state carrier modulation always increases the forward voltage
drop Vr . The only reasonable way of ON-state losses optimization is a
precise setting of the axial lifetime profile. This must suppress the
electron-hole plasma concentration only where it is necessary and, at the
same time, guarantee that the conditions of high-level injection will not be
violated. Both conditions can be kept, if the principal lifetime reduction is
performed in the anode area. Decrease of the blocking capability is a crucial
problem of local lifetime control performed by ion irradiation since the
optimum position of the principal damage peak is in the anode junction.
Optimum is to keep the damage outside the SCR, if possible. Higher doses
of protons (>10" c¢cm™?) must be avoided, if the defect peak location
approaches the n-base side of the junction. An additional proton irradiation
located in the n-base is not a problem, because it only needs a low proton
dose (<10" cm™). Regarding the dynamic characteristics, the optimum
position of the damage layer for simple local lifetime control is close to the
anode junction. Turn-off losses and the probability of dynamic avalanche
can be further suppressed, if the second damage layer is created deeper in
the N-base (see Fig.7). This approach, which decreases the excess carrier
concentration only in the left half of the diode, is preferred over the
combination of local and uniform lifetime control by electrons since it
leaves the charge accumulated at the cathode untouched and therefore
ensures softer recovery [1]. Multiple ion irradiation can be performed in one
step using a properly designed mask which is inserted between the ion
source and the device [24]. Lifetime profile is then shaped by density and
structure of the mask. The technique is fully capable to replace multiple ion
irradiation and guarantee superior diode performance.

2.4. Lifetime Killing by Diffusion of Noble Metals Controlled by
Radiation Defects

In the last two decades, the lifetime killing by gold or platinum in-diffusion
was outperformed by irradiation techniques. However, radiation defects
anneal-out at relatively low temperatures (~350°C) and they are not ideal
recombination centers: in high concentrations, they increase device leakage
and cause parasitic doping [11]. On the contrary, in-diffused platinum (or
palladium) atoms at substitutional position in silicon lattice Pty (Pd,) are
ideal recombination centers, but shaping of their profile is difficult.
Combination of both approaches, i.e., application of radiation damage to
guide the in-diffusion of noble metals is one possibility how to get an
arbitrary profile of ideal recombination centers.
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Palladium and platinum atoms behave similarly in silicon. Both
can occupy either interstitial, or substitutional site in silicon lattice and their
diffusion proceeds via a small fraction of solutes being in the interstitial
configuration. In substitutional position, they show similar electronic
properties. On the other hand, the solid solubility of active palladium in
silicon is 20 to 50 times lower than that of platinum and Pd, concentration
increases more gradually with diffusion temperature. The interchange of
interstitial and substitutional Pt (Pd) atoms proceeds in two ways: via the
Frank-Turnbull mechanism, which assumes the interstitial impurity X; to
recombine with a lattice vacancy V to a substitutional X; ( Xj+V<X;), or
using the so-called kick-out mechanism where an interstitial impurity
generates a silicon self-interstitial / when occupying a substitutional site
( X;=Xt+1) [26]. Both the reactions are affected by the number of lattice
defects and therefore the diffusion of Pt and Pd can be guided by their
artificial introduction, e.g. by irradiation.

Recent investigation showed that the high-energy implantation of
helium produces radiation damage which is optimal to guide and localize
in-diffusing platinum and palladium atoms (see Fig.8) [8,25,27]. Despite
similar chemical and electronic properties, the radiation enhanced diffusion
of platinum and palladium exhibits differences. Palladium, in contrast with
platinum, in-diffuses already at lower temperatures (<600°C) and introduces
substantially higher concentration of recombination centers. This offers
higher lifetime reduction and better control of the amount of electrically
active recombination centers by selecting a proper annealing temperature.
Moreover, deep acceptor levels connected with the low-temperature Pd
in-diffusion allow advanced modification of the shallow doping profile in
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Fig.8 Concentration versus depth profiles of the Pt level measured in
diodes where the diffusion of platinum (725 C 20 min) was enhanced by
implantation of helium ions with energies: 7 MeV, 9, and 11 MeV. The
Pt,” profile measured in the diode not implanted with helium is shown
for reference [25].
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the N-base where the electric field peaks. This is an additional way to
suppress the dynamic avalanche and increase the breakdown voltage in any
P-i-N diode [8]. Both processes were successfully applied to the local
lifetime control in high power silicon diodes and outperformed the standard
irradiation techniques in defect stability, leakage and device ruggedness [7].

