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Reziumé

[l grupés nitridai bei deimantai tai platdraustigs energijos taep
turintys puslaidininkiai, pasizymintys unikaliomimedZiagos savyimis ir
turintys  didej potenciad  aukSty temperairy, didely galiy,
opto/elektroniniams taikymams. T@dSiy medZiag elektrires bei optiis
savyles pastaruoju metu yra intensyviai tiriamos. Sviestukuot; dinaminiy
gardeliy (SIDG) metodas labai tinka tyéti kravininky dinamiky, kuri yra
nulemta fundamentinibei defektini medzZiagos savyhi

Pagrindiniai darbo tikslai buvo gauti naujZiniy apie kavininky
dinamika pladiatarpiuose puslaidininkiuose (GaN, InGaN bei deituase)
naudojat bei gtojant Sviesa indukuat gardeliy metodik. IStirti didelio
nepusiausvifju kravininky tankio rekombinacijos ir difuzijos ypatumus
skirtingo defektiSkumo GaN, InGaN sluoksniuose bsintetiniuose
deimantuose. SkaitmeniSkai modeliuojantavkninky dinamilky nustatyti
dominuojarius krhvininky rekombinacijos mechanizmus bei akininky
gyvavimo trukmes, difuzijos koeficientus ir nuotei

Darbe pristatoma nauja SIDG eksperimento schemahadagrafiniu
pluostelio dalikliu, leidZianti supaprastinti eksipeents. Si schema taip pat
igalino heterodinip difrakcijos signalo detektavign Parodoma, kad fag
skirtumas tarp signalo ir fonds Sviesos gali dii kontroliuojamas keiiant
holografinio daliklio paditi iSilgai jo gardeis vektoriaus krypties.

IStyrus didel kieki GaN sluoksni, uZaugint skirtingomis
technologijomis bei pasizymiiu skirtingu dislokaciy tankiu, buvo nustatyti
dominuojantys kivininky rekombinacijos mechanizmai. Parodoma, kad
dislokaciip salygota nespindulién rekombinacija dominuoja bandiniuose su
dislokaciy tankiu didesniu nei fOcm® esant maZesniems dislokacij
tankiams kitvininky gyvavimo trukme lemia bimolekulig rekombinacija.
Atlike SIDG tyrimus GaN sluoksniuose Zemose tempenae bei kilvininky
dinamikos modeliavim tiesiogiai nustame bimolekuligs rekombinacijos

koeficient, placiame temperaty intervale T = 9-300 K.



EksperimentiSkai nustatytas Zzymus (~3 Kkartusjvikinky difuzijos
koeficiento padidiimas didinant nepusiausujy kravininky tanlf GaN.
Naudojant kiivininky netiesires dinamikos modeliavimbuvo patvirtinta, kad
difuzijos koeficiento didjiimas yra sukeltas Fermi ¢gjio iSsigimusioje
kravininky plazmoje. Modelis buvo patvirtintas difuzijos kméénto
matavimais Zemose tempednatje.

Darbe parodyta, kad SIDG ir fotoliuminescencijoaekikos storuose ir
ilga kravininky rekombinacijos trukm turinéiuose GaN sluoksniuose yra
skirtingos. Fotoliuminescencijos kinetik pagrei¢jima lemia kfivininky
difuzijosi gyli nulemtas kivininky tankio magjimas. Difuzijaj gyli neitakoja
SIDG kinetiky, tockl jos tiksliau parodo Kivininky gyvavimo trukng ir yra
lengviau interpretuojamos.

SIDG tyrimai InGaN sluoksniuose pafgdkad In segregacija lokalizuoja
kravininkus taip mazindamajdifuzijos koeficiend, bei ilgindama Kivininky
rekombinacijos trukma Parodoma, kad InGaN kvanise duobse
bimolekulire kravininky rekombinacija yra dominuojantis mechanizmas, o
OZ rekombinacija tirtame tempefat; ( 9—-300 K) ruoZe ¢ra stebima.

Pirma karta optiniu kidu nustatytos Kvininky difuzijos koeficiento
vertes sintetiniuose deimantuose.iiininky rekombinacijos truknai bei azoto
priemai§ kiekio koreliacija parog kad su azotu susietos priemaisSos yra
pagrindiniai rekombinacijos centrai. Nustatyta, Kemmbario temperatoje
deimanto monokristalamsidinga kiivininky difuzijos koeficiento vett yra
D,=9,7+ 0,5 cnils.
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Introduction

llI-nitrides (specially GaN), diamonds are extreyngtomising wide band
gap semiconductor materials for optoelectronics higth temperature, high
power electronics. Actually, GaN is likely the mastportant semiconductor
since silicon. However, achievement of its full grtial is still limited by a
dramatic lack of suitable GaN bulk single cryst&Bice there is no GaN bulk
single crystal commercially available, the wholehteological development of
GaN based devices relies on heteroepitaxy.

Most of the current device structures are growrsapphire or 6H-SiC.
However, since their lattice parameters and theemphansion coefficients are
not well matched to GaN, the epitaxial growth geres huge densities of
defects, with threading dislocations (TDs) being thost prevalent (£0to
10"cm®). Actually this large density of TDs in GaN draslly limits the
performances and operating lifetime of nitride loadevices. Therefore, there
is currently a tremendous technological efforteaduce these defects.

Worldwide initiatives of technologically leading watries is focused on
further development of lll-nitride materials. Widgandgap Semiconductor
Technology Initiative (WBSTI) program of the DARPAJSA), European
technological centers (DENIS, EURONIM, ISCE-MOCV®)as aimed to
achieving advances in bulk and epitaxial matenigligy, and by tying these to
device performance, to developing low dislocaticengity gallium nitride
substrates. The sophisticated buffer layers (LT-GAMI, SL-AlGaN, SiO,
etc), epitaxial lateral overgrowth (ELO, 2S-EL@ELO, and nano-ELO),
modified MOCVD growth methods (PECVD, MEMOCVD) argroduced in
minimize threading dislocation density (TDD) durifCVD growth of GaN
layers. While the reduction of TDD in the hydridepeur phase epitaxy
(HVPE), which features high growth rate of ~%0n/h, is achieved by
increasing layer thickness up to several hundradiofometers.

The InGaNGaN system is used for current commercial LEDs laDd

for blue and UV spectral ranges. Neverthelessctmtinuous optimization of



devices structure (well/barrier thickness, optingddping, elimination of
piezoelectric fields by growth on non-polar subisa is taking place.
Moreover, in the recent time the huge interest aNGcientific community is
focused on high power LED efficiency droop probleihe several
controversial hypotheses are proposed, such asrAegembination, over-
barrier diffusion, filling of the electronic states

The defect-free diamond is known to exhibit thegést values of heat
conductivity and carrier mobility of all the widexbdgap semiconductors. This
makes the material attractive for production ofhhgpwer devices, ultraviolet
and ionising radiation detectors that could operaiader extreme
environmental conditions. However, the developn@ntliamond electronics
has been hampered by several problems, such ak aflsshallow dopants,
heteroepitaxy for large single crystals, low cristpality of synthetic
diamonds. Synthetic diamonds has been for the $@sgears produced by
high-pressure high-temperature (HPHT) and morentgcbey chemical vapor
deposition (CVD). The deposition technique of highality homoepitaxial
diamond is not well established and it suffers freany slow deposition rate,
inclusion of impurities (mainly nitrogen and silitp etc. Thus the deposition
of synthetic diamond free from morphological de$eahd impurity inclusions
is still one of the major technological challengeshich the scientific
community has to face.

Characterization studies of the advanced materaks of crucial
importance to achieve the optimisation of the gtowtocess of layers and
heterostructures. The numerous devices and tecsigre used to analyse
structural quality of lll-nitrides and diamondscinding electron microscopy,
atomic force microscopy, X-ray diffraction, Ramapestroscopy as well as
optical and electrical properties studied by phowwhescence (PL),
cathodoluminescence (CL), electron beam inducedentr(EBIC), time of
light (TOF) or charge collection (CCD) techniqu&gme resolved techniques
have been shown as a versatile tool for investigatif semiconductors, as

they provide straightforward information on carridgnamics as well as



important parameters such as carrier/exciton fifefidiffusion coefficient and
length.

The carrier recombination and diffusion is goverbgdiefect density in a
material, therefore knowledge of carrier dynaminaldes characterization of
samples, optimisation of growth technology. Thetiiie of nonequilibrium
carriers is very sensitive to existence of point axtended defects in a
material. The ratio between radiative and nonragiatecombination rates
determines the internal quantum efficiency andefoee has a key importance
for light emitting devices efficiency. The carriéiffusion coefficient and
diffusion length are crucial electronic parametfins optoelectronic devices
operation.

For the carrier dynamics investigation in wide bgeqa semiconductors
we mainly used the time-resolved light induced grant grating technique
(LITG). LITG is a nonlinear optical technique, whienables to monitor
electronic, thermal, acoustic properties of sencmtor by optical means. The
advantages of LITG lies in its: 1) contactless aoddestructiveness (ohmic
contact is a big problem for many semiconductd¥)sensitivity (high signal
to noise ratio is ensured because the signal issumed in dark field), 3)
separation of diffusion and recombination procedsgessarying the grating
period; 4) a possibility to study processes inghidace region (of ~im) or in
the entire bulk crystal, 5) investigation of proses under various experimental
conditions (temperature, excitation intensity aravelength), 6) applicability
to wide range of semiconductor materials, rangmgifheavily doped to semi-
insulating . Among the mentioned features, the niogortant advantage of
LITG is the spatially modulated excitation, whichables to measure not only
local decay of excitation, but also the transpdrtemcited species (the
diffusion of carriers or temperature, sound propiagaetc).

The maingoals of the thesis were gain a new knowledge on carrier
dynamics in wide bandgap semiconductors (namely ,GalGaN, and
diamonds) by using and developing light induceddrent grating technique.

The experimental studies on numerous samples, gadwlifferent conditions,
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combined with extensive measurements in a wideerasfgcarrier densities
(10'-10°° cm® and temperature (9-300K) was targeted to identhg
interplay of radiative an nonradiative recombinatinechanisms, to determine
carrier lifetime dependence on the excess caraasitly, to explain the carrier
diffusion coefficient dependence on excitation msigy, to find the optimal
materials growth conditions. By planning ahead ¢hiesestigations, were set
the following specifidasks

1. Development and implementation of the LITG schemith diffraction
optical element as a holographic beam splittett, sigmificantly simplifies the
grating recording/detection scheme and enablesduytee detection of the
signal.

2. Investigation of high-density excess carrier ombination and
diffusion peculiarities in different structural ditg GaN, InGaN layers, and
InGaN MQWs structures. Modeling of carrier dynamarsd recombination
mechanisms in samples with different dislocationsity for determination of
carrier photoelectrical parameters, as radiatiwe ranradiative recombination
times, diffusion coefficients, diffusion length.

3. Investigation of carrier dynamics in differeypés of bulk HPHT
diamonds and CVD grown layers at various excitatioonditions and

evaluation of their optical/electrical parameters.

Scientific novelty and importance

Further development of time-resolved optical teghas and devices for
nondestructive characterization of photoelectripaiperties of materials for
semiconductor optoelectronics is neededefositu evaluation of new growth
methods and concepts of technological innovations.

Implementation of holographic beam splitters fof Gl optical scheme
provided possibility to simplify the grating recard. It also enabled a
heterodyne detection of the signal, an eliminatddrdetrimental signal and

background interference effect for rough samples, control of the phase
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between the LITG signal and scattered light. Onlthsis of this scheme, the
new version of HOLO-device may be engineered.

LITG measurements, performed on numerous GaN lafyeinéch have
been provided by world leading technological centend companies) with
very vide range of threading dislocation densityalded us to identify carrier
recombination mechanisms and determine dislocajoverned carrier
recombination lifetime as well as bimolecular retamation impact in wide
temperature range. The numerical modeling of erpental results obtained at
high excitation level and low temperature revealed intrinsic nature of
carrier recombination and diffusion variation.

Investigation of InGaN layers and structures predidohotoelectrical
parameters in layers with different In content,e@ed In segregation induced
carrier localization. The measurements in InGaN M&3Nowed longer carrier
lifetimes and pronounced bimolecular recombinati@ven at room
temperature.

Determination of carrier diffusion coefficient argarrier lifetime in
artificially grown diamond crystals was demonstdafer the first time by
optical means (picosecond LITG technique) and hhighk importance to the
field, where electrical determination of these pagters encounters some

difficulties.

Statements presented for defence

1. Nonradiative threading dislocation governed nalgimation dominates
for GaN layers with dislocation density higher thEdf cm. The dislocation
determined carrier lifetime could be approximatedwide dislocation range
26-10'

JNp[em?]

2. Bimolecular recombination (with determin&i= 210*cms) is a

(10°- 10°cm?) as:7[ng| =

dominant recombination channel at high carrier iiess (~10° cm®) if

dislocation density of GaN layers is lower thafiaréi®.
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3. Increase of ambipolar carrier diffusion coe#i D, in GaN and
InGaN at high carrier densities (N >1@m?) and even stronger increase of
D, at low T is due to Fermi pressure at degenerateecglasma.

4. The nitrogen related defects are the main reawatibn centers in
diamond and determine variations of carrier lifetinand diffusion in
polycrystalline CVD grown layers, while in nitrogéree HPHT and single
crystal CVD diamonds these parameters peak up8n< and 9.2 cffs.

5. By movement of holographic beam splitter alasgyrating vector, the
phase difference between the background and diffracsignal in LITG
experiment is controllable, thus enabling heteredyudetection and

determination sign’s change of refractive index oation.

Layout of the thesis

The thesis is arranged in the following way. Theagbr 1 gives
overview of carrier dynamics in wide bandgap semdtwtors. In the
Chapter 2 the formation, detection and decay dfitlippduced gratings is
presented. The Chapter 3 describes the new scbeni€G and original way
of heterodyne detection of the signal. The detailgestigation of carrier
dynamics in various GaN layers grown by differegthnologies, containing
different amount of TTD is presented in the ChapterAlso this chapter
contains numerical modeling of carrier dynamicexaerimental conditions. In
the Chapter 5 results obtained in InGaN layers B@Ws structures are
presented. The Chapter 6 deals with nonequilibraarrier dynamics in a
diamonds grown by HPHT and CVD methods containiifigerétnt amount of

nitrogen related defects. The thesis is summatgedoncluding summary.

Author’s contribution

The author carried out the majority of experimatescribed in the thesis.

He wrote and used computer programs for modelingaofier dynamics also
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for PC control of experiments. The author was \agfjve in interpretation of
results and prepared several drafts of publicatid@s A5], also contributed to

preparation process of others drafts.
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1. Time resolved studies of wide bandgap semicondocs

1.1. Exciton and free carrier dynamics in GaN

The time resolved studies of semiconductors proundermation about
dynamics of various electronic transitions and nelomation lifetimes of
injected carriers. These studies are important g information for
fundamental material science as well as for pratticse of materials in
semiconductor industry, since determined quantit@selates with material
quality, purity, doping level, etc. The investigatiof carrier/exciton dynamics
in lll-nitrides is mainly done by time resolved pgbluminescence (TRPL)
spectroscopy [1-4], since it is versatile technigb&e to investigate excitation
dynamics in very wide range of excitation and tidetay. The time evolution
of different spectral ranges provide informationanrate of different radiative
and nonradiative  transitions in  excited semiconoluct The
cathodoluminescence studies [5-7] features extreinigh spatial resolution
(several nm), since material is excited by verjttigfocused electron beam,
thus is used spatial mapping of carrier dynamiculerities. The other class
of techniques used for time resolved measuremsmsimp probe techniques
were usually carriers are excited by short puls&\éflight (via band-to-band
transition) and probed by broadband white continu{8h microwave
absorption [9, 10], photoconductivity [9, 10], liglscattering by induced
transient lens [11], or by diffraction of probe be#this work or [12]). If to
compare mentioned techniques they differ by exoma(intensity, energy,
duration), detection mechanism, and time-resolutidherefore, observed
physical process and decay constants are very relitfe ranging from
stimulated recombination with decay time of ~10[$sto low density carrier
trapping with time constants in order of millisedsr{9].

Free excitons. If the quality and purity of a GaN are sufficigriigh (low
densities of defect and impurities), the photoextielectrons and holes pair

off into free excitons by Coulomb interaction, whicecombine, emitting
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narrow line with energyhv =E, - E,, where E,~ 25-26 meV is a binding

energy of the free exciton in GaN. Due to high bigdenergy free exciton
could be observed up to room temperature in Gale Fxciton emission
dominates in moderate densities, since at highityetie Coulomb interaction
is screened and excitons dissociated in electrda ptasma. At very low

densities and temperature free-excitons become thimgutral donors and/or
acceptors. The decay time of TRPL from the A excifioole from A valance

band) was varying from 10 —50 ps at low temperatimethin samples due to
the dominance of nonradiative transitions in hedpitaxial samples[13, 14]
and reached values of 90 ps in thick high qualityPE GaN layers[1]. The

authors showed that this PL decay time is not #ukative lifetime of the A

free exciton, since corresponding PL signal isemtéld just from a thin near
surface layer, and exciton diffusion to sample oeduexciton density near
surface. Also this decay could be affected by serfiiecombination. The real
lifetime of A exciton is obtained by analyzing ploonreplica emission since it
is not reabsorbed in material. The investigatioowsd that free exciton
lifetime in bulk reaches values longer than 1.4n2K in best HYPE samples.
Measurements of the free exciton lifetime with tplmeton spectroscopy (what
ensures flat excitation profile and therefore ned@pth diffusion) on free

standing HVPE samples were recently reported, tiaguin an estimated

radiative lifetime of free excitons up to 2 ns@awltemperatures [15].

Excitons bound to neutral impurities. At low temperatures PL spectra is
dominated by transition of excitons bound to nduttanors (Si, O) and
acceptors. Bound excitons are the prime opticalaigres of the presence of
impurities in semiconductors, and are thus of ma@ugortance for material
characterization. The energy of transitions areelothan free exciton by
binding energy -hv=E;-E- E, As temperature increases, the bound
excitons become thermally ionized. From a simpleoti predicting a so-
called giant oscillator strengthyge [16], one can expect a constant radiative
decay times1 ~ 1/Fpge) of bound exciton. The PL decay of the DBE no-

phonon line at low temperatures shows a non-exg@idiehavior, with a fast
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initial slope corresponding to a decay time of al800 ps, and a much slower
tail towards longer times [1]. The no-phonon dobound exciton decay is
distorted by optical dispersion in the semiconduattedium with exciton
resonances and surface effects, but the radia¢igaydtimes of 1.3 - 1.4 ns can
be estimated from the decay of the respective phoaplicas and two electron
transitions.

A nice exponential decay for acceptor bound excitoost probably
associated to Mg is typically observed. The dedme tvaries for different
samples, presumably due to a nonradiative coniobufrom excitation
transfer effects. An upper value of 0.9 ns is fofmin low temperature data
[1, 17, 18]. Presumably the radiative decay timeeexis 0.9 ns with a margin
that is perhaps not accurately measured as yet.

Free carriers. Band-to-band emission of free carrier is obseivechany
TRPL experiments at room temperature and high a&xort. At high carrier
densities (18 cm?®) (which are above Mott density[19]) and highemtiiaom
temperature exciton system (excitation energy \ablbve bandgap is used,
therefore of carrier temperature becomes highem thtice[2]) excitons are
thermally ionized and/or screened by high carrangity. In this situation wide
band of PL around GaN bandgap energy of 3.39 eserved. Experiment at
these conditions allows materials characterizatioder conditions that are
close to the semiconductor laser operation regiDespite that the TRPL
detects radiative recombination, the carrier redoatibn dynamics in
majority experiments described in literature isedeined by nonradiative
recombination, thus these measurements very sesigitreflects material
quality.

There is a limited number of reports related to TiRPL lifetimes of
excess carriers in GaN at 300 K. Kweiral[20] reported a biexponential decay
with 150 and 740 ps time constants for high-quaiidoped MOCVD-grown
GaN/sapphire. Decay times between 205 and 530 ps measured for thick
HVPE-grown templates[21-23nd values ranging from 445 [2] to 506 ps [23]
were reported for homoepitaxially grown GaN layénsaddition, Chichibuet
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al.[24]and Izumiet al.[25] reported biexponential decays with lifetimgsand
1, 0f 130 and 400 ps, and 80 and 459 ps, respectit@lyGaN/sapphire films
grown using ELO. However, the same groups obtaloader biexponential
lifetimes of 130 and 860 ps [24], and 98 and 722pHor bulk GaN.

TRPL studies in different quality GaN epilayers watescribed in [2].
Luminescence intensity transients under high etigriafor estimation of the
carrier capture time in GaN epilayers fabricatethgis/arious techniques is
presented. Low-quality GaN epilayers exhibited linainescence decay time
below 10 ps, while good quality heterolayers of GaMbout 1am thickness
grown by MOCVD over sapphire substrate showed tingiiescence lifetime
of about 100 ps. Meanwhile, a homoepitaxial GaNagpr, grown under
similar conditions by MOCVD shows the largest lupsoence decay time
7y = 445 ps (carrier lifetimer= 27, = 890 ps). Thick GaN epilayers (100
um) grown by hydride vapor-phase epitaxy had a ralduge luminescence
decay timery = 205 ps. Authors concluded that in samples witleereased
number of dislocations, carrier recombination i @bntrolled by nonradiative
traps but of different origin (point defects). Téfare, further improvement of
the materials quality for purely radiative bandsand recombination at room
temperature can be achieved through mitigation ohradiative traps
originating from point defects.

