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Abstract

The extensive market growth in emerging fields such as electric/hybrid vehicles and renewable
energies increases the demand for electrical power conversion systems with higher efficiencies. As
silicon (Si) approaches its physical limits, wide band gap semiconductors such as gallium nitride
(GaN) with significantly higher critical electric fields are increasingly considered as feasible alter-
natives. For cost-competitiveness GaN is grown on Si substrates (i.e. GaN-on-Si), which requires
highly insulating GaN buffers to isolate electrically active GaN layers from conductive Si. Although
it is empirically well-known that insulating behavior can be achieved by carbon-doping, the actual
role of carbon is not understood yet.

The main obstacle in previous investigations was the focus on characterization of entire mul-
tilayer GaN-on-Si buffers, used for electronic devices. Their multilayer nature impedes extraction
of the electrical behavior of a single layer and consequently the identification of the role of carbon
in making GaN insulating. In order to overcome this apparent deficiency, we develop novel test
structures, in which a single carbon doped GaN (GaN:C) layer is embedded between a metal and
a highly n-doped GaN layer that acts as back electrode. This allows characterization of single
GaN:C layers and derivation of a fundamental physical model. By substituting the single GaN:C
layer with simple multilayers, the interaction of GaN:C with other layers is studied.

Characterization employs primarily capacitance-voltage (CV) and current-voltage (I'V) mea-
surements as well as fast (ps) transient capacitance measurements (Ct) after various bias steps.
We introduce a straightforward analysis technique that enables direct extraction of potential and
charge distributions from CV curves. Ct measurements even allow time-dependent tracking of
charge transport through GaN:C and charge capture and emission in carbon defects. A cryogenic
probe station allows to investigate the temperature dependence of these processes in a wide range
between 20 and 560 K. Furthermore, electrical characterization equipment is extended by optical
setups for illumination with monochromatic light and transient electroluminescence analysis.

Main results include evidence that the Fermi level is pinned in GaN:C approximately 0.7eV
above the valence band maximum, energetically close to the carbon acceptor level. We found
that carbon atoms predominantly form acceptors and to a smaller extent also donors, whereby we
demonstrate the crucial role of donors for achieving insulating behavior. Leakage current as well
as capture and emission processes are solely determined by the charge transport through GaN:C.
While for small carbon concentrations this transport occurs via the valence band (i.e. p-type),
this behavior changes significantly when exceeding a critical concentration of (1-10)x10'8 cm™3.
In this case, charges propagate within the band gap in so-called ”defect bands”, which are formed
by carbon acceptors, likely located at threading dislocations. In contrast to our analysis technique,
classical extraction of defect parameters from Arrhenius-plot fails due to the non-Arrhenius tem-

perature dependence of the transport process. Although carbon introduces conductive channels
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in GaN, experiments reveal enhanced insulating behavior of multilayers including GaN:C layers.
The key therefore is the ability of GaN:C to accumulate charges in carbon acceptors that prevent
conduction via valence and conduction bands.

The developed physical GaN:C model will support future optimization of insulating buffers in
GaN-on-Si devices such as HEMTs (high-electron-mobility transistors). It will help to understand
the electrical behavior of existing buffers and allow for development the prediction of the behavior

of new buffers before manufacture.
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Kurztassung

Das starke Wachstum in zukunftsweisenden Mérkten wie Elektro- /Hybridfahrzeugen sowie erneuer-
bare Energien steigert die Nachfrage nach elektrischen Energieumwandlungssystemen mit héheren
Wirkungsgraden. Da Silizium (Si) zunehmend an seine physikalischen Grenzen stoft, werden Hal-
bleiter mit breiter Bandliicke wie Galliumnitrid (GaN) durch seine weitaus hoheren kritischen
elektrischen Feldstérke zunehmend als Alternativen betrachtet. Aus Kostengriinden wird GaN auf
Si-Substraten gewachsen (GaN-on-Si). Um die elektrisch aktiven GaN-Schichten von leitendem Si
zu isolieren, werden hochisolierende GaN-"Buffer” benotigt. Obwohl empirisch bekannt ist, dass
Kohlenstoff-Dotieren GaN isolierend macht, fehlen genaue Kenntnisse tiber die tatséchliche Rolle
von Kohlenstoff.

Das Hauptproblem fritherer Untersuchungen war der Fokus auf die Charakterisierung von
ganzen GaN-on-Si-Buffern, wie sie fiir elektrische Anwendungen zum Einsatz kommen. Deren
vielschichtige Struktur verhindert jedoch die Extraktion des elektrischen Verhaltens einer einzelnen
Schicht und in weiterer Folge die Identifikation der Rolle von Kohlenstoff fiir das isolierende Verhal-
ten von GaN. Um diese Unzulénglichkeit zu iiberwinden entwickeln wir neuartige Teststrukturen,
in welchen eine einzelne kohlenstoffdotierte GaN-Schicht (GaN:C) eingebettet ist zwischen einem
Metall und einer hoch n-dotierten GaN Schicht, die als untere Elektrode dient. Dies ermdglicht
die Charakterisierung von einzelnen GalN:C-Schichten und die Herleitung eines fundamentalen
physikalischen Modells. Austausch der einzelnen GaN:C-Schicht durch einfache mehrschichtige
Strukturen ermoglicht zudem die Untersuchung der Interaktion von GaN:C mit anderen Schichten.

Zur Charakterisierung werden grofitenteils Kapazitits-Spannung- (CV) und Strom-Spannung-
(IV') sowie schnelle transiente Kapazitéts-Messungen (Ct) nach verschiedenen Spannungsidnderun-
gen eingesetzt. Wir stellen eine einfache Analysetechnik vor, die eine direkte Extraktion von
Potential- und Ladungsverteilungen auf Basis von C'V-Kurven ermoglicht. C't-Messungen erlauben
sogar zeitabhéngiges Mitverfolgen vom Ladungstransport durch GaN:C sowie von Ladungsein-
fang und -emission in Kohlenstoffdefekten. Ein kryogener Spitzenmessplatz ermoglicht die Unter-
suchung des Temperaturverhaltens dieser Prozesse in einem weiten Temperaturbereich zwischen 20
und 560 K. Weiters werden die elektrischen Messeinrichtungen durch optische erweitert, die die Be-
strahlung mit monochromatischem Licht sowie transiente Elektrolumineszenzanalyse ermoglichen.

Die wichtigsten Ergebnisse beinhalten den Nachweis, dass das Fermi-Niveau in GaN:C ungeféahr
0.7eV iber dem Valenzbandkante festgehalten wird, energetisch nahe des Kohlenstoff-Akzeptors.
Wir stellen fest, dass Kohlenstoff grofiteils Akzeptoren und in gerinerengem Mafle auch Dona-
toren bildet. Dabei demonstrieren wir, dass diese Donatoren eine wesentliche Voraussetzung
sind, um isolierendes Verhalten zu erzeugen. Sowohl Leckstrom als auch Ladungseinfangs- und
Emissions-Prozesse in GaN:C werden vollstdndig durch den Ladungstransport in GaN:C bestimmt.

Wahrend fiir geringe Kohlenstoffkonzentrationen dieser Transport tiber das Valenzband stattfindet
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(p-Leitung), andert sich dieses Verhalten erheblich sobald die Konzentration einen Wert von (1-
10)x 108 em~2 {ibersteigt. In diesem Fall findet der Ladungstransport innerhalb der Bandliicke
in sogenannten ”Defektbéindern” statt, welche von Kohlenstoff-Akzeptoren, vermutlich an Ver-
setzungen, gebildet werden. Im Gegensatz zu unserer Analysemethode ist die klassische Ermit-
tlung von Defektparametern aus Arrhenius-Plots nicht moglich, da die Temperaturabhéangigkeit
des Transportprozesses nicht dem Arrhenius-Gesetz folgt. Obwohl Kohlenstoff stromleitende Pfade
in GaN einfiihrt, zeigen Experimente bessere Isoliereigenschaften von mehrschichtigen Strukturen,
die GaN:C-Schichten enthalten. Der Schliissel dafiir liegt in der Fahigkeit von GaN:C, Ladungen
in Kohlenstoff-Akzeptoren anzusammeln, was Leitung iiber Valenz- und Leitungsband verhindert.

