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Introduction

Currently, there are more than 3’000 unique nitride compounds
catalogued in the Inorganic Crystal Structure Database,'? and three of them —
InN, GaN, AIN, and their ternary or quaternary counterparts — are extensively
investigated. The main reason why these particular nitrides became such a
compelling material system is their tunable bandgaps, featuring photon
energies in IR range (down to 0.65 eV in InN), the entire visible spectrum (in
InGaN), and UV range (up to 6 eV in AIN). This quality allows to exploit
them in plethora of unique applications, for instance: AlGaN system has been
an irreplaceable building block for UV LEDs and photodiodes; GaN slowly
but surely is becoming an integral part in power electronics, surpassing Si in
efficiency, voltage limits, operating frequency, and all sorts of hardnesses
(temperature, radiation, etc.); while InGaN has been dominating
semiconductor lighting markets with virtually nondeteriorating LEDs for
visible spectrum.

Despite these outstanding properties and wide-reaching applications
cultivated for decades and used by millions, nitride name has been barely
known outside academia and industry, contrary to the silicon. This year,
however, gallium nitride was finally noticed by tech media giants, such as The
Verge, and [as usual for every recognized semiconductor] was touted as the
silicon of the future.®> Meanwhile, companies like Anker started using GaN as
a marketing buzzword for extremely small and relatively powerful
powerbanks and chargers tailored for everyday portable devices* — a
technology trickled down from electric cars. This change not only indicates
the emerging awareness of nitrides, but also signifies the material maturity
and an ongoing/oncoming shift in nitride studies.

Recently, the maturity of traditional Ill-nitrides was assessed by Tsao et
al.® following these parameters: (i) doping development; (ii) substrate
size/availability; and (iii) volume/cost, i.e., whether a given nitride system has
only specialized/government markets (low-volume/high-cost) or a broad
commercial market (high-volume/low-cost), recognizing the leverage brought
to a given system by a larger market (such as LED lighting for InGaN).
According to this classification, GaN, AlGaN of certain compositions
(gravitating towards Al-poor range), and InGaN targeting blue-to-green LEDs
are mature material systems, while Al-rich AlGaN, AIN, In-rich InGaN, and
InN are immature.

In case of mature systems, the research on basic material properties is
reasonably complete (although not all lingering problems are solved), and
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optimization of growth or design of conventional devices is basically taken
over by industry, more often than not surpassing the academia. Meanwhile,
academic research is defocusing from routine material characterization and is
shifting towards novel unconventional applications, often multidisciplinary in
nature. Such ventures include development of GaN microprocessors® and
neutron detectors’ tailored for space-bound harsh environments; investigation
of nitride surfaces and interfaces connecting synthetic materials and biological
entities for bioelectronics;®°® development of GaN-based photochemical
diodes for water splitting;'° realization of RT single-photon emission from
defects in nitrides for quantum computing;!! or discovery of surprising
properties, such as diamond-like wear resistance.’ In addition to this shift,
mature nitrides are also becoming the role models for immature/novel nitride
systems trying to catch up with their senior siblings.

In case of immature nitrides, the research on basic material properties is
still inits infancy. For instance, frequent studies on carrier dynamics in mature
InGaN alloys are a rare sight in immature InN or Al-rich AlGaN, leading to
highly scattered data or lack of any results altogether. This discrepancy is
caused by numerous intertwined factors: challenging growth, low-quality
samples, more complicated experiments in IR and UV-C ranges, absence of
noteworthy devices or breakthrough discoveries (for InN), and in some cases
— just a lack of interest. Nevertheless, immature nitrides may still hold some
game-changing properties hiding in blank spots of their research, making
them worth to investigate.

Aim and novelty

This thesis is a compilation of studies on carrier dynamics in various
traditional Il1-nitrides (specifically, AlGaN, GaN, and InN), different both in
composition and maturity level. To target materials in different development
stages, the work focusses on a two-fold goal:

In case of immature nitrides, the thesis aims to fill in the
missing data on basic properties of carrier recombination and
diffusion; in case of mature nitrides, the work targets
advanced unexplored phenomena, such as recombination-
enhanced defect reactions or interface recombination, and
their impact on material performance.

On the whole, the work features five distinct objectives/studies significant in
their own respective manner.
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The first study (Chapter A; based on Paper A) addresses carrier
recombination both in Al-poor and Al-rich AlGaN epilayers and describes
evolution of radiative as well as nonradiative recombination channels with
changing excess carrier density. Most importantly, the study evaluates AlGaN
radiative performance and provides previously unreported recombination
coefficients assessed in combination of two techniques: a time resolved one —
light-induced transient gratings (LITG), and a time integrated one — quasi-
stationary photoluminescence (PL) spectroscopy. Although such study would
not be unprecedented in InGaN research space, it is rather unique for AlGaN
alloys, lacking comprehensive picture on carrier dynamics in the majority of
composition range.

The second study (Chapter B; based on Paper B) offers a rare take on the
phenomenon of recombination-enhanced defect reactions (REDR) in AlGaN
alloys. To put it simply, REDR effect is a form of athermal defect annealing
activated by nonradiative recombination of excess carriers at extreme
densities. Here, such densities are achieved by intense laser illumination —
photomodification. Through history, REDR phenomenon has been studied in
late stages of material development, observed in virtually every significant
semiconductor, and blamed for degradation of numerous devices. In nitrides,
however, REDR has been encountered/recognized only a handful of times and
has been linked to a density-activated increase in concentration of carrier
Killer centers. Here, the study seeks to single out the material parameters
controlling concentration of such centers and susceptibility to
photomodification. Moreover, the study investigates impact of
photomodification on carrier diffusivity and reveals a surprising outcome —
photomodification-induced increase in carrier diffusion coefficient and
diffusion length.

The third study (Chapter C, unpublished) assesses the properties of carrier
dynamics in ordinary AlGaN/GaN heterointerfaces. In such heterostructures,
a substrate or an underneath layer should limit the quality of a subsequent
upper layers and the performance of an entire device. Meanwhile, an upper
layer should passivate the bottom surface and diminish the interface
recombination velocity. Nevertheless, the study reports an unconventional
reverse phenomenon: AlGaN barrier-induced deterioration of the interface
quality and acceleration of nonradiative recombination in the underlying GaN
buffer. The study shows that the interface recombination is a major carrier
loss mechanism in the affected interfaces, thus limiting the efficiency of a
nitride-based device. These results reveal unexpected harmful processes in
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seemingly-passive device elements, which are often neglected in device
development.

The fourth study (Chapter D, based on Paper D) investigates basic
properties of carrier recombination and diffusion in MOCVD- and MBE-
grown InN epilayers with different intrinsically-high electron concentrations.
In case of recombination properties, the work confidently reveals the
dominant recombination mechanism (actively debated before). In case of
diffusion properties, the study features remarkably high minority hole
diffusion coefficients in previously unobserved electron density range. Based
on this data, the study also assesses applicability of cheap MOCVD-grown
InN in photovoltaics field. This work stands out for the large sample set and
the application of femtosecond-resolution LITG technique, which is capable
to access minority carrier dynamics unapproachable by other field-favorite
experiments.

The fifth study (Chapter E; based on Paper E) investigates response of
carrier dynamics in InN to extremely hostile spacelike proton irradiation,
assesses material’s radiation resistance, and compares it to that in the most
radiation-resistant semiconductors as well as to corresponding radiation dose
received in a decades-long space mission. Currently, the duration of space
missions in the most severe space-bound radiation environments is vastly
limited by conventional photovoltaic devices based on non-resilient
semiconductors. Meanwhile, the demand for radiation-hard semiconductors
is continually rising due to emerging private- and government-funded space
exploration efforts. To address this demand, the study presents InN and its
flagship feature — the extreme radiation resistance.
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Key findings

Finding A: At the excess carrier densities below ~10° cm™, internal quantum
efficiency in the AlGaN alloys increases with the carrier density and the Al
content due to the increasing radiative recombination rate; in the opposite
wing of carrier densities, efficiency droop occurs and is governed by the
density-activated nonradiative channel as well as the phase-space filling-
induced saturation of the radiative recombination rate

Finding B: The photomodification of AlyGai«N epilayers (withx =~ 0.2 + 0.7)
at extremely high carrier densities (6x10'° + 3.7 x10% cm®) photogenerated
with intense laser pulses can permanently accelerate nonradiative carrier
recombination and enhance the diffusivity; the magnitude of such changes
depends on the number of photomodification pulses, carrier density and the
Al content

Finding C: In AlGaN/GaN heterointerfaces, interface-deteriorating defects in
AlGaN barrier alter and govern the carrier dynamics in the underlying GaN
buffer: the interface recombination velocity in the buffer is increased with
decreasing barrier quality, and the interface recombination pathway is
transformed from the insignificant to the dominant one

Finding D: In u-InN, properties of carrier dynamics are strongly bound to the
total electron density (corresponding to the background and excess electrons):
at densities above mid-10'® cm, the diffusion coefficient increases super-
linearly with increasing electron density, while the carrier lifetime decreases;
the latter is governed by the direct Auger recombination and the phase-space
filling phenomenon

Finding E: In proton-irradiated u-InN, displacement damage dose required
for carrier lifetime deterioration exceeds that in the most radiation-resistant
semiconductors; such rad-resistance originates from relatively small impact
of radiation-induced defects limited to that of an electron source to the Auger
process

15



Thesis layout

The thesis comprises an introduction, a review section for traditional and
novel nitrides, a section for experimental info, and five chapters discussing
the results.

The review section follows the discussion on the maturity of Ill-nitrides
started in the introduction and elaborates on it. Further on, author’s outlook
on prospects of nitride research is given and future opportunities in the field
of novel nitride materials are discussed.

In the experimental section, info on the studied samples is provided:
growth-related details are discussed and select electrical parameters are listed.
Moreover, experimental techniques, such as light-induced transient grating
and photoluminescence spectroscopies, are described.

Finally, the results are dissected study by study in Chapters A-E (briefly
described above). Each chapter features an opening section for addressed
scientific problem, an analysis of original experimental data, concluding
highlights, a key finding, and closing suggestions for future research. Chapters
are arranged in a following manner: ultrawide-gap AlGaN alloys are
investigated in Chapters A and B, AlGaN/GaN heterostructures with wide-
gap GaN — in Chapter C, and narrow-gap InN — in Chapters D and E.

Author contribution

The vast majority of experiments and data analysis efforts discussed in the
thesis were performed by the thesis author (ZP). The exceptions are credited
in appropriate thesis sections. The paper manuscripts related to the thesis were
either prepared by ZP, or with a heavy ZP involvement. These papers are
published in Clarivate Analytics Web of Science-indexed journals and are
listed in Main publications section below. The thesis results were also
presented in a number of international and national-level scientific
conferences listed in Conferences section below; there, presentations
performed by ZP are highlighted in bold. A separate list (Other publications,
see below) is given for ZP-coauthored papers not related to the thesis.
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The maturity of nitrides
Victories, defeats and trends

Studies on the conventional I11-nitride semiconductors (INN — GaN — AIN)
performed for three decades have rendered some of the family members
technologically mature, and the strongest example of a mature nitride is
InGaN tailored for a blue LED.

The development of a blue LED was remarkably fast: in the first three
years, the external quantum efficiency (EQE) for a blue LED was enhanced
from 0.18% (in 1991)® to 2.7% (in 1994),** and commercial LED was
launched. At this stage, single-digit EQE values were sufficient for a
commercially feasible product due to lack of reliable alternatives in the
market. Fast forward to 2010, EQE of 86% for a blue LED was reached.®®
Meanwhile, progress in development of a more challenging InGaN-based
green LED is similarly impressive despite very limited R&D?* (compared to
that for blue LEDS): currently, academia boasts about EQE values reaching
56% in a green LEDs (2019 data),*"*® while industry (Osram specifically) —
about a significant 40% jump in efficiency of direct-emitting green LEDs
(compared to that of predecessor products across the entire company
portfolio; 2018 data).*

Another example of a mature nitride system is GaN/AlGaN
heterostructure with low Al fractions in AlGaN layer tailored for a high
electron mobility transistor (HEMT). The first nitride HEMT was fabricated
in 1993%° without the fundamental understanding about the origin of
two-dimensional electron gas (2DEG) in AlGaN/GaN heterointerface. By
1999-2001, the situation improved, and mechanisms controlling 2DEG
density and mobility were described.? 2" Later, after numerous delays, nitride
HEMTs were commercialized: around 2006, HEMTs grown on SiC wafers
(by Eudyna® and possibly other companies); and by 2008, HEMTs on Si (by
Nitronex?® and others).

AlGaN alloys with moderate Al fractions also received a fair share of
scientific attention, stimulating rapid advancements in select applications. For
instance, UV-C AlGaN LEDs emitting in spectral range of 275-280 nm and
addressing in demand germicidal applications demonstrate leaps in
performance comparable to that in green LEDs. From 2002 to 2004, EQE in
AlGaN-based LEDs emitting at 280 nm increased more than tenfold: from
0.01-0.1% in the very first reported LED* to ~1%%! in [already] commercial
product. By 2012, EQE of 10-12% and the output power of 9-30 mW was
reached in LED emitting at 278 nm;*2 and in 2017, EQE of 20% was achieved
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in (18-44)-mW LED emitting at 275 nm.®® By 2018, single-chip 100-mwW
LEDs emitting at 278 nm for 10’000 hours were available for sale from LG
Innotek.343%

Despite the apparent success in AlGaN development targeting LEDs in
275-280 nm spectral range, AlGaN alloys with moderate-to-high Al fractions
are regarded as immature due to lagging efficiencies in the UV-B and the
remainder of UV-C regions as well as due to problematic growth aimed for
high Al fractions.®> Development of AlGaN-based UV laser diodes (LDs) also
proved to be challenging. Currently, the shortest wavelength achieved in a
planar electrically injected AlGaN LD is 336 nm (UV-A spectrum).®®
Meanwhile, electrically pumped UV-B and UV-C lasing (at 289, 262, and
239 nm)** was attained only in MBE-grown (abbr. of Molecular beam
epitaxy) AlGaN nanowire (NW) lasers, which are difficult to fabricate in high
volume.

AIN is also regarded as immature semiconductor hindered by lack of a
good acceptor and even a donor.® To date, only sulfur is postulated as a likely
shallow donor for AIN,* with no shallow acceptors suggested. Despite this
drawback, planar p-i-n AIN LED (with turn on voltage >20V) was
fabricated:** p- and n-type conductivity was achieved by brute-force doping
with Mg acceptor (concentration up to 4 x10'° cm=) and Si donor (up to
2x10® cm3), yielding 101°-10** cm free hole and mid-10%° cm free electron
concentrations. Significantly higher carrier concentrations can be reached
with the same dopants in nanowire-based AIN, e.g., hole concentration of
10 cm? was attained in MBE-grown AIN-on-Si nanowire LED with
bandgap-limited turn on voltage of 6 V.* This example shows a rather
compelling approach for fabrication of AIN devices even in the infancy of
AIN doping. A similar nanowire-based doping strategy can be used for InN
devices as well (see further).

The most immature and the least popular conventional IlI-nitride is InN.
The low level of attention to InN is evident from a relatively low annual
quantity of studies on this topic. The Web of Science (WoS)* data in Figure 1
show that the number of published papers mentioning InN peaked at ~400 per
year (in 2008), while number of papers mentioning other IlI-nitrides ranged
from ~900 to 4000 in the best respective years (2013-to date). Since 2008, the
interest in InN has only declined, and the annual quantity of studies has
decreased down to ~250 (in 2017) — a substantially lower number compared
to that for the second least popular IlI-nitride, InGaN (~660 published papers
in 2017). While a decrease in attention to InGaN may be a result of its
maturity, neglect of InN may be caused by the absence of necessary

21



breakthroughs in InN research during the prime of IlI-nitride development.
For instance, the first electroluminescence (EL) in InN-based device was
observed as late as 2007;* the first solar cell and LEDs were fabricated in
2011 and 2012, respectively;**" and the first stimulated emission (SE) in
planar InN was demonstrated in 2018 (in comparison, lasing in planar AIN
was reported in 2006)*® — almost all of these important breakthroughs
occurred after the interest peak (see Figure 1).
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Figure 1. Top — annual number of WoS-indexed articles mentioning nitride-
and perovskite-based semiconductors vs. years.? Bottom — progress in
efficiency of blue InGaN- and UV-C (275-280 nm) AlGaN-based LEDs;
notable breakthroughs in nitride research; and launch dates for commercial
devices (noted with ‘$’).

b Search performed using Clarivate Analytics Web of Science database.
Search terms for each curve: AIN — AIN NOT ceramics; AlGaN — AlGaN; GaN
— GaN; InGaN — InGaN; InN — InN (select journal categories); BN — ‘boron
nitride’ AND graphene; Perovskites — perovskite AND [‘solar cell OR
photovoltaic].
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The slow development of InN has been caused by multitude of problems
mostly related to unintentional doping leading to doping-dependent variation
in band-gap (E,);>*%' surface electron accumulation®® and propensity to
extreme free electron concentrations; as well as ineffectiveness of p-type
doping.®** Some of these difficulties have been overcome. Firstly, the
phenomenon of band-gap variation was understood (by the year 2002), and
the fundamental Ey value has been established (~0.7 eV instead of initially
estimated ~2 eV).>! Secondly, unintentional free electron concentration has
been reduced down to 3-4x10* cm by employing MBE technique and
growing thicker layers (up to 7.5 um).>* However, p-type doping of InN has
still not been mastered, and p-InN in InN-based devices usually has been
substituted by other materials or engineered with a help of complicated
workarounds. For instance, p-type conductivity in InN-based planar LEDs has
been achieved with p-GaN layer*® and p-NiO layer;*>* in InN-based planar
solar cell — with p-GaN layer;>” in InN nanodots-based LED — with p-Si
layer;*” while in InN nanowire-based transistor,** LED,*® and solar cell*® —
with p-InN nanowires. Unfortunately, InN will probably remain rather
abandoned by scientific community until a planar p-InN of acceptable
conductivity is demonstrated or other applications are found. In contrast, AIN
has gained a great deal of attention (gauged by the quantity of articles; see
AIN curve in Figure 1) despite the underdeveloped doping. This is a result of
AIN capacity to be used as a passive component in nitride-based devices, e.qg.,
as a buffer, substrate, barrier in LEDs, and an insulator in transistors — the
advantage InN lacks.

The future of nitrides
The nitrides are dead, long live the nitrides!

While academia attention is saturating or even declining for some of the
conventional IlI-nitrides, the interest in select novel nitrides and other similar
yet modern materials is booming. One of these materials is BN (specifically
hexagonal BN form (hBN)), applications of which are compatible both with
the traditional Ill-nitrides and the trending family of ultrathin 2D
nanomaterials (graphene, transition metal dichalcogenides (TMDCs)). In the
case of traditional I11-nitrides, hBN can be used as a buffer and a release layer
for growth and mechanical transfer of GaN-based devices.>® Regarding the
2D nanomaterials, hBN performs as an essential building block for van der
Waals heterostructures, such as graphene- or TMDC-based capacitors,
transistors, LEDs, plasmonic devices, photodetectors, and solar cells (curious
reader can find the data on these devices and relevant references in the
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reviews®®-%%), Such remarkable versatility of hBN already generates the annual
quantity of papers rivaling that for the traditional IlI-nitrides (see Figure 1).

Hybrid organic-inorganic perovskites (HOIPs) also deserve a place in this
discussion due to their recent surge in recognition (see Figure 1) and peculiar
resemblance to nitrides. The ~180-year old ABX; perovskite architecture
(where A stands for metal or organic cation; B — metal cation; and X for
halide, formate, azide, or other anion) accommodates a huge material class
exhibiting diverse physical properties.®* Despite this diversity, current
research tends to focus specifically on metal halide HOIPs because of their
promising photovoltaic applications.®*® Conveniently for this analysis, a
handful of HOIPs (lead halide-based and possibly others) share numerous
electronic properties and phenomena with conventional I11-nitrides, i.e., both
material systems feature disorder-induced carrier localization; degeneracy-
and localization-governed carrier diffusivity; efficiency droop driven by
density-dependent nonradiative recombination; etc.”>7? Interesting properties
may also manifest in a completely new class of nitride perovskites ABNs,
where A and B are metal cations, and N is nitride anion instead of halide.
However, these materials (including TaThNs,”® LaReNs, YReNs, and
LaWNs;') are only computationally predicted and not yet synthesized.

Although the discussed modern materials attract a healthy amount of
attention, cover an expanding range of applications, and are capable to solve
a multitude of problems, a future even more interesting and important material
systems are being designed already. These novel materials, including nitrides,
are being discovered using high-throughput (HT) computational material
design approach, which combines advanced computational quantum-
mechanical-thermodynamic methods (such as combinatorial calculations
driven by density functional theory (DFT)">76) with intelligent data-mining’’
" and database construction.® Such marriage of different fields enables
generation, management and analysis of enormous data repositories® for the

¢ The Materials Project at www.materialsproject.org

The AFLOW Distributed Materials Property Repository at www.aflowlib.org,
where AFLOW stands for Automatic-FLOW for Materials Discovery

The Open Quantum Materials Database (OQMD) at www.ogmd.org
The Electronic Structure Project (ESP) at gurka.fysik.uu.se/ESP/
The Open Materials Database at www.openmaterialsdb.se

The Novel Materials Discovery (NOMAD) Repository at repository.nomad-
coe.eu

The Theoretical Crystallography Open Database (TCOD) at
www.crystallography.net/tcod
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‘learning’ of crystallization rules and prediction of novel materials at
drastically accelerated rates (see reviews?">8-8 for more info). For instance,
HT material design approach fused with machine learning model can
accelerate screening of 1.6 million ternary materials (in unconstrained
composition space) from tens of thousands of CPU-years to merely minutes
(compared to ground state DFT calculations and excluding the ‘training’
time).3 In case of nitride screening, HT material design strategy has fueled
increase in nitride discovery from single digits per year (e.g., discovery rate
of Mi-Mz-N chemical spaces was ~3.3 per year in the period from 1927 to
2015; M stands for metal)® to tens and hundreds of new nitride compounds
per study.®®7 In one of these studies, Sun et al.®5 have predicted 203 new
stable and 303 metastable ternary nitride compounds within 92 new stable and
563 metastable Mi-M2-N spaces.

Novel nitrides predicted, synthesized or characterized using HT material
design approach include CusN;% SnsN4;% ZnSnNj;® CuTaNz, CuNbN,
CusGazNs, and CuslnaN3;®t CazZnaN2;% MgesTMNG-2 (TM = Ti, Zr, Nb, Hf);®’
Zn2SbN3, ZnsWN4, and ZnsMoN4;® and hundreds of others. A multitude of
these compounds as well as not yet discovered future nitrides seem to have
potential for integration into contemporary optoelectronic devices and for
replacement of traditional Ill-nitrides with problematic compositions and
properties. Firstly, numerous novel nitrides are lattice-compatible with the
traditional I11-nitrides (see the obligatory band-gap engineering depiction in
Figure 2) and feature band-gaps overlapping with technologically-important
band-gap regions (e.g., green gap, Shockley-Queisser energy range®).
Secondly, select novel nitrides are less susceptible to problems plaguing the
traditional Il1-nitrides; for instance, CusN** and CaZn,N,*? are not deprived
of the infamous p-type conductivity. Nevertheless, the novel nitrides
(including these few rather randomly introduced ones) have limitations of
their own and have not yet realized their promise of tailor-made remedy
semiconductors.

At this moment, HT discovery of an optimal nitride fitting a targeted
application is more accidental than intended. A more accurate/purposeful
compound search (and finally — design) needs systematic understanding of
materials,®*® i.e., extraction of chemical rules or data-mined statistical
patterns describing origin of required properties. Unfortunately, relatively low
exploration level of nitride space (~3°000 unique nitride compounds
catalogued in the Inorganic Crystal Structure Database® vs. >41°000 oxides;
mid 2015 data)®> hampers this type of studies. Research on doping,
photoexcited and electrically injected carrier properties, carrier dynamics,

25



interfacial phenomena, etc. in novel nitrides also lacks. Fortunately, many
valuable insights on such studies can be gained from researchers working on
the established IlI-nitrides.?
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Figure 2. Band-gap vs. lattice parameter a for traditional IlI-nitrides as well as
novel nitride materials studied using HT material design approach; values are
taken from Refs,87.91.92.99

In the future, nitride research could greatly benefit from the increased
interaction between the fields of traditional and novel nitrides. On the one
hand, the continuously expanding list of novel nitride semiconductors could
be exploited for improvement of current 111-N-based optoelectronic devices.
On the other hand, lessons learned from the mature Ill-nitrides could be
adapted in the basic research of novel nitrides, thus providing materials with
fully controlled optoelectronic properties and perfectly fitting the targeted
devices.

Therefore, one can argue that the declining academia attention to the
traditional Ill-nitrides will not render these studies obsolete, and that the
available I11-nitride research will kickstart the future studies on novel nitride
materials.
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Experimental
Samples

In the thesis, AlGaN and InN samples will be identified by the following
basic parameters: Al content® (x), localization depth (¢), which stands for the
standard deviation of the Gaussian distribution for the band-tail density of
states — for AlGaN epilayers; background electron concentration (Ne) — for
InN epilayers. These parameters and other sample properties, such as layer
thickness or buffer state (present/absent), as well as select growth-related
details are summarized in Table 1 and Table 2 for AlGaN- and InN-based
samples, respectively.

AlGa;xN/GaN heterostructures were grown by Dr. Arinas Kadys
(Institute of Photonics and Nanotechnology, Vilnius University, Lithuania) on
a c-plane sapphire using an Aixtron close-coupled showerhead 3x2"
metalorganic ~ chemical  vapor  deposition  (MOCVD) reactor.
d =130+ 300-nm thick AliGa;xN barriers were grown at identical
temperature and identical tri-methyl-aluminum (TMAI) flow rate (1090 °C
and 1.21x10°° mol/min, respectively); the Al content was controlled by
changing the tri-methyl-gallium (TMGa) flow rate (listed in Table 1). Three
sample sets with different barrier Al content were obtained: x = (0.13, 0.2, or
0.34), with <10% relative variation in x within a sample set. This variation is
an unintentional side effect occurring due to changes in ammonia flow rate:
lower ammonia flow rate (higher NH3 deficiency) results in higher portion of
stronger Al-N bonds compared to Ga-N. The ammonia flow rate was varied
intentionally to obtain different barrier structural quality between the samples.
Meanwhile, 4-um thick GaN buffers were grown under identical conditions
(T=1080°C, TMGa flow rate of 1.77x10* mol/min, NH; flow rate of
0.232 mol/min) for every sample. AlGaN barriers and GaN buffers for all
AlGai1.«N/GaN samples were grown under continuous gas flow. All of these
samples were employed to study carrier dynamics in the AlGaN/GaN
interface as described in Chapter C; select few AlGaN barriers were also
exploited in studies on carrier recombination (Chapter A) and
photomodification phenomenon (Chapter B) in AlGaN alloys.