Band-to-band luminescence decay versus dislocatiensity was
investigated by TRPL[3]. The nonexponential TRPangient were fitted by
two exponential fit. The longer decay time valudsich was associated with
carrier lifetime varied from 1 ns at dislocatiomndities of about A0°cm” to
100 ps at ~1cm? The weak dependence of carrier lifetime versus
dislocation density (power index less than —1/4% waplained by presence of
points defects (namely Ga vacancy and its comp)exésich was proved by
positron annihilation technique. The origin of nepenential shape of TRPL

transients was not addressed.
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TRPL being as a tool to control the technologicedcpss of crystal
growth was demonstrated in several papers [26188}ias shown that, growth
of GaN thin films on SiN and TiN porous network fgates significantly
improved the structural quality and the radiativiceency of the overgrown
layer. In terms of the decay times, the samplek Wil network showed much
better performance (almost two times increase aagidéimes) than the samples
with SIN network. The slow decaying component foe tL5 min nitridation
sample had decay time constant = 1.86 ns time constant that is comparable
with the result ofry = 1.73 ns from a 20@m-thick freestanding GaN.

Most of above described room temperature high atioit TRPL
transients revealed nonexponential decay. The eutfitted this decay with
two exponential model, which can not be obtaineaimfra single carrier
continuity equation solution, therefore physicalamieg of fit is doubtful. The
reason for this nonexponential shape of TRPL teartsivere investigated in
this work and explained as carrier diffusion inpth caused carrier density
reduction and therefore PL intensity addition decmy related to carrier
recombination. After publishing this work severapprs[15, 29], appeared
where in-depth diffusion was suppressed by excitagiers in the whole
thickness of the sample by below bandgap excitatiith low absorption
coefficient.

The low carrier density dynamics in GaN layers wareestigated by
contact photoconductivity (CPC) and microwave apson techniques
(MWA) [9, 10]. The time scale of the relaxation g@agéxhibited a crossover
from picoseconds for stimulated emission to hunslrefl nanoseconds for
multitrapping. In the asymptotic part, a stretcleegonent decay on the
millisecond scale was observed with the disordatofaof o =0.7. The
asymptotic decay was explained by competition aftess of nonradiative
recombination within bulk of the material and tragqp attributed to the
dislocations. Effects of disorder, which are inmerder as-grown material due
to the high density of dislocations, manifest thelwss in the long-tail CPC as
well as MWA decays with a time stretching factoiOof.
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1.2. Time resolved studies in InGaN

InGaN is a key material for many commercially a@bié green-blue
LEDs and LDs. Many investigation were carried out mGaN-related
epilayers and MQWs structures for identifying tteume of optical transitions
at the fundamental absorption edge[30-Bwever, a few essential problems
still remain unresolved, in particular, those relijag the emission spectral and
temporal dynamics with temperature, nonequilibricarrier density, quantum-
well width, and In molar fraction. The investigatichows that in indium
containing nitride compounds, indium atoms are ©ombgeneously
distributed with pronounced In content fluctuati®®32]. This
inhomogeneity localize nonequilibrium carriers athgtrefore increases the
guantum efficiency enhances of InGaN-based lightterg devices][32].
However in InGaN MQWSs due to strain-induced piegogic polarization at
interfaces quantum-well potential is tilted (quantwonfined Stark effect),
which results in electron and hole wave functiopasation and reduction of
radiative efficiency.

400 . In TRPL measurements In
g [TmaT20P 20K segregation  caused  carrier
"@"300 | Eme= 3.426 eV i % greg
E | Eo=82mev B3 localization is observed as PL
E L £ g
72007 /\ e decay time dependence on
) c =
o @ . Cp -
E_L.1007 g8 emitted photon energy within
EE
L wide band-to-band emission

0 -
3.36 3.38 3.40 3.42 3.4 . .
Photon Energy (eV) band [24, 33-35] (Fig.1.1). High

Fig.1.1. Time-integrated PL spectrum and th&Nergy PL corresponding  to
PL decay time as a function of monitoredrecombination of  carriers/
photon energy at 20 K of dgGaNyegdGaN excitons with higher energy has
UV-LED (After ref.[33] ). short PL decay time (~100 ps)

since it is determined not only
by radiative and nonradiative recombination rataes, also by migration of
carrier to lower states. The low energy PL decagstants correspond to

carrier/exciton lifetimes and vary in wide rangenfr ~100 ps to nhanoseconds
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[24, 34, 36]. The nonexponential decay shape s edsised by screening of

piezoelectric polarization induced fields. At higlearrier densities this field

becomes fully screened and electron and hole wagglns overlap, thus

increases probability of radiative recombinatiomd adecay time shortens.

During recombination carrier densities reduceswali as screening effect,

therefore overlap of wavefunctions decreases aodydaecomes slower.
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The Fig.1.2.
dependence of radiative and nonradiative
recombination the
Ing.osGaNy odGaN UV LED obtained from
temperature dependence of the time integrated
[33].

The radiative time increased gradually with

shows the temperature

lifetimes in

PL intensity and PL decay lifetimes .

temperature as*f, which was suggested to
be characteristic behavior of a nearly free 3D
exciton. On the other hand the derived

nonradiative time was almost constant at 2 ns.

The authors concluded that nonradiative recomhinatiate was greatly

suppressed by the addition of a small amount &b the active layer.
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In the development of InGaN-
based light-emitting diodes LEDs,

producers encountered reduction of

o
3

internal quantum efficiency of LED at
high current densities, which was called

as a efficiency droop problem

Quantum Efficiency (arbitrary units)

=]
o

. : . [39](Fig.1.3). Several carrier loss
1 10 100 1000
Current Density (Alcm®)

mechanisms to explain the droop

Fig.1.3. Relative quantum efficienc
g a yphenomenon have been proposed such as

of two 2.5 nm QW (a), six 2.5 nm

carrier leakage [40, 41], carrier
QW (b), and 13 nm DH (c) LEDs vs

current density. All LEDs emit at delocalization  [42, 43], and Auger

12430 nm. Measurements are tal(err]lonradlatlve recombination [44] [37,
38]. TRPL transients measured in set of

with  pulsed drive at room
temperature (After ref. [37, 38]). InGaN samples with different In content
was modeled with presence of Auger
recombination and provided Auger coefficients imga from 1.40°% to
2.010% cnf s'[37, 38]. Nevertheless, the clear nonexponentiatiera
dynamics with recombination rate increasing as isgjliearrier density was not

yet shown.

1.3 Time resolved studies in diamonds

Diamond is a wide-band-gap semiconductor havingradlgap energy of
5.47 eV at room temperature (RT). Although it is amdirect gap
semiconductor, excitonic recombination emission lhesn observed in natural
and high-pressure high-temperature (HPHT) diamdiydmany groups using
cathodoluminescence (CL), provided by the highr{&)/) binding energy for
the free exciton [45]. In chemical vapor deposi(€¥D) diamond, Collins et
al. have observed this for the first time [46]. Tdmgstallinity of CVD diamond
film progresses extremely allowing for the obseomtof dominant free
excitonemission, even at RT[47]. Nevertheless, just feticaptime-resolved

investigations were done in this field.
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Hammesberg et al. [48] presented an experimentdly sif the mobility-
lifetime products and free carrier lifetimes for BVgrown polycrystalline
diamond samples of various qualities, with variasion average grain size and
nitrogen content. The investigation showed carlifgtime dependence on
nitrogen content. Nitrogen free diamonds exhilbétime values up to 150 ns,
while samples with nitrogen impurity density aroumé™ - 10'° cm® had
carrier lifetime shorter than 5 ns. Authors conelddhat carrier lifetime is
dominated by trapping and recombination at thengb@undaries, leading to a
strong coupling to the average grain size in pgistailine diamond. Salvatori
et al.[49] also used the same technique for mghalitd lifetime determination.
The measurement showed that in polycrystalline Cdiamond carrier
mobility is about 40 cfVs and carrier lifetime of about 100 ps, while in
single crystal diamond theses values peak up td® 28®/Vs and 150 ns,
correspondingly.

Fujii et. al.[50] and Chiorboli et. al.[51] measdréRPL transient at UV
excitation in high quality HPHT and single crys@¥D diamonds. The 23 ns
lifetime of exciton were reported for room temparatmeasurements, while at
low temperature exciton decay was slower of ab@ui$

Charge carrier dynamics in CVD homoepitaxial diachéimin films were
evaluated using a fast TOF system with time regwiudf 150 ps by Oshiki et
al.[52]. The best values of lifetimes of electroasd holes in evaluated

diamond films were 1.8 £ 0.3 ns for both chargeiees.
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2. Light-induced transient grating technique

LITG technique was a tool for few decades to stutyypamics of
electronic, thermal, optical, and mechanical progserof materials[53]. The
experiments were carried out on large variety oftemals including solid,
liquids and gases. The different optical nonliniesi were employed for
grating recording such as free-carrier[54, 55],rmta@[56, 57], electronic
polarization[58], acousto-optic[59], and others.

LITG is one of many “pump-probe” techniques andréffiore shares
common benefits such as nondestructive, contactiéss spatial and temporal
resolution, wide spectral and temperature tungbiliOn other hand
nonhomogenous excitation of material during LITGpe&xment provides
benefits such as high signal to noise ratio, abtlit measure not only local
decay of excitation (e.g. carrier/exciton recomborg, but also transport
properties of excitation (e.g. carrier and therutifflusion, sound propagation,
and others). Quite difficult experimental and iptetation procedures limit
wide usage of this technique.

In this chapter light-induced transient gratinghtgique is introduced.
The three sections will describe how diffractiveatgng is created, how it

decays and how experimentally these processedaesved.

2.1. Grating recording and optical nonlinearities

The main principle of light-induced transient gngtitechnique is to
excite transient grating in a material using therierence of two pump beams
and to scan the decay of the grating measuringliffraction efficiency of the
third (probe) beam. For the grating recording twieMp, beams, which are
very closed to ideal plane waves, are used. Thafarence pattern of two
planes (Fig.1) waves produces spatially periodjtlintensity profile:

[(X)=1,1+mcosK;X)), (2.2)
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where |y is lIp=I;+ I, a sum intensity of pump beams= L
1+ 2

modulation depthK :% is a grating vectord is a grating period which can

A

be varied by changing incident angle of pump beasts=—"——.
varl y ging incl g pump 2sin@/2)
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Light intensity

Fig. 2.1. Formation of transient grating by inteefece of two coherent laser beams
[53].

When a material is placed into the interferencéoregf the pump beams
the spatial modulation (grating) of some materialperty, e.g. the conduction
electron density (in a semiconductor), the spaceargds and their
accompanying fields (in photo refractive materiats)the temperature, or the
molecular orientation (fluids) is created and teiads to a change of optical
material properties (e.g. refractive index and giitsan coefficient).

In semiconductor the very wide variety of opticanhinearities can be
explored or used to study non optical propertiesnterial because the
dominant nonlinear mechanisms a dependant on grgenf pump and probe
light quantum, on experimental configuration, omperature, or the time scale
used in the experiment.

In most of our experiment$ree-carrier nonlinearity is dominant
mechanism formatting the diffraction grating. Theef carriers are generated in
a semiconductor if it is exposed to a light. If eyyeof light quantum is higher
than the bandgap then electron-hole pairs are gtwkrvia band-to-band

transitions, while if energy is lower thaky the two-photon/two-step
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absorption, or carrier generation from impurity desy dominates. The
refractive index and absorption coefficient chamge be calculated using
Drude model, which treats electrons and holes iclaldgs as quasi-free
particles (with effective masses andm,) oscillating in the light field. The
induced optical dipole moment and polarizability edéctrons and holes are
calculated leading to the following expressions fie refractive and

absorption index changes:

2
An=-—°% 5 ANe+ANh =ANn,, (2.2)
2n,w g, | m, m,
2
Ag=—r2 (ANE +AN“]=AN%. (2.3)
now’crye,\ My m,

Here AN is the density of the optically excited electrarieéhpairs,» the
circular frequency of probe lighty electron impulse relaxation time, the
undisturbed refractive index of the material}, gives the refractive index
change for one electron-hole pair per volume eléraed o, the absorption
cross-section.

The free-carrier nonlinearity is dominant if energy probe beam
guantum is far from material resonance, i.e. atsparent region of material.
Also it is seen that the electrons dominate inactfve and absorption index
modulation since usuallye < m,.

Two processes generate ttieermal gratings in semiconductor: hot
carrier cooling or nonradiative recombination. Expentally hot carriers are
created then sample is excited with light quantuith venergy much higher
than Eg, then (v -Ey/hv part of absorbed energy is transferred to phonon
system during electron and hole cooling procesa. $ample has initial high
electron carrier density these carriers can beskeaith interference pattern of
two infrared beams, exciting them into higher egestates in the conduction
band.

The thermal grating are also observed in sampl#s ligh nonradiative
recombination centers concentration. The energglasftron-hole pair equal to

Eg is transferred to phonon system during nonragiaecombination.
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Experimentally the thermal grating is observed agtive index grating
(phase grating) with positive thermo-optic coe#iut:

An=AT (2.4)
ot

The thermal modulation become more pronounced\attéanperatures
since at low temperatures the material thermal @apalecreases, and the
same excitation intensity generates higher thegradients.

Thermal gratings often couple $tress-strain grating because of thermal
expansion of medium[60, 61]. The sudden spatialgrigoic thermal
modulation creates standing ultrasound wave, wiuistillates with period

equal to T =A/v, where v is sound speed in a medium.

2.2. Diffraction - grating detection

The created spatial modulation of complex refractimdex can be
measured from the diffraction of probe beam. Th#ratition is strongly
dependent on the grating thicknessA rough estimation of grating thickness
is made from comparison with grating period:difis of the order ofA or
smaller, the grating is called thin, otherwisesitalled thick. The more precise
condition for thin grating can be obtained dividilng whole grating to smaller
elements of arbitrary thickness. The phase diffeze® between beams
diffracted at two neighboring elements is equab3p[

Q= 272/ AN, (2.5)

herei is the vacuum wavelength. If the phase differescaufficiently small
(Q << 1) the beams from all grating elements imterfconstructively. If the
phase difference is large (Q >> 1), destructiverfierence occurs and the total
diffracted intensity becomes small. Only in theeca$ oblique incidence at an
anglea and a diffraction anglé = 2a, which can be considered as reflection
of the incident beams at the grating plane, thereiphase difference between
all the beams diffracted at the grating planes &&bp). In such a case strong

diffraction can be observed in a thick grating, .todxperiments results
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reported in these thesis where obtained at a tlaiting regime since typical Q
value was around Q ~ 0.1 (d wfin, A ~ 1pm, A ~ 5um, n~ 2.3).
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Fig. 2.2. Diffraction at a thick grating treated &iyccessive diffraction of the incident
beam at thin grating elements: (a) normal incide(ieBragg diffraction [53].

The main experimental quantity which is measuredindu LITG
experiment is diffraction efficiency, which is ratio between transmitted and
diffracted beams; =Ip/lt. For thin absorption and refractive index gratihg t
diffraction efficiency of the first diffraction oet is given by [53]:

n =[5 (2:6)
here J; — first order Bessel functiong=2zAnd/A, n=n+ik- complex
refractive index, d — grating width, aid- wavelength of the probe beam.

For ¢ << 1 the following approximation hold:

OPES @7)
and diffraction efficiency then is equal to:
~ 412 2 2
13 () = |0 :(nAnd) (Aad] 28
n ‘ 1(¢)‘ ‘ 2 ‘ 2 + 2 (2.8)

As a rule, in the spectral region below bandgapahsorption is weak
and theAn>Ak for free-carrier, thermal, and stress-strain iggs, therefore

(2.8) absorption term can be omitted:

- (nAﬂnd )2 (2.9)

Equation (2.9) together with (2.2) and (2.4) allotle estimation of
carrier and temperature dynamics in semiconducton fmeasured diffraction

efficiency.
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2.3. Grating dynamics

The dynamics of light-induced grating depend onspdal processes,
which take place during material relaxation to &guum state. The time-
scale of the decay can be very wide: femtosecondado — for coherent
electronic  excitation, picosecond/nanosecond domain free-carrier
recombination and diffusion, thermal diffusion cdast up to several
microseconds, the electro-optic gratings in malelilke LiNbO; in dark could
remain for days, as the relaxation of space chéeig is limited by a slow
movement of ionized ions. The decay of the gratiag be exponential with
characteristic decay time, but more often it is pboated nonlinear process,
which has no analytic solution, and can be onlycdesd on by solving
differential equations. In this section the mainpbasis will be taken to free-
carrier grating dynamics, but some peculiaritiesttirmal and stress-strain
gratings will also be introduced.

The free-carrier grating is created by optical gatien of free carriers,
and its amplitude decays due two processes — cammbination and
diffusion along grating vector.

Carrier recombination[62, 63] Recombination of electrons and holes
is a process by which both carriers annihilate ezttler: electrons occupy -
through one or multiple steps - the empty state@ased with a hole. Both
carriers eventually disappear in the process. Tieegy difference between the
initial and final state of the electron is releagethe process. This leads to one
possible classification of the recombination preess In the case of radiative
recombination, this energy is emitted in the forfraghoton. In the case of
non-radiative recombination, it is passed on to onenore phonons and in
Auger recombination it is given off in the form kinetic energy to another
electron. Main processes of electron-hole plasmmamdination are illustrated
in Fig. 2.3.
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Fig.2.3 Mechanisms of electron-hole recombination in semdcwtors: a)
Bimolecular recombination, b) Shockley-Read-Haltambination, c¢) Stimulated

recombination, d) Auger recombination.

Band-to-band recombination (see Fig. 2.3a) occumsnwan electron
falls from its conduction band state into the emp@lence band state
associated with the hole. This band-to-band tremmsiis typically also a
radiative transition in direct bandgap semicondrgcto Band-to-band
recombination depends on the density of availaldetns and holes. Both
carrier types need to be available in the recontisingrocess. Therefore, the
rate is expected to be proportional to the proadict andp. Also, in thermal
equilibrium, the recombination rate must equal gkeeeration rate since there
is no net recombination or generation. As the pebddin andp equalsn® in
thermal equilibrium, the net recombination rate barexpressed as:

R= B(np—nf), (2.10)
hereB is the bimolecular recombination constant.

Trap-assisted recombination occurs when an eledaitsinto a trap, an
energy level within the bandgap caused by the presef a foreign atom or a
structural defect. The electron occupying the tha@ second step, falls into an
empty valence band state, thereby completing tbembination process. This
process is called Shockley-Read-Hall (SRH) recoatibn. The net

recombination rate for trap-assisted recombinasagiven by:
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Rewr = ! E_E N0, (211)
p+n+2n COSVE L F]
k. T

B

here E; and Ex are intrinsic Fermi and trap energieg, — thermal
velocity, o — the cross-section of carrier capture by defeadesFor minority

carrier case the above equation for recombinatiteR simplifies to:

&:% forp>>n, (2.12)
Rp:@ forn>>p, (2.13)
p
where
Wty Vlma. (2.14)

The special case of SRH recombination is the sarfaarrier
recombination. Recombination at semiconductor sedaand interfaces can
have a significant impact on the behavior of dexicehis is because surfaces
and interfaces typically contain a large numberreéombination centers
because of the abrupt termination of the semicaidweystal, which leaves a
large number of electrically active dangling bontis.addition, the surfaces
and interfaces are more likely to contain impusit®nce they are exposed
during the device fabrication process. The surfasecombination
mathematically is accounted using boundary conditidor differential
continuity equation.

Auger recombination is a process in which an etectand a hole
recombine in a band-to-band transition, but nowrdsalting energy is given
off to another electron or hole. The involvementaathird particle affects the
recombination rate so that we need to treat Augeombination differently
from band-to-band recombination. The expressionttier net recombination
rate is similar to that of band-to-band recombmatbut includes the density of
the electrons or holes, which receive the releasedgy from the electron-hole

annihilation:
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uger = Cnn(np— ni2)+ Cpp(np— nf) (2.15)

The exact modeling of carrier dynamics requires sktcontinuity
equations for electrons, holes, several differeapd, also for internal field
dynamics. Fortunately, the experimentally used higtitation conditions
allow making several approximations. At intenseddem—band generation the
equal number of hole and electrons are created, alfigh carrier densities
hole and electron recombination rates are equalTd¢ high carrier density
screens internal fields and electron hole are bawgeéther and diffuse at
ambipolar diffusions conditions. The Auger reconalbion in direct wide
bandgap semiconductors has very low probability mared to other
recombination processes, therefore it can be amnifithese approximations
allow using single particle model:

N _vpvn-"_Brsc, (2.16)
dt Tx

with boundary condition
p

02
whereS is the surface recombination velocity. The linesim in right-hand

—, (2.17)

side can be attributed to carrier capture to demyiecs, the quadratic term
describes the bimolecular recombination, while culierm — Auger

recombination. In LITG experiment all recombinatipnocesses could be
involved, thus a decay of grating will be descrilbgdeffective recombination
timet:

1.1 en (2.18)

T TR
Carrier diffusion . The spatially non-homogeneous light pattern used
LITG experiment creates a spatially modulated eardoncentration, which
gives rise to diffusion of carriers from illumindtareas to dark ones with low
carrier concentration. The diffusion process is cdbed by diffusion

coefficientD related to carrier mobility via Einstein’s relation:
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D="8,. (2.19)

The mobility is defined from the proportionality cérrier drift velocityvy

vs. external electric field, vy = pl El . 1 is expressed in the following way:

7 =F<r>, (2.20)

here (t) stands for net drift momentum relaxation time, raged over the
distribution function of carriers. The momentumasedtion could be driven by
several physical scattering processes at the sam@ The main scattering
mechanisms include carrier-phonon, carrier-carsiattering, also scattering
by neutral, charged and extended defects, as wgelhterfaces and grain
boundaries. The dominant mechanism depends orecamncentration, lattice
temperature, defect concentration and other phiyisictors of the system.
When both types of carriers are photogenerateditreles tend to
diffuse away from holes due to higher mobility. §hiharge redistribution
establishes the electric field called Dember fieédween electrons and holes.
Dember field opposes the separation of carrierglectrons and holes diffuse

together with ambipolar diffusion coefficieDt, expresses as:

D= P (2.21)
n_p
7+7
Dh De

If concentrations of nonequilibrium carriers areuag n=p, (2.21)

provides:

D, :liDj%hh (2.22)
In contrary, ifn <<p, thenD,~ 2 D, or whenp <<n, thenD,~ 2Dy, in
other words carrier diffusion in monopolar casdrigen by minority carriers.
As one of the simplest LITG experiment configuratian be considered
a thick volume grating in semiconductor, where dyitagrating is erased by
diffusion and linear recombination and internal cgp@harge field is absent.
The spatio-temporal carrier dynamics in this systerdescribed by equation

[54]:
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an(x,t)
ot

ofn(xt)_n (2.23)

=G(xt)+D
(x)+ ox? Tq

here G(x, t) is the generation rate of free carriers,cdéing the spatial
and temporal profile of exciting light fieleh, stands for carrier density, ang
is the effective carrier generation rate. For Dipatse (2.23) has an analytical
solution [64]:
n(x,t)=np[L+ exp(~t/7, )codK  x)|lexp(~ /7, (2.24)
hereK, = 2n/A is the grating vector, and diffusion decay tirgas given by:
A2

=, 2.25
47°D ( )

7p

The carrier grating amplituden decays with the grating decay time

N , (2.26)

It is seen from (2.26) that the diffusion and rebamation terms can be
distinguished if function X% =f(A4?) is known. This relationship will be
addressed many times and is used to find the @ffusoefficientD and
recombination timeg.