Das entwickelte physikalische GaN:C Modell wird zur zukiinftigen Optimierung von isolieren-
den Buffern in GaN-on-Si-Bauteilen wie HEMTs (”high-electron-mobility transistors”) beitragen.
Es wird helfen, das elektrische Verhalten von existierenden Buffern zu verstehen sowie in der En-

twicklung das Verhalten von neuen Buffern vor ihrer Produktion vorherzusagen.
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this thesis. The thesis puts the individual topics of the publications together with unreported

topics into a larger context.
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Introduction

Motivation for GaN power devices

The world’s hunger for electrical power has been increasing constantly over the past decades and
is not expected to stop soon [Demli]. Between generation of electrical energy and its consumption,
electrical power has to change its form several times, i.e. frequency and voltage levels have to be
adjusted. For example the dc output of a photovoltaic solar panel has to be converted to ac before
being fed into the electric grid. After transmission, many applications such as computers require
conversion from ac back to de. Additionally, e.g. in electric vehicles the voltage level of de¢ current
has to be changed. A great part of these power conversions is performed by power semiconductors,
extensively dominated by Si for the last four decades. Starting from the first power MOSFET
(metal-oxide-semiconductor field-effect transistor) tremendous progress has been achieved, result-
ing in performance approaching the theoretical limit of Si. Although with sophisticated designs
as in super-junction devices and IGBTs (insulated-gate bipolar transistors) the steady improve-
ment still continues, however it is slowing down and requires higher and higher efforts [Lid+14;
Ama+18].

Consequently, in more recent history exploration of new materials apart from Si with higher
theoretical performance has started. One of the most promising materials is GaN, which outper-
forms Si at material level due to its wide band gap, large critical electric field and high electron
mobility. GaN has already demonstrated its outstanding potential for photonic (e.g. LEDs) and
high frequency communication applications. Owing to its superior material properties, there is
also great potential for GaN in power conversion applications, enabling high switching speed, low
specific resistivity and low saturation switching transistors. Already at this early stage of develop-
ment, GaN devices can compete and in many cases outperform Si; and in contrast to Si, today’s
GaN devices are far from utilizing the full potential of the material, leaving plenty room for future

development.
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In concrete terms, GaN transistors are smaller, more energy-efficient and can operate at higher
switching frequency, exploiting the MHz regime. Additionally, in converters the higher switching
frequency reduces the size of passive elements and switching losses, leading to smaller, lighter and
more enery-efficient devices. Considering that more than 10% of all generated power is lost in
power conversion [Cor08], efficient GaN power converters can play an important role in future’s
society with its increasing demand for power combined with efforts to cut energy consumption for
environmental reasons. For hybrid and electric vehicles not only the increased efficiency but also
the smaller size and lower weight of power converters utilizing GaN enable larger ranges, which

can push the technology and have significant impact on the environment.

Motivation for thesis

In order to stay cost-competitive to currently availabe Si technologies, GaN power devices pre-
dominantly employ a horizontal HEMT (high-electron-mobilitiy transistor) design, grown on Si
substrates [Lid+14]. It is critical for these GaN-on-Si devices to isolate active layers on the top
from the conductive Si substrate on the bottom. Carbon doping is empirically well known to make
GaN insulating, but also to cause dynamic device performance due to charge trapping in carbon

defects. The ideal buffer should show following two features:

1. It blocks as much voltage as possible, ultimately limited by the critical electric field of GaN;
and keeps the leakage current as low as possible. This can increase the energy efficiency and

reduce buffer thicknesses, which can save a great part of manufacturing time and costs.

2. It shows no dynamic response due to charge trapping, which would delay or slow down the

switching behavior of the device.

With currently mainly empiric knowledge it is unclear how these properties can be achieved,

especially both simultaneously.

Scope of thesis

The ultimate goal is to find the critical parameters for achieving an as ”ideal” buffer as possible.
As carbon plays a key role for this goal, the objective of this thesis is to derive a physical model
for carbon-doped GaN (GaN:C) that explains the role of carbon in making GaN insulating. The
model should further describe conduction (i.e. leakage current) and charge trapping in carbon
defects accurately. In order to achieve this, test structures are to be developed that allow for char-
acterization of single GaN:C layers, in contrast to available structures that allow only investigation
of complex multilayer buffer stacks. Characterization techniques are to be developed that enable
extraction of all relevant carbon defect parameters and expose a physical model for GaN:C with its
electric behavior concerning conduction and charge trapping. Various parameters such as GaN:C
layer thickness, carbon concentration and Al-content are to be assessed. Finally, the interaction of

GaN:C layers with other layers in more complex multilayer stacks is to be investigated.

Structure of thesis

Chapter 1 provides motivation and a short overview of the work. Chapter 2 gives an introduction
to GaN-based HEMTs, the role of GaN:C and currently utilized characterization techniques with
their shortcomings. Chapter 3 builds the core of this thesis and describes the concept, experimental

10
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details as well as the electrostatic and transient behavior of used test structures, which reveal a
novel charge transport mechanism in GaN:C. Charge transport is considered to take place in so-
called defect bands within the GaN band gap instead of transport via valence or conduction bands.
In Chapter 4 the gained physical GaN:C model is used to describe the interaction between various
GaN and AlGaN based layers. Finally, Chapters 5 and 6 give a conclusion and outlook of the

work.

11
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State of the art knowledge and characterization

2.1 GaN-based high-electron-mobility transistors (HEMTSs)

source gate drain

oo OO O
2. trapping ®

transition layer

p-Si(111) substrate

Fig. 2.1: Schematic of a HEMT indicating the GaN:C buffer’s two main features of interest: 1.
vertical leakage current and 2. trapping dynamics.

Fig. 2.1 depicts the most common form of GaN-based transistors for power electronics: the
HEMTs. HEMTs are well known from GaAs-based devices for a long time; details on the principles
can be found in standard semiconductor textbooks such as [SN06], only relevant parts will be
summarized. Although GaN-based HEMTs can be produced on various substrates such as free-
standing GaN, Al,O3 (sapphire) or SiC, due to its cost-efficiency Si(111) substrates are most
promising for near-future power electronic applications [Che+17; Ama+18]. GaN is grown by
metalorganic chemical vapor phase epitaxy (MOCVD) on top of p-doped Si(111) substrate wafers,
but due to both thermal and lattice mismatch of Si(111) and GaN a transition layer is required

[Fel+01]. Transition layers, often also referred to as strain relief layer or stress relief layer commonly

12
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2.1. GaN-based high-electron-mobility transistors (HEMTSs)

consist of many GaN and AlGaN layers with varying Al and carbon concentrations ([Al], [C]) as well
as different growth parameters. As AlGaN we define Al,Ga; N:C with = = [Al]/([Ga]+ [Al]), [Ga]
being the Ga concentration. The transition layer helps to decrease mechanical stress as well as the
amount of vertical threading dislocations significantly. Their role for leakage current and trapping
dynamics is widely discussed [Rac+18b; Zha+15b; Ure+14c; Yac+16; Ure+17], however without
a clear consensus yet, also due to their largely varying stack design throughout literature. E.g.
threading dislocations are often speculated to increase vertical leakage current, which influences
also the trapping dynamics. However, details on conduction mechanisms are rather speculative.
Furthermore, there are debates whether screw, mixed or/and edge dislocations are conducting
[Usa+18a].

On top of the transition layer a GaN:C buffer, an unintentionally doped GaN (GaN:uid) channel
and an AlGaN barrier layer are grown. The different spontaneous polarization in GaN and AlGaN
as well as the piezoelectric polarization in the AlGaN barrier give rise to a polarization charge
at the GaN/AlGaN interface. This is compensated by a two-dimensional electron gas (2DEG)
in GaN next to its interface to AlGaN. Source and drain are connected via the 2DEG, resulting
in its high electron mobility of roughly 2000 cm? V~!s~! [Feh+11] and thus small on-resistance
Ras,on. Applying negative bias at the gate pinches off the subjacent 2DEG, causing off-state
condition. Consequently, an unbiased device is in on-state, commonly referred to as "normally-
on” or "depletion mode” transistor. In order to make it "normally-off” (”enhancement mode”),
various techniques are known, such as recessing part of [ON08; Pal+06; Sai+06; Ima+11; Chu+11;
Cor+11] or the entire [Cho+14] AlGaN barrier below the gate, fluorine implanting the AlGaN
barrier [Cai405] or adding a p-doped AlGaN layer under the gate (gate-injection transistor -
GIT) [Uem+07]. Although mentioned for the sake of completeness, this thesis is limited to the
discussion of GaN:C buffers, for which all HEMT layers above the 2DEG, including AlGaN barrier,

passivation, field plates and gate stacks are irrelevant.
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Fig. 2.2: Theoretical possible specific on-resistance (Rsp,) vs. breakdown voltage (V4,q) for the three
semiconductors relevant for power semiconductors: Si, SiC and GaN [Bal89]. Markers further show
the performance of real GaN-based HEMT devices [Seo+13; Shi+09; Hah+12].