4 Al content for AIGaN epilayers was either disclosed by the sample provider
or estimated from X-ray diffraction measurements performed by Dr. Tadas
Malinauskas (Institute of Photonics and Nanotechnology, Vilnius University,
Lithuania) and Dr. Sandra Stanionyté (Center for Physical Sciences and
Technology, Lithuania)
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Table 1. Electrical parameters and growth-related details for AIGaN epilayers in
the studied AlGaN-based samples.

Sample o d Growth TMGa NHs
(meV) (nm) method (mol/min)  (mol/min)

Alo.11Gao.ssN/GaN 300 MOCVD 1.25x10*  0.223
Alo.12Gao.ssN/GaN 300 MOCVD 1.25x10*  0.179
Alo.13Gaos7N/GaN 300 MOCVD 1.25x10*  0.134
Alo14GaossN/GaN 13 300 MOCVD 1.25x10*  0.089
Alo.10GaosiN/GaN 300 MOCVD 7.76x10°  0.112
Alo20GaosoN/GaN 21 300 MOCVD 7.76x10°  0.089
Alo21Gao79N/GaN 300 MOCVD 7.76x10°  0.067
Alo.32Gao.esN/GaN 130 MOCVD 3.84x10° 0.112
Alo33Gaos7N/GaN 30 130 MOCVD 3.84x10°  0.089
Alo3sGaoesN/GaN 130 MOCVD 3.84x10°  0.067
Alo.3sGao.esN/GaN 130 MOCVD 3.84x10°  0.045
Alo.3sGao.s2N/GaN 130 MOCVD 3.84x10° 0.022
Alo.46Gao.s54N 700 MOCVD 6.65x10°  0.179
Alo.ssGaos2N 45 1000  MEMOCVD

Alo.s0Gao.a0N 48 1000 MEMOCVD

Alo.soGao.soN 57 1000  MEMOCVD

Alo.soGao.soN 60 1000  MEMOCVD

Alo.s0Gao.4oN 60 1000 MEMOCVD

AlossGao.3sN 34 1000 MEMOCVD

AlossGao.ssN 50 1000 MEMOCVD

Alo.ssGao.32N 65 1000 MEMOCVD

Alo.71Gao.29N 50 10000  MEMOCVD

AlossGaossN epilayer of 700 nm thickness was grown by Dr. Ariinas
Kadys on c-AlN/sapphire template using the same MOCVD reactor. The
following growth conditions were applied: T = 1090 °C, TMAI flow rate of
3.23%x10° mol/min, TMGa flow rate of 6.65%10-° mol/min, and NHs flow rate
of 0.179 mol/min. This sample was exploited for the study on AlGaN
photomodification discussed in Chapter B.

The remaining ~1-um thick Al.GaixN epilayers with x> 0.48 were
grown using migration-enhanced MOCVD (MEMOCVD) technique on
0.6 — 8-um thick AIN buffers deposited on c-sapphire. The samples were
provided by Sensor Electronic Technology, Inc. (SETi) without disclosing
growth-related details. These epilayers were employed in studies on carrier
recombination (Chapter A) and photomodification phenomenon (Chapter B)
in AlGaN alloys.
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Table 2. Electrical parameters and growth-related details for as-grown InN
epilayers.

Sample  Ne d Buffer  Growth Gas Growth
(cm3) (nm) method  flow T
5.1x10% 300 v MOCVD pulsed constant
4.7x10% 300 v MOCVD pulsed constant
4.7x10%° 300 v MOCVD pulsed constant
4.5x10%° 300 v MOCVD pulsed constant
4.4x10% 300 v MOCVD pulsed constant
4.2x10%° 300 v MOCVD pulsed constant
3.5x10%° 26 v MOCVD pulsed ramped

S2 (3.4/5.9)x10*° 300 v MOCVD pulsed constant
3.1x10%° 300 v MOCVD pulsed constant
3.0x10%° 79 v MOCVD pulsed ramped
2.3x10%° 300 v MOCVD pulsed constant
2.3x10%° 300 v MOCVD pulsed constant
1.5x10*° 158 v MOCVD pulsed ramped

S3 (1.3/1.9)x10*° 390 x MOCVD  cont. constant
1.1x10%° 326 v MOCVD  cont. ramped
9.0x10'8 300 v MOCVD pulsed ramped
8.8x10'8 236 v MOCVD pulsed ramped

S1 (8.0/13)x10'® 300 v MOCVD pulsed ramped
6.8x10'8 315 v MOCVD pulsed ramped
6.8x10%8 315 v MOCVD pulsed ramped
6.2x10%8 394 v MOCVD pulsed ramped
1.4x10% 2300 Vv MBE

A set of InN epilayers comprising 21 sample (see Table 2) was grown by
Dr. Arinas Kadys and Marek Kolenda (Institute of Photonics and
Nanotechnology, Vilnius University, Lithuania) on c-sapphire using the
previously described MOCVD reactor. The 30 — 400-nm thick InN epilayers
were deposited either on 5-um thick GaN buffers or directly on sapphire. The
growth temperature ranged from 570 to 630 °C and was either maintained
constant or ramped up during the growth. The ammonia flow rate
(0.268 mol/min) was identical for all InN epilayers, while the tri-methyl-
indium (TMIn) flow rate was equal to 2.69x10° mol/min or to
3.36x10° mol/min. Both continuous and pulsed precursor delivery methods
were exploited with different pulse (7 + 21 s) and pause (5 + 20 s) durations
between the samples. The variation of described growth conditions yielded
unintentionally doped InN epilayers with the background electron
concentration ranging from 6x10®cm® to 5x10°cm?®. The electron
concentration was extracted from Hall measurements in van der Pauw
geometry performed by Dr. Ariinas Kadys and Dr. Ignas Reklaitis (Institute
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of Photonics and Nanotechnology, Vilnius University, Lithuania). These
samples were employed to study carrier dynamics in as-grown InN epilayers
as discussed in Chapter D.

Three samples (S1, S2, and S3; noted in Table 2) with different structural
quality and background electron concentration were selected for the further
study exploring proton-irradiation impact on carrier dynamics in InN (Chapter
E). In this study, the selected samples were cut into several fragments of
similar size for the irradiation procedure. Next, Hall electron concentration
was remeasured. Due to smaller surface area of new sample fragments and
effectively larger contact area,’® new Hall N values for as-grown epilayers
were up to 70% higher than those in the Chapter D study. This discrepancy is
noted in Table 2.

Finally, the thickest (2.3 um) and highest quality (Ne = 1.4x10 cm™)
InN epilayer (see Table 2) was grown by Theodore D. Moustakas team
(Boston University, MA, USA) on c-sapphire using RF (radio frequency)
plasma-assisted MBE technique. This sample was investigated in the Chapter
D study.

Techniques
Quasi-stationary photoluminescence spectroscopy

Localization depth o for AlGaN epilayers was estimated from temperature
dependence of photoluminescence (PL) peak shift assessed under quasi-
steady-state conditions. An example of typical PL spectra for the studied
epilayers is demonstrated in Figure 3. This set of spectra was measured for
Alo4sGaos:N epilayer at temperatures ranging from 8 to 300 K and features a
sequence of red-blue-red peak shifts with increasing temperature. The initial,
low-temperature, redshift is generally attributed to the carrier freeze-out
phenomenon.0%1%2 |n this case, carriers (excitons) have enough energy to
leave shallower localized states and hop into regions of deeper potential
minima, but not vice versa. The latter blue and red shifts occur due to
temperature-induced carrier delocalization and band-gap narrowing,
respectively. These high-temperature PL peak shifts can be quantitatively
described using Eliseev’s band-tail-filling model and a simple Varshni-like
expression;103

aT? o?
E(T)=Eg(0)—m—kTT (1)
where E is PL peak energy, E4(0) is band-gap at 0 K, « is Varshni parameter,
O is material-specific Debeye temperature, and localization depth ¢ is defined
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as the standard deviation of the Gaussian distribution for the band-tail density
of states. For Aly4sGag 52N epilayer, a fit to the experimental data was obtained
with ¢ =45meV (see the inset in Figure 3). For other studied AlGaN
epilayers, o values were estimated using the same basic approach and are
listed in Table 1.
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Figure 3. PL spectra measured at various temperatures for Alo.4sGao.s2N
epilayer. In the inset — temperature dependence of PL peak shift; line denotes
the fit according to Eq. (1).

A more complex localized-state ensemble model by Li et al.’** can
describe PL peak shifts in a wider temperature range, including the low-
temperature redshift region. Recently, this model was exploited by Wang et
al.1% to study InGaN/GaN multiple quantum wells, where high-temperature
blueshift was attributed to a high-energy blue localization center, and low-
temperature redshift — to a low-energy red localization center. Nevertheless,
this approach was disregarded in the thesis due to its complexity.

Quasi-stationary PL measurements discussed in the thesis were performed
by Dr. Juras Mickevicius and Dr. Jonas Jurkevicius (Institute of Photonics and
Nanotechnology, Vilnius University, Lithuania); only AlGaN-based samples
were characterized. A Q-switched YAG:Nd laser (Ekspla) emitting
4-ns-duration pulses at 10 Hz repetition rate was used for the excitation: the
4" harmonic (266 nm) for AlGaN epilayers with x<0.33, and the 5"
harmonic (213 nm) for x>0.48. The PL signal was detected using a
UV-enhanced photomultiplier, analyzed using a double monochromator and
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processed using a boxcar integrator. A closed-cycle helium cryostat ensured
a variation and stabilization of temperature in the range from 8 to 300 K. PL
measurements for evaluation of IQE (internal quantum efficiency; Chapter A)
were performed in the range of excitation power density from 10 to
9000 kW/cm?, while measurements for ¢ estimation (Chapter A and B) and
for the investigation of photomodification phenomenon (Chapter B) were
performed in a lower end of the given density range. Photomodification of
Alo1Gaog29N epilayer for PL characterization (Chapter B) was performed at
11 MW/cm?,

Time-resolved photoluminescence spectroscopy

Time-resolved photoluminescence spectroscopy (TRPL) was employed to
investigate carrier recombination in AIGAN/GaN interface (Chapter C). The
TRPL experiment was performed using Ekspla Nd:YAG laser (emitting
25-ps-duration pulses at 10 Hz repetition rate) for sample excitation and a
Hamamatsu streak camera with an Acton monochromator for PL signal
detection. Different excitation configurations using 266 nm and 355 nm
pulses were employed and are described in detail in Chapter C.
Recombination processes were observed at various excitation energy fluences
spanning from 3 pJ/cm? to 1 mJ/cm?. Measurements were performed by the
thesis author with a help from Dr. Saulius Miasojedovas (Institute of
Photonics and Nanotechnology, Vilnius University, Lithuania).

Light-induced transient gratings

Light-induced transient grating (LITG) technique was employed to study
carrier recombination and diffusion in both AlGaN- and InN-based sample
sets. These results form a backbone of the thesis and are featured in all thesis
chapters. All LITG measurements were performed by the thesis author.

In the LITG experiment, semiconductor is photoexcited with a light
interference pattern, which induces a spatial modulation of a refractive index
performing as a transient diffraction grating. This grating decays due to carrier
recombination and diffusion processes, both of which can be evaluated by
monitoring a diffraction of a delayed probe beam. Configuration of a
recording pump and diffracting probe beams in LITG experiment is
demonstrated in Figure 4a. Two coherent pump pulses (see purple beams) are
focused on the same sample spot with the intersection angle ®. These beams
interfere with each other and form a following pattern of light field intensity:
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I(x) =1, (1 + mcoszfx) (2)

where lo=11+1, is the sum intensity of both pump beams, m =
2,/I11,/(Iy + I,) is the modulation depth of the interference field, and A =
A/(2sin ©/2) is the field fringe spacing defined by the excitation wavelength
/. and the angle ®. The absorbed interference field creates a transient pattern
of the spatially modulated density of the photoexcited carriers AN. The carrier
density modulation causes a spatial modulation of the refractive index change,
An, which is proportional to AN:

An = ANn,y, 3)

where nen is the refractive index change induced by one excess electron-hole
pair. Thus, a transient diffraction grating is recorded. The grating decay is
monitored by the diffraction of a delayed probe pulse (see pink beams in
Figure 4a) in the transparency region of the sample. The diffraction signal is
gauged by the diffraction efficiency, # — the ratio between the diffracted and
transmitted probe beam intensities. In the case of strongly absorbed excitation
pulses (thin transient gratings), diffraction efficiency is proportional to the
excess carrier density squared n o< AN?2,
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Figure 4. a) Configuration of the recording pump (purple) and diffracting probe
(pink) beams in a light-induced transient grating experiment; symbols ‘e’ and
‘—’ denote s and p polarization, respectively. b) Grating profiles at different
decay stages (t=0 and t>0) caused by carrier recombination (top) and
diffusion (bottom).

The decay of diffraction grating is caused by two effects: excess carrier
recombination and diffusion. Carrier recombination reduces mean carrier
density without affecting grating modulation depth, while diffusion
homogenizes the carrier spatial distribution (reduces modulation depth)
without affecting mean carrier density; grating profiles for both of these cases
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are depicted in Figure 4b. The dynamics of carrier recombination and
diffusion can be described by an ABC model:

XD — y[DYN (x, 2, £)] — 220 _ BN2(x, 2,t) — CN3(x, 2, t) +
at TSRH
G(x,z,1t) 4
with boundary conditions
ON(x,z,t) __ S§1N(x,0,t)
0z z=0 - D
ON(x,z,t) _ SN (x,d,t)
0z 7=d - D

where D is ambipolar diffusion coefficient, zsrn is Shockley-Read-Hall (SRH)
recombination time, B is bimolecular/radiative recombination coefficient, C
is Auger recombination coefficient, G(x, z, t) is spatially modulated carrier
generation rate, Sy is recombination velocity for front (back) sample surface
or interface, and d is sample thickness. In a simplified case, assuming that B,
C and S recombination terms are absent, and G(x, z, t) is a periodic Dirac delta
function, Eq. (4) can be solved analytically:

2

N(x,t) = N, [1 + exp (—Mfl—th) coszfx] exp (_

TS:?H) (5)

where Np stands for initial mean carrier density. Based on this solution, a
relation between the grating decay time, zg, carrier lifetime, and diffusion
coefficient is described as follows:

1 1 472D

RN W ©)

TG TSRH

To extract zsrn and D values, z¢ is measured at different grating periods,
A, which are varied by adjusting the angle ® between the interfering beams.
Grating decay time zc is assessed by fitting LITG transient with an exponential
function n o exp(—2t/7¢). In cases where carrier dynamics are governed by
several recombination channels or single density-dependent channel, zsgn in
Eq. (6) is replaced by an instantaneous effective carrier lifetime, 7, extracted
at a select delay, t. The model procedure for D evaluation and typical LITG
transients recorded at several grating periods (A = 1.9 — 7.9 um) for one of the
AlGai1.xN/GaN samples are demonstrated in Figure 5. LITG-related equations
introduced here as well as detailed description of LITG technique can be
found in Ref.X®
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Figure 5. Normalized LITG transients recorded at different diffraction grating
periods, A (indicated), for Alo.GaosN epilayer. The exponential fits are
depicted by straight lines. The inset shows the inverse grating decay time,
1/1s, vs. the inverse grating period, 4m%//A?, and the corresponding linear fit
according to Eq. (6).

A simplified setup for the LITG experiment in transmission geometry is
depicted in Figure 6. Nd:YAG laser (PL2143, Ekspla) emitting 25-ps-duration
pulses at 10 Hz repetition rate was employed for the excitation of AlGaN-
based samples: the 3 harmonic (355 nm) for GaN buffers in AlGaN/GaN
heterostructures, the 4™ harmonic (266 nm) for AlGaN epilayers with
x < 0.38, and the 5" harmonic (213 nm) for x > 0.46. Meanwhile, in the study
on photomodification, all samples were photoexcited with pulses of the 5%
harmonic regardless the composition. Pulses of the 4™ harmonic were
generated from the 2" harmonic (532 nm) using a BBO nonlinear optical
crystal (noted as BBO1 in Figure 6) located outside the laser system, while the
5" harmonic was generated from the 2" and 3™ harmonics using a BBO2
crystal. Pulses of the 1% harmonic (1064 nm) were used as a probe.

In studies featuring InN compounds, Yb-based Pharos laser (Light
Conversion) emitting 250-fs-duration pulses at 30 kHz repetition rate was
employed. The fundamental radiation at 1030 nm wavelength was used as a
pump both for a sample and the Orpheus optical parametric amplifier (OPA,;
Light Conversion), which provided probe pulses tuned to 2400 nm.
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Figure 6. Simplified setup for light-induced transient grating experiments
performed with different material-targeted excitation sources.

Holographic (diffractive) beam splitter (HBS) was employed to split the
laser beam and to obtain two coherent pump pulses, image of which was
projected on the sample surface using two lenses with F1 and F2 focal lengths.
The angle ® between the interfering beams was controlled by varying HBS
elements with different periodic patterns. Such setup allowed to record
transient gratings with the period A ranging from 1.4 to 15.7 pm.

Retroreflector mounted on a motorized translation stage was employed to
delay a probe pulse. The second, stationary, retroreflector was exploited to
double a delay time. A set of mirrors (dielectric and metallic) guided a probe
beam, while a lens focused it on a recorded transient grating. Diffracted and
transmitted portions of a probe beam were monitored with photodetectors
(PD). The experiments were automated using a home-made software written
in labVIEW by Dr. Tadas Malinauskas and Dr. Saulius Nargelas (Institute of
Photonics and Nanotechnology, Vilnius University, Lithuania).

LITG measurements and sample photomodification for LITG
characterization were performed in a wide range of excitation energy fluences
spanning from 1.4 pJ/cm? to 1.7 mJ/cm?. All results were obtained at room
temperature. Unless stated otherwise, all values of carrier lifetime and
diffusion coefficient provided in the thesis were measured using the LITG
technique.
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Chapter A: Carrier recombination in AlGaN

In this chapter, | discuss radiative and nonradiative recombination
processes in AlxGaixN epilayers with Al content x spanning from 0 to 0.7; a
significant portion of these results is featured in Paper A. The study is
motivated by lack of basic research on radiative recombination processes and
uncertainty in recombination parameters, such as radiative coefficient B, for
AlGaN alloys. To date, studies on AlGaN often borrow coefficient B from
papers on GaN and regard B as composition-independent;32107-10° estimate B
for a single sample and select composition;!'° extract sample-specific B for
low temperatures only;!! evaluate density-bound radiative lifetime instead of
coefficient B — often without a density disclosure;**2%5 or predict B for the
entire AlIGaN composition range,'*¢ albeit with high discrepancy between the
predicted and experimental B values for a reference GaN compound.t"-11
Meanwhile, study in this thesis addresses radiative processes as well as a split
between the radiative and nonradiative B terms in a wide excess carrier
density and material composition range. The study follows evolution of
radiative and nonradiative pathways using density dependence of quantum
efficiency as a main tool: such approach is rather common in studies on InGaN
alloys, but novel for AlGaN. The most unique feature of the study is merging
of LITG and quasi-stationary PL techniques, thus improving the
understanding and reliability of data.

Evaluation of recombination coefficients

LITG transients for AlGaN epilayers with different Al content feature
different number of exponential components and different carrier
recombination channels. Here, a composition-specific algorithm for
extraction of carrier recombination rates is described. This approach is
tailored for the studied AlGaN samples and is used in Chapters A-C.

Figure 7a shows the LITG transients recorded in AlossGaossN epilayer at
various peak photoexcited carrier densities (AN) controlled by excitation
intensity. These transients are typical for all samples with moderate-to-high
Al content (x > 0.32), i.e., transients are non-exponential, and consist of at
least two components with different decay rates. The two components selected
for the analysis are characterized by time constants 71 and 7, (indicated in
Figure 7a), which represent the recombination processes at different
photoexcited carrier densities. The initial component (z1) dominates when
carrier density is the highest. At this decay stage, the density-dependent
recombination of free or weakly localized electron-hole pairs should prevail.
As the decay proceeds and the carrier density decreases, the second
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component (z2) follows; it is assigned to predominantly linear localized carrier
recombination via deep defect states (a.k.a. SRH channel). Next, a sample-
specific set of two SRH recombination coefficients, Ai = 1/tsri1 and
Az = 1/zsrH2, and one bimolecular (nonlinear) recombination coefficient, B, is
estimated [for samples with moderate-to-high Al content].
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Figure 7. (a) Normalized LITG transients recorded at various peak carrier
densities AN in Alo.ssGassN; the exponential fits for the fast initial decay (71;
see the magnified area within the first 100 ps) and the slow following decay
(r2) are depicted by straight lines. (b) Decay time 11 (symbols) in different
samples with high Al content as a function of peak photoexcited carrier
density; lines denote 1/r1 = A1 + BN fits. Adapted from Paper A.

The coefficients A; and B are extracted from 71 dependence on the peak
photoexcited carrier density using the expression 1/z; = A1 + BN, as shown in
Figure 7b. A good fit to the experimental data suggests a negligible role of the
Auger process at carrier densities below ~10%° cm2. Meanwhile, the decay
rate 1/z, is simply assigned to a recombination coefficient Az = 1/zsrh2.

AlGaN samples with low Al content (x < 0.32) as well as a reference GaN
epilayer feature mono-exponential LITG transients in low-AN range (see
Figure 5 in Light-induced transient gratings section for transients recorded in
Alo,GagsN epilayer) and nonlinear transients in high-AN range. In low-
density case, transients are described by a single sample-specific 72 = zsrr2
decay time governed by SRH channel. In high-AN case, carrier recombination
is described using coefficients A, = 1/zsri2 and B, evaluated from rate Eq. (4)
fits. Transient fits were calculated using a home-made software written by
several former and current members of Semiconductor Optoelectronics Group
in the Institute of Photonics and Nanotechnology, Vilnius University.

Recombination trends

Figure 8 depicts the extracted recombination parameters B and moderate-
AN zsruz as functions of the Al content in the AlGaN epilayers. The
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corresponding parameters obtained in thin c-plane GaN/sapphire epilayer are
also shown. An overall trend for both radiative and nonradiative
recombination rates is to increase with Al content x. The nonradiative lifetime
7sre2 decreases from 0.8 to 0.4 ns as x increases from 0 to 0.7. These zsrh2
values are rather high compared to previously reported carrier lifetimes in
AlGaN layers,!*5120121 indicating high quality of the samples. Two regions
can be identified in zsrn2 dependence on x (see Figure 8): a rapid decrease
with increasing x in low Al content range (x < 0.3) and a saturation in high x
range. These trends are attributed to recombination of free and localized
carriers, respectively, identified based on the ratio of room KT and
corresponding carrier localization depth o. In Al-poor AlGaN alloys, ovalues
are smaller than the RT thermal energy of ~26 meV (see Box A), pointing to
absent/shallow carrier localization and unhindered carrier mobility. In this
case, carriers can reach killer centers with ease, thus enabling decrease in
carrier lifetime with increasing Al content and concentration of recombination
centers. In Al-rich AlGaN alloys, o values exceed room KT, indicating deep
carrier localization and limited mobility. As a result, carriers struggle to reach
remote defects, and carrier lifetime does not respond to changing defect
concentration.
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Figure 8. Nonradiative recombination time rsrrz at AN = 1x10%° cm2 (blue
squares) and bimolecular recombination coefficient B (pink circles) as a
function of Al content in AlGaN epilayers. Corresponding values in GaN
epilayer are also included for comparison. Lines denote a guide for the eye.
Adapted from Paper A.
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Box A. Carrier localization in AlGaN alloys

In AlGaN alloys, composition fluctuations of purely random nature or
caused by clustering and phase separation (i.e., large-scale inhomogeneities)
result in potential fluctuations capable of spatial carrier localization. The
strength of such localization (gauged by the parameter o; plotted in Figure A
for the studied samples) depends on the net alloy composition and is
described by the expression:10t

dEg(x) Ve
o =y 2 \/x(l — ) D )

ay(x)am/3

where yis a factor smaller than one, accounting for the quantum-mechanical
averaging of the excitonic wave function, with suggested value of 0.41;%22 V.
is the smallest volume in which a composition change occurs; and aex is the
exciton Bohr radius.

When V¢ is the volume

_ e ° of the primitive unit cell, Vo,
3 60} s Eq. (A) provides the
% sol ultimate lower limit for o in
£ ® a perfectly random alloy.
g 40r For samples in this study,
B aul ® model (A) fits data the best
5 with V¢ value equal to 6Vo
T 20 (see line in Figure A). This
3 1o} result suggests that the

0 composition segregation in

0 10 20 30 40 50 60 70 80 90 100 the studied AlGaN layers

Al content (%) occurs on a larger spatial

scale, and that the potential

Figure A. Carrier localization depth o vs. the Al  fluctuations are not solely

content in the studied AlGaN epilayers. Line random in nature. An

denotes a fit according to Eq. (A). additional source of such

fluctuations can be

attributed to alloy clustering, phase separation, or presence of
crystallographic defects.

While the carrier lifetime drops by a factor of ~2, nonlinear recombination
coefficient B increases 9-fold (from 1x107'' to 9x10!cm?s) with the
increasing Al content (see Figure 8). Coefficient B typically describes
radiative bimolecular recombination of the electron-hole pairs. However, it
has been argued that nonradiative recombination processes can also depend
on carrier density and affect B value.'** Therefore, the coefficient B is
considered as a mixture of radiative and nonradiative inputs: B = Brad + Br.
As it will be discussed further, nonradiative component becomes important at
carrier densities exceeding ~10'°cm?3. At lower AN, radiative B term
dominates and can be used to evaluate quantum efficiency. Since B(x)
increase is larger compared to zsrr2(X) decrease, the equation
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BN
IQF = nsewe (7)
predicts an increase in IQE with the Al content. High radiative performance
in Al-rich AlGaN and AIN compounds has been predicted before. This
projection was based on the observation of short radiative lifetimes.%’
However, increase in IQE with x has not been previously detected, since short
radiative lifetime in reported low-quality samples has been overshadowed by

even shorter nonradiative decay time.