We would like to stress once more, that analyteogression (2.24) is
valid only in the simple case of one-dimensiondumte grating, when internal
electric field is absent as well. If more difficildystems are considered, e.g.
photorefractive crystals or the case of strongtlasorption in sample, what is
related to subsequent carrier diffusion into theptlleand strong surface
recombination, the more complicated models havbetaised. These models
and results of numerical solution will be presente@hapters 4.2 and 4.3.

The diffraction efficiency is proportional to thguare of the modulation
depth of the grating. Therefore, the diffractioficédéncy decays at twice this

rate, thus
n(t) oc expE 2t/z;). (2.27)

37



3. Experimental setup and heterodyne detection schee for

light induced transient grating

In this chapter the two LITG experimental setupdl Wwe introduced.
Firstly, standard LITG scheme will be presenteccdbdly, the more attention
will be given to recently installed LITG setup witlolographic beam splitter

which allows heterodyne detection of diffractedhsily

3.1. Standard LITG experimental setup

Telescope Attenuator

1064 nm| }+ 0 D Z

M2 Glan prism
Probe beam M2

Probe delay line
N

%

PL-2141

Pump
delay line

M3

He cryostat

355 nm|

Shutter 4 Diffracted

266 P —
4 e + LKL b =Fe
==

213 nm 4%
s

355 om|

Pump beam

Ml i
Transmitted

Fig. 3.1 Standard setup of LITG experiment withHeatitric beam splitter.

In Fig. 3.1 the setup used for LITG experimentépidted. It is based on
mode-locked YAG:Nd laser PL-2141 provided by “EksSplcompany. It
generates 22 — 25 ps duration pulses (the durdgpends on modulation dye
condition) at fixed 10 Hz repetition rate. The mssfeature good energy
stability (<1.5% sd in fundamental harmonics &64 nm) and high
polarization degree. Maximum pulse energy si80 mJ in fundamental
harmonic,~15 mJ at 532 nm anell0 mJ at 355 nm. An available wavelength
range is further increased by using the nonlinegstals for generation of
fourth (266 nm) and fifth (214 nm) harmonics. Tkféhfharmonic is achieved
in separated module by mixing second and third baros, and separated
using quartz prism. The another equivalent expartaiesetup is based on
YLF:Nd laser. The main difference of this setupsisorter pulse duration

~7 ps, a three time lower pulse energy — aroundmnlOin a fundamental
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harmonic. The wavelengths of a fundamental harmanit higher harmonics
are slightly lower, namely 1054 nm, 527 nm, 351 nm.

The grating-recording beam of required wavelengthdllimated using a
telescope, which also decreases the beam diametar~f 6 mm at laser exit
down to=~1 —2 mm. The energy of recording beams is atteduatther by
polarization rotator /2 plate) and polarizer (Glan prism) or by varying
electronically the triggering time of amplifier §la lamp, what also results in
altered output energy of the laser. In a standaffGL configuration, a
dielectric beam splitter divides pump beam to taop of approximately equal
energies. These two recording beams are arrangesb$s at sample position
at an angleg which is controlled by the reflection angle andigon of mirror
M1. The difference in travel paths of the beamsospensated using a pump
delay line in one arm of recording beams. The shuit used to close
recording beams periodically, what allows an ediimaintensity of scattered
light, i.e background.

The probe beam in all experiments was of 1064 nweleagth, because
all investigated samples are transparent for thengivavelength. The probe
beam is collimated using a telescope, which alsredgsed beam diameter
from~ 6 mm at laser entrance#® mm. AA/2 plate together with Glan prism
is used to polarize the probe beam (linearly pHjea probe was used in the
most of experiments) and to attenuate it as well. tRe delaying of probe a
step-motor driven delay line of 150 mm travel ldngs used. It allows a
maximum delay of~ 2 ns (taking into account a four-fold travel pattith
respect to recording beams. A 0.3 — 0.5 mm dianpidmole is installed at the
close proximity to sample to decrease the dianmmt@robe and keep it 2 — 3
times smaller compared to the excited sample spot.

Energies of recording, diffracted and transmittezhrhs are measured
using Si photodetectors controlled by data acqaisiinit. The energies of all
pulses were acquired at 10 Hz frequency. The enefrggcording beams was

calibrated to its absolute value using pyroelecfoalimeter. The data
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acquisition unit is integrated with step motors lgbView software shell,
which is used for automatic control of the expenmeDuring diffraction
kinetic measurement, for every probe beam delay-380 laser pulses are

recorded and afterwards discriminated and averaged.

3.2. Heterodyne detection scheme for light inducetlansient grating

experiment

The standard LITG scheme (Fig. 3.1) was succegsfiskd, regardless of
experimental difficulty to make temporal and spatierlap of three beams.
The light pulse of 10 ps duration occupies 3 mnspace; therefore optical
paths of both pump beams should coincide with pricision. The LITG
experiment requires measurements at several gnad¢irigds, i.e. several pump
beam intersection angles, and therefore experiantangements should be
performed quite often, what to do in nonsymmetrgzdleme is quite difficult.

In LITG experiment the diffracted beam propagatedifferent direction
than other intense beams, what allows the deteatibra signal in the
“background-free” area, which is considered as @ &ivantage of the
technique. However, there is always a backgroundigbt scattered from a
sample and optics. Our experience suggests thatrityajof background
illumination originates from the scattering in argde. Particularly, this comes
true for hard to polish materials like sapphire élmoommon substrate for
nitrides), SiC, and diamond. Rough surface ancelatguctural defects within
samples result in a high optical background andys,thlow signal-to-
background ratio. If degenerate LITG arrangementadssidered, i.e. the
common arrangement when pump and probe beams ardifi@rent
wavelength, the background of pump beams can bigy edisninated using
spectral filters, while the scattered probe is loé tsame wavelength and
polarization as signal and is extremely difficaltget rid of it. Moreover, these
light fields are coherent; therefore, they intezfén a detector. The detected

signal becomes dependent on relative phase betdieacted signal and
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background lighting. The phase-dependence has &dmunted for in order to
obtain the correct decay times of transients.

Both problems can be solved using a heterodynecti@mtesetup with
holographic beam splitter (Fig.3.2), which allowsienple deconvolution of
diffracted signal and interference term with a lggokind and also makes very
easy change of transient grating periodThe key element of the setup is a
holographic beam splitter (HBS), which can be moatkehg its grating vector.
The deconvolution is achieved by subtracting twoagekinetics, recorded at
different HBS positions, which correspond to thepafite phases of
interference term. The applicability of presentedamgement will be
demonstrated for carrier lifetime measurement a6 agefor observation of
free-carrier and thermal nonlinearities in diamogdswn by chemical vapor
deposition (CVD).

Telescope Attenuator

1064 nm| i 1 o7 Probe delay line
} @ i 1z

A2 Glan prism (G: —>
Probe beam M2 i

Diffracted

M3

g
=
a
@ 355 nm He cryostat
B Shutter I 4' Y
266 nm| P —
1 AH  — NN [ <|
+ =T~ E
_E 213 nm| 4%,
— Pump beam HBS Spatial | Sample

filter
f1 f1+f2 f2

Transmitted

Fig. 3.2. Experimental scheme of LITG experimenmgs$olographic beam splitter.

Scheme. The experimental setup presented in Fig. 3.2edifffrom a
standard scheme in the way how recording beama framed. The two pump
beams are obtained using a holographic beam sp[ég. We used the
rectangular profile diffraction gratings etchedguartz and optimized so that
the incoming beam is diffracted mainly into thesfir (1) diffraction orders
[66]. The telescope, comprised of two lenses wdbaf lengthsfl andf2,
images the grating onto a sample, creating thdatlyaperiodic excitation of
nonequilibrium carriers and the subsequent moduiadf refractive index, i.e.

a transient grating. Higher diffraction orders blecked with a spatial mask. A
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period of the transient grating is equal toA = Ayss/21,/f1; here, factor 2
comes because +1 diffraction orders are used sied" and #' orders. By
using a permanent diffraction grating as the bepltittex, the temporal and
spatial adjustment of the two interfering beamsobees quite easy. Moreover,
the change of the dynamic grating period is perémrby replacing the HBS
with another one of a different period.

Transient grating is probed in same way as in stahdcheme. A delayed
probe beam partially diffracts on transient gratimdjffraction efficiency
n(4t) = Ip/lt is a quantitative measure of diffraction, wheseandl; stand for
the intensities of diffracted and transmitted bea8iaceris proportional to
the square of induce refractive index chadg& which in turn is proportional
to the modulated carrier densitiN (i.e. 77 o« An? oc AN®), the kinetics ofi(At)
directly reflect the carrier dynamics in hanosectine: scale.

The interference of signal and background. Heterodyne detection. The
main part of background light, detected by detewthich measures diffracted
beam, comes probe beam scattered in a sample. 8ifficcted beam and
scattered light arises from the same beam thelypganiherent and dmterfere.
The interference of diffracted beam and optical kijagund alters light
intensity measured by a photo-detector:

15(0,A1) = 15 (At) + 15 +274/1, (A1 cos@) (3.1)
wherelp andlg are intensities of the diffracted beam and baakgdolight, &
and yare the phase difference antie degree of coherence between the
respective optical fields. The coefficieptaccounts for the spatially uneven
phase of a background within the cross-section détactor. It is always less
than 1 and decreases if detector aperture is isedealAs a consequence,
decreasing of a detector aperture (i.e. using o) leads to a better signal-
to-noise ratio and the bigger amplitude of intesfere term in (3.1) (i.e. higher
yvalue) as the smaller area of scattered lightahbstter-defined phase. In our
experimentsyvalue was approximately equal to 0.3 for 0.5 mnmiger of

the probe beam for many GaN, SiC, and diamond sssmnpl
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It is evident from Eq. (3.1) that heterodyning offrdcted signal and
background, if neglected, can lead to the misiméggbion of LITG results.
Usually, in the LITG experiment signal intensity) (s measured first and then
the background intensitlys is estimated by closing one or two pump beams.
The kinetics of diffraction intensityp(At) is obtained plainly subtractink
from | for eachAt. However, if heterodyning takes place the kinetids be
distorted. In Fig.3.3. we show the calculated Kose{lp(At) <« exp(-2At/tg),

7 = 500 ps) for three values bf/ Iz and for two phases of interference term.
For smallls/ Iz values £ 4 at peak), the kinetics are clearly non-expoaénti
which can be considered as an indicator of theiplesheterodyning. On the
other hand, even if the peak signal exceeds thkgbaignd by 100 times and

is as low as 0.3 the kinetics are different friyfist), though in the presented

time scale they strongly resemble an exponenticdyle

T v )
1/2 E
)" “cosp) 3
vy=0.3

II;(At)-Il-Zy(ID'(At)I

0,01

500 750 . 1000
Delay (ps)

0 250

Fig. 3.3. The calculated LITG signal kinetics fgr Ig ratios of 4, 25, and 100 and
for two phase valueg of 0 andr. The solid line indicates the kinetics of diffriact

signal without interferencle(At) o« exp(-24t/ zc) [A2].

The deconvolution of ; and \/E parts can be achieved via the control
of the phase differencé between the signal and the background. Even more,
this would allow a determination of an instantare@ign of the induced
refractive index modulation, i.e. to distinguishtweeen the casean< 0 or

4An > 0. Such a control can be achieved varying thécalppathAx of either

diffracted or background light fields. The diffradtbeam can be considered as
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a result of stimulated scattering from a periodstalicture — transient grating,
while the background arises from the light scatigrirom the sample
imperfections. Optical path (and thus a phase)iffifadted beam in the setup
with HBS can be changed moving the latter alorgygrating vector, because
this moves it's image on the sample and shifts ghsition of fringes of
transient grating. Phase shift and gratings digpent are related as
0 =27Ax/A[53], hereA stands transient grating period. Since the oppedih
of the scattered light remains constant, the \arawf optical path of
diffracted beam changes the phase differeficand the signal measured by
photo-detector. A shift bylygs/4 corresponds to phase shift byagain, 4 in
the denominator arises because a transient gratiegorded by x1 diffraction
orders. We found out that the opposite way of phasatrol is also
experimentally possible, i.e. the average backgiqumase at the detector can

be changed simply moving a

3 sample (i.e. moving the
i_“'/ scattering centers) along the
©
= grating vector of transient
D 90} ' | A=2.5um ] ' '
10 = 0 0 50 grating; sample shift byA/2
____ Sample position) corresponds to phase shift hy
180 1 v 1 v 1 v
5 In  Fig. 3.4 we show
©
T—g’ photodetector signal as a
o i
B ol Ay =10m 1 function on sample (a) or HBS
1o 20 30 40 s (b) position. We note, however,
HBS position (m) that sample movement in

Fig. 3.4. The overall signa$ as a function on experiment is not desirable and

sample(a) and HBS(b) positiony{gs = 10um,
fo/f1=0.5,A = 2.5um) [A2].

should be avoided because of
possible inhomogeneous
distribution of its parameters.
We employed the following procedure for LITG withetBrodyne

detection. We measurig(6,At) kinetics atd= g, and 8= 6, + n. Averaging
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these two signals we eliminated the interferencm tsee Eq. (3.1)), thus the
unaltered dynamics of squared refractive indexatel observed:

AN?(At) oc |5 (At) = (|S(9,At)\0:60 +14(0,At)| )2—1,. (3.2)

0=0y+7
Here, the background intensity is a photodetector signal with pump beams
closed. A dynamics of the sign of refractive indexi be monitored calculating
difference betweeh(,At) andly &, +z,At):

AN(AL) e \[15 (A1) = (1(6,A0),, ~1s(@,A0],, )/l (3.3)

We note that the presented technique generallysallm determination of the
absolute value ohn, since the absolute phase differefigés not known. But
if the nature of an optical nonlinearity and thgnsof An can be deduced for
some delay timeAt,, the kinetics ofAn can be measured without sign
uncertainty.

Experimental demonstration. The presented technique was employed to
monitor the dynamics of free-carrier and thermalagb nonlinearities in photo
excited diamond crystals grown by chemical vapgodéion [67]. We studied
two samples sample #1 and sample #2; sample #2llmg 5 times higher
concentration of nitrogen which acts as nonradiatigcombination centers
[68]. The transient grating in the samples was nd®d by frequency-
multiplied 25 ps duration pulses of Nd:YAG laseiat 213 nm of. = 266 nm
wavelength. The telescope (see Fig. 2.1) was méde/m spherical quartz
lenses with focal distancef§ =300 mm andf, =150 mm (magnification
f,/f;=0.5). The pulses at 1064 nm was delayed up todghdused to probe the
transient grating decay. The HBS was mounted onctimaputer-controlled

translation stage with the minimal step of 14 nm.
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Fig. 3.5. Heterodyne signal kinetics measured Viar bpposite phase differencés

between the diffracted and scattered light (opemb®)s) and the extracted

diffraction kinetic (filled symbols) [A2].

In Fig. 3.5 we show the kinetics of photodetectignal, obtained in
sample #1 atl = 213 nm excitation, which quantum energy is sight for
carrier band-to-band generation. The kinetics welasured at two HBS
positions, corresponding to a shift of the diffexttbeam phase byr
Apparently different, these kinetics prove the hadgning of diffracted beam
and the background; the estimateehlue is 0.3. Kinetics of diffraction signal
Ip (black dots in Fig. 3.5) represents a decay ofddueier grating and was
obtained according to formula (3.2) by averagirgtiho kinetics (open dots).

Interplay of several optical nonlinearities of difént physical origin
using a heterodyne LITG was observed in the sampldn Fig. 3.6 we show
LITG kinetics measured at below-bandgap excitati@®6 nm). Strong
interference between the background and diffratitgd in this sample was
indicated by large interference degree 0.4. We observed rather complicated
decay kinetics, with region where sigrialdropped bellow the background
level, which had been measured separately (thistgodout to a strong
destructive interference). To exclude the interieeeeffect, we applied (3.2)
and (3.3) formulas and obtained kinetics of lightluced refractive index

changeAn andAn? (Figs. 3.7a,b).
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Fig.3.7. The kinetics of light induced refractivelex modulationAn? (a) andAn (b))
in CVD diamond, extracted from LITG kinetics (FRy6) [A2].

Figure 3.7a shows a dynamics of the grating diffoacefficiencylp(At),
which is proportional to the index modulation septh This type of
characteristic can be obtained by the conventibhBG experiment, when no
heterodyning is present. The fast exponential declyin O - 300 ps delay
interval corresponds to the free-carrier nonlingaand provides carrier
lifetime of 80 ps. This value is >3 times smalleart the one in the sample #1
and confirms faster carrier trapping by abundamaestates in sample #2. At
later delay times the signal reappears and decalys much slower time
constant. The heterodyne detection enabled us &sumeAn dynamics, which

is shown in Fig. 3.7b. It clearly shows that sign changes a sign at ~380 ps.
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SinceAn reaches zero we observe a dip\itf transient at this particular delay
time.

The physical reason ohn sign inversion is the competition of two
coexisting optical nonlinearities with differemtn signs, generation and
relaxation rates. The initial change of refractimelex we attribute to the
photogeneration of free carriers, which accordmghe classical Drude model

27e?

x 2

lead to a reduction of refractive indexn, =-
nm @

AN . Therefore, we

subtractedy( &) andl{( & +7) kinetics (Fig. 2.7b) in that way to obtain negati
An in the initial stage of kinetic. The later pos#tichange of refractive index
we prescribe to the thermal optical nonlinearityn@nradiative recombination

of excited carriers locally heats the lattice. Tdange of lattice temperature

modulates the refractive indexn, :%AT' Taking into account that free

carrier optical nonlinearity has a negative sigetehodyne detection enabled

us to deduce that thermo-optical coefficieSBr;t in diamond is positive.

3.3. Summary

A novel heterodyne detection scheme for light iretlitransient grating
technique is developed. The heterodyne detectiomaclsieved coherently
mixing the picosecond pulses of diffracted and tecatl light. A phase
difference between these fields is controlled byimgp HBS along its grating
vector. LITG signal decay kinetics, recorded atotwiBS positions
corresponding for phase differencemgfallow to separatein® and4n kinetics,
which is impossible in the convenient transientiggasetup.

This approach was employed to study a competitionoexisting free
carrier and thermal optical nonlinearities in CViagn diamond films in sub-

nanosecond time domain and to determine carriempaters.
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4. Carrier dynamics in GaN

4.1. Contribution of dislocations to carrier recombnation

Group lll-nitride semiconductors are the key maiterifor the next
generation of electronic devices ranging from hpgiwer/ high temperature
electronics to blue-UV emitters and sensors. Orentbst serious problem in
development of IlI-N based devises is lack of dld@asubstrate material on
which the latticed—matched layers can be grown.retdly, the nitride
materials, grown on sapphire, SiC, or Si substratestain a large density of
threading dislocation (up to ¥ocm?. It is well established that threading
dislocations are degrading the performance and djferating lifetime of
optoelectronic devices. Ongoing development of Ggitbelectronic device
technology require innovative growth technologies veell as the relevant
control techniques able to evaluate the electgeaperties of the fabricated
heterostructures in a fast and contactless way.

In this Chapter the LITG investigation on the wejeectra of GaN layers
grown by various techniques on different substrategpresented, which
allowed to confirm the detrimental effect of disdion on nonequilibrium
carrier lifetime. The LITG experiments were carr@art at condition close to
real device operation (LD’s, high power devices)e. ihigh carrier
concentration.