Rason in a HEMT is determined among other parameters by its gate-drain-distance (Lgq).
A decrease in Lgq decreases Rgson, but as illustrated in Fig. 2.2 concomitantly decreases also
its breakdown-voltage (V4q). The figure further shows that due to the superior GaN material
properties for a given V4 lower Rgson can be achieved compared to Si and SiC. However, this
represents only the physical limit, real devices are still rather far from this theoretical limits

as represented by the three example devices. For this thesis the most relevant aspect is that
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2.2. Carbon-doped GaN (GaN:C): Literature review

although HEMTSs being lateral devices, also a vertical electric field occurs within the stack. Fig. 2.1
shows that in packaged devices the Si substrate is commonly grounded together with the source.
Consequently, the drain-source bias does not only drop laterally between drain and source but also
vertically between drain and Si substrate. The resulting vertical electric field (€) causes vertical
leakage current and above a critical field vertical breakdown. These effects are of great importance
during off-state, when the 2DEG is pinched off and the lateral resistivity is high. In order to avoid
increased off-state leakage current and eventually breakdown via a vertical path, highly resistive
HEMT stacks (buffer + transition layer) are required. Lateral resistivity and lateral Viq can
be increased by increasing Lgq, although to the cost of higher R4y on, see Fig. 2.2. Analogously,
increasing the HEMT stack thickness would also result in increased vertical resistivity and V},q, even
without increasing Rgs on. However, besides causing significantly higher costs, increased mechanical
stresses due to thermal and lattice mismatch of Si and GaN limits the HEMT thickness to several
micrometers, thicker layers eventually lead to crack formation [SSE09]. The vertical resistivity is
mainly provided by carbon-doped GaN and AlGaN layers, especially the GaN:C buffer, to which

this thesis is mainly dedicated to.

2.2 Carbon-doped GaN (GaN:C): Literature review

Carbon-doping is well known to make GaN resistive, also called semi-insulating. In order to
understand the underlying principles we first discuss charge transport via conduction or valence
band (CB/VB) by simple Ohmic conduction (Ionm):

Towm = q8(npm + ppp), (2.1)
n = Ncg frop (Evg — Er), (2.2)
p = Nvg frop(ER), (2.3)
1
frop (Bx) = ——————, (2.4)
1+ exp(kEB" )
o mekBT 8/2
Nep = 2( 972 ) ; (2.5)
- mthT 8/2
Nyp = 2( ks ) , (2.6)

with g as elementary charge, € as electric field, n as free electron density in CB, p as free hole
density in VB, u,/pp as respective electron/hole mobility, frpp as Fermi-Dirac distribution, Epg
as band gap, Ncp as effective density of states (DOS) in CB, Nyp as DOS in VB and m./my
as respective effective electron/hole mass. Within this thesis we define the energy of the valence
band maximum (VBM) as zero point, all other energies are defined by their energy difference to
this value. Further we use m, = 0.2 x mg [LRS01] and my, = 0.8 x mg [Pan75] with mq being the
rest mass of an electron. Study of upper relations exhibits that the parameter determining Iopy,
by far most, is Ex which is the energy difference of Fr from conduction band minimum (CBM) or
VBM.

In an ideal unbiased semiconductor Er could be located approximately in the center of the

band gap, resulting in small conductivity. However, epitaxial grown GaN-on-Si, even if not inten-
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2.2. Carbon-doped GaN (GaN:C): Literature review

tionally doped, contains always background donors. These originate mainly from residual oxygen
or silicon [Wat+03; Par+00; Wic+04], in smaller portions possibly also from nitrogen vacancies,
anti-site or other point defects [WNO04]. These shallow donors pin Eg close to CBM, resulting in
high n and consequently large Ionm, i.e. n-type behavior. To avoid this n-type behavior the shal-
low background dopants can be compensated by adding additional impurities, which are deeper in
the band gap and consequently pin Er more distant from the band edges CBM and VBM. Rele-
vant candidates for counter dopants are Fe and C. While Fe dopants form deep acceptors roughly
0.6-0.9eV below CBM [Pol+03; UMK12], C atoms form acceptors 0.5-1.1eV above VBM, de-
rived electrically e.g. in [Wri02; Bis+13; Bis+14a; Ure+14a; Ver+14; Moe+16; Tan+13; Chi+16;
Bis+14b; Ure+14b; Zho+12]. An increase of the distance of Er of a band edge from 30 meV to
0.9eV decreases n or p and consequently Ion, at room temperature by 15 orders of magnitude.
While in general both, Fe and C, are capable of making GaN highly-resistive, Fe incorporation
is reported to result in strong memory effects [Hei+02]. Consequently, for power semiconductor

devices commonly only C doping is considered and hence investigated within this thesis.

Carbon in GaN from an atomistic point of view

In general, carbon atoms can either substitute a Ga (Cg,) or an N atom (Cy) in the GaN crystal.
For matter of simplicity, for the moment we neglect other defects such as possibly existing carbon
interstitials or carbon complexes with oxygen or hydrogen [RMO05; Res+14]. As C is a group IV (14)
element with four valence electrons and Ga a group 11T (13) element with three valence electrons,
Cga provides an additional electron to the system and therefore acts as donor. In contrast, as N is
a group V (15) element, Cy acts as acceptor. Whether C substitutes Ga or N is determined mainly
by the position of Er during epitaxy and can be understood by discussion of formation energy plots
as depicted in Fig. 2.3. It shows the case for Ga-rich conditions which are commonly established in
GaN grown by MOCVD [Yacl7]. The formation energy plot in Fig. 2.3 is calculated using density
functional calculations based on a hybrid functional, giving e.g. a (0/—) transition level for Cy at
0.9eV [LIW14]. GaN:uid is n-type, therefore Ep is close to CBM, i.e. Er = E},; ~ 3.4eV [LRSO01].
Consequently, the formation energy for Cy is smaller than for Cg, (and Cy) so that carbon dopants
will first be built in at the N-site. As the donors Cy shift Er towards VBM, the likelihood for Cy
formation decreases while the likelihood for Cg, formation increases. This continues until both
Cy and Cg, show same likelihood and Fp saturates, in Fig. 2.3 at roughly 0.5eV. In theory, the
formation energy plot determines the concentrations of Cy and Cg, and also Er within the GaN:C
layer, however their exact values are unknown for real GaN:C.

The consideration that introduction of deep defects pins Er deep in the band gap may sound
trivial but the determination of its actual position requires information on the exact concentration
and energy of all acceptors and donors, which are in general not available. Common GaN:C
considerations include carbon acceptors in the bottom half of the band gap and donors in the
upper half. A major point, in which no consensus has been found in the community yet concerns
the ratio of acceptor concentration (Ne.) to donor concentration (Ngon). In many publications
such as [Ure4+17; LIW14] N, is considered to exceed Ngo, significantly, referred to as dominant
acceptor model (DAM). In this case Ep pins near the acceptor energy FE,.. and while practically
all donors are unoccupied (positively charged), acceptors are partly occupied (negatively charged)
and partly unoccupied (neutral). In contrast, in the auto-compensation model (ACM) N, and

Ngon are exactly identical so that acceptors as well as donors are almost completely ionized, i.e.
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Formation energy (eV

Fermi level (eV)

Fig. 2.3: Formation energy plot for carbon-doped GaN with Cy, Cg, and carbon interstitials Cy.
Figure from [LJW14].

donors are positively charged, acceptors negatively charged. In this way, Fr pins exactly between
E,. and the donor energy (Egon), which is also deep in the band gap and makes GaN:C therefore
insulating, sometimes also called ”semi-insulating”. In the ACM the formation energy plot has to
look slightly different in a way, as it is often considered for GaN grown in N-rich condition, e.g.
in molecular beam epitaxy (MBE). Although considered in literature [Wri02; Arm+06; Ver+14]
we will present in Section 3.2.2 besides more detailed discussion also electrical considerations that
strongly suggest that DAM has to be favored over ACM, although from growth point of view both

might be reasonable.

Electrical behavior of GaN:C

The above discussed models can explain how carbon-doping makes GaN insulating by pinning Fp
closer to the center of the band gap. However, it does not explain the vertical leakage mechanism
through a GaN:C buffer layer and especially not through a full HEMT structure. A yet unmen-
tioned aspect is that carbon dopants do not just increase the resistivity of GaN but also act as
trap centers. E.g. they can capture ("trap”) electrons during off-state and increase Rgson in the
subsequent on-state, referred to as "dynamic Rgsen” and ”current collapse” [MMZ18]. Schemat-
ically depicted in Fig. 2.1, trapping and vertical leakage current are the most critical features of
GaN:C buffers and the aspects this thesis is dedicated to. Vertical breakdown might be a third
major point of interest, which is to a certain degree related to vertical leakage current but it has
many aspects that would need separate discussion, going beyond the scope of this thesis. In the
following two subsections we discuss trapping and conduction in GaN:C as well as used characteri-

zation techniques on basis of previous studies. We further point out weaknesses of former analysis
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that motivated us to development our novel characterization technique, building the foundation of

investigations in this thesis.