In this work, increase in IQE with the Al content is observed using both
the PL and the LITG techniques and is demonstrated in Figure 9. The PL IQE
values were calculated as the ratio of the PL intensities at 300 K and 8 K
assuming that 1QE is equal to 100% at low temperatures (T). The LITG IQE
values were calculated from Eq. (7) using the LITG-extracted Asrrz and B
coefficients and omitting the negligible Auger term CN2. Both IQE
dependences are shown for the same excess carrier density, AN = 3x10® cm3,
At this carrier density, the radiative term of the B coefficient is regarded as
dominant (B ~Brag). The small discrepancy between the PL and the LITG IQE
values may be a result of the inaccurate low-T PL IQE assumption.'?® Despite
that, the agreement between the LITG and PL IQE trends is rather good in the
entire sample range.
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Figure 9. Internal quantum efficiency at AN = 3x1018 cm-2 as a function of the
Al content in AlGaN layers. IQE values were obtained from PL (blue squares)
and LITG (pink circles) experiments. Lines denote a guide for the eye.
Adapted from Paper A.
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At higher carrier densities, LITG IQE values emerge over PL IQE; as AN
increases, the discrepancy widens further (see PL- and LITG-measured
IQE(N) dependences (points) for the Alo.4sGaos2N epilayer in Figure 10). The
PL dependence (squares) features a saturation and eventual decrease in IQE
as carrier density exceeds 10'° cm. Meanwhile, the continuously increasing
LITG IQE values (circles) forecast 100% peak at sufficiently high AN, despite
the slight Asrrz increase with AN (visible in Figure 7a). A droop-less nature
of the LITG IQE(N) trend is emphasized further by a close match between the
LITG-measured IQE values (circles in Figure 10) and a conventional droop-
less IQE(N) curve (line in Figure 10) calculated using Eq. (7) with density-
independent A and B coefficients and omitted C. Here, the coefficient A stands
for the average 1/zsrH2(N) rate, while B value is the same as that in Figure 8.
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Figure 10. IQE values assessed from the PL (blue squares) and LITG (pink
circles) measurements as a function of the photoexcited carrier density in
Alo4sGaos2N. Pink and blue lines were calculated using (7) and (8) models,
respectively, under the assumption that B coefficient is density-independent
and solely radiative (B = Brad = const; pink) or consists of density-dependent
radiative and nonradiative terms (B = Brad(N) + Bnr(N) = const; blue). Adapted
from Paper A.

The discrepancy between the LITG and PL IQE values in high-AN range
calls into question reliability of IQE estimation using these approaches. PL
technique, although difficult to calibrate quantitatively (see the previously
described 100% IQE at low T problem), offers a direct observation of a
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luminescence droop. Thus, the PL IQE curve at high AN should resemble the
ground-truth, at least qualitatively. Meanwhile, LITG technique, although
accurate in conventional cases, provides only indirect IQE estimation and
does not discriminate between the radiative and nonradiative recombination
pathways described with the same power function. It can be speculated that
LITG-obtained B coefficient does not describe a sole radiative channel and
consists of the radiative, Brag, and the nonradiative, By, terms, one of which
(Brag) is overestimated, while the other (Bn) — underestimated at high AN. In
such case, combination of these coefficients could be expressed as
Brag(N) + Bnr(N) = B = const, where B¢ and By depend on AN, while B
remains density-independent (based on the invariability of LITG-estimated B
values in the entire AN range; see section Evaluation of recombination
coefficients).

If these assumptions are correct, PL IQE droop could be successfully
characterized using LITG-extracted set of recombination coefficients,
expanded with By.g and By terms. Such characterization can be performed with
the modified IQE expression:

Brag(N)N
IQE = A+[Brad(13)(+l)9m(N)]N ®)
Here, the dependence Brad(N) is described as Brag(N) = Brago/(1 + N/NY),12412
where Brgo is the low-density radiative recombination coefficient (values
from Figure 8), and N” is the fitting parameter indicating the material-specific
density threshold for Br.g = 0.5Brad0 condition (and in this particular case — for
Bnr > Brag). The Brag(N) expression is suggested in Refs.!24125 reporting a
decrease in B with increasing AN in InGaAs and InGaN alloys due to a
phase-space filling phenomenon, i.e., a switch from bimolecular to
monomolecular radiative recombination induced by carrier degeneracy at
threshold N".¢ The IQE droop curve based on equation (8) with the variable
parameter N* = 3x10° cm™ fits well the PL IQE data for the Alg4sGaos:N
epilayer (see blue line and squares in Figure 10). The fits for other samples
are similarly accurate and yield characteristic carrier densities N* exceeding
10 cm. There is one caveat though — these fits require inflation of the
original LITG-estimated lifetimes zsrr2 (roughly by 50%) to account for the
possibly exaggerated low-temperature PL 1QE; such exaggeration mainly
distorts low-AN PL IQE data. Based on the PL inaccuracy in a low carrier

¢ N" parameter describes recombination of electron-hole pairs, thus N* may
differ from actual degeneracy threshold describing population of isolated
carrier type.
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density wing and the extracted N” values indicating the range for conventional
B interpretation (B = Br.g at AN < 10° cm), one can conclude that the LITG-
based IQE estimation is favorable in a low-AN range, while PL-based
approach — in a high-AN range. The recommended technique for different
density domains is loosely denoted in Figure 10.

The material-specific values of the extracted characteristic carrier density
N* and nonradiative term B, are demonstrated in Figure 1la and b,
respectively. Here, N” and B correlations with the Al content x are evident:
N* decreases with the increasing x, while B, increases. These trends may be
attributed to a phenomenon of Reduced effective volume.'?® In this case, carrier
recombination properties are defined exclusively by localized carriers
contained in pockets smaller than the active region (thus — reduced volume).
In such pockets, micro-scale carrier density is higher than in the surroundings
and depends on the localization depth (the stronger is the carrier localization,
the higher is the carrier density in the localized sites'?®), which increases with
the Al content (up to a certain point; see Box A). Meanwhile, the average,
macro-scale, carrier density remains virtually the same with changing
localization conditions. Therefore, the increase in the Al content/localization
depth pushes the onset of the density-activated By decrease towards the
smaller N* values (on the macro-scale) and leaves a bigger portion of excess
carriers unconsumed by the radiative channel to feed the density-dependent
Bn-branded channel, thus effectively increasing Bn values.

Although equation (8) with B¢ and By terms describes the efficiency
droop rather well, on some extent the term BnN is just a mathematical
formalism, not resembling any conventional recombination mechanism. This
term can also be replaced with different power function, such as Auger-like
term, C'N2 In this case, the extracted C" values increase in the range
103 + 1073t cm®/s with the Al content x (as well as the band-gap) and mirror
the Bnr(x) trend. Clearly, these C” values have little in common with the actual
Auger mechanism and genuine Auger coefficient, which should decrease with
an increasing semiconductor band-gap.t?” Therefore, a definitive description
of density-dependent nonradiative channel in AlGaN alloys cannot be given.
One can agree though that such loosely defined carrier loss mechanism is
dominant at high carrier densities, especially in Al-rich AlGaN. Nevertheless,
empirical Bn(N, X) (or C*(x)) trend is still useful for ballpark estimation of
carrier recombination properties and is exploited in Chapter B to study the
athermal defect annealing.
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Figure 11. Characteristic carrier density N* (a) and nonradiative term B (b)
as a function of Al content x in AlGaN epilayers; Bn(X) dependences were
calculated for different excess carrier densities AN. Lines denote a guide for
the eye. Unpublished.

Highlights

o Density-dependent radiative and nonradiative recombination
pathways have been analyzed in the AliGaixN epilayers with x
reaching 0.7

o At low carrier densities, recombination is governed by the Shockley-
Read-Hall and the conventional radiative bimolecular channels

e At low carrier densities, internal quantum efficiency increases with
the Al content due to the increasing radiative recombination
coefficient

e At high carrier densities, efficiency is diminished due to the phase-
space filling effect and the density-dependent nonradiative channel of
unknown origin
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e The density-onset of the efficiency droop decreases with the
increasing Al content and the localization depth; tentatively, the trend
is linked to the elevated carrier density in the localized sites

Key finding A

e At the excess carrier densities below ~10%° cm®, internal quantum
efficiency in the AlGaN alloys increases with the carrier density and
the Al content due to the increasing radiative recombination rate; in
the opposite wing of carrier densities, efficiency droop occurs and is
governed by the density-activated nonradiative channel as well as the
phase-space filling-induced saturation of the radiative recombination
rate

Research opportunities

e Dissection of recombination mechanisms in AlGaN alloys with Al
content exceeding 70%

e Simulation of the density-activated nonradiative pathway and the
efficiency droop
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Chapter B: Photomodification of AlGaN
Recombination-enhanced defect reactions

The study in this chapter is inspired by a paper in Ref.!?® There, Saxena et
al. observed curious ‘optical damage’ in AlGaN alloys. This ‘damage’ was
induced by short laser pulses at energies above a certain threshold but below
the melting point. Such pulses caused a permanent quench in PL intensity and
a permanent decrease in carrier lifetime. The authors explained this effect
using an old concept of recombination-enhanced defect reactions (REDR; see
reviews'? 13! for an extended take on this phenomenon) and called such
procedure photomodification. Broadly defined, the REDR mechanism is an
atom migration and a defect transformation (such as diffusion, dissociation,
generation, or annihilation) triggered by vibrational energy released via
nonradiative recombination of excess carriers (generated optically,
electrically, or using an e-beam). In the case of Saxena et al. study, carrier
density-activated REDR process increased concentration of killer centers,
thus accelerating carrier recombination and deteriorating PL properties.

The REDR effect is a continuously forgotten and retraced concept
reported for seven decades in a wide array of materials, such as Si, GaAs,
GaP,'*® ZnSe,'*? SiC,!** ZnO,'** diamond,'** and even photosynthetic
bacteria.' In the 50’s, first reported cases of REDR were described using a
term thermal spike.®” This term is still exploited to characterize a specific
REDR case, which assumes that an energy liberated by nonradiative
recombination is equipartitioned over all phonon modes contained in the local
environment of a killer center.!*! Basically, thermal spike is a confined
annealing driven by excess carrier recombination. In the 60’s, another REDR
concept emerged — phonon kick.'*® This case assumes that the REDR is driven
by a selective flow of the recombination-liberated energy along a specific
reaction coordinate of phonons."3! Since this energy (on the order of band-
gap) is directly channeled to a select atom instead of all over the whole lattice,
phonon kick can enable reactions unachievable with conventional annealing.
In the 70’s, the invention of the deep-level transient spectroscopy significantly
boosted REDR research and fostered a fairly comprehensive theory by Weeks
et al.,’* which was expanded upon by Sumi et al. in the 80’s.'*’ Later, REDR
theory has been occasionally reexamined,'*'"'* often abandoned, and
rediscovered with the emergence of new materials and corresponding device

reliability studies.

In nitrides, studies on recombination-enhanced effects mainly focus either
on recombination-enhanced dislocation glide phenomenon'*~'*8 or on REDR
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aftereffects in laser lift-off,'*!>° dopant activation,'*! as well as device break-
in and aging procedures. 32152153 Nevertheless, few studies have attempted to
dissect REDR on a more granular level and to tackle core REDR
features.!”!5* For instance, Saxena et al.!*® eliminated lattice heating
(basically — thermal spike case) as a cause of laser-induced deterioration of
PL properties in AlGaN (see above); while Tsujio et al.'>* predicted that Ga
vacancy can behave as a killer center and can trigger defect reactions
(specifically — hop of N atom) via phonon kick in III-nitrides.

In this thesis, I study the photomodification of AlGaN epilayers and
discuss photomodification impact on carrier dynamics looking through a lens
of REDR phenomenon. Since REDR mechanism is rather unexplored in
nitrides, this study holds a handful of negative results and is more qualitative
than quantitative compared to studies in other chapters. Nevertheless, few
significant goals are still achieved: previously unknown factor determining
AlGaN susceptibility to the photomodification is found and
photomodification-induced changes to carrier diffusivity are evaluated.
Majority of these results are featured in Paper B.

The procedure and the aftermath

AlGaN epilayers were photomodified at room temperature using high
intensity pulses of 10 Hz repetition rate and 213 nm wavelength short-enough
for interband carrier absorption. For LITG characterization, samples were
photomodified with laser pulses of 25 ps width, for PL — with pulses of 4 ns
width; pulse width options were imposed by capabilities of available
experimental base. Photomodification duration was gauged by the number of
photomodification pulses; pulse-generated excess carrier density (from here
on — photomodification carrier density, Nmod) Was controlled by excitation
intensity. Photomodification impact on carrier dynamics was evaluated from
LITG and PL measurements performed at ‘safe’ carrier densities below the
photomodification  threshold  (Nurg=3x10"cm® - for LITG
characterization, Npr =4x10" cm™ — for PL); excitation pulse wavelength
was set to 213 nm. Optical micrographs taken before and after the
photomodification verified the absence of photomodification-induced optical
mirror damage. Meanwhile, comparison of photomodification-altered PL
intensity and LITG IQE indicated no change in light extraction.

Photomodification carrier density dependences of normalized diffraction
efficiency, #, and carrier lifetime, zsrmi, are demonstrated in Figure 12: both 7
and sru1 parameters permanently decreased with increasing Nmoa. Here,
photomodification was performed in the most susceptible epilayer —
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Alo71Gag2oN (see below for susceptibility causes); each data point
corresponds to a photomodification with 1600 pulses in a different, previously
unmodified sample spot; # was measured at a peak of LITG transient. Carrier
density Nmoa pointing to a 5% decrease in x is regarded as the
photomodification threshold. For Alg71Gao2oN sample, this threshold is
Nmoda = 6x10" ¢cm?; for other epilayers — it is higher." Photomodification
mechanism is strongly bound to carrier density and could not be activated by
a prolonged exposure to densities lower than the threshold, e.g., exposition of
Alp71Gag 29N to density Nmoa = 4x10' cm™ (slightly below the threshold) had
no observable impact on # even after tens of thousands of laser shots.
Diffraction efficiency # responded to change in photomodification duration
only at densities above the threshold. Photomodification impact was stronger
at higher densities and shorter exposure than vice versa. For instance,
photomodification at densities as high as Nmea = 2x10% ¢cm for ~1600 pulses
diminished # by ~40%, while photomodification at Nmea = 6x10' ¢cm™ for
~5400 pulses — by ~7%, although the product of density and duration is the
same in both cases.
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Figure 12. Normalized diffraction efficiency n and nonradiative carrier lifetime
TsrH1 @s a function of photomaodification carrier density Nmod in Alo.7:Gao.2oN
epilayer photomodified with 1600 laser pulses. Adapted from Paper B.

f Although photomodification thresholds were approached carefully in Chapter
A study, in some cases they were slightly exceeded; this overshoot affects
only few extreme data points and has no impact on final conclusions.
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Meanwhile, Nmo« dependence of nonradiative carrier lifetime zsrni
mirrored the diffraction efficiency curve (see Figure 12), and densities as high
as Nimod = 3x10% cm diminished zsrm by ~50%, similarly to # case. The
correlation between tsrui(Nmod) and #(Nmod) trends indicates that changes in
photomodified recombination properties are well reflected in easy-to-measure
instantaneous #; this feature will be exploited in further analysis.

Lifetime zsrui characterizes free or weakly localized carriers, while
lifetime zsru2 covers the localized ones (only in epilayers with ¢ exceeding
room kT see Chapter A). Although the photomodification cut zsrui by a half,
the procedure hardly affected rsrm2: merely ~10% decrease in rsrm2 was
observed in the photomodified Alo.71Gao 29N sample. This trend is in line with
the REDR mechanism, i.e. photomodification-activated REDR process
generates additional nonradiative defects, which are easier to reach by free
instead of localized carriers.

Nonlinear recombination coefficient B was evaluated after the
photomodification as well: no changes were detected. Since nonlinear
recombination pathways in AlGaN are governed by localization phenomenon
(see Chapter A), B indifference to the photomodification suggests no
photomodification-induced changes in carrier localization. This prediction
was tested, and indeed no changes in localization depth ¢ were detected by PL
measurements.

Different samples endured photomodification-induced acceleration of
SRH term differently. Therefore, sample settings contributing and non-
contributing to photomodification-induced material response were
investigated. Further conclusions were drawn from dependences of diffraction
efficiency on photomodification duration in AlGaN epilayers of various
composition (see Figure 13). In the following discussion, samples were
photomodified at identical photomodification carrier density equal to
Nmoa = 2x10%° ¢m™. Photomodification duration [instead of density Nmod] was
chosen as an argument of # dependences to streamline the experiment, i.e.,
change in the exposure duration did not require change of the sample spot.

Photomodification is not driven by a lattice heating and carrier
thermalization. Photomodification of samples Alg.190Gao 51N and Alg71Gag20N
using 5.8 eV photons generated excess carriers with thermalization energy on
the order of 2.1 eV and of 0.7 eV, respectively. However, higher excess energy
did not coincide with a stronger photomodification impact: the sample
corresponding to a higher excess energy displayed no change in #, while the
sample matching lower excess energy demonstrated a steep decrease in 7 (see
pink squares and green triangles in Figure 13, respectively).
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Figure 13. Normalized diffraction efficiency n as a function of
photomodification duration in various composition AlGaN epilayers
photomodified at Nmod = 2x10%° cm3; n > 1 values are due to experimental
uncertainty. Adapted from Paper B.

Photomodification impact does not depend on virgin SRH recombination
rate. As seen in Figure 13 (purple circles and violet triangles), # decreased at

a similar rate in samples with similar Al content (Alo4sGaossN and

Alp43Gag 52N) despite of different [unmodified] zsru lifetimes (T?é"ﬁfca"'szN /

Alg46GapseN _ . . Alo4gGagsaN ,_AlgeeGagssN _ :
TSRHT ~ 1.6; Tgpiis TSR ~ 2). Nevertheless, this

outcome should not occur in an REDR-driven system, since shorter zsru
lifetimes should result in a higher number of nonradiatively recombining
carriers and defect reactions, thus enhancing photomodification impact in
samples of lower quality. This contradiction can be resolved if other, faster,
nonradiative pathway dominates carrier recombination in place of SRH
channel (see next point).

Photomodification impact is governed by [B.-branded] nonlinear
nonradiative pathway / Al content / localization depth. At carrier densities
above 10%° cm™ (such as Nmoa = 2x10%° ¢cm™), fast Bu-branded pathway indeed
dominates all recombination channels in [Al-rich] AlGaN epilayers (see
Figure 11 in Chapter A). Furthermore, B, term is bound to AlGaN
composition (and localization depth) and is similar in epilayers with similar
Al content. Therefore, samples Alp4sGaosaN and Alg4sGaosoN respond to
photomodification similarly despite different zsry lifetimes (see Figure 13).
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Since B. increases with the Al content, higher susceptibility to
photomodification for Al-rich AlGaN is expected; this expectation is
confirmed in Figure 13.

Al-bound photomodification impact may be explained by other
phenomena as well, although they are rather unlikely and tentative. One of
these explanations may be based on high Al propensity towards oxidation'>>
157 occurring during the alloy growth.!s®'! In this case, concentration of
REDR-generated defects is bound to concentration of oxygen (O) trapped in
AlGaN lattice. Thus, higher O contamination typical for Al-rich AlGaN
results in higher concentration of REDR-activated O-based defects and higher

photomodification impact.

Another plausible mechanism may be driven by higher defect ‘potency’
in Al-rich AlGaN instead of higher defect concentration. In this case, REDR
generates defects, such as nitrogen vacancies (Vn), energy level of which
shifts deeper into the bandgap with increasing Al content.!*>!92 Following this
shift, SRH recombination via these defects accelerates (creating the illusion
of higher photomodification impact), although concentration of REDR-
generated defects remains the same between the samples.

To reiterate, photomodification affects SRH rate the stronger, the longer
is the photomodification duration or the higher is the carrier density Nmoa and
the Al content. Meanwhile, Al content x governs the magnitude of the By, term
and plausibly the energy level of REDR-generated defects or the alloy
oxidation degree. Causative link between the photomodification impact and
the Bn term is more probable though, since Bu(Nmod, X) trend also
complements stronger photomodification impact at higher densities Nmoq Vs.
longer expositions (see above for discussion on this discrepancy). As Nmod
increases, increase in By follows (see Figure 11b in Chapter A), thus resulting
in a larger share of nonradiatively recombining carriers and a larger increment
of defect reactions. In contrast, proportional increase in the photomodification
duration does not change By, thus retaining the same balance between
nonradiative and radiative processes and resulting in a smaller increment of
defect reactions.

Along with the carrier recombination, the photomodification has affected
the carrier diffusivity. This effect is demonstrated in Figure 14, where
diffusion coefficient D and effective carrier lifetime 7 are plotted as a function
of the photomodification duration in the Alp4sGaos2N and Alg19GagsiN
epilayers.  Here, Alo4sGags2N sample was  photomodified at
Nmoa = 2x10%° ¢m™, while photomodification carrier density for Aly19GaosiN
was increased up to Nmod = 3.7x10%° cm™ to activate material response.
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Exposure dependences of carrier lifetime were similar in both samples: z
continuously decreased with increasing exposure time. Exposure dependences
of diffusion coefficient were different: in Alo4sGaoso:N epilayer, a
non-monotonous trend of initial increase and eventual decrease was observed,
while in Alg19GaosiN, only an increase was detected. Meanwhile, diffusion
length, L =+/tD, was not affected by the photomodification in the
Alp10Gag 31N sample and increased with the exposure time in Alg4sGao 52N,
peaking at 45% from the initial value (after 200 pulses).
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Figure 14. Effective carrier lifetime 7 (blue squares) and diffusion coefficient
(pink circles) as a function of photomodification duration in (a) Alo.4sGao.s2N
(adapted from Paper B) and (b) Alo19GaosiN (unpublished) epilayers
photomodified at Nmod = 2x102° cm-2 and Nmod = 3.7x102° cm-3, respectively.

Such increase in carrier diffusivity was unexpected, yet the phenomenon
is likely beneficial, especially for devices requiring highest possible diffusion
lengths (e.g., photodiodes). The study did not aim at this phenomenon, thus
sets of exposition time and Nmoq parameters were chosen rather randomly for
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both samples, and are probably suboptimal, i.e., even higher increase in D and
L is plausible. At this stage, a mechanism for such increase is unclear. The
naturally expected link between the photomodification-induced change in
carrier diffusivity and change in carrier localization depth was confirmed false
based on ¢ measurements, thus leaving the study to tentative explanations
only. Fortunately, inspiration for this can be taken from studies on
semiconductor thermal annealing'®® and device ageing,'®*!® especially at
elevated carrier densities.

Increase in carrier diffusivity with increasing exposure time may be
enabled by REDR-activated reordering of alloy crystalline structure, i.e., atom
rearrangement and migration.'>>1%6-1% Such reordering may open low-
scattering pathways and remove carrier scattering defects, enhancing carrier
mobility. Meanwhile, decrease in carrier diffusivity manifesting in
Alo4sGao 52N epilayer exposed to a high number of photomodification pulses
(>400; see Figure 14a) may be enabled by a competing REDR-activated
process — generation of carrier scattering defects. Since slopes for high-
exposure D and 7 dependences are similar, carrier scattering defects may be
contributing to SRH recombination as well. These defects may be attributed
to nitrogen vacancies,!5>162163.169.170 gjteg of out-diffused Al,'*>196:167 Al and Ga

155,171-174

oxides, and corresponding complexes.

Highlights

e AlLGai,N epilayers with x reaching 0.7 were photomodified at
extremely high excess carrier densities photogenerated with intense
laser pulses

e The photomodification permanently accelerates SRH recombination
via REDR-generated defects

o The deterioration of carrier lifetime is most pronounced in the Al-rich
AlGaN epilayers probably due to dominating density-dependent
nonradiative channel resulting in a larger number of defect reactions

e The photomodification at certain carrier densities and durations
enhances carrier diffusivity
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Key finding B

The photomodification of AlxGaixN epilayers (with x~ 0.2 + 0.7) at
extremely  high  carrier  densities  (6x10%° + 3.7 x10%° cm™®)
photogenerated with intense laser pulses can permanently accelerate
nonradiative carrier recombination and enhance the diffusivity; the
magnitude of such changes depends on the number of
photomodification pulses, carrier density and the Al content

Research opportunities

Study on duration of REDR-driven atomic-scale processes. Suggested
‘tool” for such a study is a pulse of varying duration. In the current
work, photomodification performed with picosecond- and
nanosecond-pulses yielded similar results, thus pointing to super-
nanosecond-scale atomic processes. Unfortunately, such comparison
was carried out in a single sample, and evaluation of
photomodification impact was not cohesive technique-wise, i.c.,
nanosecond-pulse photomodification was studied using the PL
technique, while picosecond-pulse — using the LITG. Therefore,
results are not conclusive

Detailed description of photomodification-activated mechanism
altering carrier diffusivity

Study on REDR-generated defects in AlGaN alloys: evaluation of
activation energies for defect reactions; identification of defects

Optimization of photomodification procedure for desired effect:
multidimensional mapping of photomodification conditions (such as
carrier density and exposition time for a given alloy composition) and
corresponding changes in carrier dynamics
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Chapter C: Carrier dynamics in AlGaN/GaN interface

In this chapter, I use time-resolved photoluminescence spectroscopy and
light-induced transient grating approaches to study carrier dynamics in
AlGaN/GaN heterointerfaces, focusing on detrimental effects of interface
recombination (a.k.a. surface recombination (SR) in bare-surface materials).
Such studies have been rarely performed in nitride devices, mainly due to the
secondary role of nonradiative SR in the high-efficiency InGaN LEDs: the SR
velocity is generally lower in nitrides'’>1"® compared to other 111-V materials,
and the diffusion length in the active InGaN region is relatively short!® due
to both carrier-localizing composition fluctuations and short carrier lifetime
at high operating carrier density.'8! Additionally, the detrimental effects of SR
usually decrease with the addition of a surface-passivating layer or, in case of
a heterostructure, an interface layer. For instance, in bare-surface GaAs the
surface recombination velocity (S) can reach 107 cm/s,'®? but a suitably
engineered interface can reduce the S value down to single digits — 1.5 cm/s,
as reported for GalnP/GaAs heterostructures.’® Contrary to such
expectations, in run-of-the-mil AlGaN/GaN heterointerfaces | observe an
unconventional reverse phenomenon: AlGaN barrier-induced deterioration of
the interface quality and acceleration of nonradiative recombination in the
underlying GaN buffer. The results reported here are unpublished.

The study was performed in 12 AlGaN/GaN heterostructures (listed in
Table 1 in Samples section) split into three sample sets with different barrier
Al content: x = (0.13, 0.2, or 0.34), with $10% relative variation in x within
a sample set. To simplify sample labeling, the composition of AlGaN barriers
within a sample set was regarded the same.