3. Radiative Recombination in Semiconductor Nanostructures

The strength of an optical transition is given namely by two factors, the
density of states, i.e., the number of possible electron-hole transitions at
given photon energy, and the dipole matrix element which couples light to
the material via a transition of an electron between two states in the
conduction and valence band. The transition is stronger for a larger overlap
between the electron and hole state and their larger extent.

In a bulk, direct band semiconductor, the transition energy is given
by its bandgap and the density of states D(E) is zero at band edges and then
increases with the square root of the energy E (see Fig.9). Quantum
confinement of electrons and holes in semiconductor nanostructures into
regions comparable with their de Broglie wavelength allows to tune the
transition energy and significantly enhance the intensity of radiative
recombination. Semiconductor nanostructures can be classified according
number of dimensions in which the carriers are free to move: 0D quantum
dots (QD), 1D quantum wires, and 2D quantum wells (QW). Confinement
is usually achieved by embedding the semiconductor with lower bandgap
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Fig.9 Schematic representation of three-, two-, one- and zero-
dimensional heterostructures (top). Densities of electronic states for the
given case of dimensionality (bottom).
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@ (b)

Fig.10 (a) XSTM image of two MOVPE grown InAs ultrathin QWs
separated by the GaAs spacer [31]. (b) XSTM image of InAs/GaAs QD
capped with GaAsSb [39]. Images were recorded with atomic resolution.

into the matrix of semiconductor with higher one, e.g., InAs into GaAs. An
example is shown in Fig.10 where cross sectional scanning tunneling
microscopy (XSTM) images of InAs/GaAs QW(a) and QD(a) are presented.
When confinement is increased, the bulk density of states splits to subbands
(QW) up to discrete states (QD) and the density of states increases
significantly. The lowest energy transition is no longer given by the energy
gap of the smaller bandgap semiconductor, but increases to the difference
between the lowest energy state in the conduction and valence band, resp.
This difference, i.e., emission wavelength, can be tuned by dimensions of
the nanostructure. Confinement localizes electrons and holes to the same
region and increases electron-hole overlap. This leads to larger dipole
matrix elements providing higher transition rates.

The most common way for preparation of 2D nanostructures is the
growth of heterostructures by epitaxial techniques like molecular beam
expitaxy (MBE) or metalorganic vapor phase epitaxy (MOVPE) [28].
Confinement to smaller dimensions was then first achieved by top-down
(etch/litographic) methods, however, bottom-up fabrication of quantum dots
or wires directly from quantum well structures is taking over by now.
Elegant way for making QDs by self-organization is based on the natural
tendency of a strained, heteroepitaxial film to roughen, in some cases by
forming 3D islands. The process, known as Stranski-Krastanov growth
mode [29], is based on the competition between strain and surface energy
when a thin "wetting" layer (InAs) is deposited on a substrate with lower
lattice parameter (GaAs). Although the growth of the layer is favored
initially, the built-up of strain energy makes subsequent layer growth
unfavorable, the layer roughens and forms 3D islands (InAs QDs).
Increased surface energy of QD is compensated by relaxation of the strain.
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3.1. Electronic States in Semiconductor Quantum Wells and Dots