2.2.1 Conduction through GalN:C buffers

In order to investigate the nature of the vertical leakage, bias is applied in HEMT-like structures
commonly solely between a top contact and the Si substrate on bottom. The steady-state leakage
current (Igg) is measured as function of bias (V') and temperature (7') and these dependencies com-
pared to Iss-V and Isg-T dependencies of known conduction mechanisms. Alternatively, results
are compared to technology computer aided design (TCAD) simulations. Due to the complexity
of the HEMT stack it is not obvious which layers limit the leakage current and which electric
fields are present in which layer. Therefore, more sophisticated studies identify also the effect and
conduction mechanism of single layers, e.g. by varying growth parameters and analyzing the effect
on electrical properties (e.g. [Yac+17; Yac+18]). In general, throughout previous publications
three main conduction mechanisms are reported to play a role in vertical leakage currents. In the
following section these mechanisms will be introduced and afterwards we will review representative

previous studies and their conclusions regarding conduction mechanisms.

Conduction mechanisms in general

For discussion of the present conduction mechanism we first briefly introduce the conduction mech-

anisms that are commonly associated with vertical leakage in GaN:C.
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Fig. 2.4: Schematic Poole-Frenkel emission from a trap demonstrating how an applied electric field
lowers the effective barrier.

Poole-Frenkel conduction: As demonstrated in Fig. 2.4, trapped electrons can be thermally
excited from the trap level to CB, whereby the effective barrier is reduced by an applied 6.
Consequently, Poole-Frenkel conduction shows strong € and 7" dependence and dominates rather

at high values of € and T'. The current density for Poole-Frenkel conduction can be described by

—q(Ba — \/q%8/(7e))
kgT ’

Ipp = quNcpE exp (2.7)

with FEa being the activation energy, i.e. the energy difference between trap and CBM; ¢ the
permittivity which is the product of vacuum (g¢) and relative permittivity (e, ~ 9.5 [LRSO01;
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BI73]) and kg being the Boltzmann constant. While above description refers to conduction in the

conduction band, analogously conduction can occur in the valence band.

Space-charge-limited conduction: Space-charge-limited conduction (SCLC) was first pro-
posed by Child already in 1911 as charge transport mechanism in vacuum diodes. In solids it can
be observed when low Ohmic conductivities increase the electrical relaxation time (i.e. product
of resistivity and permittivity) to values larger than the transit time of charges [Lamb6; Wri61;
Yacl7]. Fig. 2.5 shows the typical Iss-V characteristic for a semiconductor with large trap den-
sity [Lamb6]. For small bias the dominant conduction mechanism is Ohmic conduction until at a
certain bias all traps become filled, referred to as ”trap-filled limit voltage Virpr,”. Above this bias
the current approaches asymptotically space-charge-limited conduction described by Child’s law,
sometimes also referred to as Mott-Gurney law:

9 V2
IscLc = PR (2.8)

where L is the length of the space charge region.
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Fig. 2.5: Schematic Isg-V characteristic for SCLC as proposed by Lampert [Lam56] for semicon-
ductors with large trap densities. At V' = Vrpr, conduction changes from being limited by Ohmic
conduction to being determined by SCLC.

Hopping conduction: Hopping conduction is similar to Poole-Frenkel conduction in a sense
that charges move from one trap site to another. The difference is that while in Poole-Frenkel
conduction charges overcome the potential barrier between two trap sites thermally, in hopping
conduction this process is assisted by quantum-mechanic tunneling, as depicted in Fig. 2.6. Hop-
ping can be divided into nearest neighbor hopping (NNH), also referred to as fixed range hopping
(FRH), and Mott variable range hopping (VRH). At high temperatures charges rather hop into
the nearest trap (i.e. NNH), which can be described by [MD12; LI15]:

Innu = g€ exp ( - %)7 (2.9)

where o is the electrical conductivity at temperature Ty. At low T on the other hand charges

rather hop into trap sites further away but with lower trap energy. Hopping can occur either in
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Hopping conduction

D

Metal Semiconductor

Insulator

Fig. 2.6: Band diagram demonstrating hopping conduction in a metal-insulator-semiconductor
(MIS) structure. Figure from [Chil4].

the bulk in all three dimensions (Iygrm,sp) or it can also be limited to one dimension (Iyrmip),

e.g. if traps are located only in one-dimensional columns:

To\1/4

Ivru,3D = 006 exp ( - ?0) , (2.10)
TN 1/2

Ivgru,ip = 00 exp ( - T(]) . (2.11)

Although within this thesis we consider mainly the expressions above, in parallel in literature also

the following expression for hopping conduction is found [Chil4; LI15]:

M» (2.12)

Ihopping = qanvyin €Xp ( knT
B

where a is the mean hopping distance and vy, the thermal vibration frequency of trapped charges.

Characterization of conduction mechanisms in GalN

The main challenge for the characterization of the vertical leakage current is the complexity of GaN-
on-Si stacks which can consist of up to 100 layers with different growth conditions (e.g. [C], [Al],
pressure, ...), whereby they can be grouped in layers as depicted in Fig. 2.1. Uren et al. [Ure+17]
present a simplified equivalent circuit, depicted in Fig. 2.7 which is mainly supposed to explain
buffer trapping, but it also gives an idea of the parts that have to be considered for investigating
vertical leakage current. E.g. the GaN:uid layer is rather blocking for positive bias on top and
conducting for opposite polarity (i.e. diode-like, D). The series resistance Rgis1 represents leakage
current via extended defects such as threading dislocations. Analogous, in the GaN:C bulk leakage
current can be determined by conduction in the bulk (Rgax), but also in extended defects (Rqis2)-

The complexity of the stack makes it almost impossible to derive accurate potential distributions
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UID GaN

- -
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Fig. 2.7: one-dimensional equivalent circuit representing the HEMT stack according to Uren et al.
[Ure+17]. Figure from [Ure+17].

and understand the influence of every layer. In the following we present representative examples

how this issue has been treated in the past:
Most groups (e.g. [Zho+12; Moe+15a; Bis+14b]) do not consider the inhomogeneous stack at

all and therefore treat it as a single GaN layer with a homogeneous electric field without explicitly

mentioning. They analyze vertical Igg-V characteristics as depicted in Fig. 2.8 from [Zho+12] and

solely based on the V' and T dependence some speculate that results can be explained best by

SCLC [Zho+12; Moe+15a] while others suggest Poole-Frenkel or hopping conduction to explain

results better [Bis+14b].
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Fig. 2.8: Vertical leakage current vs. (a) reverse and (b) forward bias indicating SCLC according
to Zhou et al.[Zho+12]. Figure from [Zho+12].

As introduced above, not every layer contributes equally to suppressing leakage current. In

order to figure out the effect of a single layer and its electrical behavior, one can vary the growth
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conditions of a single layer and determine the effect on the electrical behavior. E.g. Yacoub et
al. [Yacl7] varied the thickness of an AIN layer that is grown between Si substrate and transition
layer between 0.47 and 1.47pm. Fig. 2.9 demonstrates that the breakdown voltage, defined by
Yacoub as the bias at which I = 1 A cm™2, shows no dependence on the AIN thickness for positive
bias but very large dependence for negative bias. He concludes that for negative bias the AIN
layer is the main current-blocking layer, in which most of the voltage drops. The AIN thickness
variation delivers besides the V' and T dependence a third parameter, the leakage current depends
on. As depicted in Fig. 2.10(a) the dependence of the leakage current on the AIN thickness and V'
within a limited range suggests SCLC as dominant conduction mechanism. As the AIN thickness
has no effect on the leakage current for positive bias on top, Yacoub et al. considers the buffer as
homogeneous layer and from the V and T dependence shown in Fig. 2.10(b) they suggest Poole-
Frenkel conduction to be most likely. From the T dependence they extracted an activation energy
of 0.7eV.
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Fig. 2.9: Vertical breakdown voltages as function of the AIN thickness. Figure from [Yac17].
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Fig. 2.10: (a) Leakage current for negative bias on top with variation of the AIN thickness in the
inset indicating SCLC, see Eq. (2.8). (b) Leakage current for positive bias for various temperatures
indicates Poole-Frenkel conduction, see Eq. (2.7). Figure from [Yacl7].
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A more sophisticated approach is followed by Uren et al. in [Ure+14a], in which they consider
the HEMT stack as depicted in the equivalent circuit in Fig. 2.7. Additionally to the T-dependent
steady-state (SS) Iss-V characteristics, they perform pulsed and ramped substrate bias measure-
ments with varying ramp rates on devices without gate. From these dynamic measurements a
rough estimation of the trapped charges in every layer is derived, from which voltage drops and
electric fields in every layer can be estimated for every value of applied bias. On this basis Igg-
V' characteristics with voltage drops in single layers can be derived for varying temperatures as
shown in Fig. 2.11. Uren et al. conclude that for low positive biases on top (i.e. 0.1-0.3 MV cm™1).
Poole-Frenkel conduction seems most likely and they further suggest conduction via threading dis-
locations. At higher biases the transition layer starts to conduct, explained best by Poole-Frenkel
conduction, probably again via threading dislocations, however Schottky emission would fit the

results similarly well.
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Fig. 2.11: Leakage current as function of estimated voltage drops in GaN:uid (V) and in GaN:C
(Vz). Figure from [Ure+14a].