The carrier dynamics in GaN samples was investijatsing LITG
technique. The experimental schemes described apt€h3 were employed.
The interference of two third harmonic Nd:YAG laserams X = 355, pulse
duration 25 ps) was used for band-to-band exoitadf carrier and creation of
free-carrier grating in material. The pulse of tingt harmonic at 1064 nm was
delayed up to 2 ns and was used to probe trandiffraction grating. The
excitation fluencel, of grating recording pulses varied from ~0.1 m¥/¢m
10 mJ/crf and created electron-hole pair density in range05f- 167° cm® at
the very surface (in a depth of ~Quih), as the absorption coefficient at 355

nm was about Focmi®. The steep gradient of carrier caused carrietiffose
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into the bulk of sample increasing the excited taiekness up to 2 —3m in
experimental time domain, thus decreasing the eradensity by order of
magnitude in about 1 ns (See Chapter 4.2). Thedypiiffraction efficiencies
values weren = (tngAND/A)® = 0.001 —0.1%  (calculated according 2.9

equation).

4.1.1 Investigation of GaN layers grown on sapphirsubstrates

Table. 4.1. The list of MOCVD grown samples andrthasic properties.

Sample | Growth Substrate Epilayer Interface TDD, cm| Ref.
No technology thickness, 2
um
1 Standart | sapphire | 2.6 LT GaN ) [69]
MOCVD
2 Standart | sapphire | 3-4 LT GaN 510° [70-
MOCVD 72]
3 u-ELO sapphire | 10 Si/N treatment pf-510’
sapphire
4 MOCVD sapphire 0.7-1.7etchedOptimized Not [73]
in steps available
5 4H-SiC 0.75 [74]
6 rovwal 1.9 AN >10°
MOCVD | 6H-SiC
7 2.4
8 MOCVD Si 1.2 AIN-AIGaN - [75]
9 MOCVD Si/Sio/Si | 1.2 AIN-AlGaN
10 MOCVD Si 0.75 AlGaN,
superlatice )

The sample #1 was grown by MOCVD on low temperarexm-thick
buffer layer. This sample represents early stag&afN growth technology
featuring large density of threading dislocationDFELO’ ci®. Grating decay
kinetics in the sample #1 has been measured abusrgrating periods
A (Fig. 4.1 and demonstrated the increasing contribution dtisive decay at

smaller grating periods. Grating decay timewas determined at probe beam
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delayAt > 500 ps, when the decay rate became nearly erfiahélhe bipolar
diffusion coefficient D,= 1.7 cni/s and carrier lifetimetg = 670 ps were
determined by procedure described in Chapter 21py plotting an inverse
grating time ™" vs square of the inverse grating peridd$ (Fig 4.1b). The
assuming that electron diffusivity is higher thaolds O, >> D,) and
D. = 2D.Dy/(Dy+Dy), we estimated the hole diffusion coefficié&y~ D2 and
hole mobility 4, ~ 32 cnf/Vs [76].
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Fig. 4.1. Grating decay kinetics in 2u8n-thick GaN epilayer on sapphire (sample
#1) at various grating periods(a), In (b), the mibtnverse grating decay time™” as

a function ofA is used to determine the values of ambipolar diffia coefficientD,

and carrier lifetimeg by the linear fit according to Eq. 2.26 [A1].
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Fig. 4.2. LITG kinetics measured in sample #1 #fiedént excitation fluences. The

grating decay time values are plotted for eachec(i#wvl].

Two features are characteristic for the kineticsasueed at different

excitation fluences (Fig.3.2) — the kinetics arighdly non-exponential and
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carrier lifetime becomes longer at higher excitat{d varies from 350 ps at
0.18 mJ/crto 725 ps at 2.4 mJ/@n This tendency is characteristic for low
guality GaN layers and will be explained later.

An origin of very fast component in kinetics at tmigxcitation fluence
(lo>1.3 md/cf) was attributed to stimulated recombination, aswis
confirmed by time resolved PL measurements [A4].e Thtimulated
recombination acts as very fast recombination celmwhich reduces carrier
density to the threshold value, what can be easi#gn in exposure
characteristics (Fig.4.2b). The initial growth ofjreal at low excitation has
slope equal to 2, which corresponds to linear karshnd generation and
guadratic dependence of signal on carrier denattgtimulated recombination
onset the slope reduces to zero what shows thaticaddly created carriers
momentary recombine, and therefore LITG signal dasise.

The samples #2 and #3 are grown by company Lunfii@gr2]. The 5
um-thick reference sample #2 was grown by conveatidMOCVD process on
sapphire. Sample #3 was grown by micro epitaxiaréd overgrowth {-ELO)
technology. An amorphous silicon nitride layedeposited using a SiHNH;
mixture prior to the growth of the low temperat@eaN buffer layer. Such a
process induces a 3D nucleation at the early baygjrof the growth, resulting
in a kind of maskless ELO process with random amgsizes. This produces a
significant decrease of the threading dislocatiensity compared to the best
GaN/sapphire templates. Ultra Low Dislocation dgngULD) GaN layers
were obtained with TD density as low as ~5%h0%.

LITG Kkinetics at large grating periods (>1gm) reflects solely
recombination processes, since diffusive decayefdrating is much slower
compared to recombination one, & A%4n°D >> 7). The LITG diffraction
kinetics measured at large grating periad=(15um) in samples #2 and #3 for
several excitation fluence (= 0.2 — 1.3 mJ/cfp are shown in a figure 3.3.
For a standard sample #2 they exhibited singe-exmtal decay in wide

excitation range with grating decay timg= 1.1 ns, what show nonradiative

52



character of recombination mechanism. Neverthalesskinetics measured in
ULD sample #3 in experimental time scale (up to s} ook like single
exponential, the stable decrease of grating dedane twith increasing
excitation could be observeds;E 2.8 ns at 0.22 mJ/énandzg= 2.3 ns at 0.7
mJd/cnf). This shows that at ULD sample #3 the probabitifynonradiative
recombination of carrier is reduced and intrinsicdiecular recombination
(Zadiative= 1/BN) mechanism is significant, but still nondominanince

dependence of carrier recombination rate versusagixn is sublinear.
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Fig. 4.3. LITG kinetics measured in samples #2 #3dat different excitation

fluences. The grating decay time values are pldtiedach curve [A5,A6].
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Fig. 4.4. The plots of inverse grating decay tirae as a function of\ for several
excitation fluences are used to determine the gabfidipolar diffusion coefficierD,
and carrier lifetimerg by the linear fit according to Eqg. 2.26 in statddOVCD
sample #2 (a) ang-ELO ULD sample #3(b) .

For every excitation fluence the measurement agrs¢\grating periods

(A = 3.8 — 15um) were performed in order to measure carrier aolaip
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diffusion coefficient and exact values of carriéfetimes. The angular
characteristics constructed by in Chapter 2 desdrjirocedure are shown in
Fig. 4.4. As mentioned above carrier lifetimelim@st constant for sample #2,
and is equal to 1.1 at low excitation fluence, wiuhrrier lifetime at sample #3
is dependent on carrier density and at lowest nmedsexcitation is equal to
3.3 ns. This shows that reduction of threading odi&tion density from
10° cmi”down to 510" cmi® leads to 3 times longer carrier lifetime. If takeo
mind that carrier lifetime inu-ELO sample is influenced by radiative
recombination, the nonradiave recombination isxdwager.

The measurement shows that carrier diffusion cdiefit is dependent on
excitation intensity, namely, it increases with thereasing excitation. For the
sample #2 th® value varies from 1.5 cis atl, = 0.22 mJ/crto 2.1 crii/s at
lo,=0.7 mJ/cth For the sample #3 th® values are slightly higher
correspondingly 1.6 and 2.4 &s We suggest that the increaseDofalue
with excitation is due to degeneracy of distribatiof carriers. A detailed
analysis will be given is Chapter 4.3.

The previously described results were obtainedtiexciGaN layer from
the front (growth) side. The carriers were excibgdstrongly absorbed light in
thin layer of around 200 nm, but later diffusion ofrrier expanded
investigated region to 142m thick layer. Undoubtedly, the investigation oé th
top most layer of the grown GaN is of the prime ampance, since electronic
and opto-electronic devices are formed here, laat mvestigation of interface
between substrate and GaN is interesting, sinceesuient growth of active
layer highly depends on interface properties. THEGL experiment allowed
investigation of the backside of the layer (theeifdce region between
substrate and GaN) by exciting carrier via transpafor UV light sapphire
substrate. In this case the experimental resufisesent the properties of 1-2
um thick interface layer of GaN (carriers do noffulie into sapphire because

of higher bandgap energy).
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Fig. 4.5. LITG kinetics measured in samples #2 #3d at different excitation
fluences, exciting carriers at GaN/sapphire intaxfeegion. The grating decay time

values calculated at slower part of kinetics acdtetl for each curve [A5].

The LITG kinetics measured at GaN/sapphire interfaicsamples #2 and
#3 were found to be strongly nonexponential, i&rier lifetime becomes
longer with increasing time after carrier excitaticAlso, measurements at
different excitation revealed that LITG kineticscbene slower with increasing
excitation fluence. We claim that the main reafwmonexponential character
of kinetics is non-homogeneity of material propestin the investigated depth
of sample. Non-uniform in-depth distribution of defs determines spatially
varying carrier lifetime, what leads to the non-emential character of
observed Kkinetics. The faster parts of kinetics dsn associated with
recombination of carrier in the vicinity of intede, while slower kinetic parts
correspond to layers that are away from the intetfd he slower kinetics at
higher excitation is observed since the more didtaers from GaN/sapphire
interface are stronger excited. The deeper anabysik confirmation of the
model that material properties are different atiowm distances from
GaN/sapphire interface will be presented lateisfugcially etched sample #4.

We calculated carrier diffusion coefficients usiihg slower parts (tails)
of measured LITG kinetics in the vicinity of GaNgghire interface. For low
excitation we observed low diffusivityD(< 0.8 cni/s) in standard grown
sample #2. At higher excited carrier densities thiie of carrier diffusion

coefficient increased up @ ~ 3 cnf/s (Fig. 4.6a). We explain this increase by
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Fig. 4.6. The plots of inverse grating decay tirae as a function of\ for several
excitation fluences are used to determine the gabdfidipolar diffusion coefficiend,
and carrier lifetimerg by the linear fit according to Eq. 2.26. in stand®MOVCD
sample #2 (a) ang-ELO ULD sample #3 exciting carrier at GaN/sapplnterface
region [A5].

screening of potential barriers by generated fegeiars. The initial growth of
GaN has columnar manner, with typical dimensiograins of ~100 nm. The
deep traps located on the boundaries traps electnod creates space charged
fields forms potential barriers. The potential eklreduces carrier ability to
diffuse, therefore lower carrier diffusion coeféai. At high carrier excitation
addition free carriers screens potential fluctustiaand make carrier more
mobile. The higher value of diffusion coefficientthe interface region than in
front of the sample is observed due to fast elactrapping and therefore
deviation from ambipolar carrier diffusion conditj Since electrons are
being trapped more efficiently than holes, eledrbaecome minority carriers
and therefore determine higher observed diffusioefficient. The similar
situation, when high carrier diffusion coefficiemais deduced for samples with
low carrier lifetime and low diffusion coefficieim samples with long carrier
lifetime, was described in [77], but explained bifetent model. The above
described feature is not observed in higher qualitip sample #3 (4.6.b). The
carrier lifetimes for theu—ELO growth of sample #3 are 2.5 times higher
compared to standard grown sample #2, what rebedter material quality of

sample #3 starting from the first micrometers ohgke growth.
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17 um ALOS A step-like etched sample #4 provided the
possibility to measure in-depth distribution of
1.5 pum . . o
samples defectiveness governed carrier lifetime,
1.2 um diffusion coefficient and diffusions length. This
0.62 um GaN/sapphire structure, grown by MOCVD
Aixtron planetary reactor, was processed by
0.32 um
! reactive ion beam etching to obtain steps with

Fig. 4.7. The structure of gifferent thickness of GaN layer, namely 1.7, 1.5,
sample #4. 1.2, 0.62, and 0.32m [73]. The carrier lifetime
and diffusion coefficient was determined for each
step. We found the carrier lifetime gradually desiag from 400 ps to 60 ps
with decreasing the layer thickness frapto ds (Fig. 4.8a), while the
diffusion coefficient was nearly constarm,= 1.6 - 1.8 crfis. The resulting
diffusion lengthLp value varied from 0.26Gm for 1.7um-thick layer to 0.Jum
for 320 nm-thick sample (Fig. 4.8b), evidencing dyrally improving GaN
quality for thicker layers. Determined diffusiomigh values correlated well
with those determined by PL technique for the tasinsteps[78]. The PL
technique required measurements of PL intensitircait and back sides of
epilayers, therefore it was applicable only forntHayers. These results
confirmed that GaN material quality is not constanthe initial growth stage,
which results in varying lifetime values what wasgosed by early findings.
Also it is important to stress that only carridetime is significantly impacted
by defect inhomogeneous distribution, while carrdffusivity is almost

constant at all layers.
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Fig. 4.8. LITG kinetics for GaN layers of differetttickness. Grating decay time
corresponds to carrier lifetime, as for given pertbe contribution of diffusion is
negligible (a). The diffusion length versus samifiskness for step liked sample #4 (b)
[AT].

4.1.2. Investigation of GaN layers grown on SiC an8i substrates

The lack of substrates suitable for GaN epitaxpimes crystal growers to
search for new materials, which could substitutstigaised sapphire. One of
possible candidates is silicon carbide (SiC), whattice constant differs from
GaN lattice constant relatively not much. SiC colld suitable since it
chemically and physically stable material with widandgap transparent for
visible light. Unfortunately, there are a lot offitiulties up to now to produce
large area crystals and this procedure is stilleespre. These disadvantages
are not present for silicon (Si). Silicon offerglhniquality, larger area, and what
is most import - cheap substrates. Also the pdggitio integrate GaN
optoelectronics with matured Si electronics seamy \attractive. The main
problem of using silicon as substrate for GaN epita a huge difference in
lattice constants. This leads to situation when GgiNayers grown on Si
suffer from huge strain, high density of defectae@f possible way to solve
these problems is to use sophisticated buffer faytlarthis chapter the results
of LITG investigation of GaN grown on SiC and Silvaie presented.

The set of analyzed GaN layers on SiC substrates\§tes #5, #6, and
#7) was grown by hot-wall MOCVD at T = 1180[74]. The layers have been
produced in a two—step growth mode with 50 nm AlNfér deposited on the
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SiC substrate at slightly higher temperature. Ghoparameters such as N-to-
Ga gas flow ratio, SiC substrate polytype, andféiaris cut orientation have
been varied. For this study, three samples of smlegrown runs have been

analyzed by LITG technique and photoluminescentg tgthniques.
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Fig. 4.9. LITG kinetics in three GaN/SiC layerstab different excitation fluences
measured at large grating peridd= 15um [A8].
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Fig. 4.10. Correlation between the threshold ofirsdion of diffraction efficiency (a)
and photoluminescence intensity (b) in GaN/AIN/Si€terostructures with varied
growth parameters (results obtained by S.éhas et. al.). Exposure characteristics in

(a) were measured at 120 ps delay time [A8].

In Fig. 4.9.a,b free-carrier grating kinetics aretaly times in three GaN
layers of different thickness are shown for theedixgrating period of 15 mm
(Samples #5, #6, and #7). Longer decay times ysualicate higher quality
of the material, and for the given three epilaytbies recombination times do

not differ significantly (Fig. 4.9.a). The differeas in layer properties are
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better revealed at higher excitation fluence (Bi@.b) when the fast decay
component appears in the sample #5 (and partialp).

Measurements of exposure characteristics (EC) dfradfion (i.e.
dependence of diffraction efficiency versus excitation fluenck in a wide
range of excitations) have shown the clear diffeeebetween the layers (Fig.
4.10.a). The substantial decrease of the EC slupieates the threshold carrier
density (or excitation fluenceEat which the carrier lifetime drastically
decreases. The determined threshold energy valdeseke found to be
different for the three layers and correlated weth intensity of stimulated
recombination under pulsed excitation measured lbysBe Fig. 4.10b) [79].
This allowed to attribute the observed saturatidfece to an onset of
stimulated recombination in the degenerate elediaa plasma. Moreover,
the longest carrier lifetime corresponds to the dstthreshold values and
indicates the optimized growth conditions for tlample #5, which has the

lowest thickness (see Table 4.2.).

Table 4.2. The summary of GaN/SiC samples growttarpaters and determined

optoelectronic parameters.

No. Sample GaN,um N-to-Gaflowratio 7, ps D, cnf/s Es mJ/cnd

#5  4H-on axis 0.75 1600 375 1.8 0.5
#6  6H-off axis 1.9 3200 345 2.1 0.9
#7  6H-on axis 2.4 3200 275 15 3
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GaN The similar correlation between carrier lifetime
and saturation threshold has been observed GaN

GaN layers grown on silicon by Aixtron reactors by

. ay AlGaN MOCVD process. Several &ba N layers with

- decreasing Al content were used as a buffer layers
“ for all three investigated samples (#8, #9, #10e T
Si/SiO/Si structure was used as addition buffer for
Fig. 4.11. The  sample #9. The Sample #10 was grown on a very
structure of sample

#10.

sophisticated buffer structure (Fig. 4.11.) which
consisted of ten periods of GaN/AIN superlattice
[75].

LITG kinetics revealed fast carrier recombinatio@idGaN layers grown
on silicon (Fig.4.12). The carrier lifetime varidcbm 50 ps to 165 ps in
investigated samples and was much shorter comgaredlues obtained for
samples grown on sapphire or SiC. The investigatienealed positive effect
of using complicated buffers. It was found thatriearlifetime in sample #9
with SiO interlayer is almost 3 times longer conguhto sample #8 without
with interlayer. Inserting superlattice for straielaxation further decreased
defect density in sample #10, which features thgdst carrier lifetime of
about 160 ps.
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Fig. 4.12. LITG kinetics measured in GaN layerswgroon Si at three different

excitation levelsA= 9 um).
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In spite of the poor crystal quality of GaN/Si sdesp the saturation of EC at
relatively low excitation fluences showed good atinds for stimulated
recombination (Fig.4.13.). The lowest stimulated¢orabination threshold
value of E;= 0.8 mJ/crhwas determined for sample #10 with longest carrier
lifetime. On other sample #8 with the simplest bufStructure exhibited
highestEs value around 2 mJ/dnlt is worth to note that like for GaN/SiC
case the lifetime has tendency to correlate wittnudated recombination
threshold.

[y

[=]
T
1

[y
3

—o— Sample #10
—=— Sample #9 -
—— Sample #8 |

o
[N
T

Diffraction efficiency (a.u.)

1
Excitation fluence (mJ/cih

Fig. 4.13. Exposure characteristics measured in/SaBamples #8, #9, and #1

measured at 30 ps delay time.

4.1.3. Investigation of HPVE grown GaN

The wider applicability of GaN devices for optodteaics and
electronics limits the lack of native substrate @aN epitaxy. The layers
grown on SiC and Si suffer from high density ofet#$ and stress. The best
quality of layers is obtained using growth on sapphand employing
sophisticated ELO technologies. But these layesrssall not very suitable for
production laser structures. The ultimate goaloihave bulk GaN growth,
which unfortunately is up to not reached. The tbstkquasi-bulk layers are
obtained by using HVPE growth of GaN. HVPE hasaseproved itself as
economically efficient way to grow large volumeroéterial. HVPE layers are
grown on sapphire. The freestanding layers areirddeby removing sapphire

by laser lift-off technology.
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Table. 4.3. The list of HPVE grown samples andrthasis properties.

Sample | Growth Substrate Epilayer | TDD, cmi” | Ref.
No. technology thickness,
um
11 Sapphire | 270 ~2.510" | [80]
12 (removed), | 400 ~510° [81]
free-
standing
13 HVPE 10
14 17
) Not
15 Sapphire | 41 )
available
16 90
17 145

The conventional methods of reducing dislocations tihickening in
heteroepitaxial system like SiGe/Si were found te mefficient for
GaN/sapphire. The thickness of HVPE grown GaN afiem tens of hundred
of micrometers. In this way the HVPE method allowededuce dislocation
density just by growing thick layers, what allowsoma self-destructive
interaction of dislocations.

The LITG investigation of seven HVPE samples groln Lumilog,
Linkoping University and TDI Inc is presented instlsection. 270 mm thick
GaN layer (sample #11) was grown on two-step ELGtaeial lateral
overgrown (2S-ELO) GaN template on sapphire. Thgh hétructural and
optical quality of the grown free-standing crysials confirmed by a number
of characterization techniques and provided thiocision density of 2.0’
cm” on Ga-polar face (growth sidg30]. The sample #12 is the thickest and
features the lowest dislocation densityl® cm?) of all investigated by our
laboratory GaN samples. The set of different thédensamples #13-17 was
grown by private company TDI, and was ideal to makesstigation on the

dependence of material properties versus layeknbgs.
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Fig. 4.14. LITG kinetics measured from both sidesI¥PE grown GaN sample #11

at several excitation fluences [A6].

LITG kinetics measured in 400 thick HVPE free-stagdGaN layer
(sample #11) are clearly nonexponential (Fig. 41%hae grating decay time
become longer with delay time, what means thatierarecombination rate
become lower at lower carrier density. At highestdiexcitation (3.4 mJ/én
the initial grating decay time is around 1.2 ns #rmthanges to 3.3 at the end of
kinetic. The same tendency is valid for all useditexion fluences. Also
carrier recombination time is very sensitive to dugxcitation power. The
initial decay time of 4 ns at lowest excitation gkas to 1.1 ns at the highest
one, correspondingly in kinetics “tails” gratingne changes from 6.8 ns to
3.3.ns. This data indicates that bimolecular redoation is a significant
recombination channel in this sample. The exactritmrtion of bimolecular
and linear recombination terms can be calculatdg wsing carrier dynamics
modeling, what will be described in Chapter 4.2véttheless, the longest
measured carrier lifetime and bimolecular recomitama features clearly
indicate the superior quality of this sample.