Optical characterization methods like photoluminescence (PL),
photocurrent absorption (PC) and photomodulated reflectance (PR)
spectroscopy offer fast, non destructive and contactless means for
identification of electronic states in nanostructures [28,29]. However,
correct interpretation of measured data has to be supported by simulation of
electronic states in QD structures. Nowadays, this can be done by a proper
3D simulator. An example is nextnano3 [30] where the computations start
for a given nano-structure by globally minimizing the total elastic energy
using a conjugate gradient method. This determines the piezo-induced
charge distributions, the deformation potentials and band offsets within the
nanostructure. Subsequently, the carrier wave functions ¥; and energies E;
are calculated by solving iteratively 8-band-Schrddinger and Poisson
equations. Since some material or structural parameters are usually
unknown, a proper calibration of the simulation is a must.
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Fig.11 Left: Room temperature photoreflectance (top), photocurrent
(middle) and photoluminescence (bottom) spectra of MdQW and
semiconductor laser where the identical MdQW was used as an active
layer. Theoretical quantum transitions identified by simulation are also
indicated.
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Fig.12 Simulated band structure of the laser structure using the InGaAs
MdQW as an active layer. The electronic states and wavefunctions in the
MdQW are shown in the inset.

Fig.11 shows a typical example of experimental data obtained by
opto-electrical measurement: room temperature PR, PC, and PL spectra
recorded on semiconductor quantum structure — modulated InGaAs QW
(MdQW) and a semiconductor laser which uses the identical MdQW as an
active layer [31]. The upper PR spectrum shows strong resonances
corresponding to the optical transitions in the InGaAs MdQW. The arrows
indicate the transition energies obtained from fitting the PR data. The
notation e,-h(l),, denotes the transition between n-th state in conduction
subband and m-th heavy hole (light hole) state in valence subband. The
identification of particular transitions was done by electronic state
simulation. The strongest resonance at lowest energy is attributed to e,-h;
transition. Besides it, the PR spectrum shows e;-1; transition — the lowest
energy transition for light holes, and transitions between excited states:
er-hy, e,-hy, e,-l, and e,-l;. The optical transitions e;-h, and e,-l; are
forbidden, but the built-in electric field in the structure makes them possible
to be observed in PR measurement. Two PC spectra measured with TE and
TM polarizations (electric vector parallel/perpendicular to the growth
direction) allow unambiguously identifying two (e;-h; and e;-1;) ground
state transitions. Identical transitions can be resolved in the PL spectrum
together with the peak attributed to the GaAs band-to-band transition.
Electroluminescence (EL) spectrum then confirms that the laser is lasing at
the wavelength corresponding to the ground state e,-h; transition. Finally,
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Fig.13 300 nm x 500 nm size AFM image of uncapped InAs QDs (a)
and QDs covered with 2.5 nm thick GaAs (b) and Ing,3;Gag77As cap (c)
and their cross sections taken along the [110] direction (d).

the model of the full laser structure can be built (see Fig.12) and used for
optimization of lasers with different strained InGaAs MdQWs. In our case,
this allowed to tune laser wavelength from 890 to 1100 nm and achieve low
threshold current density (up to 0.12 kA/cm?) and high quantum efficiency
(up to 35 %) [31].

3.2. Recombination in Self-Assembled InAs Quantum Dots in GaAs

Interest in self-assembled InAs/GaAs quantum dots (QDs) study is
motivated by the demand for high-speed, low-power, temperature-stable
lasers and detectors for 1.3 or 1.55 um optical communication bands based
on cheap GaAs substrate. Despite a significant success in the fabrication of
1.3 um QD lasers, achieving emission at 1.55 pm by InAs/GaAs QDs is
difficult. The compressive strain energy in the QDs, which increases with
QD size, imposes an upper limit on the size of defect free QDs. Similarly,
the strain increases with increasing thickness of the capping layer (CL)
embedding QDs into a functional structure. Capping of QDs also brings
redistribution of In atoms affecting QD size [32]. Therefore, the final
optical characteristics of the overgrown QD layers are significantly
influenced by the CL growth parameters like its composition, thicknesses,
growth temperature and growth rate. Several approaches are used to control
the strain field and to increase the QD size, e.g., by introduction of tensile
stress by InGaNAs capping layer (CL) [33], by the growth on metamorphic
InGaAs buffer [34], and using InGaAs strain reducing layer (SRL) [35].