We conclude that conduction depends strongly on the exact epitaxial structure, from which the
differences in leakage currents from various groups result. This leads to different interpretation of
the conduction mechanisms. Due to the complexity of HEMT structures we consider that from
available publications no reliable information on the intrinsic conduction mechanism in GaN:C can

be extracted.

2.2.2 Trapping dynamics in GaN:C buffers

One of the most promising fields for GaN HEMTs are power transistors for power converters,
in which HEMTs are switched several thousand times per second [Yacl7; Hug+12; Lid+14]. In
these applications the vertical electric field in the GaN:C buffer can cause a number of detrimental

dynamic operation conditions such as e.g. a shift of the threshold voltage (AV;,) or a dynamic on-
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resistance. While AV}, is related mainly to trapping in the gate stack region, dynamic on-resistance
is a phenomenon directly resulting from trapping in the GaN:C buffer [Bis+14b; Ure+17; Bis+13;
Bis+14a; Bis+15; Ure+14a; Ure+14b; Moe+16; Tan+13; Chi+16; Zho+12]. More precisely,
besides the GaN:C buffer there are several other locations, where trapping might cause dynamic
on-resistance, e.g. above the 2DEG at the AlGaN barrier surface. As explained later one can
well distinguish between traps above and below the 2DEG and therefore identify the effect of the

carbon-doped layers.

Dynamic on-resistance

Applying bias to a HEMT causes an electric field in the GaN:C buffer which leads to charges being
trapped in the HEMT stack. If negative/positive charges are trapped in the stack, this leads to
a decrease/increase of the 2DEG density, respectively. This can e.g. occur during operation, i.e.
on-state, but the more severe case is that charges are trapped in the stack during off-state. When
switching from off- to on-state trapped charges detrap, however depending on the trap location
this might occur slowly. Especially due to the deep level of carbon acceptors, charge emission
from traps commonly exceeds the time of a switching cycle, resulting in output current losses.
In order to quantify and compare this degradation, the two terms ”current collapse” (CC) and
"dynamic Rgson” have established, whereby the definitions are not strict and sometimes defined
differently. Technically, both describe a dynamic on-resistance, but as demonstrated in Fig. 2.12,
CC commonly refers to the decreased drain current in the saturation regime while dynamic Rgs on

describes the increased on-resistance in the linear regime.
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Fig. 2.12: Schematic figure of drain current in on-state vs. drain bias, before and after trapping,
illustrating the terms current collapse and dynamic Rgson-

Characterization techniques

In order to investigate dynamic effects in GaN-on-Si HEMT buffers, detailed characterization of
carbon defects is required. The main information of interest is the quantity and energetic posi-
tion of carbon acceptors, which can be determined either by electrical or optical characterization.
Electrical measurements are predominant in literature, whereby several different forms are known,

from which the two most common ones are described in the following.

Substrate ramp
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Fig. 2.13: Schematic substrate ramp measurement illustrating hysteresis curves for no trapping
(black), positive charge trapping (blue) and negative charge trapping (red). Arrows indicate the
sweep direction, i.e. increasing/decreasing bias.

The simplest method was first introduced for GaN-based HEMTs by Uren et al. [UrenPSSA01]
and is performed by measuring the current between two top contacts connected via the 2DEG
while applying a voltage ramp to the Si substrate at the bottom (Viu,). Fictive substrate ramp
measurements in Fig. 2.13 demonstrate the different curve forms considering trapping of 1) no, 2)

positive and 3) negative charges during the measurement:

1. An ideal insulating buffer without traps would behave like a capacitor, accumulating fictive
positive charge at the top and negative charge at the bottom. More precisely the fictive
positive charge at the top is a decrease in the negative 2DEG density and therefore leads to a
decreasing 2DEG current (lopgg). Due to the absence of trapping Isprc decreases linearly

with | Vaup | and up- and down-sweeps are identical.

2. In contrast, if during the ramp the net positive charge increases by hole capture or electron
emission, higher Iopgg values are measured. The deviation from the ideal buffer without
traps increases with decreasing ramp speed, leading also to decreasing hysteresis between

up- and down-sweeps.

3. For increasing net negative charge (i.e. decreasing net positive charge) during the measure-

ment results in lower Iopgg with same dependencies on ramp speed as above.

In the following we tentatively consider case 3) from above and that changes in the net charge
occur by electron capture and emission. In this case during down-sweeps (i.e. increasing negative
bias) electrons are captured and the dependence of Ispgg on the ramp rate gives information on
capture processes. On the other hand during up-sweeps (i.e. decreasing negative bias) electrons
are emitted, consequently giving information on emission processes.

In an adapted form of the substrate ramp experiment Vi, is not ramped continuously with
measurements during applied Vg,p. Instead, in this "on-the-fly” (OTF) called method, illustrated
in Fig. 2.14, V4,1, is ramped but between bias steps a short period with Vi,;, = 0 is added, in
which the 2DEG current is measured. In this way the measured Ispgg can be directly related
to trapped charges without comparison to a fictive ideal capacitive buffer. A further advantage
is that vertical leakage current, which can complicate substrate ramp measurements significantly,
can be neglected.

Substrate ramps are widely used as method to get an overview of the dynamic behavior of
GaN:C buffers, e.g. in [Yac+18; Yac+17; Yac+16; Ure+15; Rac+18a; Ure+14a; Moe+15a;
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Fig. 2.14: ”?On-the-fly” (OTF) measurement on a GaN:C buffer indicating decreasing Isprg with
increasing negative Vi, corresponding to negative charge capture. The inset demonstrates the
measurement sequence. Figure from [Yacl7].
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Bis+14b; Ure+17; Men+17; Moe+15b; Moe+16; Yan+14]. However, in order to get deeper
knowledge on the involved traps, information on the transient (i.e. time-dependent) behavior is

required.
Current transient spectroscopy (CTS)

In order to gain quantitative information on the time dependence of trapping, which delivers
also activation energies and hence a fingerprint of involved defects, substrate ramps are not suitable.
Instead, a method in the following referred to as ”current transient spectroscopy” (CTS) is by far
the most common characterization technique for analyzing dynamic properties of HEMT buffers.
E.g. Ref. [Bis+13] provides a database with data from more than 60 journal papers until 2013.

Fig. 2.15 illustrates the principle of CTS: First, in the stress condition (a,b) a vertical electric
field is applied in the carbon-doped buffer. This can be done in (a) ”off-state”, where the HEMT
is brought to off-state by applying negative bias at the gate and grounding source and substrate.
The vertical electric field is introduced by positive bias at the drain contact. In order to generate
a more uniform electric field over the entire device in (b) ”backgating” condition all top contacts
are grounded and negative bias is applied to the substrate contact. Alternatively, for ”backgating”
also devices without gate can be used. The electric field causes charges to be captured in defects
in the buffer; in carbon-doped GaN buffers these are commonly negative charges. After stress
condition the HEMT is switched to on-state, e.g. with conditions as shown in (c¢) with gate, source
and substrate contacts grounded and 0.5V at the drain contact, while Rqs on is measured. As the
negative charges captured by carbon defects are deep in the band gap they are emitted rather
slowly (Eq. (3.13)) so that immediately after switching to on-state there is still negative charge in
the buffer. In comparison to the condition before stress, the potential in the buffer is raised, which
decreases the amount of electrons in the 2DEG and therefore increases Rqs.on. Alternatively, one

could argue referring to charge neutrality: Very simplified, the sum of charges in the buffer and in
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Fig. 2.15: Schematic HEMT structure and stress conditions for trapping negative charges in the
buffer in (a) off-state and (b) backgating condition, figures from [Bis+14b]. (c¢) Recovery of R4 on
in on-state after the stress-condition due to detrapping from carbon defects, figure from [Bis+15].

the 2DEG has to remain roughly constant [Lagl4]; thus negative charge in the buffer must reduce
the electron density in the 2DEG. With ongoing time, negative charges are emitted from carbon
defects to the 2DEG, decreasing Rgs on until it reaches again its SS value from before the stress,
as shown in Fig. 2.15(c).