The diffusion coefficient in GaN buffer was measured using the LITG
technique, whereas the carrier lifetime in GaN buffer and the AlGaN barrier
was obtained from both the TRPL and LITG transients. Different excitation
configurations for the LITG and TRPL experiments are demonstrated in
Figure 15; the excitation beams of different wavelength (1 =266 nm and
355 nm) are depicted with different colors (purple and blue, respectively).

In the LITG experiment, carrier dynamics were selectively observed in
the AlGaN barrier and in the GaN buffer by employing excitation pulses of
266 nm and of 355 nm wavelength, respectively (see Figure 15a and b). In the
TRPL experiment, above-bandgap 266 nm excitation of both AlGaN as well
as GaN layers and the availability of spectral resolution allowed the extraction
of carrier lifetime in both barrier and buffer simultaneously (see Figure 15c),
while 355 nm excitation provided greater absorption depth in GaN (Figure
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15d). As a result, carrier recombination was investigated in different depths
of the GaN buffer: in the initial ~50 nm and in the initial ~100 nm (from here
on, ‘shallow’ and ‘deep’ interface, respectively).
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Figure 15. Simplified scheme of the excitation configurations: a) LITG in
AlGaN barrier, 266 nm excitation; b) LITG in GaN buffer, 355 nm excitation;
c) 266 nm excitation for TRPL in the barrier and the shallow interface (initial
~50 nm in GaN); d) 355 nm excitation for TRPL in the deep interface (initial
~100 nm in GaN).

Carrier dynamics in AlGaN barriers

Carrier lifetimes in AlGaN barriers (753$2Y; see Evaluation of

recombination coefficients section in Chapter A for description) with various
Al content are demonstrated in Figure 16 as a dependence on the /111 molar
ratio, which was calculated from the gas flow rates: NHs/(TMGa + TMAI). A
non-monotonous trend of the initial increase and eventual decrease is
observed for all sample sets. Different sections of this trend are shaped by
different growth-related defects.

The initial growth of T453N with V/11I ratio (NHs flow rate) may be
attributed to the diminishing nonradiative recombination via defects bound to
impurities (e.g., carbon) or native defects related to nitrogen vacancies (Vn),
such as Vn-decorated dislocations. It has been shown that increase in the NH3
flow rate can cause a decrease in the Vn concentration in GaN84185
AlGaN,"%8% and AIN'; a similar decrease is expected for the carbon
concentration in GaN*°,
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Figure 16. Carrier lifetime t4.2N in AlxGaixN barriers with different Al content
x as a function of V/III ratio; t4aN was assessed from LITG transients
recorded with pulses of A =266 nm. Unpublished.

At the highest V/III ratios the carrier lifetime may decrease due to the
excess-nitrogen induced point defects and degraded structural quality.
Overflow of N can saturate the lattice sites and hinder the surface mobility of
Ga® and Al adatoms,5818° thus generating Ga*® and Al vacancies (Vga, Vai)
or deteriorating surface morphology.18°1°1192 /g, and Va-related mid-gap
defects may be attributed to V,-O complexes,'®*% dislocations decorated
with Vea-0,1%197 or Va-O complexes. 19819

Further discussion of the carrier lifetime T4, concerns the barriers with

different Al content grown at respectively optimized V/III ratios (see larger
symbols in Figure 16). In these barriers, peak carrier lifetime decreases from
0.9 to 0.4 ns with increasing Al content (from 0.13 to 0.34; see Figure 16).
Evidently, the optimization of growth conditions did not compensate for the
decrease in structural quality with growing Al content. Such quality
deterioration is typically attributed to low Al adatom mobility,?® resulting in
a large and fine scale lateral phase separation,'®®2°! spontaneous phase
modulation,*®° as well as extended and point defects. These point defects may
be native or impurity-bound. For instance, Chichibu et al. observed!® the
increasing concentration of Vy;; (or Vi complexes) with increasing Al content
in AlGaN and argued®? that Vg, are the main carrier killers in GaN.
Meanwhile, studies on impurities in AlGaN demonstrate increasing
oxygen®8-161 and carbon?®® concentrations with increasing Al content as well.
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While a definitive interpretation of mechanisms governing T4iS2N at

different growth conditions and barrier compositions is unavailable, it can be
stated that the nonradiative carrier recombination in the studied barriers is
driven by defects of numerous origins.

Carrier dynamics in GaN buffers

The data on carrier recombination at different AlGaN/GaN interfaces is
presented in Figure 17a as effective carrier lifetime in GaN buffer (V)
dependences on initial photogenerated carrier density AN; the lifetime curves
for shallow and deep interface excitations are depicted as dashed and
continuous lines, respectively. Lifetime r**N was extracted from a trailing
transient component (see Figure 17b for select deep interface TRPL transients
and corresponding fits) and comprises radiative as well as nonradiative terms.
The rise-and-fall behavior of 7**N(N) trends can be attributed to the
competition between the nonradiative and radiative terms: the initial
saturation of the nonradiative channel and the eventual emergence of the
radiative term with increasing AN. The nonradiative recombination may
include contributions from Shockley-Read-Hall and interface recombination
channels. The SRH channel saturation and lifetime increase with carrier
density was previously observed in synthetic diamonds,?® where defects
acting as centers of nonradiative recombination were saturated at high
photoexcitation levels.

The dominance of either SRH or interface recombination channel can be
determined by varying the excitation wavelength.2%42% |n this study, this is
achieved by measuring carrier lifetime in shallow and deep interface.

In GaN buffer with Alo13Gaos7N barrier the lifetime 7N increases by
switching from deep to shallow interface (see continuous and dashed blue
lines in Figure 17a). This is an indication that the defect concentration is
decreasing with increasing effective layer thickness (decreasing depth), and
that the interface has a minor impact on carrier recombination. A similar
carrier lifetime increase with increasing layer thickness occurs in bulk GaN
due to a decrease in dislocation density.?%-21° The opposite case is observed
in the heterostructures with barriers richer in Al content (see gray and yellow
lines for AlGaixN/GaN heterostructures with x = 0.2 and 0.34, respectively).
Here, switching from the deep to shallow interface results in a decrease in the
carrier lifetime 7%, This trend indicates the increasing role of the interface
recombination channel.

The increasing Al content in the AlGaN barrier causes another few
important and non-intuitive changes in the z°*N(N) curves (seen in Figure 17a).
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As the barrier Al content increases from 13% to 34%, the lifetime in the GaN
buffer decreases by a factor of ~2 (calculated as the average shallow interface
%N, Furthermore, the onset of the increase in z°3"(N) shifts to higher carrier
densities. Finally, the ratio between the deep and the shallow interface
lifetimes “® increases with the barrier Al content: from ~1.2 (x = 0.2) to 1.4
(x = 0.34) at the lowest carrier densities. At first glance, the Al content in the
AlGaN barrier has a direct effect on the carrier recombination in the GaN
buffer.
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Figure 17. a) Carrier lifetime 78N in GaN buffers with AlGaN barriers of
various composition as a function of initial photoexcited carrier density; 7¢aN
was assessed from the TRPL transients recorded at the shallow and deep
interface of the AlGaN/GaN heterostructures using excitation pulses of
266 nm and 355 nm wavelength, respectively. b) High-excitation TRPL
transients recorded at the deep interface of the heterostructures with the
barriers of various composition; solid lines denote exponential fits.
Unpublished.

To determine if the variation in lifetime %N between the samples is
related to the barrier composition only, deep interface 5N was additionally
assessed in samples with different barrier defect origins (each sample

corresponding to one point in Figure 16). The relation between **N and

T8N is demonstrated in Figure 18a, where 7% scales linearly with t4:%3N

for all samples. This correlation also holds for samples of similar barrier
composition but different structural quality (see symbols of matching color in
Figure 18a). Apparently, the carrier lifetime decrease in GaN cannot be
attributed to a particular barrier defect and is controlled by the overall AlGaN
barrier quality.
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Figure 18. a) Carrier lifetime 12N at fixed carrier density AN = 5.4x10%° cm3;

b) diffusion coefficient DN at various AN in GaN buffers as a function of

carrier lifetime 75i$2N in AlGaN barriers; 7N, DGaN were assessed from the

LITG transients recorded with pulses of 355 nm wavelength, while 742N —
with pulses of 266 nm wavelength. Unpublished.

The effects of barrier quality on carrier scattering in GaN were assessed

from the diffusion coefficient DN measurements; the values of DN as a

function of 755N at various carrier densities AN in GaN are demonstrated in

Figure 18b. No dependence of carrier diffusivity in buffer on carrier lifetime
TSAPI{%‘ZN in barrier was observed throughout the explored AN range (from
5.4x10% to 1.8x10%° cm). However, dependence of DN on density AN was
detected: average D™ increases from 1.7 to 2.8 cm?/s with increasing AN.
Similar diffusion coefficients at comparable carrier densities are reported for
thick high-quality HVPE-grown GaN,® where increase in carrier diffusivity
with AN was attributed to carrier degeneracy.!® Identical diffusivity

properties between the studied GaN buffers with different AlGaN barriers
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indicate the absence of barrier effect on carrier scattering in GaN, contrary to
the barrier influence on carrier lifetime %N,

The extracted D% values are required for a more detailed analysis of
diffusion-limited interface recombination pathway at the AlGaN/GaN
interface. Such analysis was performed by fitting LITG transients with the
following ABC model and assessing the interface recombination velocity (S)):

WELD — p[pEaNgN (x, 7,0)] — 20— BONN2(x, 2,0) + G(x, 2,1) (9)
SRH
aN(x'th) _ SiN(x,O,t)
0z 7=0 - pGaN
ON(x,z,t) _
0z z=d =0

where 753N — SRH lifetime in GaN, B®N_— radiative recombination

coefficient in GaN, G(X, z, t) — spatially modulated carrier generation rate in
GaN, and d — the GaN buffer thickness. This model is similar to that described
in section Light-induced transient gratings (see Eg. (4)), except for the
omitted Auger term and the neglected recombination at the GaN/sapphire
interface. In the model (9), the radiative recombination coefficient BN is
considered identical between the buffers. The B¢ value was assessed in the
sample with the highest quality barrier and equals to 1.5x10** cm®/s, which is
close to the previously reported values in thick ELO- and HVPE-grown GaN
Iayers.”&“g

Three LITG transients recorded at AN =5.4x10'° cm™ in GaN buffers
with various quality AlGaN barriers are depicted with fits (according to
Eq. (9)) in the inset of Figure 19; the corresponding S and 753N values are
illustrated as larger colored circles in Figure 19a and b, respectively. These
values (and the fitting results for all other samples and carrier densities) are
shown as a function of the carrier lifetime in the AlGaN barrier 453N, A

strong Si dependence on barrier quality is observed: S; increases from 2x103

to 2x10° cm/s as TERSaN decreases from 0.9 to 0.2 ns at AN = 5.4x10%° cm®

(circles in Figure 19a). Compared to bare-surface GaN layers, where surface
recombination velocity, S, typically reaches (1-5)x10* cm/s,}"5-177211 hyffers
with high quality barriers (532N > 0.7 ns) display improved boundary
properties. Such improvement is observed in a wide range of 111/V and 11/VI
material interfaces, e.g., S~ 1x10” cm/s in bare-surface GaAs'® is greatly
reduced with a cap based on p* GaAs layer (Si = 1.5x10* cm/s),?* Ga,Os layer
(Si = 4.5x10% cm/s),’82 GaAs/AlAs superlattice (Si=40cm/s),?2 AlGaAs
layer (Si =18 cm/s),?*® or GalnP layer (Si= 1.5 cm/s).1® However, the GaN
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buffers with moderate to low quality AlGaN barriers (t4h < 0.7 ns) suffer
a substantial decrease in interface quality (Figure 19a). This trend has not been
reported for nitride interfaces.
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Figure 19. Interface recombination velocity Si(a) and SRH carrier lifetime

783N (b) at various carrier densities AN in GaN buffers as a function of carrier

lifetime 753$3N in AlGaN barriers; the Si and t$3) values signified as larger
colored circles are extracted from the LITG transients demonstrated in the
inset; inset transients (points) were recorded with pulses of 355 nm at
AN =5.4x10%° cm-® in GaN buffers; inset lines denote fitting with the (9)
model. Unpublished.

Interface recombination velocity depends not only on the interface
(barrier) quality but also on the carrier density. In the buffer with low quality
barrier (T83$2N ~ 0.2 ns) S; gradually decreases from 3.5x10° to 7.5x10* cm/s
with AN increasing from 1.8x10° to 1.8x10?° cm. However, increase in
barrier quality weakens this dependence (see Figure 19a). Density-driven S;
decrease can be attributed to the saturation of interface recombination
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channel, mirroring the <*®N(N) dependences discussed in the section of Figure

17.
Compared to the S; dependence on 5.2, the impact of barrier quality

on the 3N term is diminished: 3N time features only a ~20% decrease as

458N decreases from 0.9 to 0.2 ns at AN = 5.4x10% cm (circles in Figure

19b). Meanwhile, growth in carrier density AN causes a ~30% increase in the

lifetime 752N in the buffer with low quality barrier (t4h" ~ 0.2 ns), but has

no perceptible effect on 753N(N) dependence in buffers with higher quality
barriers.

The depth-wise expansion of the barrier influence is implied by the

shifting balance between the volume- and interface-bound recombination

channels (characterized with t3RH and S; coefficients, respectively). Moderate

and high quality samples (452N > 0.4 ns) show little to no change in 72,

while demonstrating significant variation in S; (see respective dependences on
748N in Figure 19a, b), pointing to an interface-bound defective area. The

depth-wise expansion of the barrier influence for the low-quality samples

(t483N < 0.4 ns) is observed as a decrease in TSN with decreasing T4 A

mechanism of quality deterioration for the GaN buffer volume may be
attributed to the diffusion of interface-degrading impurities, such as carbon
and oxygen, or point defects, such as Vn and Vga, from the barrier (or the
interface) to the buffer volume. For instance, multidirectional diffusion of V
and Vg, in GaN is expected at MOCVD-characteristic temperatures.?42%°

Such speculation is further supported by the saturation of the S; increase with

decreasing T4R53N paired with the simultaneous acceleration of 7S3N decrease

(see Figure 19): this juxtaposition implies a possible defect redistribution from
the interface to the volume.

To finalize the characterization of the interface recombination processes
in AlGaN/GaN heterostructures, an insight into the relation between the
recombination velocity S; and the internal quantum efficiency IQE is
provided. For a model single quantum well (SQW) heterostructure with, say,
one electrically active interface, the IQE can be roughly estimated using a
simple rate equation:*’

BN

IQE - BN+1/TSRH+Si/d

(10)

where d is the thickness of the active region. Following this model, the IQE
ina d=5nm SQW (AlGaN/GaN/AlGaN) drops by two orders of magnitude
with the decrease in interface quality (with the increase in S; from 2x10% to
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2x10° cm/s) at AN = 1.8x10'° cm™®. In comparison, the adverse impact of
surface recombination on a device wall-plug efficiency has been previously
theoretically evaluated to be 5-7 percentage points for an InGaN-based LED
and higher for UV LEDs.!® The study in this thesis shows that in AIGaN/GaN
heterostructures low-quality heterointerfaces may cause drop in the device
efficiency significantly larger than that predicted before.

Highlights

Carrier recombination and diffusion are studied in AlGaN/GaN
heterointerfaces with AlGaN barriers of different quality, grown on
1dentical GaN buffers

The adverse barrier influence on carrier dynamics in the underlying
buffer is revealed: AlGaN barrier accelerates the nonradiative carrier
recombination in the GaN buffer

The interface recombination velocity in the buffer increases
hundredfold with decreasing barrier quality, and the dominating
recombination mechanism switches from SRH to interface
recombination. These phenomena are governed by a cumulative effect
of various interface-deteriorating barrier defects

Barrier-accelerated interface recombination can become a major
carrier loss mechanism in AIGaN/GaN interface and may
substantially limit the efficiency in nitride-based UV LEDs

Contrary to the influence on carrier recombination, the AlGaN barrier
does not affect the carrier diffusivity in the GaN buffer

Key finding C

In AlGaN/GaN heterointerfaces, interface-deteriorating defects in
AlGaN barrier alter and govern the carrier dynamics in the underlying
GaN buffer: the interface recombination velocity in the buffer is
increased with decreasing barrier quality, and the interface
recombination pathway is transformed from the insignificant to the
dominant one

Research opportunities

In-depth analysis of atomic-scale Al1GaN/GaN interface properties;
identification of interface-deteriorating defects

Study on carrier dynamics in other IlI-nitride-based interfaces, such
as InGaN/GaN system
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Chapter D: Carrier dynamics in as-grown InN

In this chapter, | explore properties of carrier recombination and minority
hole diffusion in as-grown InN with intrinsically high background electron
concentration. Following the established pattern, I approach this study using
density dependences of carrier lifetime (z) and diffusion coefficient (D) as a
main tool.

Since density dependence of 7 can reveal the dominating recombination
mechanism, extraction of this function has been an attractive and frequent
target in previous studies. Unfortunately, the results of these works have been
rather contradictory. Some studies report sublinear zdecrease with increasing
carrier density (N),2'® while others — linear.?"22® Some argue that carrier
recombination is governed by SRH mechanism,?16.217:219223 \while others
suggest trap-assisted Auger?$?22 as well as degeneracy-limited Auger
channels.?2%221 Gjven the same data, some conclude that z oc N*! dependence
cannot be attributed to direct Auger recombination,t"?1® while others —
profoundly disagree.??® Alternatively, when studies agree on dominant
recombination mechanism, dispute on other properties and parameters
emerges (e.g., on discrepancies between reported N ranges where agreed upon
recombination channel prevails). In general, picture on carrier recombination
in InN is far from complete, and is clouded by ambiguous carrier
lifetime/density estimation, observation of narrow density range, and reliance
on small sample sets as well as widely scattered data.

Studies on carrier transport, especially that of holes, are more unanimous
but less frequent. Theoretically, room temperature hole? mobility, un, should
reach ~200 cm?Vs in dislocation-free lightly-doped InN (with donor
concentration, Ng, and hole concentration, Py, below ~1x10'" cm®).2% In
moderately-doped n-InN (with Ng above ~1x10*® cm3), hole mobility should
not exceed ~150 cm?/Vs, while in moderately-doped p-InN (with P, above
~1x10% cm3) — ~100 cm?/Vs.22* Unfortunately, experimental confirmation of
these fringe cases has been challenging. On one hand, InN is plagued by
intrinsically high background electron concentration (N.) and extreme surface
electron accumulation (see Box D). On the other hand, conventional mobility
measurements target majority carriers, and have difficulties with mixed-
conductivity samples. Therefore, extraction of hole mobility requires both

& Here, light and heavy holes are not distinguished.

" Heavily-doped p-InN still exhibits n-type conductivity at the layer surface due
to surface electron accumulation.?75276
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p-type InN (achieved at high acceptor concentrations exceeding Nq) and rather
intricate experiments.

X. Wang et al.?® extracted majority hole mobility zn=17-36 cm?/Vs in
Mg-doped p-InN with Mg concentration of 6x10®¥cm?® and hole
concentration P, = (1.4-3)x10*® cm™ from sheet conductivity measurements.
Xie et al.??® measured majority Hall mobility z» = 20-30 cm?/Vs in p-InN with
Mg concentration ranging from 10 to 102° cm and Py = (0.8-3.5)x10* cm™®
using infrared spectroscopic ellipsometry. K. Wang et al.??’ combined
electrolyte capacitance voltage, thermopower, Hall, and sheet conductivity
experiments to estimate majority hole mobility ., = 55-66 cm?/Vs in p-InN
with Mg concentration of 1.1x10° cm and Py = (1-1.5)x10% cm3, as well as
n=15-23 cm?/Vs in InN with Mg concentration of 5x10% cm? and
Ph = (2.1-3)x10* cm™. Anderson et al.>® managed to extract mobilities for
both majority heavy and light holes (=50 cm?Vs and n = 600 cm?/Vs,
respectively) in p-InN with Mg concentration of 3x10% ¢cm using variable
magnetic field Hall approach. Anderson’s results suggest that hole mobility
values reported in other studies (listed above) mainly depict transport of
[majority] heavy holes.

Meanwhile, transport of minority holes has been investigated only skin-
deep.??22 In one of the studies by Chen et al.,>?® minority hole mobility
1~ 40 cm?/Vs was measured in unintentionally doped n-InN with low
N = 3.7x10% cm™ using LITG technique'. Surprisingly, this z» value is not
higher than those measured for majority holes in moderately-doped p-InN,
and is much smaller than that predicted theoretically (for a given Ne, mobility
should reach un~ 150 cm?/Vs).??* Such discrepancy highlights strong
dislocation scattering dominating at low acceptor concentrations.??

In this chapter, | investigate minority hole transport in yet unexplored
electron density range spanning two orders of magnitude from 10 to
10%° cm3, Additionally, I study unresolved properties of carrier recombination
in a density range encompassing multiple recombination channels. This work
features a large set of MOCVD- and MBE-grown samples as well as
femtosecond-resolution temporal approach, avoiding ambiguities in carrier
lifetime evaluation and carrier density calibration found in previous
experiments. Results discussed here are published in Paper D.

" LITG approach does not require p-type conductivity for hole mobility
evaluation; on the contrary, LITG-extracted ambipolar diffusion coefficient is
governed by minority and/or low-diffusivity carriers. More on this in section
Carrier diffusion.
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Extraction of LITG decay rates

LITG transients for InN feature single-to-multiple exponential
components: single — at the lowest carrier densities, and multiple — at the
highest. In this short section, extraction of transient decay rates from select
transient components is described. Carrier dynamics parameters evaluated in
a following manner are analyzed in the final thesis Chapters D and E.

Figure 20 shows LITG transients recorded in select InN epilayer (with
intrinsic electron concentration Ne = 1.3x10'° cm™®) at different photoexcited
carrier densities AN; these transients are typical for all studied InN samples.
One can see that carrier decay in InN becomes faster with increasing peak AN
and slower with increasing delay. Due to this nonlinearity, instantaneous
decay time is assessed in two fringe cases: either from the initial (z1; noted in
Figure 20) or the tail (z2) transient component. The initial component is
exploited to study carrier recombination and diffusion properties at various
total carrier densities, N = Ne + AN — due to the well-defined AN. The tail
transient region is used to study carrier dynamics at various background
electron concentrations, Ne — in this regime, the photogenerated carrier density
is diminished due to recombination, and is negligible compared to the
background electron concentration (AN << Ne).
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Figure 20. Normalized LITG transients recorded at different photoexcited
carrier densities AN in InN epilayer with intrinsic Ne = 1.3x10° cm-S.
Exponential fits in the initial (<20 ps) and tail (>100 ps) transient components
are indicated by solid lines. Adapted from Paper D.
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Carrier recombination

Figure 21a shows background electron concentration N. dependence of
carrier lifetime 7, extracted in low AN regime (AN <« N.); each point
corresponds to a different sample. For comparison, the carrier lifetimes
reported in Ref.?!® for thin MBE-grown epilayers are also provided. The
carrier lifetime values in thin (<0.4 pm) MOCVD-grown samples vary from
2 ps to 250 ps and are comparable to those in thin (<0.7 um) MBE-grown
epilayers with similar Ne, thus indicating a common recombination channel.
The extracted MOCVD-lifetimes are among the longest reported for such-
grown InN epilayers,° but shorter than those observed in the best >5.5-um
thick MBE-grown epilayers (r~1.3ns?® or even 5.4 ns?%). However,
higher lifetime values may manifest in thicker MOCVD-InN, since quality of
InN compounds is strongly bound to layer thickness (see Box D).
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Figure 21. (a) Carrier lifetime 72 as a function of background electron
concentration Ne in thin MOCVD- and MBE-grown epilayers; each point
corresponds to a different sample. The solid line shows the fit r = 1/CN2 with
C =8x10%cméb/s. (b) . as a function of total electron density Ne + AN;
different symbols correspond to different samples. The solid line shows the fit
according to Eq. (11) with the parameters rsrn = 600 ps, N* = 5x10%° cm3,
and Co = 8x102° cm®/s. Grey field in (a) and (b) highlights shared density
range where 1 o« N2 dependence is valid. Adapted from Paper D.
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Box D. Control of background electron concentration

In InN, Hall-measured background electron concentration, Ne, comprises
surface and bulk terms, one of which is intrinsic, while the other strongly
depends on growth conditions and layer thickness.

In ultrathin InN layers, Hall Ne is governed by electrons accumulated at
the interface between InN/buffer (or InN/substrate)?3! and at the surface
layer.232 Surface electron accumulation is an intrinsic InN property originating
from extraordinary low I'-point conduction band minima, causing donor-type
surface states to be located in the conduction band.?®® Such accumulation
occurs within the initial ~5 nm of InN surface (interface) and results in the
localized Ne reaching ~4x102° cm=3;234 this Ne value does not depend (or
depends weakly) on the overall layer thickness and growth conditions.?35

In thick InN layers, Hall Ne is defined by thickness- and growth-dependent
bulk Ne. In this case, Hall Ne decreases with increasing thickness due to the
decreasing concentration of native donor-like defects induced by lattice
mismatch.?%¢ Such defects may be bound to dislocations,?3® nitrogen
vacancies,?35237 or other structural faults.