The opposite tendency - carrier lifetime increadéh vexcitation was
observed on backside of sample #11(Fig.4.14.b). $ame feature was
observed in investigation of backsides of severaNGayers grown on
sapphire (Fig.4.2, Fig.4.5). Ten times shortettilfie compared to the growth

side of the layer and nonlinear behavior indicates high defect density at
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early stage of growth. It can be deduced that theesne quality of the front

layer is due to large thickness (400 nm) of layer.
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Fig. 4.15. LITG kinetics measured from both sidesI9YPE grown GaN sample #11

at several excitation fluences [A6].

Another approach was used for growing sample (#I8).obtain the
better initial crystal quality sophisticated 2S-ELlt®mplate was grown on
sapphire. The results are obvious if to analyze@.Kinetics — both sides of
layer have less different carrier recombinatioatiihe values (difference only
2-3 times) and both sides have features of bimtdea@combination. Since
the overall carrier lifetime (~3 ns) of sample #%dess compared to sample
#11(~6 ns) the bimolecular recombination is lessnpunced, i.e. carrier
lifetime values change with is excitation is smalldevertheless, the crystal
quality of initial layer is better for sample #1the thicker sample #11 has
higher carrier lifetime values and lower dislocatidensity at the front side.
This suggests that for HVPE growth reduction oflatiation with layer

thickness is important.
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Fig 4.16. The “angular” characteristics measureddamples #11 (squares) and #12
(circles) for high (full points) and low excitatigopen points). The calculations Of

and 7z are made according formula 2.25.

The measurement of ambipolar diffusion coefficigfit).4.16) shows two
important features. Firstly, the ambipolar diffusiooefficient value for both
HVPE samples is the same for both used excitatioentes, while carrier
lifetime and dislocation density differs substaliia This imposes the
experimental fact that dislocations are not doniinscattering centers for
carriers, at least at room temperature. Seconaéyclear growth of ambipolar
diffusion coefficient with excitation fluence car lbserved (1.9 cnf/st 1
mJd/cnt and 2.8 cmfsat 3.5 mJ/crf). This growth was already mentioned for
samples #2 and #3 (Fig. 4.4.) and explained asa o carrier diffusivity due
to degeneracy of distribution of carriers (detafalgsis will be given is
separated chapter 4.3).

The exposure characteristics measured in samplesafd #12 showed
the decrease of slope with increasing delay tim¢hefprobe (Fig.4.17). At
zero probe delay the slope of EC was 1.9 indicdtengd-to-band generation of
carriers. At longer delay time slope decreaseltl at 0.5 ns delay, and down
to 1.3 at >1 ns delay. This tendency confirms tbheidance of bimolecular
recombination in these layers.

The important observation is that exposure charatts do not reach
saturation at zero delay what was observed favi@lCVD layers. This means

that condition for stimulated recombination are nuott at these excitation
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levels. The later measurements revealed that valogés stimulated
recombination in theses layers are about 10 nf)/@inis observation is not
expected since experimentally proved high mateagiality of HVPE layers

should be favorable for accumulating high carriengity.
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Fig.4.17. Exposure characteristics measured in HgREvn 400pum and 270um
thick GaN layers at three different probe delayeal The gradual decrease of slope

v with time indicates dominance of bimolecular rebamation.

The high stimulated recombination threshold in HPMlers together
with high carrier lifetime values allows to reaclgler carrier densities
compared to MOCVD grown layers, and consequentlpliserved intrinsic
high density regime features such as bimolecul@ombination and the

increase of diffusivity.
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ig. 4.18. LITG kinetics measured in HVPE grown gées with different layer
thickness: (a) - = 10 um, (b) —d =41 um. Large grating period = 11 um was
used [Al].
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The investigation of a set of samples (#13-17) wiiffierent samples
thickness (10 — 150m) provided by one company was excellent possyiidit
explore how photoelectrical parameters depend oWBEHBample thickness.
Firstly, LITG kinetics at high grating period wagasured at several excitation
fluences in order to investigated carrier recomtidmamechanisms (Fig.4.18).
The thinnest layer #13 exhibited quite short carifetime values (~400 ps)
for all used excitation and stimulated recombimatieatures at 3.3 mJ/ém
These results would be typical for MOCVD grown lesyebut are quite low for
HVPE grown sample (stimulated recombination was wbserved for
previously explored HPVE at all), but low qualitfthis sample was could be
explained due to small layers thickness. The kiseith 41um thick sample
shown that carrier lifetime in this layers is ~Béi longer compared to sample
with d=10um. The clear bimolecular recombination features lctobe
observed (nonexponential kinetics with decreasitfgtime at higher
excitation). Also, trace of fast stimulated reconattion at the beginning of
kinetic is observed only for highekt= 15 mJ/crh excitation. This shows that

stimulated recombination threshold is higher coragdo sample #13.
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Fig.4.19. LITG kinetics measured in a set of ddfar thickness HVPE grown
samples (a). The dependence of carrier lifetime andbipolar diffusion coefficient

on sample thickness [A1l].

In Fig.4.19 a and b one can see how carrier lifetincreases with sample
thickness. The carrier lifetime difference is tends if to compare the thickest

and thinnest samples. This supports the approachdofction of dislocation
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density by increasing thickness of HVPE layers.aher hand, this set of data
also shows that carrier diffusion coefficient ist reensitive to change of
dislocation density, since it is constant for @leflayers. Most probably the
lattice scattering is a dominant mechanism at rotemperature, and
dislocation related scattering is relevant onlyl@wer temperatures (See
Chapter 4.2).

(Fig.4.20). The thicker the sample

: . the higher stimulated threshold is
0,1 1 10
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Fig.4.20. The exposure characteristics
measured in a set of different thickness
HVPE grown samples. The delay of probe

versus excitation pulse was ~30 ps.
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4.1.4. Concluding summary

Table. 4.4. Summary of dislocation density depenhgdrotoelectric parameters of

GaN layers.
Samp Growth Thickness| Np R D. Lo Es
le No | technology (um) | (cm?) (ns) cmifs) | (um) (mdicn)
1. 2.6 10’ 0.7 1.7 0.34 ~1
2 34 |516 | 09-11| 1718| 042 2
MOCVD/AI0;
0.1.0.2
4 03..1.7| N/A| 0.06-042 1.7-1.8 . 15
5-7 | MOCVD/SIC | 0.75-1.9] >10 | 0.37-0.34| 1.821| ~0.25 -1
8-10 | MOCVD/Si | 0.75-1.2] >0 | 0.05-0.16 ~1.6 0.16 ~1
3 w-ELO 10 |s51d| 27 1824 | 08 3
2.5-10
11 270 , 2.9 1.9-29 | 0.7-0.9 ~10
12 HVPE 400 |5.10 | 33-52| 1.92.7 | 0.94-] ~10
] 0.27..0.
13-17 10..150| ~10" | 0.4-4.38 1.8-2.5 03 3..10

*The typical TTD values for corresponding growtkhaology.
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Fig.4.21. The LITG kinetics measured in GaN laysh®w how carrier lifetime

changes with growth technology (measurements wene dt large grating period,
r<<1p) (a). Carrier lifetime as a function of threadidiglocation density in GaN

layers in high excitation (full points). The opeoiqts are obtained by low excitation
(star) or discrimination of radiative and nonradiatlifetime by carrier dynamics
modeling (squares) (b) [A6, A9].
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The table 4.4. summarizes the photoelectrical patars of differently
grown GaN layers, determined by the LITG techniguieshows that carrier
lifetime is varying by two orders of magnitude (P8 to 5.2 ns), carrier
diffusion coefficient being almost constant and sEmuently carrier diffusion
length in rage of 0.1 — @dm for samples with varying dislocation density. § hi
investigation confirms the role of dislocation asreer recombination centers,
and shows that carrier lifetime very sensitivelyffleets material quality
(Fig.4.21a). Using these data, the dependence ofecdifetime versus
dislocation density has been plotted (Fig.4.21b)high TD range (N,>10°
cm?) the carrier lifetime is governed by nonradiativecombination at
dislocation, thus the dependence is stropg: (Np)°°. In a low TD range
(N1p<1@® cm?), the dependence is weaker. The saturation isedansintrinsic
bimolecular carrier recombination mechanism, wisblortens carrier lifetime

in samples with low dislocation density if carrgnsities are high.

Sample #11

H
" o8od

Diffraction efficiency (a.u.)

I.!D.K’

1 1 1 1
500 1000 1500 2000
Delay (ps)

o}l

Fig. 4.22. Normalized LITG kinetics measured in HYBrown GaN sample #11 at
high excitation (open points, the same as in FifRpand low excitation kinetic (full

points) measured at two photon excitation by 532ight [A10].

To avoid the presence of bimolecular recombinattoe low excitation
LITG measurements were carried out on thickestsgifiple. The grating was
recorded by two-photon absorption of 532 nm lighd &reated carrier density
around 18 cm?® thus, decreasing the probability of bimolecular
recombination. The LITG kinetics at large gratingripd (Fig.4.22) revealed

large than 15 ns grating decay time which we aswigdislocation governed
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carrier lifetime. The value of 15 ns prolongs thesg dependence of carrier
lifetime versus dislocation density observed inhhitb range (Fig.4.21 opens
star). Moreover, by carrier dynamics modeling diésct in Chapter 4.2 we
discriminated the impacts of radiative ant nonrtneacarrier lifetimes. After
we put nonradiative recombination lifetime (Fig2% open squares) values
into plot the dislocation determined nonradiativecambination can be
26-10'

N [em?]

dislocation density range . Since the average mtistdetween dislocations is

described by empirical function{ns] = in whole investigated

proportional tol/,/N,, , the obtained result shows that carrier recomhinat

time is proportional to the average distance betwdislocation, and this

confirms the model of dislocation governed carrémombination.
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Fig. 4.23. The exposure characteristics of LITG sueed in differently grown GaN
layers with 30 ps delay of the probe beam (a). tdependence of stimulated

recombination threshold on sample thickness (b).[A6

The measurements of LITG exposure characteriskitcg4.23a) showed
that stimulated recombination threshold correlatgth samples thickness
(Fig.4.24b) as well as with dislocation density. eThowest stimulated
recombination threshold value of about 1 mJ/emas observed for thinnest
GaN/sapphire, GaN/SiC, and GaN/Si layers, whilehwiiicreasing layer
thickness stimulated recombination threshold ireedaup to 10 mJ/ctrfor
several hundredum thick HVPE grown layers. The exact reason is not

discovered, but preliminary we attribute this effdo light propagation
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properties rather than to carrier dynamics. The ldyers of GaN are optically
more homogenous, therefore, scatters the light Adss, the energy density of
stimulated emission is higher in thin layer ratltgn in a thick one, since
optical mode spread into bulk of the sample.

Investigations described in this Chapter 4.1 opemwd questions
concerning the carrier density dependent recomibimaind diffusion. The
deeper analysis of bimolecular recombination arf€uslon at high carrier

densities will be given in the next two Chapters.

4.2. Low temperature studies of carrier dynamics irGaN

The given Chapter extends the investigation of gailérium carrier
dynamics in GaN layers to low temperatures, wheraumber of processes
(e.g. bimolecular recombination rate, carrier ssaty) are temperature
dependent and contribute, in addition to dislocatielated defects, to the
carrier plasma parameters in highly excited GaMigyThe low temperature
investigations were stimulated by observation aghdiecular recombination
features at room temperature. According to the rihethe bimolecular
recombination coefficient rises with decreasingpenature as Bc T 782],
therefore radiative recombination should be moffecieht channel than the

defect related nonradiative one at low temperatures

4.2.1 Experimental results

For low temperature studies three samples #2,1#B#a2 (see Table 4.1)
with different dislocation density were chosen. Au® thick sample #2 with
dislocation density around? cmi?wasgrown by standard MOCVD process.
Sample #3 - a 10m thick y—ELO layer with dislocation density of abang <
510" cm? and 400 pm-thick freestanding HPVE layer with yvdow
dislocation density in mid-fa&m? As was shown in a previous Chapter these
three layer exhibited different recombination tinadues ranging from 1.2 ns
in the sample #2 to 5.2 ns in HVPE layer #12.
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The LITG experiment were carried out in the tempeerangel = 9 -
300 K. Low temperatures were achieved by closedechelium cryostat.
Nonequilibrium carrier gratings AN~10" cm®) have been created by
interband transitions under excitation at 351 nm/bys duration laser pulses
and probed at 1054 nm. The grating kinetics atvétSous periodsA and
excitation energyl,, as well the exposure characteristics of LIT&=(f(h))
have been measured in order to study defect-dersity carrier-density
dependent carrier recombination peculiarities amangport in a wide

temperature range.
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Fig. 4.24. LITG kinetics in low dislocation densiyVPE sample #12 measured in
temperature range form 9 K to 300 K at low < 0.2 mJ/cf) (a) and high
(Io = 2.2 mJ/crf) (b) excitation fluence [A9].

The set of kinetics in sample #12 in temperatungearom 9 K to 300 K
is shown in Fig.4.24. It can be seen that lowetirggtemperature increases the
recombination rate of excited carriers, and, tleeefLITG kinetics become
faster. At lower temperature$ € 120 K) the kinetics shape becomes strongly
nonexponential, indicating the dominance of bimolac recombination, as it
is expected since bimolecular recombination coieffic sharply increases
while lowering the temperatu o« T*?[82]. These features are observed for
both high and low excitation for HYPE sample #17%. c@urse, for lower
excitation the clear nonexponential shape is oleskfor lower temperatures

compared to high excitation case, where it is sdeady at room temperature.
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The non-exponential shape of measured diffractiaetics is caused not
only due to nonlinear recombination but also dueawier diffusion into bulk
of sample. The in-depth diffusion flattens carrgnsity profile therefore
reduces average carrier density and recombinateme ©of bimolecular
recombination. Therefore, quantitative descriptioh carrier dynamics is

possible only by solving two dimensional carrientiouity equations.
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Fig. 4.25. LITG kinetics inui-ELO sample #3 measured in temperature range form 9
K to 300 K at low [p=0.2 mJ/crf) (a) and high I = 2.2 mJ/crf) (b) excitation

fluence [A9].

A little bit different situation is in th@-ELO sample (Fig.4.25). At high
excitation the fast component caused by stimulegedmbination is observed,
while reducing the temperature this fast part ofiekc becomes more
pronounced what shows that stimulated recombinatioeshold is lower at
low temperatures. The stimulated recombination cedu(limits) carrier
density and, therefore, kinetics are not so noreegptial as in HVPE sample
case. Nevertheless, low excitation kinetics exhibitdual decrease of lifetime
with lowering the temperature and nonexponentine#c shape, what shows
that bimolecular recombination is present in thisple also.

The kinetics measured in standard high dislocatedCMD layer #2
(Fig.4.26) are single exponential for all measuedperatures and excitation
fluences. The features of bimolecular recombinatéam be seen only in
tendency of a slight decrease of carrier lifetimthwowering the temperature,

but nonradiative recombination mechanism is a dantirand therefore decay
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kinetics are single exponential in measured timenalno. The stimulated
recombination threshold decreases with temperasinalarly to p-ELO

sample, what can be seen in increasing amplitudbeofast part of kinetics
and also more evidently from exposure charactesistheasured just after

excitation pulse (Fig. 4.27a).
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Fig. 4.26. LITG kinetics in standard MOCVD sampl2 #easured in temperature
range form 9 K to 300 K at low= 0.2 mJ/crf) (a) and highlg = 2.2 mJ/crf) (b)

excitation fluences.
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Fig. 4.27. LITG exposure characteristics measunedgtandard MOCVD sample #2
(a) andu—ELO sample #3 (b) in temperature range form 9 RG0 K [A9].
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Fig. 4.28. The dependence of carrier ambipolausgifn coefficient (a) and mobility
(b) in temperature range form 9 K to 300 K measunedamples #2, #3, and #12
[A9].

The LITG kinetics at several grating periods wereasured and
ambipolar diffusion coefficient was determined femperature range 9 —300
K (Fig.4.28a). Using determined diffusion coeffitie@nd Einstein relationship
u = De/KT the carrier mobility was calculated for three shap(Fig.4.28b).
The slope value -1.4 for HVPE apdELO samples indicates that carriers are
scattered mainly by acoustic phonons[83] in alestigated temperature range.
The standard MOCVD sample with higher dislocatie@ngity exhibit lower
slope and lower absolute mobility values, indicgtienhanced carrier

scattering probability.

4.2.2 Modeling

We performed numerical modeling of carrier dynanaosl were able to
fit the measured LITG kinetics and exposure charétics. In this way we
confirmed the simple model of carrier recombinatiamich includes linear
(defect related) and quadratic (bimolecular) recomaion terms. The
numerical modeling allowed experimentally to detiewen bimolecular
recombination coefficient and its temperature ddpene. Also, numerical
solution of carrier continuity equation illustratesw carriers diffuse into bulk
of the sample during experimental time domain, aherefore, illustrates

which depth of the sample is investigated.
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The carrier dynamics in photoexcited by interfegengattern
semiconductor crystal is well described dne-dimensional model, if the in-
depth distribution of carriers is negligible, i.alk excitation. However, under
the strong absorption the carrier density profiks targe gradients along the
sample thickness, thereforetvep dimensional model has to be employed [84].
According to this model, the two-dimensional cardensityN(x,z,t) in a layer
of finite thicknesdl is described by the equation:

ON(x,zt) _ V[DYN(x 2.)]- N(x,zt)

—BN?(x,z,t)+G(x,zt), (4.1)
ot Tq

with boundary conditions:

MNxzt) S N(xzt) __S
= N(x,0,t), e N(x,d,t), 4.2)

where B is the bimolecular recombination rat& and S, are surface
recombination velocities at the front and back aces. G(x,z,t) is carrier
generation function, which is equal to

-4(t-t,)?

G(x, z,1) = '0‘5 (1- R)(L+ cos(2ndA))exp(-az)- 242 5 et 4 9

hy e
wherea is absorption coefficient for excitation bealy— excitation fluence,
hv — the energy of exciting photoR — reflection coefficient, and.s —duration
of laser pulse at FWHM. The carrier continuity eipma (4.1) is solved by
numerical finite difference time domain procedurel grovides the spatial-
temporal distribution of carriefd(x, z, t).

Since during LITG experiment the first order offdittion is detected
the first harmonic of carrier modulation is caldel
2 M 27%
N, (zt) :X—JIZ N(x,z1) co{A]dx. (4.4)
Using harmonically modulated carrier density thizawtive index modulation
An(zt) = ngNy(zt). By integrating over sample thickness the tothhge

modulation and instantaneous diffraction efficiemdg calculated:
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7 ()= T”An(z’t)dz ? 45)
o A

Since the probe is not delta function, but hastdinduration of

(7ias = 25 ps), the fast part of carrier kinetics igstly averaged by probing.

Therefore, integration over probe duration sho@gérformed:

-4t
2\In(2) 7 . =z
n(t)= ( 7 (t—tt)2 = ditt . (4.6)
toNT 2
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Fig. 4.29. The calculated in-depth profiles of marrdensity at grating peaks are
shown for several delay times, indicated on thetspldhe parameters used for
calculations are the following® =2.5 cnf/s, tr = 3 ns,lp = 1 mJd/cm, A = 10 um,

a=710"cm?, d = 10um.

The Fig. 4.29 illustrates the calculated carriensity in-depth profiles.
As one can see thdecay of carrier density (also recombination rate,
bimolecular recombination is considered, singg;= 1/BN) is governed not
only by carrier recombination, but also becausdifffision-governed in-depth
carrier redistribution, which increases excitatmepth and decreases carrier
density. Therefore the complete two-dimensional a@liod should be
accounted in order to model observed non-exporiektreetics. Another
important information, which follows from the modw, is thickness of
investigated layer by LITG. From calculated prdfili¢ is clear that diffusion
increases the excitation depth up to 1gh2during experimental time domain
(2 ns).
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The fitting procedure of measured LITG kinetics waerformed by
varying only bimolecular recombination and line@combination lifetime
values, since others parameters were estimatedriegueally O, lo, R,
hv, etc) or taken from the published papers in adttee (). The value of the
surface recombination velocity was kept equal tozsince LITG experiments
exhibit single exponential kinetics for many GaNngdes, which means that
surface recombination is negligible. Using dessdlilmodel and varying with
temperature only bimolecular recombination coedfitiwe were able to fit the
measured diffraction kinetics for HVPE at 0.2 and @nJ/cm excitation

fluences (Fig. 4.30).
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Fig. 4.30. LITG kinetics in low dislocation densiPE sample #12 measured in
temperature range form 9 K to 300 K at ldw= 0.2 mJ/crf) (a) and middlelg = 0.7
mJ/cnf) (b) excitation fluence. Points correspond to expental data, and lines — to

numerical fitting [A9].
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Fig. 4.31. The determined bimolecular recombinatioefficient values for GaN. The

fitting curve shows the slope value of —3/2, presticheoretically [A9].
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In Fig.4.31 the dependence of bimolecular reconmlmneacoefficient B is
presented, which we obtained by numerical fittiigne slopeB versusT
dependence is equal to —1.5 and confirms the ttiealtg predicted law
B o T'° [82, 85]. The fitting provided values d8 at room temperature
B=2-10" cnt/s at 300 K and 3.2-fcnt/s at 10 K. TheB value at 300 K is
very close to the one determined by TRPL technigue2.4-10" cn/s[86],
which was derived from excitonic lifetime measuretse Nevertheless, it is
worth to stress that LITG technique allowed strfgfivard determination d8
from the measured nonexponential carrier recomisinakinetics in wide
temperature range and it is done for the first tim&aN.