Fig.13 shows a typical 300x500 nm” atomic force microscopy
(AFM) image of the uncovered InAs QDs. These QDs were prepared by
low-pressure MOVPE on semi-insulating GaAs (001) substrates using the
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solid and [110] - dashed) perpendicular directions (bottom) and
corresponding model used for simulation (inset).

Stranski—Krastanow growth mode. The structures were grown at 490°C
except the first GaAs buffer layer (650°C). InAs wetting layer was
deposited for 27 s with a growth rate of 0.06 monolayer per second. The
growth was then interrupted for 15 s to allow QDs formation [36]. Fig.13a
shows that the uncovered QDs are InAs lenses which are slightly elongated
in the [-110] direction. The average density of QDs is 1.3x10'" cm™, lateral
dimensions along [-110] and [110] axes are 2510 and 22+8 nm, resp., and
their average height is 4.0£1.3 nm. Example of the typical QD height
profile measured by AFM in [110] and [-110] directions is shown in Fig.14.
The inset of Fig.14 shows a 3D model of a lens shaped QD which was
developed to interpret PL and AFM data [37].

A significant spread of QD sizes causes that the uncovered layer of
QDs exhibits a broad PL spectrum which peaks at 1.43 pum (see Fig.15 -
dashed). Covering of these dots by 2.5 nm GaAs CL improves homogeneity
of QD structure - the PL peak significantly narrows, retains its intensity and
spectral position. Further GaAs capping increases the PL intensity and
causes a blue shift (up to 1.26 um) narrowing further the PL peak (Fig.15
left). The blue shift is caused both by the increasing strain in the structure
(increases the InAs bandgap) and by the transformation of QDs to elongated
InGaAs islands with InAs core (see figure Fig.13b). During GaAs capping,
In atoms migrate from the top of QDs and are incorporated into the CL [32].
Dissolution of QDs predominantly decreases the QD height (see the cross
sections in the upper part of Fig.13d) and contributes to the blue shift of PL
maxima. Migrating In atoms driven by the strain field get embed in the
vicinity of the QD and form an InGaAs island around it. The elongation of
the island in [-110] direction then is caused by anisotropic lateral growth
rate.
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Fig.15 Room temperature PL spectra of InAs QDs covered by 0, 2.5,
7.5 and 42.5 nm thick GaAs CL (left) and 0, 1, 7.5 and 20 nm thick
IHOA23G30A77AS SRL (rlght)

3.2. Influence of Strain Reducing Layer

While GaAs capping does not allow to reach emission at 1.55 pm, a proper
Ing»3Gag77As SRL can shift the emission up to the desired wavelength.
Fig.15 (right) shows that increasing Ing;Gag;7As CL narrows the PL
maxima (its full width at half maximum decreases up to 35-50 meV) and
causes its red shift. Simultaneously, the energy separation between the
ground and first excited state stays within 70 to 80 meV. There are three
reasons of this positive effect. Firstly, the InGaAs CL relieves some of the
compressive strain in the QD which reduces the InAs bandgap [36].
Secondly, the InGaAs SRL lowers the barrier height on the top of the QD.
This reduces quantum confinement, electron wave functions significantly
spread into the SRL (see Fig.16) and transition energy lowers [37]. Thirdly,
the increasing In content in the SRL decreases the lattice mismatch between
the cap and the QD. The chemical potential of In atoms changes and the
detachment rate of In atoms and their migration away from the QDs
decreases [38]. As a result, the height of larger QDs can be preserved
(compare AFM images 13b and 13c and cross sections in figure 13d).
Higher In content in the SRL could even increase QD height/size.