The combination of

o 10°%¢ surface- and bulk-governed Ne
5 o, go properties results in
z Y g approximately linear thickness
S 10"} .fo dependence of Hall Ne,

Q ' . -
S . demonstrated in Figure D for
T ® . studied MOCVD-layers
3 10"} - (thinner than 500 nm) and
S | rummmiemmeee | state of the art MBE-layers
g ® Pulsed | Temperature (thiCker than 600 nm), MBE'
qgt7 LE Senimore 1o . . data are collected from this
10 100 1000 10000 study and  Refs.218.223.228
SEEDA LS ) Although substantial portion of

i _ MOCVD-data follows the
Figure D. Hall electron concentration Ne as a same thickness function as

function of InN layer thickness; layers thinner MBE-d .
; -data (see purple circles),
than 500 nm were grown using MOCVD sl MOCVD-samples

technique, while layers thicker than 600 nm — .
MBE; significant portion of MBE-data is (corresponding to orange and
obtained from Refs, 218223228 red circles) feature higher than

optimal Ne values. This is due
to low bulk structural quality deteriorated by growth at suboptimal conditions.
For instance, data depicted by full orange circles correspond to series of
growth efforts intended for optimization of pulse and pause durations (pulsed
precursor delivery case); full red circles — for optimization of interlayer and
layer growth temperatures (pulsed precursor delivery case); and open circles
— for simultaneous optimization of growth temperature and gas flow rates
(continuous precursor delivery case; additional info on sample growth is
provided in Samples section). Meanwhile, growth-optimized MOCVD-layers
feature rather low Ne values (for a given sample thickness), and depict CVD-
based approaches as a promising alternative to expensive and hardly
scalable MBE approach.
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In Figure 21a, r>scales as 1/N¢?, thus suggesting direct Auger
recombination as dominant recombination channel in InN. This dependence
can be fitted using the function z=1/CN? with Auger coefficient
C = 8x102° cm®/s (see solid line), and the extracted Auger coefficient fits well
to a general trend of C versus the material bandgap.'?” However, super-linear
72 oc Ng? dependence contradicts the previously reported trends 7z oc N or
N -0 216-223 gy ch discrepancy is probably caused by ambiguities in the lifetime
determination and carrier density calibration found in previous studies. For
instance, photoreflectance spectroscopy (used in studies?l6217:219.221) g
sensitive to a depth-wise carrier diffusion, while LITG experiments performed
in transmission geometry (like measurements in this thesis) are unsusceptible
to this issue.?® The differential transmission spectroscopy (used in
studies??22223) provides different transient decay rates for different probe
wavelengths, thus hindering evaluation of actual carrier recombination
rates.??? Finally, previous LITG experiments®® were limited in temporal
resolution (25 ps in Ref.28 vs. 250 fs in this work).

Next, properties of carrier recombination are explored in a wider density
range, expanded both towards lower and higher density wings. Higher carrier
densities are achieved by elevating the photogenerated portion (AN) of total
electron density N = Ne + AN and by analyzing r; transient component. Lower
density wing is attained by inclusion of higher quality sample — 2.3-um thick
MBE-grown InN epilayer. The 7:(N) dependence obtained from select few
samples is demonstrated in Figure 21b. Here, grey field highlights the initial
density range (N = 7x10® + 5x10'° cm™®) studied in Figure 21a as well as the
N range for valid 73 oc N2 trend. At densities outside this field, z:(N)
dependence deviates from the conventional Auger form. This deviation can
be accounted for using the following model:

1
TSR

z= —+ C(N)N? (11)
which includes the SRH term (1/zsrn) dominating at low N as well as the state
filling-affected Auger term (C(N)N?) prevailing at high N; and excludes the
negligible radiative recombination term. At extremely high carrier densities
(such as those beyond the grey field in Figure 21b), carrier degeneracy- and
state filling-affected Auger coefficient tends to decrease with increasing N,
thus saturating Auger recombination rate, as reported in phosphides, arsenides
as well as nitrides.1%52202%° This C(N) trend can be described using the same
approach as that applied to density-dependent Br.a(N) coefficient in AlGaN-
case (see Chapter A):1%
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C(N) = —= 12

™) =y (12)
Here, Co is the initial Auger coefficient and N is a material-specific carrier
density indicating the transition from the pre-degenerate to the degenerate
Auger recombination. Combination of Eq. (11) and (12) with the parameters
N"=5x10cm® and Co=8x10%cm®s provided a good fit to the
experimental data (see Figure 21b); this Co value is the same as C value
estimated for data in Figure 21a. Although electrons become degenerate in
InN at a rather low carrier density (~3x10” cm™ according to calculations),
high N* value implies that the impact of degeneracy on the carrier
recombination emerges much later. This may be due to high hole mass and
late hole degeneracy.

Carrier diffusion

Figure 22a shows the ambipolar diffusion coefficient (D1; extracted from
the initial LITG transient components) as a function of the total electron
density; the data depicted here correspond to the same samples as those
analyzed in Figure 21b. The ambipolar diffusion coefficient is related to the
monopolar electron (hole) diffusion coefficients Degy by the expression:

D=+ (13)

where N = Ne + AN and P = AP = AN are the total electron and hole densities,
respectively. According to Eq. (13), if N > P, then D = Dy, i.e., the ambipolar
carrier diffusion is defined by the minority hole diffusion. In the studied InN
samples, this condition is satisfied for densities below mid-10%° cm?3. At
higher N values, ambipolar diffusion coefficient gradually deviates from Dn.
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Figure 22. Dependences of diffusion coefficient D1 (a) and diffusion length L
(b) on total electron density; different symbols correspond to different
samples. Adapted from Paper D.
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As shown in Figure 22a, the increase in carrier density from
N=2x10® cm3 to 1x10%cm? results in an increase in the diffusion
coefficient from Dy = 1 cm?/s to 30-65 cm?/s. At a low carrier density, the
observed diffusion coefficient is similar to that reported for high-quality
MBE-INnN epilayers with a low background electron concentration
(D=2cm?s at N~ (0.4-1.4)x10 cm™ 228229)  However, the subsequent
growth of D; to such an extent is highly unusual: the previously reported
nondegenerate heavy hole and light hole mobilities in InN (z = 50 cm?/Vs
and 600 cm?/Vs)*® correspond to the hole diffusion coefficients
(Dn = 1.25 cm?/s and 15 cm?/s, respectively) much smaller than the peak D,
values measured in this study. Such extreme carrier diffusivity becomes more
sound considering carrier degeneracy as well as picosecond-scale carrier
transport phenomena — discussed in the following paragraph.

In the case of degenerate system, the hole diffusion coefficient is related
to the hole mobility by the generalized Einstein expression:?4°

Dn =" % (14)
where k is the Boltzmann constant, e is the elementary charge, and F.1, are
the Fermi-Dirac integrals. According to Eq. (14), the degeneracy of heavy
holes at a density equal to 10° cm can account for the increase in D1 up to a
value of 20 cm?/s — anything higher than that requires contribution of high-
mobility light holes. In InN, population of light holes can be expected within
a timescale of carrier thermalization. Conveniently, carrier lifetimes extracted
at a high carrier density are comparable to carrier thermalization time.?
Therefore, extreme D; values observed at both a high carrier density (see
Figure 22a) and short carrier lifetime (see Figure 21) may be a result of
degenerate light hole transport. Additionally, short-timescale diffusivity may
be enhanced by ballistic-like hole transport, which is a similar phenomenon
to a velocity-overshoot observed in short-carrier-lifetime GaAs.?*

Next, the extracted diffusion coefficient (D1) and carrier lifetime (z1) are
used to estimate the diffusion length (L = ,/t,D;), which is a key parameter
describing the performance of a bipolar device. In Figure 22Db, the assessed
diffusion length is depicted as a function of the total electron density; here, L
values correspond to the same samples as those analyzed in Figure 21b and
Figure 22a. Usually, a decrease in a carrier lifetime causes a decrease in a
diffusion length. In contrast to such trend, this study shows that in InN the
drop in 71 is compensated by the simultaneous increase in D; (see Figure 21
and Figure 22a). Therefore, the diffusion length varies insignificantly with
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carrier density: in a density range from 2x10'® to 1x10%° cm, the average L
decreases from ~280 nm to ~160 nm, while at densities above 1x10* cm, L
remains approximately constant at ~160 nm (see Figure 22b).

As a simple assessment of the carrier extraction conditions in a
hypothetical bipolar device, one can check if the carrier diffusion length L
exceeds the light absorption depth, 1/a, where o stands for the optical
absorption coefficient. As the absorption edge in the studied epilayers
increases from ~0.7 to 1 eV with the background electron concentration (a.k.a.
Burstein-Moss shift?43246 — a common phenomenon in InN), the value of «
was picked at 1.2 eV. In this case, the measured « is higher than 6x10* cm™
in any investigated sample, while the average L does not decrease below
~160 nm in the observed N range, thus allowing for carrier transit within the
region of 1/a without recombination. This first-order assessment shows that
the extraction of the photogenerated carriers in InN is essentially possible
even in the lowest quality InN compounds with the highest electron
concentrations.

Highlights

e Carrier recombination and minority hole diffusion were studied in as-
grown InN within a wide range of carrier density, controlled by a
sample growth and photoexcitation

e Carrier lifetimes in thin MOCVD-grown InN reach ~250 ps and are
comparable to those in thin MBE-grown epilayers

e Direct Auger recombination is the dominant recombination
mechanism at elevated carrier densities and is described with Auger
coefficient C = 8x102° cm®/s; at the highest carrier densities, Auger
recombination is hindered by a phase-space filling phenomenon

e Minority hole diffusion coefficient increases more than tenfold with
increasing carrier density; such significant increase is linked to the
cumulative effect of hole degeneracy and picosecond-scale carrier
transport phenomena

o Density-induced decrease in carrier lifetime is compensated by the
simultaneous increase in carrier diffusion coefficient, thus causing
insignificant variation in carrier diffusion length confined within
~160 — 280 nm range
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Key finding D

In u-InN, properties of carrier dynamics are strongly bound to the total
electron density (corresponding to the background and excess
electrons): at densities above mid-10'® cm, the diffusion coefficient
increases super-linearly with increasing electron density, while the
carrier lifetime decreases; the latter is governed by the direct Auger
recombination and the phase-space filling phenomenon

Research opportunities

Study of carrier recombination at various temperatures for estimation
of radiative recombination coefficient B

Confirmation of extreme minority hole diffusivity using other than
LITG approach

Investigation of carrier dynamics properties in p-type InN
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Chapter E: Carrier dynamics in proton-irradiated InN

In this chapter, | study impact of spacelike energetic particle radiation on
carrier dynamics in InN; gauge radiation resistance in InN; and compare it to
that in other semiconductors employed in space-bound photovoltaic (PV)
applications; these results are published in Paper E. On first glance,
investigation of radiation resistance in the material featuring single-percent
power conversion efficiencies*®’ seems to be rather futile. However, low
efficiency values may be non-essential in radiation-harsh environments,
where material parameters at the end of life are more important than the initial
ones.?*’ In such environments, nitride family member — GaN — proved to be
strikingly resilient,#824° suggesting not-too-far performance for InN as well.

The existing investigative efforts into radiation effects on InN are scarce
and mostly limited to Hall measurements.>2342% These studies demonstrate
that electron, proton, and He* ion irradiation causes an increase in the
background electron concentration in InN or in In-rich InGaN
compounds,?+2% contrary to GaN or GaAs,?** and propose that irradiation can
be used as a manner for n-type doping control.?®® Despite interesting
proposals, current research still lacks data on basic carrier dynamics
parameters (such as carrier lifetime) in irradiated InN; comparison between
radiation resistances in InN and other materials; and tuning of synthetic
irradiation conditions against space-bound environment.

In space, the naturally occurring particles causing the highest damage are
protons trapped in the magnetosphere (within the Van Allen belts) and protons
ejected during solar particle/proton events (SPEs; such as solar flares and
coronal mass ejections); the former dominate in low earth orbit (or in the
vicinity of other planets with strong magnetic field), while the latter — in deep
space environment.?! The most harmful protons responsible for displacement
of atoms have energies on the order of kiloelectronvolts — just above the
atomic displacement threshold, while protons of higher velocity are less
damaging.?®* This energy-dependent proton damage coefficient s
characterized by material-specific nonionizing energy loss (NIEL) function —
the rate at which particle energy is transferred to the lattice due to atomic
displacements;?* NIEL(E) curve for InN is depicted in Figure 23. Usually,
semiconductor devices are protected by shielding and/or the active region of

I An informative comparison of radiation resistance in InN to that in InxGaixN
alloy family, GaAs, and GalnP is present in Ref.2’4 — however, the analysis is
performed for a narrow range of radiation doses and is limited to a single InN
sample.
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the device is not in the extreme surface. In this case, most-damaging low-
energy protons lack the penetration depth and are stopped,* while low-impact
high-energy protons are slowed down. A fraction of latter protons is slowed
down to harmful low energies, however, the impact of these protons to device
degradation is small due to limited proton flux in high-energy wing of solar
proton spectra.?532° Taking this into account, the energy of protons reaching
the active device region and contributing to device degradation the most shifts
towards higher values, specifically: 1 + 10 MeV?%2% (noted in Figure 23).
Since protons of this energy replicate harmful space environment most
closely, they are usually employed for radiation testing of uncovered materials
in a particle accelerator; considering that, this work used protons accelerated
to 1.4 MeV.
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Figure 23. The energy dependence of nonionizing energy loss (NIEL) for
protons in InN; curve was obtained using the SR-NIEL calculator.?56

In space-bound environment, proton flux/fluence depends on particle
energy and solar activity both in case of trapped particles and SPEs. For
trapped particles, 1-MeV proton flux can reach ~10” cm™2stin the inner Van
Allen belt, 257258 while for SPEs, annual 1-MeV proton fluence can be as high
as 10! cm? in interplanetary space®* (corresponding to the average flux on
the order of 10%+ 10 cm?s™). In comparison, this work features proton

k Coverglass of ~76-um thickness will stop protons with energies <3 MeV
incident at >60° angle.253

80



fluences reaching 10% cm 2. Radiation intensity approaching the latter value
can be encountered during exceptionally intense SPEs (e.g., 1-MeV proton
fluence of mid-10" cm? was accumulated during the Carrington event
(September 1-2, 1859) — the largest event observed in the past 500 years);?*°
after exoatmospheric nuclear detonations (e.g., the Starfish Prime test
increased the trapped electron flux by a factor of 100%%%); and in the Jovian
magnetosphere (a factor of several thousands higher proton flux than that in
the Earth’s magnetosphere?®).

For this study, three MOCVD-grown samples with background electron
concentrations of Ne=1.3x10% cm? (sample S1), 5.9x10%° cm= (S2), and
1.9x10'° cm® (S3) were selected from the sample set investigated in Chapter
D. To replicate the effects of spacelike radiation environment, the samples
were irradiated with 1.4 MeV protons using a Tandetron ion accelerator
coupled with a Hiconex Cs-ion sputter source; the procedure was performed
by Dr. Vitalij Kovalevskij (Center for Physical Sciences and Technology,
Lithuania). Each of the three samples (S1-S3) was cut into six parts, and five
of the parts were exposed to different proton fluences. The proton fluence (¢)
was varied by selecting the exposure time and ranged from ¢ = 1x10*? to
1x10' cm2. The incoming particles were treated as swift ions since the
penetration depth of the 1.4 MeV protons in InN (~25 um) substantially
exceeds the layer thickness (<390 nm). The calculation for the proton
penetration depth was performed with widely used SRIM (the Stopping and
Range of lons in Matter) freeware.?®! Finally, irradiation-induced changes in
the carrier dynamics were studied using the LITG technique.

Irradiation impact on carrier dynamics

The evolution of carrier lifetime z with proton irradiation is demonstrated
in Figure 24a; n» was extracted from the tail LITG decay region governed by
Ne (see Extraction of LITG decay rates section in Chapter D for details). The
carrier lifetime in the virgin InN epilayers ranges from ~100 ps (in higher-
quality samples S1 and S3) to 13 ps (in lower-quality sample S2), and is linked
to the background electron concentration (see Carrier recombination section
in Chapter D). In the irradiated epilayers, carrier lifetime does not change with
proton fluence up to ¢ = 10'* cm. However, irradiation with a proton fluence
above 10 cm™ results in a sharp decrease in carrier lifetime, and fluence of
10% cm? reduces 7 to several picoseconds in all samples (see Figure 24a).
Provided that the primary nonradiative process in InN at high carrier densities
is Auger recombination, the irradiation-induced decrease in the carrier
lifetime should be related to the creation of additional background carriers.
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This surge of free electrons coinciding with the drop in 7 was confirmed by
the Hall Ne measurements and is demonstrated in Figure 24b.
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Figure 24. Carrier lifetime (a), background electron concentration (b), Hall
electron mobility (c), and ambipolar diffusion coefficient (d) dependence on
the proton fluence in InN epilayers with different initial background electron
concentrations (indicated). Adapted from Paper E.

Free electrons in as-grown InN originate from: the surface states (a.k.a.
surface electron accumulation phenomenon),®? impurities, such as
hydrogen®? and oxygen,?®3?4 native point defects, such as nitrogen
vacancies,?®®2%® and dislocations;?* several of these cases were briefly
discussed in Chapter D (see Box D). In irradiated InN, choice of irradiation-
induced free electron ‘sources’ is more limited. On first glance, irradiation-
induced incorporation of donor-like impurities is sound for H* ions (protons),
however, H* introduction is implausible due to large 1.4-MeV proton
penetration depth (~25 um) compared to the sample thickness (<390 nm). In
surface electron accumulation case, surface electron concentration is limited
by surface Fermi level pinning energy, which is irradiation-independent.?®*
Similarly to that, dislocation density is also not affected by irradiation, or
affected insignificantly.?®” That leaves native point defects as most probable
irradiation-induced free electron source, in agreement with the experimental
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results by Walukiewicz et al.?>° Meanwhile, calculations for defect formation
energies by Van De Walle et al.?®* can tentatively identify these defects. Such
approach seeks for candidates of donor-like nature with low formation energy
and converges to — nitrogen vacancy V.

Next, irradiation impact on carrier transport is investigated. The
dependence of the Hall electron mobility, ue, on the proton fluence is shown
in Figure 24c. The Hall electron mobilities in virgin samples vary from 420
to 810cm?Vs and do not correlate with the background electron
concentration. Although such lack of correlation is generally not
expected,?62265.266 jt has been occasionally reported and tentatively attributed
to various differences in InN structural quality.?° In irradiated samples, the
electron mobility decreased to 110 — 190 cm?Vs with increase in proton
fluence up to 10%* cm?, and hidden correlation between ue and Ne — emerged.
This correlation can be described using a function p, o« N; %9, and can be
attributed to enhanced electron scattering by irradiation-induced point
defects,?° specifically — triply and singly charged donors.!6®

So far, the presented effects of proton irradiation on the InN properties
follow a predictable pattern, and the changes in electron concentration or
mobility correspond well to those previously reported. However, analysis of
the previously unreported irradiation effects on hole diffusivity presents
unanticipated results.

Figure 24d shows the dependence of the ambipolar diffusion coefficient
D, on the proton fluence in two InN epilayers with similar background
electron concentrations (samples S1 and S3). The depicted D, values are
extracted from the tail transient region governed by N. and correspond to
minority hole diffusion, D = Dy (according to Eq. (13) in Chapter D). The
most striking proton-irradiation effect is the more than ten-fold increase in the
diffusion coefficient from values of 5—8cm?s in the virgin layers up to
100 — 140 cm?/s in the layers irradiated with proton fluences up to 10 cm?;
analogous increase in D, was replicated at various excitation levels. Such a
high hole diffusion coefficient has not been reported in InN before. Not only
that, hole transport in general could not been observed in highly-irradiated
INN using conventional majority-carrier techniques, since irradiation-
introduced donor-like defects switch the p-type conductivity into an n-type at
relatively low particle fluences.>

Taking cue from the study in Chapter D, further investigation of carrier
dynamics concerns the relationship between the total electron density,
N = Ne + AN, and both the diffusion coefficient D; and the lifetime z;. Here,
D; and 71 values are extracted from the initial LITG decay region, governed
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by both background and excess carriers. Excess carrier density AN is
controlled by photoexcitation intensity, while background electron
concentration Ne — by growth conditions (initial Ne) and proton irradiation
(increase in N¢). As a result of these efforts (combination of different
epilayers, irradiated and photoexcited at various levels), a set of >40 distinct
data for D; and 7; is obtained, and the range of the total electron density
spanning from 1.4x10% to 1.5x10%° cm™ is covered.

The extracted D; and =1 values are depicted in Figure 25a and b,
respectively, vs. the total electron density. In Figure 253, the carrier lifetime
decreases super-linearly from 60 ps to 1 ps with increasing electron density
N, similarly to z:(N) dependence for virgin MOCVD- and MBE-InN discussed
in Chapter D. Such decrease is governed by direct Auger recombination
(suppressed by phase-space filling) and can be described using the same ABC
form as that exploited in Chapter D (see Eg. (11) and (12), also noted in Figure
25a). This model paired with the coefficients N* = 5x10'° cm (characteristic
carrier density) and Co=8x10?°cm®s (initial, ‘pre-degenerate’ Auger
coefficient) provided a good fit to the entire data set (see line in Figure 25a),
and the coefficients matched those reported in Chapter D. Meanwhile, impact
of SRH recombination (1/zsrn term in Eq. (11)) was insignificant in the given
density range and thus — neglected. The fact that carrier recombination in
virgin and irradiated samples of different quality, photoexcited at various
levels, and grown using different techniques can be described by a single
equation with the same set of parameters indicates that: (i) free electron origin
(intrinsic, photogenerated, or irradiation-raised) does not affect carrier
recombination — electron density does; (ii) the impact of defects (growth-
and irradiation-induced) to carrier recombination at high electron densities is
limited to that of an electron source to the Auger process.

In case of Di(N) function, the increase in electron density results in a
super-linear increase in the diffusion coefficient (see Figure 25b). At electron
densities N ~ 10° =+ 10%° cm3, the observed D values replicate those reported
for virgin MOCVD- and MBE-InN (D: ~ 3 + 65 cm?/s; see Figure 22a in
Chapter D). Meanwhile, densities above 10 ¢cm (not observed in Chapter
D) result in diffusion coefficient as high as ~190 cm?/s (at N = 1.5x10%° cm3).
Similarly to carrier recombination case, match between D; values for virgin
and irradiated samples (at corresponding N) indicates that free electron origin
has little-to-no effect on hole diffusion. Additionally, such match implies that
it is not irradiation per se that enhances hole diffusivity, but irradiation-
increased N and -decreased 7, i.e., the conditions when simultaneous
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contributions from carrier degeneracy and picosecond-scale carrier transport
effects are expected (see Carrier diffusion in Chapter D).
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Figure 25. Dependence of the carrier lifetime (a), ambipolar diffusion
coefficient (b), and diffusion length (c) on the total electron density in InN
epilayers. Line denotes fitting with the modified ABC model in (a) and a guide
for the eye in (b). Adapted from Paper E.

Next, impact of an increasing carrier density (irradiation- and
photoexcitation-increased, or intrinsically higher) on carrier diffusion length

(L =./t1Dy) is investigated (depicted in Figure 25c as L(N)). Such
monitoring of L is important in space-bound devices (e.g., photodetectors or
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solar cells), where radiation response of L controls the end-of-life
parameters.?® This study shows that an increasing carrier density causes a
substantial decrease in the carrier lifetime (Figure 25a). However, in the
studied N range, the average diffusion length remains approximately constant
at ~140 nm due to a simultaneous increase in the diffusion coefficient (see
Figure 25c, b). This L value is similar to that in virgin MOCVD- and MBE-
InN (L = 160 nm in corresponding N range; see Figure 22b) and exceeds the
light absorption depth 1/a for band-to-band excitation. The latter condition
allows for carrier transit within the region of 1/a without recombination and
shows that the extraction of the photogenerated carriers in thin InN is
essentially possible even at the highest irradiation levels and electron
densities. Nevertheless, in an actual bipolar device, irradiation-induced
degradation of other critical parameters (such as p-type conductivity) could
prevail and considerably affect carrier transport.

Resistance to spacelike radiation

A basic parameter describing the rate of irradiation-caused 7z degradation
(and the material radiation resistance) is the lifetime damage factor, K, =
(1/ty — 1/79)/9,*° where 104 is the carrier lifetime before(after)
irradiation. For the InN irradiated in this study by 1.4 MeV protons, K. is equal
to 8x10°cm?s, while for rad-soft GaAs compounds K.=67x10°cm?/s
(measured for 1.8 MeV proton irradiation).?®® The comparison of these K.
values depicts InN as more radiation resistant than GaAs, although the
difference is smaller than expected (considering superior rad-resistance in
GaN). However, K.-description may be inaccurate and rather superficial: K,
only describes the degradation rate above a certain threshold of particle
fluence ¢, but not the threshold itself. Additionally, K. depends on particle
energy, making data comparison between different studies and materials
challenging.

For a more appropriate comparison of the radiation resistance in InN with
that in other semiconductors, one can compare normalized ¢ dependences on
displacement damage dose, Dg — a unique dose unit suggested by Naval
Research Laboratory (NRL) and tailored to describe degradation of
photovoltaic parameters by a single curve for all particle energies.?>®> NRL
methodology is applicable for traversing particles (electrons or protons) and
is most accurate for particle energies in range 0.1 = 10 MeV (for protons),
where interaction between incident proton and the target atom is primarily
Rutherford in nature.?®® The conversion of proton fluence to displacement
damage dose is achieved using the following equation: >3
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Dg = ¢ x S(E) (15)

where S(E) is the energy-dependent, material-specific damage coefficient,
corresponding to the nonionizing energy loss function (NIEL; the function
can be obtained using the SR-NIEL calculator?®),

The dependence of the carrier lifetime on the displacement damage dose
for InN epilayers (data for samples S1 and S2 from Figure 24a), GaAs-,
InGaAs-, and InGaN-based LEDs (data from previous reports?®®-2'2) is shown
in Figure 26. The carrier lifetime data for the high-energy (68 — 506 MeV)
proton-irradiated bulk GaAs LEDs were obtained from direct measurements
performed by Barry et al.?®® The analogous degradation curve for 10 MeV-
proton-irradiated bulk GaAs LED was obtained from the light output
intensity, 1, measurements performed by Warner et al.,?”> assuming that
| o 7272273 The degradation curves for the directly measured and the estimated
carrier lifetimes match fairly well between different GaAs samples irradiated
with protons of different energies, reinforcing the validity of the NRL method
and the | o< 7 assumption. Based on the latter verification, degradation curves
for InGaAs?™® and blue InGaN?"* quantum well (QW) LEDs (irradiated with
10-MeV protons) were also obtained from the | measurements due to lack of
7 data.

As demonstrated in Figure 26, the proton-radiation resistance in InN
(circles) surpasses that in GaAs-based LEDs (triangles and diamonds) and the
InGaN LED (squares). However, the degradation rates for InN samples with

different initial background electron concentration (Nf =0) are not unanimous:

higher Ne‘l’zocoincides with higher lifetime drop-off threshold. Such
discrepancy invites the speculation whether the apparent high damage
threshold in the studied InN would still manifest in a low-electron-
concentration InN. This notion could be examined by predicting the ¢

degradation curve for a hypothetical InN layer with Ned’ =0 =, provided the
same model ensures a good fit to the experimental data for the studied InN
samples (circles in Figure 26).
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Figure 26. Dependence of the normalized carrier lifetime on the displacement
damage dose in proton-irradiated InN samples (S1, S2) with different initial

background electron concentrations (circles, Nfzo indicated) and the
corresponding dependence previously obtained for bulk GaAs LEDs269.272
(triangles), InGaAs QW LED?Z° (diamonds), and blue InGaN QW LED?*
(squares). The opaque lines depict the carrier lifetime degradation curves
calculated for samples S1, S2, and a hypothetical zero-electron-concentration

InN (Nfz0 = 0). The vertical gray line indicates the upper limit of predicted
solar proton damage dose accumulated in InN in a year-long space mission.
Adapted from Paper E.