The similar independent fitting was done with tteta obtained for the
u-ELO sample (Fig.4.32). ThB values obtained by fitting these data (plotted
in a Fig. 4.31) are very closed to values obtaiineeh previous measurements.
We note that the taking into account the bimolecuécombination process
allowed us to estimate more correct values of raiatiwe recombination time

in u-ELO samplers ~ 4 ns.
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Fig. 4.32. LITG kinetics ini-ELO sample #3 measured in temperature range form 9
K to 300 K. Points correspond to experimental datal lines — to numerical fitting
[A9].

The model was also explained the exposure chaistatermeasured in
HVPE sample (Fig.4.33). The experiments showedgtaelual decreases of

exposure characteristic slope fromx2 at room temperature to=1 at low
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temperatures. The modeling curves nicely fitted hwigxperiment and
confirmed that bimolecular recombination is respolesfor reduction of the

slope.

' '
A=13 pm

f —o—T=300K )
At=20ps 45

[ —o—T =120k

100¢

Diffraction efficiency (a.u.)

=
o

Excitation fluence (mJ/c)
Fig. 4.33. LITG exposure characteristics in lowaisation density HVPE sample #12

measured in temperature range form 9 K to 300 jr@lve delay time equal to 20 ps.

Points correspond to experimental data, and linesnramerical fitting [A9].

4.2.3 Conclusions

It has been shown that LITG at low temperatures anbsequent
modeling allowed us to determine directly the value the bimolecular
recombination coefficienB and its temperature dependence, to separate
radiative and nonradiative recombination. The mesments of diffusion
coefficient in wide temperature range allowed tenidfy carrier scattering

mechanisms.

4.3. Diffusion of carriers in GaN at high excitatimn conditions

The light induced transient grating technique igduso study carrier
dynamics in semiconductors since it provides a wmipgossibility to separate
carrier diffusion and recombination processes. Tagier dynamics at low
excitation energy density or in highly-dislocatedaNs provided nearly
exponential grating decay times, determined byalinearrier recombination
and in-plane diffusion [87]. The nonlinear transgeim GaN are caused due to

nonhomogenous distribution and/or saturation ofprd88], bimolecular
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recombination at high carrier densities or low tenapure [89]. In this Chapter
the LITG measurements in high structural qualityNGayers which reveals
the features of an intrinsic crystal - carrier-dgnslependent recombination
and diffusion will be presented. The carrier density dependent diffiusias
observed in GaAs an explained with the assumptioReomi pressure as the
dominating driving force for plasma transport[84].9These experiments for
the first time directly show the carrier diffusianth non constant diffusivity in
GaN.

The experimental details were the same as in expats described in
previous Chapter 4.1 and 4.2. For determinatiocasfier density dependent
diffusion, LITG experiments were carried out atfeliént excitation fluences
(0.34 —2.7 mJ/cA) and grating perioda values (2.7 to 11.4m). The small
grating period 2.um ensures the fast diffusion process A%4n°D< 1 ns for
typical diffusion coefficient value in GaN. As ragabination time of carriers in
high quality GaN layers are higher than severaktmss LITG kinetics at such
low grating periods corresponds to diffusive dechyhe grating. The detailed
analysis was done for measurements obtained at rmonperature, but
proposed carrier dynamics model was confirmed bpsuwements made at
low temperatures (9 — 300 K). Carrier dynamics staslied in HVPE grown
80 um thick GaN layer on sapphire [91] .

4.3.1 Experimental results

The modulated part of free carrier concentrathdth decays because of
carrier recombination and in-plane diffusion by emential law with

characteristic grating decay time [53]:

2
1:1+1:1+(2’fj b (4.7)
Tg T Tp T A

Therefore, measurement of grating decay timgsat several different

grating periodsA allows independent measurement of carrier lifetimend

diffusion coefficientD. The measured LITG kinetics (Fig. 4.34a) was non-
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Fig. 4.34. Thenon-exponential LITG kinetics at different grating periods (a) tae
largest excitation used (2.7 mJAmOpen points correspond to experimental data,
the lines — exponential fit for determination oétjng decay times at different periods
and different delay times. The straight line shavemexponential shape of small
grating period kinetic indicating non-constant alof carrier diffusion coefficient.
The angular characteristics at different delay @slare shown in figure (b). The
determined instantaneous values of carrier lifetimeand ambipolar diffusion
coefficientD at different delay valuest are shown in a legend [A11].

exponential at large and at small grating periodggesting non-constant
carrier recombination and diffusion rates. Therefeve calculated grating
decay timerg at several delay valued and plotted the inverse decay timegl/
versus (2/A)* (Fig. 4.34b) according (4.7) relationship. We ntitat for the
fixed time intervals we assume the nearly expoaédtcay, therefore, a linear
fit provided the instantaneol® and r values. We found that the instantaneous
values of ambipolar diffusion coefficient D ancktilnet were varying during
grating decay. For the largest used excitationnited, = 2.7 mJ/crfy the D
value varied from 4.1 cffs (at the highest carrier density) till 2.1%snat 1 ns
time delay (Figs. 4.34b, 4.35). At these conditjotee instantaneous
recombination time was also varying with time, frdn8 ns to 2.5 ns (Fig.
4.34b). To verify if this is a dependence on carrilensity the similar
measurements were carried out at lower excitatioergees (down to 0.34
md/cnf). The experiments confirmed that at lower carriensity the
ambipolar diffusion coefficienD becomes smaller, while carrier lifetime
increases (Table 4.5). At the lowest excitatiommsity LITG kinetics become

exponential, therefore we observed conskamind 7 values (Fig.4.35a and b).
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These findings pointed out that carrier diffusiooefficient and lifetime
depend on the carrier density in highly excited Giilthese processes are not

masked by fast nonradiative recombination.
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Fig. 4.35. Theexponential LITG kinetics at different grating periods at tbeallest
excitation used (0.34 mJ/&n(a). The plot of inverse grating decay time verthe
square of inverse grating period was used to catedl carrier lifetimer and

ambipolar diffusion coefficierd at small carrier density (b) [A11].
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Fig. 4.36. The ambipolar diffusion coefficient valdetermined at various delay times

after photoexcitation of carriers at the largesefice useth = 2.7 mJ/cri[A11].
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Table 4.5. Carrier diffusion coefficient and lifee values at different excitation

fluences. The arrows—) indicate the gradual change of value with delmyet

increasing.
Excitation
(e D(cnf/s) | #(ns)
0.34 15 3.8
0.7 1.8-51.6 | 2.453.7
1.4 26518 | 1.-2.7
2.7 41-52.1 | 1.3525
4.3.2 Modeling

The dependence of carrier lifetime on carrier dgnsi GaN at high
excitation condition was observed and explainedaiprevious Chapter as
bimolecular recombination [89], while the dependen€ diffusion coefficient
on carrier density was observed for others sam(gles Chapter 4.1, samples
#3,#11,#12 and others) but analyzed yet. As thenreffiect resulting in a
density-dependent diffusivity, we consider the abledl Fermi pressure. It
originates from the fact that for sufficiently higlensities, i.e., with the onset
of degeneracy, Pauli’'s exclusion principle needbdaonsidered and the free
energy is significantly higher than it would be @ classical gas. The
enhancement of free energydepends on the carrier densityand therefore
on the volume V. This can be interpreted as a presgp =0®/0V. The
quantitative description [92,] [83, p. 29] could semmarized to generalized
Einstein relation:

ﬂ Fr2 (1)

(4.8)
e F..(m)

D(N) =

At high carrier density ratio between carrier difan coefficient and mobility
depends on carrier density since Fermi integra¢s st cancel each other like
in classical (non-degenerated ) electron/hole gas.c

During the excited carrier

the LITG experiment dgns is

nonhomogenous (both into samples depth, and almating vector), therefore
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measured diffusion coefficient values at differdatays can not be assign to a
certain carrier density values. To verify if carrdegeneracy can explain the
observed diffusion coefficients variation we peni@d numerical modeling of
carrier dynamics at experimental excitation coodgi. We solved the two-
dimensional carrier continuity equation, which uaés interband
photoexcitation, linear and nonlinear (bimoleculzajrier recombination with
coefficientB (the same equation as Chapter 4.2) and diffusiategenerated
plasma regime, i.e. carrier density dependent sliffu coefficient:

aN(;t’Z’t) =V[D(N)VN(x, z,t)]—w— BN?(x,zt)+G(x,zt) (4.9)
Tr
We assumed that carrier mobility is non-dependentarrier density, anD

varies solely due to degeneracy, i.e. variatioRemi integrals ratio:

_p 1) 4.10
D(N) =D, .
N Fin(m) ( )

To simplify the calculation we expanded this expi@s by the Taylor
series:

D(N)=Do(1+N/Ny), (4.11)
and used it for numerical modeling. Using calcuatarrier density profiles at
different time moments we calculated dependendgifviction efficiency on
time witch was observed experimentally. Using thiedel with one set of
parameters O, No, 7=, B, «, etc) we were able to fit all measured LITG
transients at four different excitation intensitaesd four grating period values
(Fig. 4.37.a,b,c,d solid lines). We deduced thatost carrier density the
ambipolar diffusion coefficient equals @,= 1.5 cni/s in the 8Qum-thick
HVPE GaN sample.
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Fig. 4.37. Measured (gray points) and modeled g)indTG kinetics at different
grating periods at four different excitation fluescin HPVE GaN (a,b,c and d)
[A11].

Using the determined fitting parametes = 2.210" cm® we calculated
the dependenda(N) around the degeneracy threshold (Fig. 4.38), rdotg to
Eq. 4.11. We also checked if Taylor expansio®@f)=Dy(1+N/No) is valid in
investigated carrier density range. As Fig. 4.38wahthe approximation with
No = 2.210" cm® corresponds to exact calculation B{N) (using Fermi
integrals) with effective mass of @ During intense band-to-band excitation
equal number of electrons and holes are creataéftiie LITG experiment
provides ambipolar diffusion coefficient. Since apdar diffusion coefficient
D=2D,DJ/(Dn+Dg¢) depends botid, and D, the obtained effective mass value
of 0.4m, is reasonable, i.e. average value of hole andreleenasses in GaN.
The modeling also provided the value of the bimal@c recombination
coefficientB = 110 cm?/s, which was very close ® value determined from

LITG transients inu-ELO and freestanding GaN [89].
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Fig. 4.38. The dependence of carrier diffusion ftoieht on carrier density. Open
points — calculations using Fermi integrals, lifeylor expansion of Eq. (4.7) used

in numerical modeling [A11].

4.3.3 Temperature dependence

At low temperatures the carrier plasma becomes megenerated at the
same carrier density, as effective density of stdtecreases. The calculations
show (Fig.4.28) that at temperatures lower thafiK30e Fermi integrals ratio
sharply increases and this according to Eq. 4.b@ldHead to the increase of

carrier diffusion coefficient.
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Fig. 4.39. Fermi integral ratio dependence on teatpee for different carrier

concentration, calculated for m=0.4fA11].

We put GaN sample in closed-cycle helium cryostat performed LITG
measurements at several grating periods at temypesatiown to 10 K. In this

way we measured the temperature dependence of alabigliffusion
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coefficient of carrier for two excitations. The coon situation is that a carrier
mobility andD decreases in low temperatures due to impurityisiochtion
scattering [93], while we observed sharp incredsd#iffusion coefficient value
below 50 K and this effect was more pronounced laher excitation
conditions. This situation supports the model otrease of diffusion

coefficient due to carrier degeneration.

38 T v T v T v T

3ol —o—1= 0.7 mJ/crh
—o— 1= 0.3 mJ/crh

o 100 200 300
Temperature (K)
Fig. 4.40. Carrier diffusion coefficient dependenme temperature in

HVPE GaN measured by LITG [A11].

4.3.4 Conclusions

We investigated carrier dynamics in highly excitdddPE GaN using
LITG technique and observed carrier density depeindarrier diffusion and
recombination processes. Using numerical modelihgaorier dynamics the
increase of diffusion coefficient at high carrieendity was explained as a
Fermi pressure at degenerate carrier plasma The temperature
measurements confirmed the suggested model. Thepaleab diffusion
coefficient value oD = 1.5 cni/s was determined as the low carrier density
value for HVPE GaN crystals. This investigation y@d that variation of
diffusion coefficient described in Chapter 4.1 uded by carrier density. The
samples with longer carrier lifetime and largermstiated recombination
threshold values exhibit higher carrier densitiesirdy experiments therefore

large values of ambipolar diffusion coefficienbistained.
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4.4. On optical monitoring of carrier lifetime in GaN by LITG and
TRPL techniques

Determination of electrical parameters of the adean lll-nitride
materials requires innovative measurement techsiqulkeat enable a
straightforward control of carrier lifetimes andfdsion lengths with respect to
defect density and their electrical activity. Théomluminescence (PL)
technique is commonly used to evaluate the quafitynaterials by analysing
origin of excitonicand high carrier density related featumedPL spectra [2,
94]. Surprisingly, the increasing quality of GaN layersas not always
confirmed by an increasing carrier lifetime if measd by time-resolved
photoluminescence (TRPL) techniques. The PL denakigh quality GaN
layers revealed fast transients in subnanosecand tomain[95-97]. The
luminescence decay time varied from 0.2 ns in HVRfEown
heterostructures[95] to 0.44 ns in homoepitaxias)®6], and were attributed
to spontaneous luminescence at conditions of degpsaturation regime. In
the epilayers with improved structural quality aadiative efficiency (due to
presence of TiN interlayer), the fast TRPL trangeaf 0.3 - 0.6 ns were
followed by a slower decay component of 1.3 - Is8amd the non-exponential
of decay was ascribed as nonradiative recombingirocesses in multilevel
defect system [97Pur measurements have also indicated the differaines
of carrier lifetimes in 27Qum thick freestanding GaN laydof i~ 2-75 = 0.7
ns by TRPL[79] andk = 2.9 ns by LITG[79]). Thus, the experimental data
pointed out to steadily lowesz values and non-exponential transients in high
guality thick GaN layers if measured by TRPL tecjusis.

In this Chapter we report experimental and numeris@adies of
nonequilibrium carrier dynamics in 4Q@0n-thick free-standing HVPE grown
GaN crystal (Sample #11, Table 4.3) by using picosd TRPL and LITG
techniques. The results are compared with simileasarements in MOCVD-
grown ~4um-thick GaN epilayers with few orders of magnitutigher
dislocation density (Sample #2, Table 4.1). Thetaligs, followed by a
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numerical analysis of carrier spatial-temporal sethution after their

interband excitation by a short laser pulse, albws to attribute the origin of
the fast initial PL transients mainly to the difius-governed carrier in-depth
redistribution in a nonhomogeneously photo excitéck layer. We also verify
that single exponential kinetics of LITG, beingensitive for carrier in-depth
redistribution, directly and reliably provide carilifetimes in a wide range of

magnitudes.

4.4.1 Experimental

Carrier dynamics in GaN samples was investigate80&t K by using
picosecond LITG and TRPL techniques. The TRPL stadied under 266 nm
excitation (using a pulse duration of 25 ps, a spp¢ of 1 mm, and pump
fluence up to 0.5 mJ/dnand collected in a backward geometry via 0.4-m
grating monochromator [95, 96An optical Kerr shutter ensured temporal
resolution of ~20 ps. The band-to-band spontane®ustransients were
measured at ~3.4 eV. The LITG experiments experiatedetails are
described in Chapter 4.1. We like to stress thata.and TRPL measurements
were carried out at very similar excitation coralis, nevertheless different
excitation wavelengths were used (266 nm for TRRd 855 nm for LITG),
since both cases are band-to-band recombinatioralasaiption coefficient is
similar (@ ~1C0 cm?). Also similar excitation fluences were used bythbo
experimental techniques (~0.5 mJfzm

Carrier diffusion was investigated measuring diffiran efficiency
kinetics at wvarious grating periods, according tbe t relationship
1/7s = U + U, wWhere 1o = A%47°D is the diffusive grating decay time,
and 7y is the average carrier lifetime in the excitedoagThe plot of inverse
grating decay time vs its period (Fig.4.41) proddbe values of the carriers
ambipolar diffusion coefficient and lifetimeB-= 1.9 crils andzzr = 5.4 ns, in
the thick HVPE sample. Similarly, th2 = 1.6 cni/s andz = 1.1 ns valuefor
the standard MOCVD sample were determined. Theldipzarrier diffusion
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lengths were found equal touin and 0.4um, and correspond to carrier

plasma density of (1-8)0'®cm® at conditions of the given LITG experiments.

15 . T . T
MOCVD

A D=1.6criis 1
1.0 -

HVPE

D=1.9 cnils -
= 5.4 ns

0.0 . ) . ) .
0.00 0.05 0.10 0.15

1/ A% cm®

Fig.4.41. The inverse grating decay timg" as a function of the grating periot®
for HYPE and MOCVD grown samples. The determinedues of ambipolar

diffusion coefficientD and carrier lifetimexr are shown in the figure [A12].

The measured photoluminescence PL spectra of Gaiglea consist of
one broad emission band peaked in the vicinity leé bandgap energy
(~ 3.4 eV). The observed spectra are typical ferrtdiative recombination of
high-density electron-hole plasnthat occurs under intense photoexcitation
with the excitonic states screened by the freeiararf19, 95].The estimated
initial carrier density was of ~80"®cm?® being below the threshold of

stimulated emission, and the initial carrier hegtivas insignificant.
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Fig.4.42. Comparison of the calculated curves ¢lirend experimental data (points)

of TRPL and TR LITG kinetics in the HVPE-grown fretanding 40G:m thick layer
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(@) and in the standard ~3upa thick MOCVD-grown GaN layer (b). TRPL

measurements were conducted by group leaded bySrdtirénas [A12).

Fig. 4.42 compares the LITG kinetics and spontagebRPL emission
decay (at the peak position of the PL band) inGla#&\ layers with essentially
different TD density. The PL decay is nearly expudra in subnanosecond
time domain with constant af,; = 680 ps and;, = 460 ps for the HVPE and
MOCVD grown layers, correspondingly. We note tha value of PL decay
time in the free-standing layer (or the correspogdiarrier lifetime of (2, =
1.4 ns) is, to our knowledge, the largest one aofeskerin GaN at room
temperature[2]. However, the LITG decay indicatedici longer carrier
lifetime in the free standing layer, while the PhdalLITG decay constants

were found quite similar for the MOCVD layer (Fig)2

4.4.2 Modeling
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Fig.4.43. The calculated evolution of diffusion-goved carrier in-depth
redistribution in thick GaN layers after photoeation by 25-ps duration laser pulse
at 355 nm.

To get deeper insight into the temporal evolutidnT®PL and LITG
signals, we performed numerical modeling of cardgmamics, assuming very
nonuniform in-depth carrier profile at interbandrea photoexcitation. Two-
dimensional model of carrier spatial-temporal redstion was employed to

evaluate carrier diffusion to the bulk and along drating vector [76]. For
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calculations, we used the determined valuesDofnd 7z for the studied
samples (see Fig 4.41). The numerical data shotvdiffasion into the bulk
rapidly dilutes the carrier plasma density generatethe surface and increases
the excited layer thickness up to few pm in theetdomain of measurements
(Fig.4.43).

We note that both LITG and TRPL signal depend maarly on carrier
density, but in a different way. The diffractionpd@ds on a probe beam phase
shift, @=27/4-4And, which is integrated during the beam propagatlmough
the sample, and the total accumulated value ofpéicad path changdan-d)?,
determines the diffracted beam efficieney,rg « @. Since the probe beam
integrates the plasma modulation over the samplethdethis makes the
diffraction signal dependent on the total numbepbbdtogenerated electron-
hole pairs in the sample and not on a specificitdepsofile.

In case of TRPL, the signal is generated in a saniptally and
nonlinearly, Ip.oc N°, and may be partially or strongly reabsorbed uittil
propagates through the sample. Therefore, onlymatedl thickness of a
photoexcited layer may contribute to TRPL signal] &oth the carrier spatial
redistribution, their instantaneous density in therface region, and the
reabsorption effects must be explicitly considerd carrier lifetime
determination. In GaN, the bandgap emission iseggtitongly absorbed in the
sample, thus, the measured PL signal corresponasliative recombination of
carriers, present in a surface layer of a limithitkness. For simulation of
LITG and PL decay, we used the calculated instamaas carrier profiles

N(zt) and the following relationships:

Newm (£) o0 U N(z,t)dz} (4.12)
o (1) j' N?(zt)explap, 2)dz (4.13)

where op, is the absorption coefficient for spontaneous siois energy at

3.4 eV. Taking the value ofp, = 510° cmi' at its low limit[73] and the
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sample-dependerd and zz values (see Fig.4.41), we calculated the decay
curves of diffraction efficiency and TRPL decaygtbolid lines in Fig.2a,b).
For both samples, the data are in excellent agneeméh the measured
kinetics, thus confirming the origin of fast PLngkents in thick HVPE layers
as diffusion-governed fast carrier in-depth redistiion.