As carbon acceptors are considered to be located in the lower part of the band gap, negative
charge emission is equivalent to hole capture. Detailed discussion of emission and capture pro-
cesses is provided in Section 3.3.3, for the moment it is only important to know that for proper
defect analysis characterization of both emission and capture processes is beneficial. Thus, often
also the transient Rgson during the stress condition is recorded, which can be done easily in the
"backgating” version of CTS by applying additional to the large Viyp a small (commonly 0.1-0.5V)

source-drain bias.

C(0)+e”
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Fig. 2.16: Schematic configuration coordinate diagram for an occupied defect (C(-)) and an empty
defect with an electron in the conduction band (C(-)+e"), Er represents the trap level. The energy
barriers that have to be overcome for (phonon-assisted) electron capture and emission are AF
and E?" + AE,, respectively.

Although sometimes the extraction of capture and emission time constants itself is of interest,

the main value of interest in CTS is the activation energy (Ea) of defects. As explained in
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detail in Section 3.3.3 the (phonon-assisted) emission and capture time constant are given by

Tem X T? exp (,fg—“T) and Teap < T exp (%}fﬁ )7 respectively. Fig. 2.16 demonstrates that in general

E4 is the sum of E® determined by the energy difference between the minimas of Er and Ecp

(or the maximas of Er and Evygp), and AEs. Besides phonon-assisted transitions also optical
transitions have to be considered in which electron capture is accompanied by photon emission
and no energy barrier has to be overcome, see also Fig. 3.41. In CTS relaxation times 7 are
extracted for several temperatures and plotted in an Arrhenius-plot in Fig. 2.17. The slope of the

linear fit gives Eo and consequently delivers a fingerprint of the relevant defect(s) in the buffer.
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Fig. 2.17: Arrhenius plot with time constants derived in recovery after backgating and off-state
stresses. ¢, represents the trapping rate, which is equivalent to 1/7. Figure from [Men+16].

Most CTS measurements in literature simply analyze emission transients. Considering compen-
sation ratios (i.e. Ngon/Nacc) in the range of 0.1-0.6 [Ure+17], time constants related to capture
and emission show same temperature dependence: 7 oc T exp( Ii—‘}) [Smi78]. For a compensation
ratio in the range of 2 [Smi78] under certain circumstances it could even explain why both processes
exhibit identical time constants, as observed e.g. in [Men+16]. However, more likely stress and
recovery times are not determined by the capture/emission of holes but instead by the transport
of charges between defect and 2DEG or Si substrate, as considered in [Ure+17]. Unfortunately, as
emphasized in Section 2.2.1, the charge transport (i.e. conduction mechanism) is rather complex
due to the complexity of the HEMT stack and not well understood yet.

There is a vast amount of studies in literature using CTS for defect characterization in carbon-
doped buffers, delivering a very broad range of values for Fx between 0.5 and 1.1eV [Bis+13;
Bis+14b; Bis+14a; Bis+15; Ure+14a; Ure+14b; Moe+16; Tan+13; Chi+16; Zho+12]. However,
there are several reasons why we mistrust conclusions based on this method: 1) The large range of
found Ey, 2) the fact that in most cases transport mechanisms are completely neglected, 3) tiny
amount of data points are used 4) within small temperature ranges. More detailed discussion of

these points follows in Section 3.3.4.
Optical spectroscopy

A complementary method to the previous electrical measurements is optical spectroscopy. The

principle is to change the occupation (i.e. charge) of defects either by 1) biasing the sample (see
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emission spectroscopy in Section 3.5.4), 2) exposure to an electron beam (cathodoluminescence) or
most common by 3) irradiation with a light beam (photoluminescence, see Section 3.5.4). Subse-
quently, in the recovery phase the defect in its excited state will relax again by emission of photons
with a certain energy, whereby this energy depends on the energy level of the deep defect, see
Fig. 3.41. For GaN:C commonly three major peaks are found in emission spectra, as indicated in
Fig. 2.18:

1. One peak around 365 nm (i.e. 3.4eV) is often referred to as near band edge emission (NBE)
and originates from band-to-band recombination, i.e. electrons from CB and holes from VB

recombine.

2. A peak at 430nm (i.e. 2.9eV), often referred to as ”blue luminescence” rises due to recom-

bination in carbon acceptors [AYWO05].

3. Another peak, found at 560 nm (i.e. 2.2eV) is dubbed as ”yellow luminescence”, whereby
it is still unclear [Kne+16] whether it originates from carbon [Res+14] or gallium vacancies
and oxygen [NW96].

Optical methods are powerful for deriving energy levels of deep defects and we also performed
some simple measurements (see Section 3.5.4). However, within this thesis we focus on electrical
measurements which deliver much more information on the behavior of GaN:C than a bare energy

level.

Intesity [counts]

Wavelength [nm]

Fig. 2.18: Typical raw spectra of GaN:C, featuring peaks originating from near band edge emis-
sion (NBE), blue luminescence (BL) and yellow luminescence (YL). Indices 'A’ to 'F’ represent
measurements from wafer center to wafer edge, respectively. Figure from [Kne+16].
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Characterization of single GaN:C layers:

Derivation of a physical model

This chapter builds the core of this thesis and is dedicated to detailed electrical (and optical)
characterization of single GaN:C layers based on our developed ”layer under test” (LUT) test
structures.

In detail, in the first section we introduce the fundamental idea behind the LUT structures, show
simple electrical characterization as proof of concept and to demonstrate their basic functionality as
well as provide details on all different LUT structures investigated during the course of this thesis.
Within this chapter we use the LUT concept in order to characterize single GaN:C layers. In the
second and third sections we discuss their electrostatics (i.e. potential and charge distributions
as well as leakage currents) and transient behavior (i.e. trapping), respectively, which requires
the introduction of a novel physical model. The fourth section is dedicated to the influence of
the carbon concentration, while in section five a breakdown-like transition at high electric fields
is systematically analyzed. Sections six and seven focus on optical experiments, whereby the
former focuses on optical spectroscopy while the latter discusses electrical measurements under

illumination.

3.1 Concept of ”layer under test” (LUT) test structures

3.1.1 Fundamential idea of LUT structures

As pointed out in the previous chapter, a great obstacle for gaining knowledge on the intrinsic
electric behavior of GaN, especially GaN:C, is that it cannot be characterized in single layers. As
GaN is commonly grown on different substrates (in our case Si), thick and complex transition

layers are required in order to achieve high-quality GaN layers above. The evolving problem is
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3.1. Concept of ”layer under test” (LUT) test structures

that the high-quality layers of interest cannot be investigated separately from the transition layer
on bottom. The idea behind LUT structures is to introduce a highly n-doped GaN layer on top
of the transition layer and to grow the layers of interest (i.e. ”layer under test”) on top. Finally,
metal contacts are deposited on top, as demonstrated in Fig. 3.1. The conductive n-GaN layer
distributes the current over a wide area so that the impedance of all layers below (i.e. the base
structure) gets negligible. Besides acting as back electrode, the n-GaN layer also acts as sensor
for the LUT above. For a rough estimation in the following we tentatively consider for the LUT a
GaN:C layer which behaves similar to an insulator. In this case applying negative bias at the top
depletes the n-GaN layer. Hence, capacitance-voltage analysis gives valuable information on the
GaN:C layer, similar as in MOS capacitors. In summary, the core element of the LUT structures is
the introduction of an n-GaN layer between the LUT and the transition layer, which acts as back

electrode and as sensing layer.

3.1.2 Experimental details of LUT structures

A

L 100pm

AlGaN 2DEG

GaN channel

transition layer transitipn layer (n
Si substrate Si substrate  ©,

(a) HFE'F scheme (b) LUT-structures

Fig. 3.1: Schematics of (a) a conventional HEMT stack and (b) an exemplary LUT structure
consisting of the electrically inactive base structure and the LUT.