Recently [39], the effect of GaAsSb SRL was investigated. In this
case, the QD size is preserved but not increased as compared with InGaAs
SRL. This results in lower red shift of QD PL (see Fig.17). However, the
most important difference between InGaAs and GaAsSb SRLs is in band
alignment of structures. The system with InAs QDs covered with
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Fig.16 Simulated electron (top), heavy- (middle) and light-hole
(bottom) wave function distributions in QDs covered by SRL with 0%
(left) and 30% (right) of In concentration - the ground (1) and the first
excited state (2). The QD shape is also indicated — cross section along
the growth direction.
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Fig.17 PL spectra of QDs capped by GaAs;.,Sb, SRL with Sb content y
ranging from 0 to 0.19. Inset shows the integral of the product of the
density of probability of electron and hole states on the Sb content,
where el-hhl (squares) is the transition between electron and heavy
hole ground states and e2-hh2 (triangles) transition between first
excited states.
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SRL GaAs,,Sb, y=0.10

Fig.18 Simulated wave functions of the electron and hole ground states
in the InAs QDs covered by GaAs;.,Sby, SRL for y=0.10 (top) and 0.15
(bottom).

the InGaAs SRL is a pure type I heterojunction while in the system using
GaAsSb SRL a type I to type II transition occurs when the Sb content
reaches 14%. For structures with a higher Sb content in the SRL, the red
shift of QD PL increases considerably, however, the cost for this red shift is
lower PL efficiency due to lower overlapping of electron and hole wave
functions (see Fig.18) [40]. This is because holes start to be confined in the
GaAsSb SRL instead of InAs QD. As a result, PL from the ground states
transition (e;-h;) ceases and emission from the excited state (e,-hy)
exhibiting better electron-hole wave function overlap increases (see the
inset in Fig.17). Another disadvantage for laser application is the blue shift
and broadening of ground state emission with increasing excitation
intensity. On the other hand, important advantage of using GaAsSb instead
of InGaAs SRL is the possibility to change the localization of holes in the
structure by GaAsSb composition. This can increase the oscillator strength
and PL intensity of ground state emission. For low Sb concentration holes
are localized near the QD base. With increasing Sb concentration the hole
wave function centre of gravity shifts towards the QD apex. Fig.17 shows
that maximum PL intensity, i.e. the highest overlap of electron and hole
wave functions, is achieved for 13% content of Sb in the SRL just before
type transition. In addition, only the ground state emission is observed in
this case (even for a substantial increase of excitation power). This is an
important advantage of GaAsSb covering compared to samples with
InGaAs SRLs, where the excited state emission was always observed even
at the lowest excitation powers.
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4. Conclusions

Latest developments and trends in two fields, where the control of carrier
recombination is currently subject of intensive research, were presented.

In the case of the control of non-radiative recombination in high-power
bipolar silicon devices, research works focus on the low-temperature,
precisely controlled introduction of lattice defects acting as recombination
centers. Since the behavior of the modified device is very sensitive to the
amount and distribution of lifetime killers, the lifetime control has to be
performed with high reproducibility and homogeneity. It was shown that
combination of irradiation by electrons, protons or alphas is a proper mean
for this purpose. Different irradiation techniques were compared from the
point of view of introduced recombination centers, distribution profiles and
thermal stability. Optimum axial lifetime structuring in the power P-i-N
diode for optimization of the trade-off between on-state and off-state losses
was presented. Negative side-effects given by irradiation (parasitic doping,
leakage, etc.) and means of their elimination were also discussed. Finally, it
was shown that lifetime killing by in-diffusion of platinum (palladium)
guided by radiation defects introduced by helium irradiation outperforms
standard irradiation techniques in thermal stability of defects, leakage and
device ruggedness.

The favorable effect of quantum confinement of electrons and holes in
semiconductor nanostructures for enhancement and control of radiative
recombination was demonstrated on the case of InAs quantum dots
embedded in the GaAs matrix. Characterization of these InAs
nanostructures grown on GaAs by metalorganic vapor phase expitaxy was
presented and the application of the numeric simulation for identification of
electronic transitions was demonstrated, as well. It was shown that a proper
covering of InAs quantum dots by InGaAs (GaAsSb) strain reducing layer
allows to use them as an active layer of highly-efficient and stable lasers
operating in the 1.3 or 1.55 um optical communication band.

It was shown that any future development in both fields is

unconceivable without use, improvement and mutual cooperation of three
key factors — technology, diagnostics and device simulation.
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