The modeling of LITG and TRPL kinetics at varioDsvalues disclose
their sensitivity to the carrier redistribution dteediffusion (Fig.4.44) in high
guality GaN layers. If the diffusion is not effaaiin the measurement time
domain (1 - 2 ns), then the LITG and PL kineticsvde the same value of the
carrier lifetime. The faster carrier diffusion, theore pronounced is fast PL
transient. Carrier redistribution is already naicke in PL kinetics aD value
as low as 0.25cffs due to nonlinear response of the PL signal ® th
decreased instantaneous carrier density in thacregion. We also note that
even the slow decay component of PL (measured-& B8s delay time) does
not provide the real carrier lifetime as the ongoprocess of diffusion to the
bulk diminishes the instantaneous carrier dengithe surface (see Fig.4.43).
Indeed, this kind biexponential TRPL transient hbgen recently measured in
~5-um thick GaN epilayers with the improved structugaklity[97], but not

provided the real lifetime values.
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Fig. 4.44. Numerical modeling of TRPL intensity abhl¥G diffraction efficiency

decay for the different values of diffusion coeiffiats.
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4.4.3 Conclusions

The numerical analysis of carrier spatial-tempoealistribution allowed
us to verify the origin fast TRPL transients adwdifon-governed carrier in-
depth redistribution and reabsorption of a backwardission from the
photoexcited layer. It was, therefore, concludeat thetermination of carrier
lifetimes by using LITG technique in high qualithdathick GaN layers is
more advantageous and straightforward.
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5. Carrier dynamics in InGaN layers and quantum-wel

structures
5.1. Investigation of InGaN epilayers

Carrier Localization versus In content

For investigation of photoelectrical, transportd atructural properties of
InGaN alloys, carrier dynamics have been studiedLbByG technique in
In,Ga,xN layers with different In content. The 50 nm thickGa N layers
with In content of 8%, 10%, and 15% were grown asapphire substrate by
low pressure MOCVD using a 1000 nm thick GaN emtayas a buffer. The In
fraction was estimated by X-ray diffraction. Thangdes for LITG studies
were excited by the third or fourth harmonidsvE 3.5 or 4.66 eV) of
YAG:Nd laser.

At excitation by 355 or 266 nm light of the InGaN#& structure, the
photoexcited carriers are confined in the frontetagince the InGaN/GaN
interface presents a potential barrier both foctetes and holes. Nevertheless,
a part of the incident light penetrates into Galffdruand creates free carriers
which also contribute to light diffraction. To aafite the buffer contribution to
the total LITG signal, the additional LITG experimevas performed in the
buffer layer. The short carrier recombination ti(a®0 ps) was found in the
GaN layer, while carrier lifetime in InGaN layersasvby order magnitude
longer (Fig.5.1).

More detailed numerical analysis of carrier dynaniit simultaneously
excited InGaN and GaN layers has shown [98] tha¥ 46f the light is
absorbed in InGaNg(~ 10° cm’, d = 50 nm, (1-exp(d)) = 40. Nevertheless,
fast carrier transfer from GaN to InGaN layer takgace in the interface
region. This process, in addition to short carlifatime in the buffer GaN,
makes the contribution of GaN layer to diffractioapidly vanishing (in

~200 ps). This simplified analysis of the diffracti kinetics allowed to
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attribute the LITG signal at delay timg > 200 ps, solely to carriers confined
in InGaN layer.

Carrier localization effect in InGaN layers, whide known being
dependent on the In content [99, 100], was stubjesheasuring the kinetics of
LITG kinetics at several grating periods (from 31@.5um). This allowed to
determine carrier diffusion coefficient and lifeenvalues in InGaN layers
(Fig.5.1b). We found the decrease of diffusivityoafiriers from 1.5 cifs to
0.9 cnf/s with increasing In content (from 8 % to 15 %)e \ttributed this
tendency to higher density of states which locatiaeriers and overall band
potential fluctuation due to inhomogenous In in@wglion[100, 101], which

makes carriers less mobile.
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Fig. 5.1. LITG kinetics in InGaN/GaN heterostrueti{x=8%) and in the GaN buffer
measured at 355 nm excitation (a). Angular charisties measured in InGaN layers
with different In content used for determination ahbipolar diffusion coefficient

and lifetime of photo-excited carriers (b) [A13].

We used 266 nm light (instead of 355 nm) for g#xcitation in order
to generate carriers mainly in InGaN layer. We @enied measurements of
exposure characteristics just after the excitatmuise, which provided
information about stimulated recombination thredh(dee Chapter 4.1) and
grating decay kinetics at large grating periodscihtorresponds to decay of
grating solely due to recombination process, arateflore provides carrier
lifetime values. We found (similarly like for GaN/SGaN/SiC case, see

Chapter 4.1) a correlation of carrier lifetime wghimulated recombination
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threshold, i.e. longer carrier lifetime leads tavéw stimulated recombination
threshold (Fig.5.2). The sample with 10% of indiwxhibited the longest
carrier lifetime (280 ps) and the smallest stimediatecombination threshold
(0.1 mJ/crf). For sample with 15% of In content 2.5 time short
recombination time and not pronounced saturatioexpiosure characteristic

was observed.
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—e— 10% —eo—x = 10%-t =280 ps

—— 15% —a—x = 15%-1 =110 ps

Diffraction efficiency (a.u.)
o
[

Diffraction efficiency (a.u.)
o
[

1.9 1,50.4 m/crh E
A=11lpm
At =10 ps 0.01F 4
0.01g 1 1 1 1 fat
a) 0.1 b) 0 200 400 600
Delay (ps) Delay (ps)

Fig.5.2. Exposure characteristics (a) and kinedfcgee carrier grating (b) in InGaN

layers with different In content [A13].

The stronger carrier localization (at increasingcbmtent from 8% to
10%) prevented them from reaching nonradiative mdgipnation centers, thus
increasing the carrier lifetime. While the shortriza lifetime for sample with
15 % of In is due to poor crystalline quality whieh observed for InGaN
samples with indium content higher than 10% [102jis explains well the
features of exposure characteristics: it saturatdg for a layer having the
longest lifetime, which is advantageous for cardecumulation. The highest
intensity and lowest threshold of stimulated recoration in InGa N
(x=10%) sample were confirmed by TRPL measuremeoislucted by S.

Jur&nas et al [103].

LED efficiency droop

In the development of InGaN-based light-emittingod#is LEDS,
producers encountered reduction of internal quardfiitiency of LED at high
current densities, which was called as a efficieth@mop problem[39]Several

carrier loss mechanisms to explain the droop phemam have been proposed
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such as carrier leakage [40, 41], carrier deloatibn [42, 43],and Auger
nonradiative recombination [44{ardneret al from InGaN-LEDs producing
company Lumiled also supported Auger recombinatimdel for efficiency
reduction. [37, 38]. These conclusions were baseeélectrical measurement
of external quantum efficiency of working LEDs bdsguantum well InGaN
structure. For investigation of Auger recombinatiopact, Lumiled company
provided an InGaN layer for time resolved studiécarrier dynamics and
determination of nonlinear recombination rates, althicould directly
demonstrate Auger recombination as carrier dermityelay time varying
recombination rate.

The 100-nm thick InGaN layer with= 5.3% were grown on 2;8n GaN
buffer and sapphire as a substrate. The referaaople without InGaN top
layer was used to identify contribution of GaN laye diffraction as both

InGaN and GaN were excited during LITG experiment.
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Fig.5.3. LITG kinetics measured at 355 nm excitatio InGaN/GaN (x=5%) and

reference GaN layers at large grating period &idiht excitation fluences.

LITG kinetics at 355 nm excitation at several extitn fluences were
measured in both InGaN and GaN (reference) sanfplgs.3). The kinetics
measured in GaN were typical for standard qualigNGayers (see Chapter
4.2, Figs. 4.1, 4.3a) - the carrier lifetime wasuad 1 ns, the ultra-fast part at
high excitation exhibited the stimulated recombmat The measurements of
LITG kinetics in InGaN exhibited grating decay teifaster (~450 ps). Also

the stimulated recombination threshold was lowengared to GaN since low

101



T ————rrrrr — . . . . . . .
g Stimulated recombinatin !3 ! I T T T T T
3 1L —°—Ga in GaN % 3o} i
= —o—InGaN A E/E/E _
2 25} 4
s 1F —~ a  D=1.7cris,z,=0.4ns InGaN
b= “n
o qﬁf\dﬁ i £ 20} o D=2.Ocrﬁ/s,rR=1.1ns GaN 4
S 01 L 2 stimulatel recombinatinion | < o |
b3 in InGaN o
& 15| i
& A=11pm
5 o.01 At=20ps ]
1 1 1.0 roil EETA U U T R
1 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
a) b)

Excitation fluence (mJ/cin UA® (um?)

Fig. 5.4. The exposure characteristics measuréadaN and reference GaN samples

at 355 nm excitation.

excitation kinetic (0.8 mJ/cth already showed fast initial part. The longer
carrier lifetime in GaN and low stimulated threghoh InGaN determined
situation that LITG signal at higher excitationghces is mainly governed by
carrier in GaN layer. This is clearly seen in expescharacteristics measured
in both samples at 20 ps delay of the probe beagn $). The EC measured
in GaN exhibit single slope until excitation fluenceaches the stimulated
recombination threshold, while EC measured in In@GahMore complicated. In
the low excitation rangée <1 mJ/cr, the increase of is determined by carrier
generation in InGaN layer (GaN contribution is sinaAt around 1 mJ/cf
stimulated recombination in InGaN takes place adi@r density in InGaN is
reduced to threshold value by stimulated recomlinatAt higher excitation
fluences contribution of GaN buffer is seen, sina&rier density in this layer
increases. This explanation is also supported bgsorement of kinetics. If
measurement performed in a single layer structbeeall kinetics measured at
excitation fluences above stimulated recombinatimeshold converge (Fig.
5.3a, 4.3, 4.18 ), since stimulated recombinatiximaasts inversed population
to the similar carrier density. While in InGaN catlee amplitude of kinetics
increases with excitation, and carriers generaie@aN buffer determine this.
From this discussion two important conclusions ddag¢ made. Firstly, InGaN
dynamics (for a particular sample) is observedekuitation fluences below

1 mJ/cM. And secondly, at these conditions the maximalsibs carrier
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density is created in InGaN layer. This is very aripnt for investigation of
Auger recombination, since Auger recombination &hdoe observed at high
carrier densities.

After given above considerations, only two kinetafslowest excitation
fluences (0.35 and 0.8 mJ/@mcan be considered as revealing carrier
dynamics in InGaN layer. These two kinetics werglsi exponential and did
not show change of recombination rate with decnepsarrier density. This
shows that at room temperature, at the highestilgesgarrier density
(~510" cm®) obtained by optical pumping in InGaN epilayerse tAuger
recombination is not contributing to carrier recanabion.

The measurements at different grating periods %) provided
ambipolar diffusion coefficient value d@ = 1.7 cni/s for InGaN layer with
5% In content, which is little bit higher if compak to previously described

samples with higher In content, thus indicates wealarrier localization in

this layer.
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Fig.5.5. LITG exposure characteristics measurezb&tnm excitation in InGaN/GaN
(x=5%) in temperature range 9—300 K at prob&aydeAt =25 ps (a). The
dependence of stimulated recombination thresholdisomed in InGaN/GaN on

temperature

To get deeper understanding of recombination pemEsesemperature
dependent LITG measurements were carried out irpeemture range 9 —
300 K. The 266 nm excitation was used in ordehdwe higher absorption

coefficient and in this way to achieve higher cimition to diffraction signal
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from InGaN layer. Moreover, low excitation fluencgs5 and 0.25 mJ/cin
were used to ensure excess carrier density beloaulsted recombination
onsefand thus monitor the carrier dynamics in the InGahr.

The measured exposure characteristics (Fig.5.5ayedh that stimulated
recombination threshold reduces with temperatumfi.2 at 300 K to 0.3 at
100 K. The reduction of stimulated recombinatioresfnold with temperature
(~2 times in temperature range from 300 K to 150irK)nGaN MWQs was
observed by PL [104, 105] and explained as redaatibinternal quantum
efficiency at high temperatures, which is also aoméd by LITG

measurements described below.
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Fig.5.6. LITG kinetics measured at 266 nm excitatio InGaN/GaN (x = 5%) in
temperature range 9 —300 K at different excitafioance (a —d= 0.5 mJ/criand b
- 1o = 0.25 mJ/cr.
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Fig.5.7. Carrier lifetime values determined by LITe&&periment at two excitation
fluences. The low limit of 25 ps is determined lmée resolution of the LITG

experimental setup, i.e. pulse duration of therlédashed line) .
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LITG kinetics measured at 266 nm excitation in 800 K temperature
range are shown in Fig.5.6. At room temperaturetics were slightly non-
exponential in measured time domain with small éase of carrier lifetime
with increasing excitation (670 ps at 0.25 mJ@nd 600 ps at 0.5 mJ/ém
While lowering temperature carrier lifetime decrghsvhile below 100 K it
was limited by our time resolution of the experi@setup (~25 ps) (Fig.5.7).
The decrease of carrier lifetime values in highgemture region (150 — 300
K) we attributed to increase of bimolecular recamalbion rate, according to
BxT3482]. But we note that the bimolecular recombinatiwas not a
dominant recombination channel at 300 K, since iearfifetime was
determined by linear (nonradiative) recombinatioithe bimolecular
recombination became important only at ~150 K, whesn-exponential shape
of kinetics and lifetime dependence on excitati@revsignificant. The further
sharp decrease of carrier lifetime was due to d#tad recombination, as
stimulated recombination threshold decreased wimperature and at
temperatures below <150 K became lower than usedaé®n fluences for
LITG kinetics measurement.

In conclusion, the LITG investigation in InGaN epjers revealed that
dominant recombination channel at room temperatige nonradiative
recombination at excitation densities below stirreda recombination
threshold. The measurements at low temperature nignaved impact of
bimolecular recombination, which became dominanteatperatures below
150 K. The LITG kinetics did not exhibit Auger reubination features in 9 —

300K temperature range.
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5.2. Investigation of InGaN MQWs

In previous sections the carrier dynamics in 500-hén thick InGaN
layers were described, but for industry investatdf carrier dynamics in
InGaN quantum wells (QWS) is more relevant, sinaemercially available
LEDs are based on QWs. World's leading manufactfrBfOCVD equipment
for 1ll-Nitrides growth — Aixtron company providags two InGaN/GaN based
LED structures. Five InGaN quantum wells with GaNrkers were grown on
GaN buffer layer using sapphire as a substrateictires exhibited peaks of
luminescence at 470 nm and 525 nm.

LITG experiments were carried out using 355 nm taticin beams,
which excited QWs as well as GaN barriers (for nes excitation the total
thickness of InGaN layers was too small to obtairmeasurable signal).
Therefore important issue was to distinguish thetrdoutions of InGaN and
GaN in excess carrier dynamics. LITG kinetics meagun 525 nm LED
sample when exciting from front and from back vapphire substrate are
shown in Fig. 5.8. The kinetics measured when mgitnGaN QWs was
double exponential with slow component of 3.1 ngl &st component of
about 200 ps. The contributions (amplitudes) okéhevo components varied
with excitation fluence. The fast component weiladtled to signal coming
from GaN buffer, since 200 ps decay rate was theesas measured from the
backside, i.e. in GaN buffer. In addition, the esqp@ characteristics of the
front layer (Fig.5.9a) at high excitations exhiliteatures typical for LITG in
GaN layer (i.e. the increasing efficiency with sogalue of 2, see Fig.5.9b,
and saturation due to stimulated recombinationusTlat low excitation signal
was detected from carrier localized in wells, whilecreased excitation
saturated this signal due occupation of availataites in QWs. At even higher
excitations, the grating minima became also popdland in this way grating
modulation ratio decreased and diffraction signainf QWs at high excitation

was competed by signal from GaN buffer.
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Fig.5.9. Exposure characteristics measured in LEDctre exciting from a front
side (a) and backside (b). Numbers indicated thyeesbf EC in log-log scale.

The similar results (carrier lifetime of 3.1 ns inGaN QWSs) were
obtained for 470 nm LED structure (Fig.5.10), jsstturation effect was
noticed at low excitation fluence, which is congsisth suggested model since
shorter luminescence wavelength correspond to higdwedgap of InGaN layer

and therefore to a shallower quantum well.
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Fig. 5.10. LITG kinetics(a) and exposure charaktdi$ (b) measured in LED

structure at 355 nm excitation.

From this analysis two important conclusions cohtl made. Firstly,
electronic states in InGaN QWs can be easily filledl higher optical (or
electrical) injection do not provide addition carrto QWSs. This observation
supports hypothesis that efficiency droop could uearrier delocalization (or
over barrier diffusion). Secondly, this investigati showed the increased
carrier lifetime in InGaN QWs compared to InGaNdeg: Lifetime in best
quality InGaN layers was around 500 ps, while ilfet in QWSs reached value
of 3.1 ns. To reach deeper insight into the lattieservation, we performed
study of carriers dynamics in InGaN quantum wellucures with different

thickness of well/barrier regions[106].
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InGaN MQWs with different thickness

INo0dGa oN -33 Nm cap layer The multiple well structures

Ing 1Ga oN — 5.5 nm well were grown on 1.5um GaN buffer

/INg.0Ga.oN — 5.5 nm barrier layer that was grown on sapphire
12 quantum well in total - 130 nm
substrates by MOCVD. The three

GaN-1.5um buffer laye samples had different well/barrier

Sapphire -substrate thickness, but constant overall

thickness of active region; this was
Fig. 5.11. InGaN MQWs sample structugchieved by growing different

re. The other samples differs in thiCknesauantity of QWs. The well/barrier
and number of quantum wells.

thickness of three samples deduced
from x-ray diffraction were: 12
periods of 5.5 nm/5.5 nm, 4 periods of 17 nm/17 @nperiods of 34 nm/34
nm. Total thickness of well and barrier materiaddiag the 33 nm-thick
INg 0dG& o\ cap layer were ~170 nm. The indium compositiothefwell and
barrier were 10% and 3%, respectively.

The LITG experiments were carried by 355 nm exaitatwhich ensured
band-to-band generation of carriers in wells amtlid&rs; the exciting light also
reached the GaN buffer layer. The fast relaxatiocaorier to well (which take
place <1 pstime domain [107]) and quite largiivadayer thickness ensured
that observed LITG signal was determined by cafdealized in QWSs, which
simplified analysis if compared to previously dé@sed cases. If to assume that
some carriers generated in GaN also diffused indsQhen d = 200 nm thick
layer “provided” carriers to QWSs. As absorption ttegs around X = 100 nm,

thenl-exp(-ad) =86 % of carriers were generated in 200 nm thick layer.
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Fig. 5.13. LITG kinetics measured at 355 nm exictain MQWSs structure with QW

thickness ofl = 5 nm andl = 34 nm.

The LITG kinetics measured at large grating peri¢i€ig.5.12) showed
that the carrier lifetime was the longest in thetkest QWs (~2.7 ns at the
lowest excitation) and the shortest in thickest QW ns). Also, an important
feature was that kinetics were nonexponential, eddnibiting features of
nonlinear carrier recombination (Fig. 5.13). At leg excitation fluences the
non-exponential carrier recombination dynamics weren more pronounced.
In Fig 5.14a grating decay times versus excitaflaence are plotted. The
initial slope of —0.9 indicated nearly linear redmnation rate dependence on
carrier density IJoc N. This indicates that bimolecular recombinationais

dominant recombination mechanism in these strustatéiigh excitation. The
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further growth of recombination rate (or decreafayrating decay time) at
higher excitations is limited due to the onset timalated recombination,
which suppresses the increase of carrier density.tffe sample with largest
QWs thickness (34um) the stimulated recombination threshold is theelst
0.4 mJ/cr (Fig.5.14b), therefore, the saturation of carrezombination rate
is observed at the smallest excitation fluence g@fnd, Fig.5.13a).

The reason of the variation of stimulated recomiemathreshold in these
structures is not completely understood. But thghést value observed in
sample withd = 5 nm could be related to the largest numbeagéils which
scatter the emitted light and increase lossesherstimulated emission, thus
for efficient stimulated recombination process &rgnversion of population
(gain) is required. Furthermore, wider well thickaeis also helpful for an
enhancement of the optical and electronic wavefanctonfinement in the
well[108]. Both effects can cause the thresholddtop, like the classical
AlGaAs/GaAs system[109].Therefore, the thresholdrei@ses with increasing

well thickness.
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Fig.5.14. Dependence of instantaneous carrieirlifebn excitation fluence measured
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fluence in InGaN MQWs structure with different wiickness determined by LITG

measurements at different grating periods.

The measurement of LITG kinetics at different grgtperiods enabled us
to measure ambipolar carrier diffusion coefficisantnGaN MQWSs structures.
The dependence of ambipolar carrier diffusion goefit on excitation fluence
is shown in Fig.5.15. ThB value varies from ~2.2 cifs at low excitation up
to ~2.7 criVs. The same trend was observed in GaN epilayeregplained as
a Fermi pressure in degenerated electron-hole plasi@hapter 4.3. The same
model seems to be valid for InGaN MQWs structufé® initial high value of
D is also due to high carrier density in wells, simarrier excited in 200 nm
are collected by 66 nm wells which also blocks ieardiffusion into the
substrate depth and allows study of in-planeudiéin at high carrier density.

For further analysis of carrier dynamics LITG measoents at low
temperature and 266 nm excitation were performedaimple with longest
carrier lifetime d =5 nm). The non-exponential, carrier density dejeat low
temperature LITG kinetics (Fig.5.16a) confirmed tkhdeminant role of
bimolecular recombination in sample with QW thickeeofd =5 nm. The
decay rate varied with temperature with slope {ER).5.16b) which was
approaching the pure bimolecular recombination naith slope value of
-1.5[82].
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Fig. 5.16. LITG kinetics measured at 266 nm exadtain InGaN MQWSs structure
with d = 5 nm in temperature range 50 —300 K (a). Theeddence of instantaneous
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temperature (b).