This paragraph is dedicated to the sample preparation and gives an overview of all used samples.
Tllustrated in Fig. 3.1, the basis of all samples are 6 inch n-doped Si(111) substrate wafers, on which
ITI-N layers are grown by MOCVD in a commercially available multi-wafer reactor. The first layer
is the transition layer, which consists of an AIN nucleation layer and several AlGaN layers with
different [Al] and [C]. The Si substrate with the transition layer forms the base structure, which
is analogous to the bottom layers of HEMT structures used in industry. The difference between
HEMT stacks and structures used within this thesis, are the layers above the base structure.
Instead of the GaN:C buffer, a 1.7 pm thick GaN:Si layer with an active donor concentration (Ng;)
of (8.241.0) x 10 ecm =2 (see Section 3.2.1) forms the n-GaN layer. Arbitrary layers on top of

)

GaN:Si can be investigated without influence of the base structure, i.e. as "single layer” or ”layer
under test” (LUT). The top layer is not limited to single layers but can be extended to multilayer
structures. Within this thesis various layers and multilayer structures with differences in [Al], [C]
and their thicknesses are investigated, Tab. 3.1 shows all structures with their parameters. While

the focus of this thesis lies on the characterization of single GaN:C layers, discussed in this chapter,
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Section 4 is a first step towards understanding multilayer structures. [C] and [Al] are measured
by secondary ion mass spectroscopy (SIMS) once per run, which consists of five wafers. Although
building the back electrode, the GaN:Si layer itself also influences the electrical behavior of the
top layers. Hence, as shown in Fig. 3.1, GaN:Si itself is part of the LUT.

For the top electrode different metals, thicknesses, shapes and sizes are used in order to match
the needs of different characterizations. If not stated differently, square Ti contacts with an edge
length of 100 pm are deposited on top. For reason of comparison also Ni is used or in order to
achieve semi-transparent contacts for light experiments, few nm thick Ti/Au films are used, see
Section 3.6. For the thin Ti/Au films it has to be considered that needle movements due to
e.g. thermal expansion during temperature-dependent measurements can detach part of the film,
leading to measurement artifacts. Contact sizes range from diameters of 10 pm up to 6 mm with

square and circular contacts, which has been proven to cause no significant edge effects.

Table 3.1: Stacks of all investigated samples (LUT structures) and designated names.

layer 2: GaN:uid GaN:C
d (nm) 200 200
[C] (10" cm™) - 10
layer 1: GaN:C GaN:C GaN:C AlGaN:C GaN:C AlGaN:C
d (nm) 200 200 300 100 200 100
[C] (10" cm?®) 1 10 10 >10 10 >10

3}

1.7 um GaN:Si, Ng~8.2x10 " cm’
transition layer
Si substrate

Ssenotty | Su | S0 | S | Sw Sw | Swue | S

3.1.3 Proof of concept: electrical behavior of LUT structures

This paragraph gives an overview over the electrical behavior of LUT structures on basis of sample
S10b, which uses as LUT a 300 nm thick GaN:C layer, see Fig. 3.2(a) and Tab. 3.1. The brevity of
this section requires some oversimplification, which will be discussed in very detail in the subsequent
sections. Fig. 3.2(a) shows a schematic of the test structure and (b-d) its electrical SS behavior,
which is representative for all LUT structures. The electrical behavior can be divided into three

bias regimes with very distinct features:

1. For V' < 1.5V in the “depletion regime” GaN:Si is with increasing negative bias increasingly

depleted, resulting in the decreasing SS capacitance (Csg) in Fig. 3.2(b).

2. For 1.5V <V < 15V in the “plateau regime” the depletion width in GaN:Si (wg;) remains
constant, resulting in the constant Css in Fig. 3.2(b).

3. For V 2 15V after a sudden increase of Igs by several orders of magnitude in the “Ohmic
regime” Igg converges towards a linear increase with V', observable in the saturation of the
differential resistance (Raig) with V' in Fig. 3.2(d).

Remarkably, for V' < 15V Isg and Cgg scale linearly with the contact area A, while for V2> 15V

Iss is independent of A. We therefore consider the LUT structures as a series of the impedances of

31



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M You

3.2. Electrostatics of LUT structures

the LUT (Zpur) and the base structure (Zpg) as shown in Fig. 3.2(a). GaN:Si is highly conductive
and connects Zy,yt and Zgg. Isg is therefore localized in LUT below the contact and scales with A,
while Isg spreads in GaN:Si over the entire wafer and permeates the base structure over the wafer
area, independent of A. Obviously in the Ohmic regime Zpg determines the electrical behavior,
while for depletion regime and plateau regime Zgg can be neglected, proving the LUT principle of

single layer investigations.

20 [~ | e— ) — 100|Jm
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NE — D=600pm
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= 'c 14| _ -
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Fig. 3.2: (a) Schematic and simplified equivalent circuit of Sigp, (b) Css-V and (c) Isg-V as well
as from data in (c) extracted (d) differential resistance (Rai) for circular contacts with various
diameters D.

3.2 Electrostatics of LUT structures

3.2.1 Extraction of potential and charge distribution

A peculiarity of the LUT structures in contrast to complex multilayer HEMT structures is that they
allow for the extraction of the potential distribution (i.e. band diagram) of the entire structure,
based on simple Igs-V and Css-V characteristics. If not explicitly stated different, ramp rates for
voltage sweeps are chosen slow enough to establish SS in every point during a sweep. In a sweep,
after every voltage step, values are only taken after a delay time exceeding the relaxation time
constant in GaN:C. Hence, the actual rates depend on the used sample and temperature. If not
stated explicitly, SS measurements are done at room temperature, where for S1o the relaxation time
constant is roughly 300 ms and ramp rates of 30mV s~! are used. This ensures full trap relaxation
at at every data point. Capacitance measurements are performed with a small signal frequency of

10kHz so that the inverse of angular frequency is smaller than the relaxation time constant or the
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3.2. Electrostatics of LUT structures

time constant originating from parallel conductivity. I.e. the trap occupancy follows the voltage
ramp but not the small signal [Ure+14a; Kol+17b].

In this section we discuss considerations, assumptions and the procedure for this extraction on
basis of the samples Sgchottky; S10 and S1gp. These are LUT structures without top GaN:C layer (i.e.
Schottky diode) and with GaN:C layers on top with thicknesses of 200 and 300 nm, respectively.
The groundwork of this section (3.2.1) with measurement data and assessment illustrated in Figs.
(3.3-3.5) are published in our publication [Kol+17b].

—~ -4 T L T LI T T T T T

~ 10 — —SSchottky

g 107 £ 40 [ 210 i

< . o ——Si0p

=10 E

5107 = 20

8108 J b depletion|plateau
© 107 0 ( ) | | regime, |regime

= 100 T T T T T & 4,000 T T T T T

NE 80 \ | E
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Fig. 3.3: (a) Iss-V and (b) Csg-V characteristics as well as extracted 1/Css-V and 1/Cs;? — V of
SSchottky, 910 and Sygn. Measurement data reused from [Kol417b].

Fig. 3.3(a) shows negligible Isg in S1p and Sygp for V' < 1.5V, followed by a strong rise for
V' > 1.5V. Sschottky on the other hand shows significant leakage current for reverse bias and
a sharp Igg increase in forward bias. Cgg-V characteristics in Fig. 3.3(b) reveal in reverse bias

depletion-like behavior for all three samples. The capacitance of a depleted GaN:Si layer (Cg;) can

qeNsg;
Csi = 4/ 7 3.1
S 2V (3-1)

ws; = €/Cs;, (3.2)

be calculated in general by:

where Ng; is the Si doping concentration in GaN:Si and ws; the depletion width in GaN:Si. As
the electrically active layer in Sgchottky is a single GaN:Si layer, its capacitance (Csg) should be
identical to Cg; from Eq. (3.1). However, in Sschottky an additional Schottky barrier of height V4,
has to be considered:

Sschottky © Vsi = =V =+ Vh;. (3.3)

From 1/Cs;? — V (Fig. 3.3(d)) Vii = 1.1V and Ng; = 8.2 x 10! em ™2 can be extracted from its
root and slope, respectively. The value for Ng; is consistent with the growth data.