Since the lifetime in InN is governed by Auger recombination regardless
the origin of free carriers (as shown in Figure 25a and discussed above),
lifetime degradation can be described using Eq. (11). For InN data depicted
in Figure 26 (r extracted from tail transient components) the total electron
density N was expressed as:

N =N, =N+ N7 (9) (16)
where the insignificant photogenerated electron density term (AN) is
neglected, and the function of irradiation-dependent electron concentration
(Nf>°(¢)) is estimated from Figure 24b. Next, the Nf>°(¢>) term was

converted to Ne‘b >0 (Dq) using Eq. (15), and, finally, the dependence z(Dg) was
obtained. The 7(Dg) curves were calculated using the parameters
N" = 5x10% cm?, Co = 8x10"° cmf/s (evaluated from fits in Figure 25a and
Figure 21), zsrn = 5.4 ns (the longest reported carrier lifetime for InN22%), and

Hall-measured initial background electron concentration Nf =0 resulting in a
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good fit to the experimental data (see opaque lines for calculated curves and
circles for experimental data in Figure 26). With this simple model
corroborated, the degradation rate for a hypothetical zero-electron-density
InN layer is predicted (see opaque line for Ne‘”:0 = 0 in Figure 26): the
corresponding damage threshold is by an order of magnitude lower than that
in the studied InN samples. Nevertheless, the predicted threshold still exceeds
those in the compared semiconductors, thus reaffirming the high radiation
resistance in InN." This conclusion is also supported by a study on radiation
resistance in high quality (N;”:0 = 7x10% cm®) MBE-grown InN epilayer.?™
The PL intensity values reported therein endure 2 MeV proton irradiation at
fluences corresponding to Dy = 2x10%? + 1x10' MeV/g and do not violate
now-estimated lower limit of radiation resistance (data does not fall below the

Nfzo = 0 degradation curve). Such remarkable radiation hardness in InN
may be attributed to the absence of mid-gap irradiation-induced defects
contributing to SRH recombination.?"

To evaluate the radiation resistance in InN under the conditions
encountered in space, one can estimate the upper limit of solar proton damage
dose (D;yr) accumulated in InN in a year-long space mission. Such prediction
is made by integrating the product of the cumulative™ solar proton fluence
spectrum?4 and the energy-dependent NIEL function.?® The estimated D;yr
is equal to ~5x10° MeV/g (noted in Figure 26), which is substantially lower
than the corresponding z drop-off threshold, demonstrating that the proton
irradiation expected in space should not affect carrier dynamics in InN for
decades. This outstanding result highlights the potential of InN-based devices
for applications in the most severe radiation environments, such as those
encountered in the Jovian magnetosphere, during exceptional solar particle
events and exoatmospheric nuclear detonations.

' This conclusion holds (compared to rad-resistance in GaAs-based
semiconductors) even with the presumed rsrn lifetime in INN being equal to
1 ms — the value far exceeding that in typical GaAs samples.2””

™ The spectrum is predicted for the following conditions: proton energy range
—1 + 300 MeV; environment and distance from Sun — interplanetary space at
1 astronomical unit; mission duration — 1 solar active year; confidence level —

95%, i.e., there’s a 5% probability that the predicted cumulative fluence will
be exceeded in real-world conditions.
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Highlights

Carrier recombination and minority hole diffusion were studied in InN
epilayers irradiated with 1.4-MeV protons, replicating spacelike
radiation environment

At high irradiation levels (corresponding to high free electron
concentrations) carrier lifetime is governed by direct Auger
recombination described with the same coefficient, C = 8x10%° cm®/s,
as that for as-grown InN

Similarly to as-grown InN case, irradiated epilayers feature rapid
increase in hole diffusion coefficient with increasing electron density
(and proton fluence), reaching D values as high as 190 cm?/s

Carrier diffusion length varies insignificantly with proton irradiation
and does not decrease below ~140 nm; additionally, L exceeds light
absorption depth and thus would be sufficient for carrier extraction in
InN-based PV devices even in the most severe radiation environments

Displacement damage dose required for carrier lifetime deterioration
in InN exceeds that in the most rad-hard semiconductors and
corresponds to the radiation dose received in a decades-long space
mission

Key finding E

In proton-irradiated u-InN, displacement damage dose required for
carrier lifetime deterioration exceeds that in the most radiation-
resistant semiconductors; such rad-resistance originates from
relatively small impact of radiation-induced defects limited to that of
an electron source to the Auger process

Research opportunities

Study on carrier dynamics in proton-irradiated p-InN, nonpolar InN,
nanowire-InN, or in INN comprising all of these cases
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Santrauka
Jvadas

Siuo metu neorganiniy kristaliniy struktiry duomeny bazéje yra
uzregistruota daugiau nei 3000 unikaliy nitridiniy junginiy,'? i§ kuriy trys —
InN, GaN, AIN ir jy trinariai bei keturnariai analogai — yra susilauke zenklaus
tyrinétojy démesio. Pagrindiné pastaryjy nitridy patrauklumo priezastis yra
siejama su galimybe derinti jy draustiniy energijy tarpg itin plac¢iame energijy
intervale: pradedant IR diapazonu (nuo 0.65 eV InN junginyje) ir istisu
matomo spektro ruozu (InGaN junginiuose), ir baigiant UV sritimi (iki 6 eV
AIN junginyje). Si savybé leidzia III grupés nitridams vyrauti daugybéje
taikymy, pvz.: AlGaN sistema vaidina kertinj vaidmenj UV srities
optoelektronikoje; GaN palaipsniui tampa neatsiejama galios elektronikos
dalimi, lenkianc¢ia Si technologija tokiais parametrais kaip nasumas,
maksimali darbiné jtampa/daznis bei atsparumas jvairiems aplinkos
faktoriams (auksStoms temperatiiroms, ap$vitinimo lygiams ir t.t.); tuo tarpu
InGaN jau kurj laikg dominuoja puslaidininkinio ap$vietimo rinkoje,
orientuotoje j faktiskai nedegraduojancius Sviestukus matomos spinduliuotés
ruoze.

Nepaisant isskirtiniy nitridy savybiy, puoseléty deSimtmecius, ir gausos
taikymy, siekian¢iy milijonus vartotojy, nitridy vardas iki Siol buvo zinomas
tik industriniame ir akademiniame lygyje, priesingai nei silicio. Laimei, Siais
metais galio nitridas buvo pagaliau pastebétas ziniasklaidos milziny, tokiy
kaip The Verge, ir buvo pramintas ateities siliciu.> Tuo tarpu elektronikos
kompanijoms, tokioms kaip Anker, GaN vardas tapo jvaizdzio ir reklaminio
turinio dalimi, garsinanc¢ia ypa¢ mazus ir galingus GaN pagrindo jkroviklius
bei iSorines baterijas, skirtas kasdieniams mobiliesiems prietaisams.* Vis
délto $is nitridy vieSumo proverzis Zymi ne tik pozityvy jy atpazinima, bet ir
zenklia ~medziagos branda, tam tikry tyrimy stagnacija  bei
vykstancius/artéjan¢ius pokycius ateities studijose.

Tradiciniy III grupés nitridy technologinés brandos lygis neseniai buvo
jvertintas Tsao ir kt. tyréjy® remiantis Siais parametrais: (i) legiravimo
technologijos iSsivystymu; (ii) padékly dydziu/prieinamumu; ir (iii) gamybos
apimtimi/kaina, kurig lemia rinkos dydis. Pagal $ig klasifikacija GaN
junginys, tam tikros sudéties AlGaN (akcentuojami aliuminiu skurdiis
junginiai) ir InGaN (skirti mélyniems bei zaliems Sviestukams) yra laikomi
brandziais puslaidininkiais, tuo tarpu aliuminiu turtingi AlGaN junginiai,
AIN, didelés In dalies InGaN junginiai bei InN yra nebrandds.
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Brandzios medziagy sistemos atveju didzioji dalis baziniy medziagos
savybiy yra jau iStirta, o medziagy auginimo optimizavimas ir prietaisy
dizaino tobulinimas yra perduotas industriniam sektoriui. Akademinis
sektorius tuo tarpu tolsta nuo rutininiu medziagy charakterizavimu grjsty
tyrimy ir krypsta link novatorisky taikymy paieSky, daznai apjungianciy
kelias disciplinas. Tokios paieskos apima GaN mikroprocesoriy® ir neutrony
detektoriy’ atSiaurioms kosminéms aplinkoms vystyma; nitridiniy pavirsiy ir
sandiry, jungianCiy sintetines medziagas ir biologinius objektus,
nagrinéjimg;®® GaN fotocheminiy diody, skirty vandens molekuliy
skaidymui, vystyma;'° kambario temperatiroje vykstan¢ios vienfotonés
emisijos realizavimg pasitelkiant nitridiniy junginiy defektus;'* ar stebinanciy
savybiy, tokiy kaip deimantui prilyginamo atsparumo mechaniniam
poveikiui, atradimg.'

Technologiskai nebrandziy nitridiniy junginiy (tokiy kaip InN ar
aliuminiu turtingy AlGaN junginiy) atveju zinios apie bazines medziagos
savybes (tokias kaip kriivininky dinamikos ypatybés) yra tik pavirSinio lygio,
o §iy savybiy tyrimai — tik ankstyvojoje stadijoje ir salyginai reti. Si tyrimy
stoka, salygojanti vienas kitam priestaraujanciy rezultaty gausa, yra nulemta
daugelio persipynusiy veiksniy: sudétingo minétyjy medziagy auginimo,
zemos bandiniy kokybés, komplikuoty eksperimenty IR ir UV-C
spinduliuotés srityse ir proverzj skatinanéiy prietaisy, atradimy ar tiesiog
susidoméjimo stygiaus. Nepaisant §iy trikumy, maZiau brandis nitridiniai
junginiai islieka be galo vertingais tyrimy objektais, galimai slepianéiais
unikalias savybes $iuo metu esan¢iose charakterizavimo spragose.

Tikslas ir naujumas

Si disertacija yra sudaryta i§ grupés individualiy tyrimy, nagrinéjanciy
kriivininky dinamikos savybes jvairiuose III-N junginiuose (konkrec¢iau —
AlGaN, GaN ir InN), besiskirian¢iuose tiek sudétimi, tiek technologinés
brandos lygiu. Tiriant skirtingo technologinio issivystymo medziagas darbui
suformuluotas dvejopas tikslas:

Nebrandziy nitridiniy junginiy atveju siekiama uzpildyti
tuscias spragas baziniame krivininky rekombinacijos ir
difuzijos charakterizavime; tuo tarpu brandziy junginiy
atveju siekiama apibudinti sunkiau aptinkamus ir reciau
nagriné¢jamus reiskinius, tokius kaip rekombinacija skatintos
defekty reakcijos ar sandiiriné rekombinacija, bei jvertinti Siy
reiSkiniy vaidmenj esamuose taikymuose.
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I$ viso darbe yra pateikti penki unikalts tyrimai, sprendziantys penkis
individualiai reikSmingus uzdavinius.

Pirmasis tyrimas (skyrius A; paremtas straipsniu A) nagrinéja kriivininky
rekombinacijos savybes tiek aliuminiu skurdZiuose, tiek turtinguose AlGaN
sluoksniuose, ir apibiidina juose vykstanciy spinduliniy bei nespinduliniy
procesy evoliucijg keiciantis nepusiausviryjy kriivininky tankiui. Remiantis
dvejomis metodikomis — laikinés skyros dinaminiy difrakciniy gardeliy
(DDQG) ir laike integruotos fotoliuminescencinés spektroskopijos (FL) —
nustatomi iki Siol nezinoti spindulinés rekombinacijos koeficientai. Nors
tokio pobudzio charakterizavimas nebtty itin ypatingas InGaN junginiy
atveju, jis yra gan unikalus AlGaN tyrimy erdvéje, stokojancioje iSsamaus
kriivininky dinamikos savybiy aprasymo.

Antrasis tyrimas (skyrius B; paremtas straipsniu B) nagrinéja retai
akcentuojamg rekombinacija skatintos defekty reakcijos reiSkinj (angl.
Recombination-enhanced defect reactions, REDR) AlGaN junginiuose.
REDR efekta galima buty apibiidinti kaip tam tikrg neterminio defekty
atkaitinimo formg, aktyvuojama nespindulinés nepusiausviryjy krivininky
rekombinacijos esant ypa¢ aukstiems kriivininky tankiams. Siame darbe
tiriamuose AlGaN sluoksniuose tokie auksti kriivininky tankiai pasiekiami
sluoksnius ~ fotomodifikuojant, t.y., apSvieCiant intensyvia lazerine
spinduliuote.

Istoriskai, REDR efektas buvo stebétas faktiskai visuose technologiskai
svarbiuose puslaidininkiuose, ir buvo kaltinamas dél daugybés prietaisy
degradacijos. Nitridiniuose junginiuose REDR reiskinys buvo identifikuotas
tik kelis kartus, ir buvo susietas su nespindulinés rekombinacijos centry
generacija. Siame tyrime yra siekiama rasti fotomodifikuojamos medziagos
parametrus, kontroliuojan¢ius REDR indukuoty rekombinacijos centry
pricauglj, ir lemiancius junginio jautruma fotomodifikacijai. Papildomai,
tyrime yra nagrinéjama fotomodifikacijos jtaka kruvininky difuzijai, ir yra
atskleidziamas netikétas rezultatas — kriivininky difuzijos koeficiento ir
difuzijos ilgio padidé¢jimas fotomodifikuotuose bandiniuose.

Trediasis tyrimas (skyrius C; nepublikuota) nagrinéja kriivininky
dinamikos procesus jprastose AlGaN/GaN heterosandirose. Tokiose
heterostrukturose padéklas ar apatinis sluoksnis turéty riboti virSutiniy
sluoksniy kokybe ir lemti iStiso prietaiso veikimg, tuo tarpu virSutinis
sluoksnis turéty pasyvuoti po juo esantjjj ir sumazinti sanddrinés
rekombinacijos greitj. Vis délto, Siame tyrime yra stebima nejprasta
atvirkstiné tendencija: virSutinio AlGaN barjero indukuota sandiiros kokybés
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degradacija ir nespindulinés rekombinacijos spartos augimas apatiniame GaN
buferyje. Tyrimas atskleidzia sandiring rekombinacija esant vienu
svarbiausiy kriivininky Zziities mechanizmy, tam tikrais atvejais ribojanciu
prietaiso na§uma. Sie rezultatai idryskina netikétai Zalingg pasyviy elementy
itaka nitridiniuose prietaisuose, ir akcentuoja, kad pastarieji elementai
neturéty biiti ignoruojami tolesniame prietaisy vystyme.

Ketvirtasis tyrimas (skyrius D; paremtas straipsniu D) nagrin¢ja bazines
kravininky rekombinacijos ir difuzijos savybes MOCVD (angl. metalorganic
chemical vapor deposition) ir MBE (angl. molecular beam epitaxy) btdais
uzaugintuose InN sluoksniuose su skirtingomis pusiausviryjy elektrony
koncentracijomis. Kraivininky rekombinacijos atveju darbas patikimai nustato
dominuojantj (ir moksling bendruomeng¢ polemizuojantj) rekombinacijos
mechanizma. Kravininky difuzijos atveju tyrimas atskleidZia nepaprastai
auksStus Salutiniy skyliy difuzijos koeficientus iki Siol nenagrinétame
kriivininky tankiy diapazone. Remiantis Siais duomenimis tyrimas jvertina
MOCVD btadu auginty InN junginiy panaudojimo galimybes
fotoelektriniuose prietaisuose. Lyginant su kitais darbais $is tyrimas iSsiskiria
didele bandiniy imtimi ir pritaikytu femtosekundinés skyros DDG metodu,
leidzianciu stebéti $alutiniy krivininky dinamikos procesus, nepasiekiamus
tipiniais Sios tyrimy srities eksperimentais.

Penktasis tyrimas (skyrius E; paremtas straipsniu E) nagrinéja ypatingai
dideliy jtékiy protony apSvitinimo (energetiSkai analogiSsko natiraliai
kosminei spinduliuotei) jtakg krivininky dinamikai InN junginiuose, jvertina
INN atsparuma apS$vitinimui, ir palygina §j jvert] su kity puslaidininkiy
atsparumais bei su ap$vitinimo doze, akumuliuojama deSimtmecius
trunkancioje kosminéje misijoje.

Dabartiniy kosminiy misijy trukmé paciose atSiauriausiose radiacinése
aplinkose yra stipriai ribojama fotoelektriniy prietaisy, grijsty tradiciniais
ap$vitinimui neatspariais puslaidininkiais. Dél pastarosios priezasties ir dél
Siuo metu atgimstanéiy kosmoso tyringjimy, vystomy tiek valstybinio, tiek
komercinio sektoriy iniciatyva, apsvitinimui atspariy puslaidininkiy poreikis
spar¢iai auga. Sio poreikio jkvéptas yra ir penktasis tyrimas, atskleidziantis
InN junginj kaip nepaprastai atspary kosminei spinduliuotei puslaidininkj.
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Ginamieji teiginiai

Teiginys A: AlGaN junginiuose nepusiausviryjy kraivininky tankiui esant
mazesniam uz ~10° cm® vidinis kvantinis nasumas didéja tiek kylant
kriivininky tankiui, tiek Al daliai dél spartéjancios spindulinés kriivininky
rekombinacijos; priesingame krivininky tankiy sparne stebimas naSumo
krytis, indukuojamas nespindulinio kanalo spartéjimo (valdomo kravininky
tankio prieaugiu) ir spindulinio kanalo gesimo (valdomo fazinés erdvés
pildymu)

Teiginys B: AlGaixN junginiy (x~0.2 +0.7) fotomodifikacija ties itin
aukstu kriivininky tankiu (6x10%° + 3.7x10%° cm®), fotogeneruotu intensyvia
impulsine lazerine spinduliuote, gali paspartinti nespinduling kriivininky
rekombinacija ir difuzija; Siy pokyciy amplitudé priklauso nuo
fotomodifikacijos impulsy skaiéiaus, fotogeneruoto kriivininky tankio ir Al
dalies AlGaN junginyje

Teiginys C: AlGaN/GaN heterosandiiros virSutiniame AlGaN barjere esantys
defektai turi jtakos apatinio GaN sluoksnio kriivininky dinamikos savybéms:
defektams bloginant barjero kokybe sandarinés rekombinacijos greitis didéja,
0 sandiirinés rekombinacijos mechanizmas tampa dominuojanciu

Teiginys D: Kravininky dinamikos savybés u-InN junginiuose yra stipriai
susietos su suminiu elektrony tankiu (atitinkan¢iu pusiausviruosius ir
nepusiausviruosius elektronus): elektrony tankiui virijus ~5x10' cm?,
difuzijos koeficientas didéja sparciau nei tiesiskai, 0 kriivininky gyvavimo
trukmé mazéja; pastarasis mazéjimas yra kontroliuojamas tiesioginés Ozé
rekombinacijos ir fazinés erdvés pildymo efekty

Teiginys E: u-InN junginiy atsparumas ap$vitinimui protonais (vertinamas
kriivininky gyvavimo trukmés pokyciu) vir§ija daugumos analogisSky
puslaidininkiniy; to priezastis yra sglyginai maza apSvitinimo indukuoty
defekty jtaka kravininky rekombinacijos procesams: pastarieji defektai téra
elektrony $altinis OZé rekombinacijos kanalui
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Eksperimenty aprasas
Bandiniai

Siame darbe tirti AIGaN ir InN bandiniai bus identifikuojami pasitelkiant
kelis paprastus parametrus: Al moline dalj junginyje (x), kravininky
lokalizacijos gylj (o), t.y., buseny tankio (juostos kraste), apraSomo Gausiniu
pasiskirstymu, standartinj nuokrypi, ir pusiausviryjy kriivininky koncentracija
(Ne). Sie parametrai ir kitos bandiniy savybés, tokios kaip sluoksnio storis ar
buferio biivis (yra/néra), bei kelios auginimo detalés yra pateiktos lentelése 1
ir 2, atitinkamai skirtose AlGaN ir InN bandiniams.

AlxGai1.«N/GaN heterosandiiros buvo uzaugintos ant ¢ plokstumos safyro
padékly MOCVD budu. 130300 nm storio Al,GaixN barjerai buvo
uZauginti esant tai paciai temperatiirai (1090 °C) ir tam paciam tri-metil-
aliuminio (TMAI) dujy srautui (1.21x10° mol/min); barjero Al molin¢ dalis
buvo kei¢iama varijuojant tri-metil-galio (TMGa) srautg (nurodyta lenteléje
1). Siekiant uzauginti skirtingos struktiirinés kokybés barjerus buvo
varijuojamas ir amoniako srautas. Tokiu biidu buvo gauti trys bandiniy
rinkiniai, iSsiskiriantys tiek bandiniy kokybe (rinkinio viduje), tiek vidutine
Al koncentracija (tarp rinkiniy), siekian¢ia x = (0.13, 0.2 ir 0.34); santykinis
x nuokrypis rinkinyje — <10%. PrieSingai barjery atvejui, 4 um storio GaN
buferiy auginimo salygos nebuvo varijuojamos: temperatiira buvo lygi
T=1080°C, TMGa srautas — 1.77x10“*mol/min, o NHs; srautas —
0.232 mol/min. Visi aptarti AlxGa;xN/GaN bandiniai buvo pasitelkti tiriant
krivininky dinamikos savybes AlGaN/GaN sandirose (Skyrius C); keli
AlGaN barjerai taip pat buvo panaudoti tiriant kriivininky rekombinacijos
savybes (skyrius A) ir fotomodifikacijos reiskinj (skyrius B) AlGaN
junginiuose.

700 nm storio Alp.4sGagsaN sluoksnis buvo uzaugintas ant ¢ plok§tumos
AlN/safyro Sablono MOCVD budu ties T=1090°C temperatiira ir
3.23x10° mol/min  TMAI srautu. Sis bandinys buvo pasitelktas tiriant
fotomodifikacijos reiskinj AlGaN junginiuose (Skyrius B).

Like ~1 pm storio Al turtingi (x> 0.48) AliGai.xN sluoksniai buvo
vuzauginti MEMOCVD budu (angl. migration-enhanced metalorganic
chemical vapor deposition) ant ¢ plokstumos AIN/safyro 3ablony. Sie
bandiniai buvo pasitelkti tiriant kriivininky rekombinacijos savybes (SKyrius
A) ir fotomodifikacijos reiskinj (skyrius B) AlGaN junginiuose.
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Lentelé 1. Disertacijoje tirty AlGaN sluoksniy/barjery elektriniai parametrai ir
auginimo detalés.

Bandinys o Auginimo TMGa NH3
(meV) metodas (mol/min) (mol/min)

Alo.11Gao.soN/GaN MOCVD 1.25x10* 0.223
Alo.12Gao.ssN/GaN MOCVD 1.25x10* 0.179
Alo.13Gao.s7N/GaN MOCVD 1.25x10* 0.134
Alo.14Gao.ssN/GaN 13 MOCVD 1.25x10* 0.089
Alo.19GaosiN/GaN MOCVD 7.76x10° 0.112
Alo.20Gao.s0N/GaN 21 MOCVD 7.76x10°  0.089
Alo21Gao.79N/GaN MOCVD 7.76x10° 0.067
Alo.32Gao.ssN/GaN MOCVD 3.84x10° 0.112
Alo.33Gao.s7N/GaN 30 MOCVD 3.84x10° 0.089
Alo34GaoesN/GaN MOCVD 3.84x10° 0.067
Alo.ssGao.esN/GaN MOCVD 3.84x10° 0.045
Alo.3sGao.s2N/GaN MOCVD 3.84x10° 0.022
Alo.4sGao.ssN MOCVD 6.65x10° 0.179
Alo.4sGao.s2N 45 MEMOCVD

Alo.soGao.4oN 48 MEMOCVD

Alo.soGao.4oN 57 MEMOCVD

Alo.s0Gao.4oN 60 MEMOCVD

Alo.s0Gao.4oN 60 MEMOCVD

Alo.s4Gao.3sN 34 MEMOCVD

Alo.esGao.3sN 50 MEMOCVD

Alo.ssGao.32N 65 MEMOCVD

Alo.71Gao.29N 50 MEMOCVD

Ploni (30 — 400 nm) InN sluoksniai (sudarantys 21 bandinio rinkinj; Zr.
lentelg 2) buvo uzauginti MOCVD biidu ant ¢ plokStumos GaN/safyro
Sablony arba tiesiogiai ant safyro padékly. Sluoksniai buvo auginami ties
pastovia arba auginimo metu tolygiai keliama temperattra (570 —630 °C
intervale). Prekursoriy tiekimas buvo pasirinktinai nuolatinis arba impulsinis.
Kaip yra jprasta InN junginiams, tikslingai nelegiruoty sluoksniy laidumas
buvo n tipo (placiau apie tai — Box D. Control of background electron
concentration intarpe); pusiausviryjy elektrony koncentracija juose sieké nuo
6x10'® cm= iki 5x10%° cm (jvertinta Holo metodu). Visi pastarieji bandiniai
buvo pasitelkti tiriant krivininky dinamikos savybes InN sluoksniuose
(skyrius D). Analizuojant protony apsvitinimo jtakg kravininky dinamikos
savybéms (skyrius E) i§ pastarojo bandiniy rinkinio buvo pasitelkti trys
sluoksniai (S1, S2 ir S3; jvardinti lentel¢je 2), besiskiriantys struktiirine
kokybe ir pusiausviryjy elektrony koncentracija.
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Lentelé 2. Disertacijoje tirty InN sluoksniy elektriniai parametrai ir auginimo
detalés.