5.3 Conclusions

The LITG measurements provided photoelectrical ipatars for InGaN
layers at high excitaton case B =1-1.7crfs, =120 —500 ps,
Lp ~0.2um. Low and In content dependent carrier diffusivigvealed In
segregation induced carrier localization. At roaemperature defect related
recombination determined quite low carrier lifetimalues and rejected the
possibility of Auger recombination mechanism. Tleattires of bimolecular
recombination were observed only at low temperature

The investigation in InGaN MQWs revealed longerieadifetimes up to
3 ns, the pronounced bimolecular recombinationoatr temperature which
became dominant recombination channel at lower ¢eatpres. The
determined diffusion coefficient values increastHdigher carrier densities due

to degeneracy of carrier distribution.
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6. Carrier dynamics in synthetic diamonds

The defect-free diamond is known to exhibit thegésst values of heat
conductivity and carrier mobility of all the widexbdgap semiconductors. This
makes the material attractive for production ofrauiolet and ionizing
radiation detectors that could operate under exrenvironmental conditions.
To insure the high efficiency of charge collectiangarrier diffusion length is
to be maximized by reducing the density of eleathc active point and
extended defects, which are commonly present imainals as an isolated
substitutional nitrogen (C-defects) or as their raggtions (A-defects and
others) [110]. Standard evaluation of electronioparties by transient
photoconductivity and Hall effect [48, 111] or tiroé flight techniques [112]
requires ohmic contacts deposition, what may impiosensic limitations.
Microwave-reflection techniques have been recealylied to measure carrier
lifetimes in natural diamonds [113] while were lied to 1 ns temporal
resolution. LITG technique has been recently applte measure the thermal
diffusion coefficients of CVD diamond thin slabs

In this Chapter we report for the first time an lagadion of a picosecond
LITG technique for optical monitoring of nonequiiilbm carrier dynamics
HPHT and CVD diamonds. The measurements directlyiged the electronic
parameters (carrier lifetime, diffusion coefficieartd length) in highly excited

surface layer or in the bulk.
6.1 Carrier dynamics in HPHT diamonds

Samples

We investigated optical-grade mechanically polish&de-standing
samples of HPHT bulk crystals with thickness of fn.nThe single-crystal
diamonds were seed-grown in ISM NASU by HPHT methsthg constant
radial and axial temperature gradients as descrddedwhere [114]. The
hydrogen and nitrogen concentration was determired UV and IR optical

absorption spectra.
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Table 6.1. Investigated HPHT diamond samples, ttygie and concentration of C-

centers
Samples D8 D1 D10B D10A
Crystal type lla lIb Ib Ib
Concentration ;
of C-centers, | < 10" < 10" L™ 1.310"
o 107

Fig. 6.1. Photos of HPHT diamond samples D8, DID2OB (from left to right).

Description of the investigated samples is giveitable 1. A type of the
HPHT diamond crystal was determined according $ooijptical properties,
which are related to the impurity content, maintyritrogen concentration.
The samples have been classified using the absorpfiectra features in IR,
UV, and visible spectral range. The samples D8@hdhave been assigned to
the “nitrogen-free” diamonds of lla and Ilb typechease of absence of
characteristic absorption bands in 1000 - 1500 spectral range (the optical
absorption data indicated that nitrogen conceminais below 18 cm?).
Nevertheless, small absorption in a range from 26800 nm still exists. It
indicates the presence of a residual nitrogen tledeates. Neutral boron
acceptor concentratioN| —Np] in semiconducting sample D1 is estimated to
lie within interval from 2.310" to 6.%10Y cm®. In diamonds of Ib type
(samples D10A and DX), strong absorption at a range aroundui®
wavelength has been found due to high density -6 of substitutional
nitrogen. Sample D10B exhibited strong non-homoignef defects

concentration distribution across the plate.
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Experimental results

In Fig.6.2, we present the kinetics of diffractiefficiency in the different
types of HPHT diamond plates. For the interbandtation at 213 nm, the
electron-hole plasma was created within thin egcitayer of thickness
det ~ o (a0 is coefficient of light absorption), which may ygrom 3 to 10um
[115, 116]. For the used excitation energy dengitp to 5 mJ/cr), the

nonequilibrium carrier concentration in range B)»10' cmi® was reached.
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Fig.6.2. Grating decay kinetics measured in difietgpes of HPHT diamonds at 213
nm excitation. The grating decay timeg values are given on the plot. For spatially
nonhomogeneous sample D10B the measurements wedeated at zone #3 where

nitrogen defects concentration was estimated @bieit (2-3)10"" cmi®[A14].

The LITG kinetics at large grating (Fig.6.2) periddectly indicating
carrier lifetime value (since diffusive decay is chuslower) showed that
carrier recombination rate correlates with C-cenfgubstitution nitrogen)
concentration. The D8 and D1 samples with non-debée C-center
concentration exhibit carrier lifetime values latfp@an 2.1 ns. The fast initial
decay with 7= 100-300 ps was measured for the crystal D10A ‘hith
density of C-centers (130" cm®).

The initial grating decay time for sample #10A difg indicated the
= value, as the diffusive grating decay time= A%47°D = 3 ns (for the given

grating period ofA = 10.5um and using the determindj, value). The fast
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initial decay withzg= 100-300 ps for the crystal #10A (Fig. 1) corretatvell
with by order of magnitude higher density of C-ezat(see Table 1).
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Fig.6.2. LITG kinetics measured at large gratingiqukin HPHT “nitrogen free”
diamond samples at different excitation fluencebe Tgrating decay times are

indicated in the plot.
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Fig.6.3. LITG kinetics measured at large gratinggukin HPHT diamond samples

with high C-defects concentration. The grating gettaes are indicated in the plot.

The diffraction kinetics in all investigated diantbare non-exponential.
The kinetics measured in samples of type lla ok, D8 with low nitrogen
defect density) are just slightly non-exponential time domain of our
investigation, i.e. grating decay time in the giitkinetic part differs slightly
(~1.3 times) from decay time in the end of kinetihile samples with higher
nitrogen concentration show clear nonexponentialriara recombination
dynamics (samples D10A, D10B). In general the olekmonexponential
decay of LITG kinetics can be caused by severaaes — bimolecular or

Auger recombination, surface recombination, satwmatof centers of
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nonradiative recombination or sample inhomogeneltge Bimolecular or
Auger recombination can be discarded as the maonbination mechanism
since kinetics at different excitation fluences dnasame decay times. That
means that different decay rate is not relatedifferdnt carrier density, thus
intrinsic mechanisms as bimolecular and Auger rdgination is not plausible
model.

The surface recombination also cannot explain xporential behavior
of LITG kinetics since light penetration depth 482nm (~10um[115, 116])
is much larger than diffusion length of excitedrmas (p ~ 1.6 um, will be
shown later). Therefore, surface recombination a¢ effective channel of
recombination.

The saturation of some nonradiative recombinatiemters could explain
why carrier dynamic is faster just after pump putsenpared to the later
moments. Also the slightly slower kinetics are obed at elevated excitation
fluences (see Fig.6.2a, 6.3b), what also contribtibesaturation model. But
this effect is too weakly pronounced in order toplexn nonexponential
behavior of observed kinetics.

The mostly plausible model, which explains the x@omential carrier
dynamic, is nonhomogeneous distribution of nontadia recombination
centers in the samples. This leads to situationnwtliéferent sample area
features different recombination time, and therttedse areas are observed in
one experiment the kinetic becomes nonexponeniibé inhomogeneous
distribution takes places in plane of the sampleelsas in-depth.

We have exploited LITG technigque for a homogeneiigpping of the
sample D10B. The delay of the probe pulse wasocseeitain delay respect to
pump pulsesAt=100 ps) and sample was scanned measuring hovactitin
efficiency depends on sample position. The scardififaction efficiency
actually represents variation of carrier lifetingénce the value of diffraction
efficiency at certain delay depend only on carifetime. It was observed that
more transparent crystal parts have high carffietiie, while in the dark parts

(with high C defects concentration) carrier lifeting shorter than 50 ps. These
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experiments show in-plane non-homogeneity of thrapda, but also in-depth

variation could be very plausible.

1
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Fig.6.4. The scan of diffraction efficiency alondl@B sample correspond to a
variation of carrier lifetime value (a). The LITGnlktics measured at different scan

positions (b).

For investigation of carrier dynamics in wider @ation range we used
bulk excitation with 266 nm light {4harmonic of YAG laser). At below band
gap excitation, the carriers were created withie éimtire thickness of the 1
mm-thick layers, thus excited carrier density wa# forders of magnitude
lower (~5<10" - 10" cm®). For the latter case, the grating kinetics in

defect-free type lla crystal are shown in Fig. 6.5.
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Fig.6.5. Grating decay kinetics measured in lleetifPHT diamond sample (D8) at
below bandgap excitatioih € 266 nm) at different energy density. Thevalues are
given on the plot [A14].

The results obtained at bulk excitation revealedradual increase of

grating decay time from 1 ns up to 1.7 ns with éasing photoexcitation
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density (Fig. 6.5). We attribute this tendency togeadual saturation of
recombination centers (C-centers) which have ardeirtal effect on carrier
lifetime [117].The gradual increase of carrier lifetime pointed that the total
density of recombination centers in this layeramparable or higher than the
photoexcited carrier concentration (+16ni°). As a consequence, the further
increase of carrier lifetime up to 2.8 ns was obsérin a case of surface
excitation (i.e. at even higher carrier density>N10"® cm®). This insight
supports the model of saturating recombinatiorvgtof C-centers as source
of the nonexponential grating dynamics in the sasplith higher nitrogen
impurity density (Fig. 6.2, curves for #10A and Bl€amples).

The excitation of sample D10B and D10B with 266 tight was
followed by formation of free-carrier grating anttess-strain grating, i.e.
standing ultrasound wave (Fig. 6.6). Temperatuating was observed due to
sudden local heating of material. Theses osciltatiovere observed in N10B
sample due to high absorption coefficient for belmandgap excitation (due

high density of impurities) and used large exditatiuence 200 mJ/cm
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Fig.6.6. LITG kinetics measured in D10B at 266 rxuitation at large fluence 200

mJ/cnt (a). The determination of sound velocity in diamdgh).

For determination of ambipolar diffusion coefficién diamond the LITG
kinetics at several grating periods (from 2.3 to 22um) were measured
(Fig. 6.7a). By plotting grating decay time verstssperiod in appropriate way
(Qhs =
carrier lifetime zz in the D8 and D10B samples (Figs. 6.7b). A linéar

f(1/4%), we determined the ambipolar diffusion coeffi¢iéb, and
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provided a value ob, = 9+ 0.2 cni/s, while an intersection with ordinate axis
at lfg =1kr gave the carrier lifetimer = 2.8+ 0.1 ns for lla type diamond
sample at above bandgap excitation. A similar $etata at below band gap
excitation provided nearly the sarg value (Fig 6.7b, open points), while the
wvalue was slightly smaller 2.5 ns. Surprisinglye thalue of diffusion
coefficient in highly defected sample D10B were ave¢d the same as in
“defect free” D8 sample B = 9.2 cni/s, while carrier lifetime was 20 times
shorter -7z = 140 ps. The results pointed out two importaatidees of carrier
dynamics in diamond. Firstly, that even at highrieardensity (of about
10'® cm®) the photoelectrical parameters of high qualityHiPdiamond are
not influenced by nonlinear recombination and diffun. And secondly, that
carrier C-centers do not influence the diffusivfycarriers.

The measured data allowed to estimate the cadiffusion length

L, =+/D,7s Of 1.6um for the lla type HPHT diamond with low nitrogen

density and the corresponding value of an ambipolaobility,
1z = 360cm?/Vs.
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Fig.6.7. Grating decay kinetics measured at differgrating periodsA in the
diamond sample D8 at interband excitatian=(213 nm) (a)ln (b) the plot of the
inverse grating timers* as a function of inverse grating perigd® for the HPHT
diamond sample D8 at surface excitation (gray sp)aand at bulk excitation (open
triangles), and in the sample D10B (black circld¥)e samples exhibit the similar

diffusion coefficient values, but very differentrdar lifetimes [A14].
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With highest quality D8 diamond sample we performedhperature
studies. Using closed cycle helium cryostat LITG aswements were
conducted until 10 K. Also we performed high tengpere studies reaching
500 K temperature. The low temperature LITG kirsetat large grating period
are shown in Fig.6.8. Almost single exponentialekics at high temperatures
become oscillating at low temperatures (T < 100K)e generation of sound
wave could be related to reduced specific thermmpacitance at low
temperature, therefore the laser induced thermatignts become higher
which lead to more efficient formation of straimests (sound) waves. Since
this effect distorted free carrier kinetics, carr@iffusion coefficient and

lifetime were calculated down to 100 K.
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Fig.6.8. LITG kinetics measured in high quality HPHiamond layer in temperature
range of T =9 — 300 K.
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Fig.6.9. Temperature dependence of carrier mokiijyand lifetime (b) measured in
HPHT diamond layer D8.
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The measured carrier mobility dependence on teryerandicate two
carrier scattering mechanism in highly excited dach Above 220 K the
slope equals to —1.5, thus shows the acoustic pheaattering. While below
220K positive slope of: =f(T) characteristic is determined by defect related

scattering.

6.2 Carrier dynamics in CVD diamonds

The polycrystalline CVD diamond samples were grdwnmicrowave

plasma in CH'H, mixture with varying CH content (from 1.5% to 5%) [67].

Table 2. Investigated polycrystalline CVD diamoraimgles and nitrogen related
defects concentration.

Sample D125 D117 D129 D88
Nitrogen concentration, ppr[n <<1 1.2 ~1 4.7-8.1

o #88 D=9.2 cifis, 1 ;=170 ps
[0 #1290 D=7.7 cflis, = =260 ps
o #112 D=7.2 cfis, <, =300 ps
v #125D=59 crfts, 1, =580

16

12

1t (ns™)

0.00 0.05 0.10 0.15 0.20
A (um™)

Fig.6.10. The plot of the inverse grating time* as a function of inverse grating
period A for the CVD grown diamond samples at surface afioit (. = 213 nm).

The determined values for the ambipolar diffusioefticient and the carrier lifetime

are shown on the plot [A14].

LITG measurements were carried out on CVD diamolabss with
different nitrogen defects concentration. The were measured for several
grating periods and plotted in an appropriate waig.(6.10). A linear fit
according to Eq.1.25 provided tii®, and zz values. TheD, values in CVD
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samples varied from 6 to 9 é® and were found slightly smaller if compared
to those in bulk HPHT diamonds, while the carritatimes were significantly
smaller in CVD layers and ranged from 170 to 58Q pke carrier
recombination times correlated with the nitrogenfede concentration,
similarly to HPHT diamond case, i.e. higher nitnogsncentration leads to
faster carrier recombination. It is worth to nateat the given set of CVD
diamonds exhibited nearly constant value of carmiffusion length -
Lo~ 0.5um. This peculiarity is presumably caused by mofiieht electron
trapping and leads tdN. <N, thus the effective mobility increases, as
1= (Ne+ Np)/(Ne/ 15+ N/ up). Therefore, diffusion length value in this set of

CVD samples remains nearly constant.
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Fig.6.11. LITG kinetics in CVD diamonds with diffart nitrogen related defect
concentration measured at larger grating period=@9 pum) at band-to-band

excitation by 213 nm.

The LITG kinetics at large grating period (Fig.6.Mere non-exponential but not
dependent on excitation fluence, i.e. carrier dgnsihe same features as were
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observed for HPHT diamond layers, therefore we esggimilar relaxation model for
excited carriers. The nonhomogenous distributiomitfogen related nonradiative

recombination centers defines carrier dynamics\iidb@iamonds.

Recently LITG investigation were also carried onthogh quality single-
crystal diamond layers grown by using the microwalasma enhanced
chemical vapor deposition techniqgue (MWPE-CVD) df(Q) Ib orientated
HPHT diamond substrates (Sample A14060s). For tloevth details see
Ref. [118]. The high material quality was confirmggdtime of light technique,
which provided near 100% charge collecting efficiefor this sample.
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Fig.6.12. Grating decay kinetics measured at diffegrating periodst in the single
crystal CVD diamond layer A14060s at interband &ticin ¢. = 213 nm) (a)In (b)
the plot of the inverse grating time™ as a function of inverse grating peridd for

determination of carrier diffusion coefficient alifétime.

The Fig.6.12. shows single exponential LITG kingtimeasured at
interband excitation (213 nm) used for determimatarrier lifetime and
diffusion coefficient in single crystal CVD diamoteaer. The obtained values
of D = 9.7 cni’s andtz=2.6 ns are very similar to values obtained forhhig
quality HPHT lla layers. Firstly, this indicatesetimigh material quality (i.e.
low defect density) of CVD samples. Secondly, theme values of
photoelectrical parameters obtained for differeaghhology grown diamond
suggest that theses values should be intrinsicriatgparameters not affected

by defects.
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The temperatures studies for CVD samples showeddhe tendencies
as HPHT sample D8. The carrier mobility dependewnce temperature
exhibited the positive and negative slope valui#bpagh the absolute values
of mobility in T = 100 -150 K range were about tavitarger in A14060
compared to D8 case. The carrier lifetime valuesaémost constant till 150 K,
when start to decrease also similarly like in D8.té&mperatures lower than

~60 K the diffraction on ultrasound grating is aéel.
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Fig.6.13. Temperature dependence of carrier mypl{dit and lifetime (b) measured in

single crystal CVD layer A14060s.
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Fig.6.4. LITG kinetics measured in single crystallayer A14060s in temperature
range of T = 9 — 300 K at band-to-band excitati®dh3(nm) at two different grating
periodsA = 9.1um (a) andA = 4.6um (b).

6.3 Conclusions

We demonstrated a novel all-optical way to monitarrier lifetime,
diffusion coefficient, and diffusion length in HPHand CVD diamonds. The
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correlation between the transient grating decaye tiamd concentration of
nitrogen defects pointed out that nitrogen-relatedects act as the main
centers of nonradiative recombination. The nonhanogs distribution, and
saturation of defects defects determined non-expcalecarrier recombination
kinetics. The similar values of carrier diffusionefficientD ~ 9.4 cnf/s and

lifetime 7z = 2.7 ns were deduced for high quality single @y$iPHT and

CVD diamonds. The determined by optical mean dépece of carrier
mobility on temperature showed that the scattebpgacoustic phonons is a

dominant mechanism at room temperature.
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7. Concluding Summary

1. A novel heterodyne detection scheme for LITGhtégue was
presented. The heterodyning was achieved by colheranixing the
picosecond pulses of diffracted and scattered.lig§ighase difference between
theses fields is controlled by moving HBS alongitating vector. LITG signal
decay kinetics, recorded at two HBS positions apoading for phase
difference ofr, allow to measure separatelin’ and 4n kinetics, which is
impossible in the convenient transient grating getlihis approach was
employed to study a competition of coexisting feaerier and thermal optical
nonlinearities in CVD grown diamond films.

2. The LITG measurements in numerous GaN layer$ wlifferent
dislocation revealed clear dependence of carfigtirie on dislocation density,
thus pointing out that dislocations acts as maimierarecombination centers.
The strong dependence of carrier lifetime versu® T «« (N1p) ) at large
dislocation densities (N >1CF cm? is weakened by dominance of
bimolecular recombination in samples with low TDDhggh carrier densities.
The dislocation governed carrier lifetime in thessenples were deduced by
low excitation measurement via below bandgap etigitecor discriminated by

numerical modeling, and could be approximated by ncfion:

ro[ns] = 26-10°/{/ N, [cm™]

3. LITG measurements in GaN layers in temperataregge of T=9 —
300 K and subsequent numerical modeling of camligramics allowed to
determine directly the values of the bimoleculacorabination coefficient
(B=2-10"cn/s) and its temperature dependencex(B>?), to separate
impacts of radiative and nonradiative recombinatibhe measurements of
diffusion coefficient in wide temperature rangeoaled to identify that
scattering by the acoustic phonons is dominant ar@sm in all temperature

range.
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4. LITG experiments provided increasing carrierfudifon coefficient
values in GaN layers fromD=15cni/s at low carrier densities
(N<5-13%cm® to D=4.1cni/s at around 5-1® cm® Using numerical
modeling of carrier dynamics the increase of diffascoefficient at high
carrier density was explained as a Fermi presdulegenerate carrier plasma.
The low temperature measurements confirmed theestigd model. Moreover,
this finding shows that the main mechanism resgbasifor diffusion
coefficient variation in samples with different ldisation density is carrier
lifetime induced variation of excess carrier densitring LITG experiment,
but not a dislocation induced scattering.

5.The numerical analysis of carrier spatial-temporadistribution
allowed us to verify the origin fast TRPL transeenteasured in GaN layers as
diffusion-governed carrier in-depth redistributicand reabsorption of a
backward emission from the photoexcited layer. diswtherefore, concluded
that determination of carrier lifetimes by using'ld technique in high quality
and thick GaN layers is more advantageous andybtfarward.

6. The LITG measurements provided photoelectricatameters for
InGaN layers at high excitation caseD-= 1-1.7 crfi/s, 7z = 120 — 500 ps,
Lp~0.2 um. Low and In content dependent carrier diffusivigvealed In
segregation induced carrier localization. At roaemperature defect related
recombination determined quite low carrier lifetimalues and rejected the
possibility of Auger recombination mechanism. Tleattires of bimolecular
recombination were observed only at low temperature

The investigation in InGaN MQWs revealed longerieadifetimes up to
3 ns, the pronounced bimolecular recombinationoatr temperature which
became dominant recombination channel at lower ¢eatpres. The
determined diffusion coefficient values increastHdigher carrier densities due
to degeneracy of carrier distribution.

7. A novel all-optical way to monitor carrier lifete, diffusion
coefficient, and diffusion length in HPHT and CVDiachonds was

demonstrated. The similar values of carrier diffastoefficientD ~ 9.4 cnf/s
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and lifetimezz = 2.7 ns were deduced for high quality single ay’dPHT and
CVD diamonds The correlation between the carrfetithe and concentration
of nitrogen defects pointed out that nitrogen-edatiefects act as the main
centers of nonradiative recombination. The deteschirby optical mean
dependence of carrier mobility on temperature slibthat the scattering by

acoustic phonons is a dominant mechanism at roopdeature.
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