# Ne Storis Buferis Metodas Prekurs. Aug.T
(cm3) (nm) tiekimas
5.1x10 300 v MOCVD impulsinis  pastovi
4.7x10® 300 v MOCVD impulsinis  pastovi
4.7x10* 300 v MOCVD impulsinis  pastovi
4.5x10°® 300 v MOCVD impulsinis  pastovi
4.4x10% 300 v MOCVD impulsinis  pastovi
4.2x10* 300 v MOCVD impulsinis  pastovi
3.5x10'° 26 v MOCVD impulsinis  kylanti

S2  (3.4/5.9)x 300 v MOCVD impulsinis  pastovi
1019
3.1x10%° 300 v MOCVD impulsinis  pastovi
3.0x10* 79 v MOCVD impulsinis  kylanti
2.3x10'° 300 v MOCVD impulsinis  pastovi
2.3x10'° 300 v MOCVD impulsinis  pastovi
1.5x10°® 158 v MOCVD impulsinis  kylanti

S3  (1.3/1.9)x 390 x MOCVD nuolatinis  pastovi
1019
1.1x10°® 326 v MOCVD nuolatinis  kylanti
9.0x10'8 300 v MOCVD impulsinis  kylanti
8.8x1018 236 v MOCVD impulsinis  kylanti

S1 (8.0/13)x 300 v MOCVD impulsinis  kylanti
1018
6.8x1018 315 v MOCVD impulsinis  kylanti
6.8x1018 315 v MOCVD impulsinis  kylanti
6.2x108 394 v MOCVD impulsinis  kylanti
1.4x1018 2300 v MBE

Storiausias (2.3 um) ir auk3¢iausios kokybés (Ne=1.4x10%cm?3)
disertacijoje tirtas InN sluoksnis buvo uzaugintas RF-PAMBE budu (angl.
radio frequency plasma-assisted MBE) ant ¢ plokstumos safyro padéklo. Sis
bandinys buvo pasitelktas kravininky dinamikos savybiy tyrime (skyrius D).

Metodai

Didzioji dalis disertacijoje atlikty eksperimenty yra paremti bekontak¢iais
optiniais metodais: fotoliuminescencinés spektroskopijos (kvazinuostoviyjy
salygy bei laikinés skyros) ir dinaminiy difrakciniy gardeliy.

Kvazinuostoviyju salygu fotoliuminescencinés spektroskopijos
metodika buvo pritaikyta tiriant fotomodifikacijos reiskinj (skyrius B), bei
vertinant vidinj kvantinj naSuma (skyrius A) ir kriivininky lokalizacijos gylj
(skyriai A ir B; o vertés pateiktos lenteléje 1) AlGaN junginiuose.
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Lokalizacijos gylio parametras buvo nustatytas i§ FL spektro smailés
temperatiirinés priklausomybés remiantis Eliseev modeliu® (detalus metodo
apraSymas pateiktas Quasi-stationary photoluminescence spectroscopy
skyriuje). Bandiniy Zadinimui buvo panaudotas impulsinis (impulso trukmé —
4 ns) YAG:Nd lazeris (Ekspla), veikiantis 10 Hz dazniu. Zadinimo bangos
ilgis buvo pasirinktas atsizvelgiant i Al moling dalj AlGaN sluoksniuose:
x <0.33 Al dalies junginiai buvo zadinami 266 nm spinduliuote (IV lazerio
harmonika), tuo tarpu x > 0.48 atitinkantys junginiai — 213 nm spinduliuote
(V harmonika).

Laikinés skyros fotoliuminescencinés spektroskopijos metodas buvo
pritaikytas tiriant krivininky rekombinacijos savybes AlGaN/GaN sandiiroje.
Bandiniy Zadinimui buvo panaudotas trumpy impulsy (impulso trukmé —
25ps) YAG:Nd lazeris (Ekspla), veikiantis 10 Hz dazniu. Selektyviam
barjero/buferio zadinimui buvo pasitelkta 266/355 nm spinduliuoté. Skirtingo
bangos ilgio impulsai taip pat buvo pasitelkti buferio Zadinimo gyliui keisti.
Siy matavimy rezultatai yra pateikti i§skirtinai Chapter C: Carrier dynamics
in AIGaN/GaN interface skyriuje.

Sviesa indukuoty dinaminiy difrakciniy gardeliy metodas buvo
pritaikytas tiriant krtivininky dinamikos procesus tiek InN, tiek GaN ir AlGaN
junginiuose. Sie eksperimentai sudaro didziausia darbe atlikty matavimy dalj,
0 jy rezultatai formuoja kiekvieno disertacijos skyriaus pamata.

DDG eksperimentas yra pagrjstas dviejy koherentiniy Zadinimo
pluosteliy, susikertanciy kampu © ties bandinio pavirSiumi, interferencija,
indukuojan¢ia nepusiausviryjy kravininky tankio erdving moduliacijg periodu
A=2/(2sin®/2), kur A yra zadinangiojo pluostelio bangos ilgis. Si
kriivininky tankio moduliacija salygoja medziagos lizio rodiklio moduliacija,
kurios amplitudé yra proporcinga nepusiausviryjy kravininky tankiui (AN).
Pastaroji 1dzio rodiklio moduliacija atitinka dinamine difrakcing gardele,
yrancia dél dviejy procesy: kriuvininky rekombinacijos ir difuzijos.
Eksperimento metu dinaminés difrakcinés gardelés irimas yra stebimas
detektuojant treciojo, zonduojancio pluostelio — vélinamo ir nesugeriamo
medziagoje — difragavusia komponente.

Dinamingés gardelés irimo trukmé (zg) yra jvertinama remiantis funkcija
n < exp(—2t/tg), kur » yra difrakcijos efektyvumas — difragavusios ir
pragjusios zonduojancio pluostelio komponenciy [intensyvumy] santykis.
Nepusiausviryjy kravininky rekombinacijos trukmé (z) ir ambipolinis
difuzijos  koeficientas (D) yra nustatomi  remiantis  lygtimi

1 [t = 1+ 4m?D / 42 Kur 7 yra gardeles periodo A funkcija. Issamus (bei
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iliustruotas) krtavininky dinamikos parametry 7 ir D nustatymo DDG metodu
aprasas ir kiti DDG eksperimento ypatumai yra pateikti Light-induced
transient gratings skyriuje.

AlGaN ir GaN bandiniy zadinimui buvo panaudotas trumpy impulsy
(impulso trukmé — 25 ps) YAG:Nd lazeris (Ekspla), veikiantis 10 Hz dazniu.
GaN buferiy AIGaN/GaN heterostruktiirose zadinimui buvo pasitelkta III
lazerio harmonika (atitinkanti 355 nm bangos ilgio impulsus), AlGaN
sluoksniy su Al kiekiu x<0.38 zadinimui — IV harmonika (266 nm), o
sluokshiy su x > 0.46 Zadinimui — V harmonika (213 nm). Fotomodifikacijos
reiSkinio tyrime visi bandiniai buvo Zzadinti V lazerio harmonika nepaisant

junginiy sudéties. Bandiniy zondavimui buvo pasitelkta I harmonika
(1064 nm).

InN bandiniy Zadinimui buvo panaudotas ultratrumpy impulsy (impulso
trukmé — 250 fs) Pharos lazeris (Sviesos konversija), veikiantis 30 kHz
dazniu. I lazerio harmonika (1030 nm) buvo pasitelkta zadinti tiek bandinius,
tiek Orpheus optinj parametrinj stiprintuva (Sviesos konversija), tuo tarpu
pastarojo stiprintuvo generuojama 2400 nm bangos ilgio spinduliuoté atliko
zonduojancio pluostelio vaidmenj. Detalus AlGaN/GaN ir InN bandiniams
skirty DDG eksperimento sistemy techninis aprasas yra pateiktas Light-
induced transient gratings skyriuje.
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Skyrius A: Kravininky rekombinacija AlGaN junginiuose

Siame skyriuje yra nagrin¢gjami spinduliniai ir nespinduliai
rekombinacijos procesai plac¢iame kriivininky tankiy diapazone jvairios
sudéties AlGaN sluoksniuose. Vertingiausias tyrimo rezultatas — iki $iol
nezinoty bimolekulinés rekombinacijos koeficiento (B) verciy atskleidimas ir
prigimties apraSymas. Sis rezultatas yra pasiektas apjungiant DDG ir
kvazinuostoviyjy salygy FL eksperimentus, taip iSvengiant duomeny
neapibréztumo ir dviprasmiskumo.

DDG metodu jvertinty bimolekulinés rekombinacijos koeficiento ir
Soklio-Rydo-Holo (SRH) nespindulinés rekombinacijos trukmés (zsr; detali
jvertinimo procediira apraSyta Evaluation of recombination coefficients
skyriuje) priklausomybés nuo AlxGai«N sluoksniy sudéties yra pateiktos Pav.
1: tiek SRH, tiek bimolekulinés rekombinacijos sparta auga didéjant Al
molinei daliai, x, junginyje.

0.9t 110
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Pav. 1 Nespindulinés rekombinacijos trukmés rsrn (melyni staciakampiai) ir
bimolekulines  rekombinacijos  koeficiento B  (rausvi  apskritimai)
priklausomybés nuo Al molinés dallies AlGaN junginiuose. Adaptuota pagal
straipsnj A.

SRH rekombinacijos atveju, zsry trukmés mazéjima nuo ~0.8 iki 0.4 ns
(Al daliai augant x=0-+0.7 intervale) galima apibudinti dvejomis
tendencijomis: staigiu kritimu mazy Al kiekiy srityje (X < 0.3), ir jsisotinimu
dideliy x diapazone. Siy tendencijy buvimg lemia skirtingas kriivininky
lokalizacijos laipsnis: Al skurdzioje srityje zsrn trukmé apibiidina laisvyjy
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kriivininky  rekombinacijos  sparta, jautria defekty (nespindulinés
rekombinacijos centry) koncentracijos pokyciams; tuo tarpu Al turtingoje
srityje zsry apraso lokalizuoty kriivininky rekombinacija, silpniau pavaldzig
defekty koncentracijos svyravimams. Krivininky lokalizacijos gylio o
didéjimas augant Al kiekiui AIGaN junginyje yra matomas lenteléje 1.

Bimolekulinés rekombinacijos atveju, netiesinés rekombinacijos
koeficientas B padidéja nuo 1x10*! iki 9x10* cm3/s Al koncentracijai x
pakilus nuo 0 iki 0.7. DDG metodu nustatyta B koeficientg laikant i$skirtinai

BN
A+BN
pagalba galima jvertinti vidinj kvantinj nasuma (IQE); ¢ia, A = 1/zsru. Siuo

spindulinés rekombinacijos koeficiento atitikmeniu, lygties IQE =

biidu nustatyty IQE verciy priklausomybé nuo AlGaN junginiy sudéties ties
mazu kriivininky tankiu (AN = 3x10'® cm®) yra pateikta Pav. 2 (rausvi
apskritimai): jame stebimas IQE augimas kylant Al koncentracijai. Panasi
tendencija yra gaunama IQE vertes nustatant ir kitokiu — FL metodu (vertés
pazymeétos mélynais sta¢iakampiais Pav. 2), kuris remiasi IQE prilyginimu FL
intensyvumy ties 300 K ir 8 K temperatiromis santykiui (tariama, kad
IQE = 100% ties 8 K).

16
14
12
10

8 FL

O

IQE (%)

oN O

E ii ® DDG

0 10 20 30 40 50 80 70
Al dalis (%)

Pav. 2. Vidinio kvantinio nasumo ties AN = 3x10'® cm2 nepusiausviryjy
kravininky tankiu priklausomybé nuo Al koncentracijos AlGaN junginyje. IQE
vertés nustatytos FL (mélyni stadiakampiai) ir DDG (rausvi apskritimai)
eksperimentais. Adaptuota pagal straipsnj A.

Situacija auksty kravininky tankiy srityje yra kitokia: FL ir DDG metodais
nustatyty IQE verciy priklausomybés nuo AN nebesutampa (zr. Pav. 3). DDG
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atveju (rausvi apskritimai), IQE vertés tolygiai didéja kylant AN, ir artéja link
100% ribos. FL atveju (mélyni staciakampiai), IQE(AN) priklausomybé
patiria nasumo krytj. Atsizvelgiant j tai, kad FL biidu uzfiksuota IQE(AN)
priklausomybé yra pagrista tiesioginiu liuminescencijos krycio stebéjimu,
kitokia DDG metodo IQE(AN) tendencija vercia abejoti pastarosiomis IQE
vertémis ir joms nustatyti pasitelktais bimolekulinés rekombinacijos
koeficientais. Galimai, DDG badu jvertintas B koeficientas atspindi ne tik
spindulinius rekombinacijos procesus, bet ir netiesinius nespindulinius,
nezymius mazy krivininky tankiy srityje, bet itin sparcius ties aukstais AN.

100¢ DDG
l
[ ]
S me
L
g 10} FL

AN (cm™)

Pav. 3. Vidinio kvantinio naSumo, jvertinto FL (mélyni staCiakampiai) ir DDG
(rausvi apskritimai) metodais, priklausomybé nuo nepusiausviryjy kravininky
tankio Alo.4sGaos2N junginyje. Mélyna kreivé apskaiCiuota remiantis iSraiSka
IQE = B,qqu(N)N/{A + [Byaq(N) + B,,.(N)]N}. Adaptuota pagal straipsnj A.

Netiesinés rekombinacijos koeficientams B pakoreguoti — juose slypinéiy
spindulinio ir nespindulinio sandy evoliucijai kintant AN apibudinti — buvo
pasitelkta IQE = % iSraiska, kuria aprasoma IQE(N) kreivé buvo
sutapatinta.  su FL  IQE  eksperimentinémis  vertémis;  Cia,
B = Brad(N) + Bne(N) = const — naujoji B koeficiento israiska, talpinanti
spindulinj, Brd(N), ir nespindulinj, Bn(N), sandus. Brg(N) funkcijai apradyti
pasitelkta Brad(N) = Brago/(1 + N/N”) israiska,'?*'? apibiidinanti spindulinés
bimolekulinés rekombinacijos virsmg monomolekuline dél kriivininky
i§sigimimo — fazinés erdvés pildymo; ¢ia, Brago yra pradinis spindulinés
rekombinacijos koeficientas, atspindintis Byag ties mazu kriivininky tankiu, ir
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prilygintas Pav. 1 pavaizduotoms B vertéms; N* yra tapatinimo parametras,
aprasantiS junginiui budinga krivininky tankj, ties Kuriuo Brag = 0.5Brado.
Siame tyrime N* parametras taip pat vaizduoja riba, kuria virsijus By sandas
tampa dominuojanciu. Pavyzdinio Alo.4sGaos2N bandinio atveju, IQE krycio
kreivé, apskaiciuota remiantis naujaja IQE israiska, atitinka eksperimentinius
duomenis geriausiai su N"=3x10* cm™® parametru (zr. mélyng kreive ir
statiakampius Pav. 3). N” vertés likusiems bandiniams (kartu su By vertémis
ties aukstu tankiu, AN = 1x10%° cm3) yra pateiktos Pav. 4.

1 4n-10
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Pav. 4. Charakteringo kravininky tankio N* (rausvi staCiakampiai) ir netiesinés
nespindulinés rekombinacijos koeficiento Bnr (violetiniai apskritimai)
priklausomybés nuo Al koncentracijos AlGaN junginiuose; Bnr vertés atitinka
AN = 1x102° cm-3 nepusiausviryjy kravininky tankj.

Kaip matyti Pav. 4, N" kriivininky tankis maz&ja, o By koeficientas didéja
kylant Al koncentracijai AlGaN junginiuose. Tai reiskia, kad netiesinés
nespindulinés rekombinacijos kanalo aktyvavimo slenkstis mazéja, o sparta
didéja (ties fiksuotu AN), atitinkamai; Sias tendencijas galimai lemia Reduced
effective volume reiskinys,'?® detaliai apraytas Recombination trends
skyriuje.

Reziumuojant galima pasakyti, kad netiesinius spindulinés bei
nespindulinés rekombinacijos procesus AlGaN junginiuose stipriai lemia
junginiy sudétis ir nepusiausviryjy kriivininky tankis; $iems procesams
apraSyti pakanka DDG ir FL metodais jvertinty B (Pav. 1) ir N* (Pav. 4)
parametry rinkinio (AN = 10'® = 10%° cm® ir x = 0 + 0.7 diapazonuose).
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Skyrius B: AlGaN junginiy fotomodifikacija

Siame skyriuje nagringjamos  kriivininky  dinamikos  savybés
fotomodifikuotuose — apsvitintuose itin intensyvia lazerine spinduliuote —
AlGaN sluoksniuose. Pastarojo apsvitinimo indukuotiems pokyc¢iams
paaiskinti pasitelkiama REDR efekto (angl. recombination-enhanced defect
reactions) interpretacija. REDR — tai atomy migracijos ar defekty
transformacijos (difuzijos, disociacijos, generacijos ar anihiliacijos)
mechanizmas,  aktyvuojamas  vibracinés  energijos,  atpalaiduotos
nespindulinés nepusiausviryjy krivininky rekombinacijos metu, pagalba.'*-
Bl REDR efektas pasireiskia bene visuose technologiskai svarbiuose
puslaidininkiuose, o jo padariniai apsunkina daugelio puslaidininkiniy
prietaisy degradacijos uzdavinj. Nepaisant to, nitridiniy junginiy erdvéje
REDR mechanizmo tyrimai yra nepaprastai reti, o pats mechanizmas —
nejsisavintas ir nepazabotas.

Siame tyrime AlGaN sluoksniai buvo fotomodifikuojami kambario
temperatiiroje pasitelkiant impulsing (impulso trukmé — 25 ps, daznis —
10 Hz) 213 nm bangos ilgio lazerio spinduliuotg, bandinyje sugeriama
tarpjuostiniu biidu. Fotomodifikacijos trukmé buvo matuojama impulsy
skai¢iumi; impulsu generuojamas nepusiausviryjy krivininky tankis
(fotomodifikacijos kriivininky tankis, Nmod) buvo kontroliuojamas keiciant
spinduliuotés intensyvumga. Fotomodifikacijos jtaka kriivininky dinamikos
savybéms buvo vertinama DDG metodu ties saugiu nepusiausviryjy
kriivininky  tankiu, Nppg = 3x10" cm™. Papildomai, bandiniai buvo
fotomodifikuojami ilgesniais — 4ns — impulsais, ir charakterizuojami
kvazinuostoviyjy salygy FL metodu; Sie rezultatai disertacijos santraukoje
néra pateikiami.

Normuoto difrakcijos efektyvumo, 7, ir SRH tipo nespindulinés
rekombinacijos trukmés, 7srH, priklausomybés nuo fotomodifikacijos
kriivininky tankio Nmea yra pateiktos Pav. 5. Sios priklausomybés nustatytos
fotomodifikuojant jautriausia bandinj, Alo71Gao2oN (jautrumo tendencijos
aprasytos toliau); kiekvienas duomeny taskas atitinka 1600 impulsy trukmés
fotomodifikacijg, atlikta prie§ tai nemodifikuotame bandinio plotelyje; #
efektyvumas buvo vertinamas ties DDG kinetikos piku. Kaip matyti
paveiksle, # ir zsrn parametrai mazéjo didinant Nmod panaSiomis spartomis
(pvz., ties Nimod = 3x10%° cm™ abu parametrai sumazéjo ~50%). Pastarasis
mazéjimas buvo aktyvuotas virSijus tam tikrg Nmea slenkstj; Alo71Gag20N
bandinyje §is slenkstis buvo lygus Nmed = 6x10' cm™, tuo tarpu kituose
bandiniuose — aukstesnis. Koreliacija tarp #(Nmod) if zsrr(Nmod) tendencijy yra
nulemta tiesioginés # priklausomybés nuo zsrn; $i koreliacija leidZia naudotis
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lengvai iSmatuojamu # parametru kaip fotomodifikacijos indukuoto
nespindulinés rekombinacijos spartos pokyc¢io rodikliu. Nespindulinés
rekombinacijos trukmé, savo ruoztu, mazéjo didinant Nmea dél augancios
defekty, generuojamy REDR biidu, koncentracijos.!?®

11¢
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Pav. 5. Normuoto difrakcijos efektyvumo n ir nespindulinés rekombinacijos
trukmés r1sru priklausomybés nuo fotomodifikacijos kravininky tankio Nmod
Alo.71Gao29N junginyje, fotomodifikuotame 1600 lazerio impulsais. Adaptuota
pagal straipsnj B.

Fotomodifikacijos poveikio amplitude valdantiems parametrams nustatyti
buvo fotomodifikuojami jvairiy charakteristiky AlGaN bandiniai: difrakcijos
efektyvumo priklausomybés nuo fotomodifikacijos trukmés skirtingos
sudéties, bet tapaciai fotomodifikuotuose junginiuose yra pateiktos Pav. 6;
Cia, kiekvienas taSkas atitinka fotomodifikacijg ties Nmoa =2x10%° cm™
kriivininky tankiu. Paveiksle matyti stipri Al koncentracijos jtaka bandiniy
jautrumui — nespindulinés rekombinacijos trukmeés krytis yra didziausias Al
turtinguose junginiuose. Tq lemia dideliy krivininky tankiy srityje vyraujanti
itin sparti netiesiné nespinduliné kriivininky rekombinacija (apibiidinama By
koeficientu), labiausiai iSreikSta aukstos Al koncentracijos bandiniuose (Zr.
Pav. 4). Si sparti rekombinacija salygoja daugybés kriivininky Zatj, gausy
REDR reakcijy kieki ir didel] REDR generuoty defekty — SRH
rekombinacijos centry — prieaugj. Kity parametry (tokiy kaip termalizacijos
energija ar pradiné rspy trukmé) jtaka fotomodifikacijos baigéiai yra
aptariama The procedure and the aftermath skyriuje.
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Pav. 6. Normuoto difrakcijos efektyvumo priklausomybé nuo fotomodifikacijos
trukmés jvairios sudéties AlGaN sluoksniuose, fotomodifikuotuose ties
Nmod = 2x102° cm-2 krlvininky tankiu. Adaptuota pagal straipsnj B.

Fotomodifikacija turéjo jtaka ne tik kriivininky rekombinacijai, bet ir
difuzijai. Pastarasis efektas yra matomas Pav. 7 pateiktose kreivése: difuzijos
koeficiento, D, ir efektyvios rekombinacijos trukmés, 7z, priklausomybése
nuo fotomodifikacijos impulsy skaiCiaus Alo4sGaos2N  junginyje,
fotomodifikuotame  ties  Nmoa = 2x10*° cm™  kriivininky  tankiu.
Rekombinacijos trukme atitinkanti priklausomybé atkartoja Pav. 6 pateiktas
tendencijas — 7 tolygiai mazéja ilgéjant fotomodifikacijai. Skirtingai nuo
krivininky rekombinacijos, fotomodifikacijos poveikis difuzijai néra
monotoniskas: trumpy fotomodifikacijy srityje stebimas staigus D augimas,
tuo tarpu ilgy — tolydus mazéjimas. Pradinis D padidéjimas (kartu su nezymiu
7 sumazéjimu) lemia ir difuzijos ilgio, L = V7D, iSaugima, auks¢iausiame
taske (atitinkanc¢iame 200 impulsy trukmés fotomodifikacijg) siekiantj 45%
didesnes nei pradinés vertes. Kriivininky difuzijos savybiy fotomodifikacija
kontroliniame Alo.19GaosiN bandinyje yra aptariama The procedure and the
aftermath skyriuje.
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Pav. 7. Krdvininky gyvavimo trukmés (mélyni staCiakampiai) ir difuzijos
koeficiento (rausvi apskritimai) priklausomybés nuo fotomodifikacijos trukmés
Alo.4sGaos2N  sluoksnyje, fotomodifikuotame ties  Nmod = 2x10%° cm-3
krdvininky tankiu. Adaptuota pagal straipsnj B.

Trumpos fotomodifikacijos indukuota difuzijos koeficiento pricaugj
galimai lemia REDR aktyvuotas kristalinés struktiiros persitvarkymas, t.y.,

155,166-168 = Sig  persiskirstymas gali

atomy persiskirstymas ir migracija.
anihilivoti krovininky sklaidos centrus ir padidinti krovininky judrj.
Analogiskai, dideliu fotomodifikuojanciy impulsy skai¢iumi indukuojama D
sumaz¢jimg galimai salygoja REDR valdoma sklaidos centry generacija.
Lygiagre€iai sklaidos centrams REDR efektas generuoja ir SRH
rekombinacijos centrus. Pastarieji defektai galéty buti priskiriami azoto
vakansijoms,!3%162163.169.170 gliyminio ir galio oksidams'>!71"174  bej

sudétingesniems $iy ir kity defekty kompleksams.

Apibendrinant galima pasakyti, kad fotomodifikacijos poveikis
kriivininky dinamikos savybéms yra tuo stipresnis, kuo ilgesné¢ yra
fotomodifikacijos trukmé, aukstesnis fotomodifikacijos metu generuojamy
nepusiausviryjy kritvininky tankis ar Al koncentracija fotomodifikuojamuose
AlGaN junginiuose. Paskutinés dvi tendencijos yra nulemtos spartaus
netiesinio nespindulinés rekombinacijos kanalo, vyraujancio dideliy
kriivininky tankiy srityje Al turtinguose junginiuose.
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Skyrius C: Kruvininky dinamika AlGaN/GaN sandiiroje

Siame skyriuje yra tiriamos krivininky dinamikos savybés AIGaN/GaN
heterosanduirose, ypatinga démesj skiriant sandiirinés rekombinacijos
(analogiskos pavirsinei rekombinacijai nuogo medZziagos pavirSiaus atveju)
mechanizmo charakterizavimui. Tyrimy apie nitridinius junginius erdvéje yra
prasta manyti, kad pavir§inés rekombinacijos jtaka nitridiniy prietaisy
veikimui néra zymi dél sglyginai Zemo pavirSinés rekombinacijos greicio,*™"
7% trumpo difuzijos ilgio ties darbiniais kriivininky tankiais'®®!8! ir tariamai
efektingo prietaise esanciy apatiniy sluoksniy/sandiiry pasyvavimo
virSutiniais. PrieSingai Siai nuomonei, tyrimas atskleidzia AlGaN/GaN
heterosandiirose pavirSing rekombinacijg esant nejprastai sparciu ir netgi
dominuojanciu rekombinacijos procesu, galimai mazinanciu pastaraisiais
junginiais grindziamy prietaisy nasuma.

Tyrime buvo charakterizuojamos 12 AlGaN/GaN heterosandiiry
(iSvardintos lenteléje 1), sudaryty i§ skirtingos sudéties (x = (0.13, 0.2 ir
0.34)) ir kokybés AlGaN barjery, uzauginty ant identisky GaN buferiy.
Kriivininky dinamikos savybés buvo nustatomos DDG ir laikinés skyros
fotoliuminescencinés spektroskopijos metodikomis (Sioje santraukoje
aptariami tik DDG matavimy rezultatai). Selektyviam barjery/buferiy
zadinimui buvo pasitelkta 266/355 nm bangos ilgio spinduliuoté, atitinkamai;
Sios zadinimo konfigliracijos yra pavaizduotos Pav. 8.

$
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AlGaN

GaN

Safyras a b

Pav. 8. Supaprastinta DDG eksperimento Zadinimo konfiguracijy schema: a)
AlGaN barjero Zadinimas 266 nm bangos ilgio spinduliuote; b) GaN buferio
zadinimas 355 nm pluosteliu.
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Siekiant uzauginti skirtingos kokybés AlGaN barjerus buvo varijuojamas
prekursoriy  V/III santykis (lygus dujy srauty santykiui

NH3/(TMGa + TMAI)); barjery kokybés matu buvo pasirinktas SRH

rekombinacijos trukmes, T5GAN, parametras. TARGAN trukmeés skirtingos

sudéties AlGaN barjeruose priklausomybé nuo prekursoriy V/III santykio yra
pateikta Pav. 9. Jame matyti, kad tiek skirtingai auginty, tiek skirtingos
sudéties AlGaN barjery kokybé isties skiriasi. Siuos skirtumus lemia skirtingi
efektai: (i) mazy V/III santykiy (valdomy NH; srautu) srityje trukme 752N
kontroliuoja azoto atomy deficito mastas; Siuose bandiniuose galimi azoto
vakansijoms (V) ir priemaiSoms, uzimanc¢ioms N vieta AlGaN gardeléje,
giminingi defektai; (ii) dideliy V/III santykiy srityje junginio kokybe riboja N
perteklius, stabdantis Al ir Ga atomy migracijg auginamo sluoksnio
pavirSiuje; Siuose bandiniuose galimi Al ir Ga vakansijoms (Va, Vca)
giminingi defektai; (iii) junginiuose su aukStesne Al koncentracija
strukturinés kokybés degradacija jprastai priskiriama Zemo Al atomy judrio
nulemtiems efektams; Siuo atveju bandiniuose gali vyrauti tiek jvairQs
taskiniai (gimtieji ir priemaiSiniai), tiek linijiniai defektai, taip pat — faziy
atskyrimo ar moduliacijos sukurti defektai. Platesné diskusija (kartu su jg
lydinciais literattiros Saltiniais) apie AlGaN junginiuose sutinkamus sudéties
ar auginimo parametry salygojamus defektus yra pateikta Carrier dynamics
in AlGaN barriers skyriuje.
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Pav. 9. Nespindulinés rekombinacijos trukmeés skirtingos sudéties AlGaN
barjeruose priklausomybé nuo prekursoriy V/III santykio.

110



AlGaN barjero kokyb¢ valdé kravininky rekombinacijos savybes ne tik
pagiame barjere, bet ir po juo esanéiame GaN buferyje. Si [neigiama] barjero
itaka buvo pastebéta pasitelkus efektyvios krivininky gyvavimo trukmés GaN

buferyje (°®; §i trukmé atspindi nespindulinés rekombinacijos trukme)

priklausomybe¢ nuo SRH rekombinacijos trukmés AlGaN barjere, T?ﬁ%aN (Zr.
Pav. 10; ¢ia, kiekvieng duomeny taSka atitinka individuali AlGaN/GaN
heterosandira su skirtingos sudéties ir kokybés AlGaN barjeru,
charakterizuotu Pav. 9). Kaip matyti Pav. 10, *® trukmé tolygiai mazéja
prastéjant barjero kokybei; Si koreliacija iSlieka tiek tarp bandiniy su
skirtingos sudéties barjerais, atitinkanciais optimalias auginimo salygas (t.y.,
optimalius V/III santykius; zr. didelius simbolius), tiek tarp bandiniy su
panasios sudéties, bet skirtingos kokybés barjerais, atitinkanciais N deficito
bei pertekliaus salygas (zr. vienodos spalvos simbolius). Panasu, kad
rekombinacijos trukmés mazéjimg GaN buferyje lemia ne iSimtinai vienos
rusies defektas AlGaN barjere, bet jvairiy defekty kombinacija — bendra
barjero kokybé.

0.9
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Pav. 10. Kravininky gyvavimo trukmés GaN buferyje ties AN = 5.4x10%° cm-3
kravininky tankiu priklausomybé nuo nespindulinés rekombinacijos trukmeés
AlGaN barjere.

Detalesniam AlGaN barjero paveikty nespindulinés rekombinacijos
procesy GaN buferyje apraSymui buvo pasitelktas dinaminis ABC modelis:
modelio kreivés buvo tapatinamos su GaN buferyje iSmatuotomis DDG
kinetikomis (detalus tapatinimo procediiros/modelio aprasymas yra pateiktas
Carrier dynamics in GaN buffers skyriuje). Sis tapatinimas leido atskleisti
GaN buferiuose vyraujancius rekombinacijos kanalus (sandirinés
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rekombinacijos arba SRH) bei jvertinti jy spartas. Vieno i§ pastaryjy jverciy —
sandurinés rekombinacijos grei¢io GaN buferyje (Si) — priklausomybé nuo
AlGaN barjero kokybés (TSAIIQ%aNtrukmés) ties skirtingais nepusiausviryjy
kravininky tankiais AN yra pateikta Pav. 11.
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Pav. 11. Sandirinés rekombinacijos grei¢io GaN buferyje ties skirtingais
nepusiausviryjy kravininky tankiais AN priklausomybé nuo SRH
rekombinacijos trukmés AlGaN barjere.

Kaip matyti paveiksle, kravininky zitis sandaroje neabejotinai spartéja
prastéjant barjero kokybei: ties AN =5.4x10% cm™ kriivininky tankiu (Zr.
apskritimus) S; greitis sparciai auga nuo 2x10° iki 2x10° cm/s T4h2N trukmei
mazéjant nuo 0.9 iki 0.2ns. Tuo paCiu metu stebima ir sanddrinés
rekombinacijos grei¢io priklausomybé nuo nepusiausviryjy krivininky
tankio: S; létai mazéja didéjant AN (tik prastos kokybés bandiniuose; Zr. Pav.
11) dél nespindulinés rekombinacijos centry sotinimo laisvaisiais
kravininkais. Nepaisant $io maz¢jimo, sandirinés rekombinacijos kanalo

sparta bei barjero nulemtas S; prieaugis iSlieka zymiai didesni uz SRH

rekombinacijos GaN buferyje sparta, 1/7$3N, bei jos prieaugj (tSan (T552N)

priklausomybé santraukoje nepateikta). Tai rodo sandirinés rekombinacijos
mechanizma esant dominuojanciu (bent jau prasciausios kokybés
bandiniuose), o barjero Zalg esant dalinai lokalizuota sandiros srityje.
Skyriaus pabaigai galima pasakyti, kad sparCios sandirinés
rekombinacijos pasekmés prietaiso veikimui yra sunkios. Siy pasekmiy
pavyzdziu gali buti 1QE(S;) pokytis hipotetinégje 5nm  storio
AlGaN/GaN/AlGaN kvantingje duobg¢je: ties aukSCiausiomis tyrime
nustatytomis S; vertémis IQE duobéje sumazéty net dvejomis eilémis.
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Skyrius D: Krivininky dinamika InN junginiuose

Siame skyriuje yra tiriamos kriivininky rekombinacijos ir $alutiniy skyliy
difuzijos savybés tikslingai nelegiruotuose n-tipo InN junginiuose su
aukStomis  pusiausviryjy  elektrony  koncentracijomis.  Kriivininky
rekombinacijos atveju, tyrimas siekia iSvengti praeities studijas kamavusiy
problemy — tokiy kaip dviprasmisko kruvininky tankio ar gyvavimo trukmés
vertinimo, rekombinacijos procesy charakterizavimo siauroje kriivininky
tankiy srityje ir isvady formavimo remiantis mazais bandiniy rinkiniais bei
aukstos dispersijos duomeny masyvais — ir atskleisti InN junginiuose
vyraujancius rekombinacijos mechanizmus nekelian¢iu abejoniy budu.
Kruvininky difuzijos atveju, tyrimas siekia charakterizuoti Salutiniy skyliy
pernasg iki Siol nenagrinétoje elektrony tankiy srityje, apimancioje N = 10%8 —
10% cm® diapazona.

Vyraujantiems rekombinacijos mechanizmams InN junginiuose atskleisti
buvo nustatyta efektinés rekombinacijos trukmés, z, priklausomybé nuo
kriivininky tankio, N; pastaroji priklausomybé yra pateikta Pav. 12. Cia, N
atitinka suminj pusiausviryjy, Ne, ir nepusiausviryjy, AN, elektrony tankj,
N =Ne + AN; Ne sandas yra bandinio kokybés funkcija, tuo tarpu AN —
Zadinimo intensyvumo. Rekombinacijos trukméms 7 patikimai jvertinti buvo
pritaikytas itin tikslus femtosekundinés skyros DDG metodas (detali
vertinimo procediira yra aprasyta Extraction of LITG decay rates skyriuje;
DDG metodo privalumai lyginant su kitomis laikinés skyros metodikomis yra
pateikti Carrier recombination skyriuje). Bandiniy spektrui ir stebimam
elektrony tankio diapazonui i$plésti buvo pasitelkti jvairios kokybés/storio
MOCVD ir MBE bidais auginti InN sluoksniai su skirtingomis pusiausviryjy
elektrony koncentracijomis (sluoksniai atrinkti i 2 lenteléje pateikto bandiniy
komplekto).

Kaip matyti paveiksle, kriivininky gyvavimo trukmé jvairiuose InN
junginiuose (besiskirianciuose kokybe ir prigimtimi) pakltsta bendrai
elektrony tankiu valdomai tendencijai. Si tendencija patiria kelias
transformacijas: (i) diapazone N ~ 108 + 5x10'® cm= rekombinacijos trukmé
7 silpnai priklauso nuo N, ir atspindi SRH rekombinacijos trukme; (ii)
diapazone N = 7x10% + 5x10'® ¢cm3 rekombinacijos trukmé 7 sparciai mazéja
kylant N pagal désnj 7 oc N2, apibudinantj tiesioginés Ozé rekombinacijos
mechanizmg; (iii) intervale N =5x10°cm? 7 kritimas létéja — Oz¢
rekombinacijos sparta sotinasi. Sioms transformacijoms aprasyti ir
rekombinacijos koeficientams jvertinti buvo pasitelkta % = ﬁ + C(N)N?
iSraiSka, suformuota i§ Zzemuose kriivininky tankiuose vyraujan¢io SRH
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rekombinacijos sando (1/zru) ir aukStuose N dominuojancio Ozé

rekombinacijos sando (C(N)N?). Oz¢ rekombinacijos létéjimui ties itin
aukstais N apraSyti pasitelkta C(N) = ﬁ iSraiska, apibiidinanti Ozé
N

rekombinacijos koeficiento, C, mazéjima dél fazinés erdvés pildymo ir
kriivininky i§sigimimo; ¢ia, Co yra pradinis Oz¢ koeficientas, atspindintis Ozé
rekombinacijos spartg ties mazu N, o N* yra junginiui charakteringas
kravininky tankis, ties kuriuo C = 0.5C,. Pastarosiomis iSraiSkomis paremta
7(N) kreive sutapatinus su eksperimentinémis 7 vertémis (zr. Pav. 12) buvo
jvertinti rekombinacijos koeficientai: zsrn =600 ps, N"=5x10*cm? ir
Co = 8x10% cm®/s. Vienas i§ jy — Co — sutampa su Oz¢ koeficiento vertémis
kituose analogisko draustiniy energijy tarpo puslaidininkiuose.’?’ Sis
sutapimas patvirtina tiesioginés Oz¢ rekombinacijos kaip vyraujancio
rekombinacijos mechanizmo InN junginiuose (ties aukstais N) hipoteze.

1/t = gy, + CoNZ/(1+NIN®)

10%F

0 . .
R 10" 10%°
N_+AN (cm™)

Pav. 12. Kravininky gyvavimo trukmés priklausomybé nuo suminio elektrony
tankio InN junginiuose; skirtingi simboliai atitinka skirtingus bandinius. Istisiné
kreivé yra apskaiCiuota remiantis paveiksle nurodyta iSraiSka. Adaptuota
pagal straipsnj D.

Kravininky pernasos savybés InN junginiuose buvo charakterizuojamos
DDG biidu tapaciame rekombinacijos savybiy tyrimui bandiniy rinkinyje ir
elektrony tankio diapazone. Sio charakterizavimo rezultatas — atskleistos iki
Siol nenagrinétos Salutiniy skyliy difuzijos koeficienty, D, ir difuzijos ilgiy,
L = /1D, priklausomybés nuo suminio elektrony tankio N = 10 — 102 cm®
srityje; priklausomybés yra pateiktos Pav. 13. Pazymétina, kad pastarajame
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paveiksle pavaizduotos kravininky difuzijos koeficienty vertés faktiskai
apraso ambipoling kravininky pernasa, prilyginama skyliy pernasai tik
N < 5x10% cm diapazone (placiau apie tai — Carrier diffusion skyriuje).

100
a A awolh
v _*
_ "en 300 * o .
~ »
10} * £ + .
£ A = 200 2 v
Q il .—+ "\ 4 A
: fiy"y
° 100 3 .
1 L
10® 1619 1620 ?013 1619 162”

N_+AN (em®) N_+AN (cm®)

Pav. 13. Kravininky difuzijos koeficiento (a) ir difuzijos ilgio (b)
priklausomybés nuo suminio elektrony tankio InN junginiuose; skirtingi
simboliai atitinka skirtingus bandinius. Adaptuota pagal straipsnj D.

Kaip matyti paveiksle (zr. Pav. 13a), elektrony tankio prieaugis nuo
N = 2x10'® cm2 iki 1x10% cm™ sglygoja difuzijos koeficiento padidéjimg nuo
D =1 cm?/s iki 30-65 cm?/s. Dalis $iy ver¢iy — atitinkanéiy Zzemo elektrony
tankio sritj — yra jprastos ir atkartojancios anksciau publikuotgsias aukstos
kokybés MBE budu augintuose InN sluoksniuose su Zema pusiausviryjy
elektrony koncentracija (D=2 cm?/s ties Ne~ (0.4-1.4)x10'8 cm™3 228229),
Likusios D vertés — atitinkan¢ios auksto elektrony tankio sritj — yra nejprastai
didelés ir pirmg karta stebimos InN junginiuose. Sis staigus D padidéjimas
galimai yra nulemtas kriivininky i$sigimimo ir ultra sparc¢iy pernasos efekty,
tokiy kaip lengvyjy skyliy pernasa pries jvykstant termalizacijai ar balistiné
kravininky pernasa. Detalesnis pastaryjy efekty aprasas yra pateiktas Carrier
diffusion skyriuje.

Kruvininky difuzijos ilgio priklausomybé nuo elektrony tankio InN
junginiuose (zr. Pav. 13b) yra ne maziau unikali: L beveik nesikeic¢ia kylant N
dél viena kitg kompensuojanc¢iy z(N) ir D(N) tendencijy. Be to, vidutiné L
verté nenukrenta zemiau 160 nm ribos, tapacios maksimaliam S$viesos
sugerties gyliui tirtuose InN sluoksniuose. Faktiskai, tai rodo fotogeneruoty
krivininky ekstrakcija esant jmanoma net ir prasCiausios kokybés InN
junginiuose, ir zymi InN bazg tinkama fotoelektriniams taikymams.

Apibendrinant galima pasakyti, kad elektrony tankis yra vienas
svarbiausiy InN junginj charakterizuojan¢iy parametry, valdanéiy ne tik
paprastg elektrinio laidumo mata, bet ir kompleksines krivininky
rekombinacijos bei difuzijos savybes.
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Skyrius E: Kravininky dinamika protonais apsvitintuose InN
junginiuose

Siame skyriuje yra tiriama kosmine spinduliuote atitinkan&io ap3vitinimo
protonais jtaka krtvininky dinamikos savybéms InN junginiuose, jvertinamas
InN atsparumas ap$vitinimui, bei atliekamas detalus $io jver¢io palyginimas
su kity puslaidininkiy, formuojanéiy dabarting kosmose eksploatuojamy
fotoelektriniy prietaisy baze, atsparumu. Tyrimas yra paskatintas artimo InN
junginiams II-N grupés nario — GaN — taikymy ypatingai atSiauriose
kosminése aplinkose vystymo,®’ grindziamo itin auk$tu GaN atsparumu
aukstos energijos daleliy poveikiui.?*4?4 Tyrime pasirinkti uzdaviniai ir jy
sprendimo budas yra unikallis analogisky InN tyrimy erdvéje, retai
perzengiancioje tradicinj legiravimo problemos nagringjimo ir Holo
eksperimento formatg.542342%0

Tyrimui buvo pasirinkti trys skirtingos pusiausviryjy elektrony
koncentracijos MOCVD badu auginti InN sluoksniai: bandinys S1,
atitinkantis  Ne=1.3x10®cm?®, S2 - N=5.9x10%cm3 ir S3 -
Ne = 1.9x10'° cm™®; bandiniy elektriniai parametrai yra pateikti 2 lenteléje.
Toliau, bandiniai buvo apsvitinami Cs jony Saltinio iSspinduliuotais protonais,
pagreitintais iki 1.4 MeV energijos jony greitintuvu. Greitinamy daleliy rtsis
ir energija buvo parinktos siekiant atkartoti prietaisams zalingg kosminés
spinduliuotés fong; laboratorinémis salygomis §i energija turi pakliditi |
1+10MeV intervalg®®*?® (protony atveju; to priezastys yra apraSytos
Chapter E: Carrier dynamics in proton-irradiated InN skyriuje). Pazymétina,
kad parinktos energijos protonai faktiskai neprarado grei¢io/nebuvo
sugeriami tirtuose InN bandiniuose dél zymiai didesnio pastaryjy daleliy
prasiskverbimo gylio (lygaus ~25 um InN junginiuose; jvertinta SRIM
programine jranga®®?) lyginant su InN sluoksniy storiu (<390 nm).

Tyrimo metu apsvitinimo ,,intensyvumas®, vertinamas protony jtékio
parametru, ¢, buvo varijuojamas pla¢iame intervale (nuo ¢ = 1x10% iki
1x10% cm?) kei¢iant ekspozicijos trukme. Lyginant su natiiralia kosmine
spinduliuote Zemés aplinkoje, tyrime pasiekti jtékiai yra zymiai aukstesni:
metinis Saulés jvykiy metu (angl. Solar particle event;, SPE) isspinduliuoty
1 MeV energijos protony jtékis 95% atvejy nevirija ¢ =10 cm?2 %4
(tarpplanetinéje erdvéje). Nors sintetiniai jtékiai, atrodyty, realiomis
salygomis néra pasiekiami, tam tikrais atvejais ,,natiiralios* spinduliuotés
intensyvumas gali iSaugti Simtus ir tikstanCius karty bei tapti palyginamu
laboratoriniams, pvz., ypatingai rety ir intensyviy SPE jvykiy, tokiy kaip
Karingtono,®® egzoatmosferinés termobranduolinés bombos sprogdinimo,
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tokio kaip Starfish Prime testas,?®® bei skrydzio aplink stiprios magnetosferos
planeta, tokig kaip Jupiteris, metu.?® Tai reiskia, kad $io tyrimo rezultatai
prognozuoja kriivininky dinamikos savybiy evoliucija InN junginiuose
nepaprastai ilgy kosminiy misijy ar ekstremaliy radiaciniy aplinky salygomis.
Pirmasis tyrimo rezultatas — DDG budu jvertintos kraivininky gyvavimo
trukmés, 7, priklausomybé nuo protony jtékio, ¢, InN sluoksniuose su
skirtingomis pradinémis pusiausviryjy elektrony koncentracijomis, Ne — yra
pateiktas Pav. 14a. Jame matyti, kad 7 trukmé neapsvitintuose sluoksniuose
(ties ¢ = 0) siekia nuo 13 ps (zemesnés kokybés bandinyje S2) iki ~100 ps
(aukstesnés kokybés bandiniuose S1 ir S3), ir yra valdoma pradinés N vertés,
susietos su Oz¢ rekombinacijos sparta (Zr. skyriy D). Intensyvaus ap§vitinimo
sglygomis (ties ¢ =10 cm?), 7 visuose sluoksniuose sumazéja iki keliy
pikosekundziy. Sis sumaZéjimas yra salygotas iSaugusios pusiausviryjy
elektrony koncentracijos (pavaizduota Pav. 14b) ir dél to paspartéjusios Ozé
rekombinacijos. Ne koncentracija, savo ruoztu, kyla augant apS$vitinimo
intensyvumui  dél didéjan¢ios donoriniy defekty?™ — galimai azoto
vakansijy?®* — koncentracijos. z(N) priklausomybe¢, suformuota remiantis z(¢)
ir Ne(#) tendencijomis (santraukoje nepateikta), gali bati apibadinta
analogiSka neapsvitinty junginiy atvejui israiSka %= %
N

abiejy tipy bandiniams tapatinimo parametrais N"=5x10%cm?3 ir
Co=8x10?%° cm%/s. Sis rekombinacijos koeficienty sutapimas rodo, kad

su identiskais

protony apsvitinimo indukuoti defektai InN junginiuose téra elektrony saltinis
0z¢ rekombinacijos procesuli.

Kitame tyrimo etape yra koncentruojamasi j protony apsvitinimo jtakg
kriivininky pernasai: tiek elektrony, tiek skyliy. Holo elektrony judrio, e,
priklausomybé nuo protony jtékio skirtingos kokybés InN sluoksniuose yra
pavaizduota Pav. 14c. Jame matyti, kad elektrony judris stipriai apSvitintuose
(ties ¢ =10%® cm?) InN junginiuose tesiekia 110 — 190 cm?/Vs, tuo tarpu
nepaveiktuose bandiniuose — s = 420 — 810 cm?/Vs. Sis rezultatas yra daznai
sutinkamas, 0 jo paaiskinimas, siejamas su ap$vitinimo indukuoty sklaidos
centry/donoriniy defekty koncentracijos prieaugiu, yra retai ginc¢ijamas. 6825

Priesingai elektrony pernasos tyrimams, skyliy pernasa apsvitintuose InN
junginiuose iki Siol nebuvo detaliai charakterizuota ir yra labiau netikéta:
skyliy difuzijos koeficientas, D, stipriai iSauga kylant apSvitinimo
intensyvumui (nuo D =5 -8 cm?/s ties ¢ =0 iki D =100 — 140 cm?/s ties
¢ =10 cmZ; zr. Pav. 14d). Sis D prieaugis yra analogiskais neap$vitintuose
InN junginiuose stebétai D(N) priklausomybei (zr. Pav. 13a), ir galimai yra
nulemtas padidéjusios pusiausviryjy elektrony koncentracijos efekty:
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krivininky i$sigimimo, netermalizuoty lengvyjy skyliy dalyvavimo pernasoje
bei kt. (aprasyty Carrier diffusion skyriuje).
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Pav. 14. Kravininky gyvavimo trukmés (a), pusiausviryjy elektrony
koncentracijos (b), Holo elektrony judrio (c) ir difuzijos koeficiento (d)
priklausomybés nuo protony jtékio InN sluoksniuose su skirtingomis
pradinémis pusiausviryjy elektrony koncentracijomis. Adaptuota pagal
straipsnj E.

Paskutiniame tyrimo etape yra atliktas InN junginiy atsparumo protony
apSvitinimui vertinimas ir Sio jver¢io palyginimas su kity puslaidininkiy
atsparumu. Tam pasitelkta Naval Research laboratorijos metodologija®?® —
prietaisy naSumg lemiancio parametro (Siuo atveju-— z) degradacijos
unikalaus dozés vieneto (poslinkio zalos dozés, Dg) skaléje nustatymas.
Protony jtékio konvertavimas j Dy doze yra atliktas pasitelkus israiSka
Dq=¢ xS(E), kur S(E) — savitasis medziagos zalos koeficientas,
priklausantis nuo daleliy energijos ir atitinkantis NIEL (angl. Nonionizing
energy loss) funkcijg; NIEL funkcijos apibtidinimas yra pateiktas Chapter E:
Carrier dynamics in proton-irradiated InN skyriuje.

Eksperimentiskai jvertinty rekombinacijos trukmiy priklausomybés nuo
poslinkio zalos dozés InN junginiuose su auksta Ne koncentracija (7 vertés yra
tapacios Pav. 14a pateiktoms vertéms S1 ir S2 bandiniuose) bei GaAs, InGaAs
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ir InGaN pagrindo $viestukuose (duomenys i§ Saltiniy?®®2"?) yra pateiktos
Pav. 15 (zr. jvairiy geometriniy figiry simbolius). Papildomai, paveiksle yra
pateikta teoriSkai jvertinta 7{Dqg) degradacijos priklausomybé hipotetiniame
nulinés elektrony koncentracijos InN junginyje (Zr. ,,Ne = 0” kreive; kreivés
jvertinimo metodas apraSytas Resistance to spacelike radiation skyriuje).
Kaip matyti i§ sugretinty 7(Dg) degradacijos tendencijy, InN junginiy
atsparumas apSvitinimui yra akivaizdziai auksciausias, nepriklausomai nuo
bandinio kokybés (Ne koncentracijos). Si InN savybé — itin vélyva 7
degradacija — yra paaiSkinama Ozé rekombinacijos kanalo dominavimu bei
ap$vitinimo indukuoty SRH rekombinacijos centry trikumu.?’
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Pav. 15. Normuotos kravininky gyvavimo trukmés priklausomybé nuo
poslinkio zalos dozés protonais apSvitintuose InN sluoksniuose (S1, S2) su
skirtinga pradine pusiausviryjy elektrony koncentracija (apskritimai),
GaAs?%2272  (trikampiai), InGaAs?’® (rombai) ir InGaN?"? (staciakampiai)
pagrindo Sviestukuose. Nepermatomos linijos vaizduoja kraivininky gyvavimo
trukmés degradacijos kreives, jvertintas sluoksniy S1, S2 ir hipotetinio nulinés
elektrony koncentracijos InN junginio (Ne = 0) atvejams. Vertikali pilka linija
zymi InN junginyje akumuliuotos Saulés protony zalos dozés virSutine metine
ribg tarpplanetinés aplinkos salygomis. Adaptuota pagal straipsnj E.

Skyriaus pabaigai galima palyginti InN degradacijos slenkstj su kosminés
misijos metu akumuliuojama metine Saulés protony zalos doze. Si Dg verté
yra lygi ~5x10° MeV/g (pazyméta Pav. 15), tuo tarpu rkry¢io slenkstis virsija
~10'2 MeV/g. Tai reiskia, kad kriivininky dinamikos savybés InN junginiuose
yra atsparios net ir deSimtmecius trunkaniam kosminés spinduliuotés
poveikiui.
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