Css-V curves of S1p and Siop, show similar depletion-like behavior for V' < 1.5V (depletion
regime) and a slightly increasing plateau for V' > 1.5V (plateau regime). The low small-signal
conductance values (< 6011S cm ™2, not shown) within the plateau regime exclude that the plateau

originates from an artifact arising from the increasing conductivity for V' > 1.5V. As under all
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3.2. Electrostatics of LUT structures

conditions Csg is significantly lower than the capacitance of the depleted GaN:C layer (Cgan.c =
g/dr,ur with GaN:C thickness di,yr), we consider Csg as two in series connected capacitances C;

and Cgan:c: ) ) )

R + .
CSS CvSi CGaN:C
In addition, for S1o and Sjop potential drops in GaN:C (Vgan.c) and V4,; have to be considered:

(3.4)

S10, Siob 1 Vsi = =V + Wi — Vaanics (3.5)

whereby for LUT structures apart from Sgchottky the built-in potential (Vi) has a slightly different
meaning than in Sschottky. As illustrated in Fig. 3.4(a) and explained in detail in Section 3.2.2,
Vi corresponds to the energy difference between Ecp and the pinned Er in the GaN:C bulk. A
possible potential drop resulting from a Schottky barrier at the GaN:C surface can be neglected.
Due to Iss ~ 0 (and Vgan.c = 0, see next paragraph) within the depletion regime, electrostatic
consideration is sufficient, a division of Er in quasi-Fp is not required. Taking into account a
GaN band gap at room temperature of 3.4eV [LRS01], Er pins at Ecg — (2.7 £ 0.2) eV, detailed

discussion within the dominant acceptor model follows in Section 3.2.2.

Depletion regime (V < 1.5V)

Fig. 3.3(c) proves that in the depletion regime 1/Css-V curves of S1g and Sygp, are vertically shifted
by drur/e from Sgehottky, confirming Eq. (3.4). This indicates that there is no significant amount of
free charges in GaN:C, proving its semi-insulating behavior. Moreover, 1/Cs;2 — V characteristics
in Fig. 3.3(d) exhibit straight lines for S19 and Sigp, parallel shifted to Sschottky data. This further
proves the validity of Eq. (3.4), extracted values for Ng; vary only within less than 5% for all three
samples. Independent of dpyT, Vi = (2.7 £0.2) V. The parallel shift of 1/Cg;? — V curves of Sig
and Sigp, compared to Sschottky can only be achieved if Vgan:c is negligibly small, independent of
V. A V-dependent Vian.c would result in a non-linear 1/ Cgi2 — V curve that would also not be
parallel for S19, S0 and Sgchottky- A V independent Vian:c # 0 on the other hand would result in
a dyur dependence of Vi, which is not observed and would also be not stable as long as Isg = 0,
obviously true for V' = 0. The only possible solution is Vgan.c = 0, i.e. flatband in GaN:C. This
is attributed to the accumulation of negative charge in GaN:C near the GaN:Si/GaN:C interface
with an ”equivalent” sheet charge density oc. We use the term ”equivalent” because as we show
later, instead of a sheet charge, o¢ is a bulk charge in GaN:C next to its interface to GaN:Si. Due
to the small width of this space charge region of few nm, causing a negligible potential drop well
below 1V [Kol+18a], we can consider o¢ for the sake of simplicity in first approximations as sheet
charge. The experimentally observed condition Vgan.c = 0 requires that oc = Ng; X ¢ X wg;j, which
is fulfilled for any bias condition in depletion regime.

Using only the extracted values from 1/Cg;? — V (i.e. Ng; = 8.2 x 1016 cm=2 and V4,; = 2.7V),
potential (¢) distributions in GaN:Si as in Fig. 3.4 can be extracted directly from Cgg-V curves
using Eq. (3.1),(3.2) and (3.4):

plr < —wsi) =0, (3.6)

Ni i 2
o(—ws; < x < 0) = W, (3.7)
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3.2. Electrostatics of LUT structures
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Fig. 3.4: Potential of conduction band minimum in Sigp for various V' (colored values) in (a)
depletion regime and (b) plateau regime. Interface potential v;, built-in voltage V4, depletion width
in GaN:Si wg; and potential drop in GaN:C Vgan.c are indicated for V' = +10V. Measurement
data reused from [Kol+17b].

with z being the distance from the GaN:Si/GaN:C interface as indicated in Fig. 3.4. Neglecting
the surface Schottky barrier, the potential in GaN:C at the surface (¢(z = dpur)) is =V + Wy
Within the depletion regime the GaN:Si/GaN:C interface potential (¢(x = 0)) is identical with
p(r = drur) (Eq. (3.7)), demonstrating that Vgan.c must be 0. The only thermodynamically
stable condition is a flatband in GaN:C, i.e. (0 < & < dryr) = —V + V4, completing the band
diagram. As mentioned before, minor potential drops due to spatial extent of o are at the moment

neglected.

Plateau regime (V' > 1.5V)

In the plateau regime the roughly constant capacitance in Fig. 3.3(b) indicates almost constant
p;i ~ 1.1V, so that the rise in V must be fully compensated by a potential drop in GaN:C,
i.e. Vaan:c # 0, see Eq. (3.5) and extracted potential distributions in Fig. 3.4(b). Analogous to
depletion regime, the positive charge of depleted donors in GaN:Si is compensated by accumulating
negative charge in GaN:C near the GaN:Si/GaN:C interface (o¢). However, in order to establish
Vaan:c # 0, an additional increase in o¢ is required. Due to non-negligible Isg as shown in
Fig. 3.3(a), equilibrium consideration is not sufficient anymore, impeding clear judgement on the
location of the negative charge. Consequently, we consider the fraction y (0 < y < 1) of additional
charge to accumulate near (in first approximation directly at) the GaN:Si/GaN:C interface and
(1 — y) to distribute homogeneously in the bulk. For reason of simplicity, Fig. 3.4(b) considers
only interface charge (y = 1), leading to a linear potential drop in GaN:C, y = 0 would result
in a parabolic ¢. Details on the build-up of the potential barrier ¢; = 1.1V are provided in
Section 3.3.1.

Knowing the potential distribution enables the expression of Csg as solution of the Poisson
equation in depletion approximation for a structure of n-doped GaN (i.e. GaN:Si), semi-insulating

GaN:C with a V-dependent equivalent sheet charge density o¢ and a top metal electrode [Kol+17b]:

- V+ 7qdl§éT2Nsi + drur O’(;(V)]

S

Ng;i
Css(V) = e s for V < 1.5V, (3.8)
2[ Vi
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3.2. Electrostatics of LUT structures

depletion
regime
1

-40 -30 -20 -10 0
V (V)

Fig. 3.5: Accumulated negative charge in GaN:C per area oc vs. V in Sig and Sigp with oc
extracted from Eq. (3.8) and (3.9) with limiting lines for y = 0 (additional bulk charge in plateau
regime) and y = 1 (only interface charge). Measurement data reused from [Kol417b].

e N, i

2| Viy — V 4 4diur? N, - duur [00(1.5 V) + L8 [g0(V) — ac(1.5V)]H

(3.9)
In Eq. (3.9) the term [o¢(V) — 0c(1.5 V)] represents the additional charge exceeding the value of
oc(1.5V), with the latter extracted from Eq. (3.8). Fig. 3.5 shows extracted o¢ vs. V in SS, using
Eq. (3.8) and Eq. (3.9). While in the depletion regime only interface charges are considered, in
the plateau regime both interface and bulk charges are taken into account (0 < y < 1). From the
maximum value of o¢ at —40V, we can extract a minimum net acceptor concentration in GaN:C
(i.e. NX.. = Nacc — Ngon). In the most conservative estimation we consider all acceptors in GaN:C

to be occupied, leading to N7, = oc/(q x dryr) = 3 x 1017 cm™3.

However, this conservative
assumption would lead to major potential drop in GaN:C (i.e. Vgan.c = 11V, which can be
excluded from analysis of 1/Cg;2 — V. Detailed analysis of the tiny distortions in the 1/Cs;2 — V
curves of Sschottky and St shows that the slope in Sig is by 3.5 % steeper than in Sgchottky. This

can be explained by considering for N}, a value of 3.5 x 10'® em ™3, which is a reasonable value,

CcC

fitting also to reported values in literature [Rac+18a).

3.2.2 Fermi level pinning at dominant acceptor

From V;,; = 2.7V we derived that Er pins roughly at Eyp + 0.7eV with low influence of T' within
the estimated measurement and analysis inaccuracy of +0.2eV. Furthermore, we have evidence
for the existence of acceptors and donors in GaN:C. We extracted that their densities Nyc. (see
Section 3.2.1) and Ngon (see Section 3.6.1) must be in the most conservative assumption greater
than 3 and 2 x 10'7 cm3, respectively, with less conservative and more likely values at least 10
times larger. Therefore, for rough estimations in the following we consider that all carbon defects
are either acceptors with density N,.. and energy F,.., or donors with density Ngon and energy
Ecg — Edon, 1.6. Nace + Naon = [C]. As shown in Fig. 3.6 the band gap E,, and therefore also
FEcp decreases with T', which is calculated by an empirically found expression by Levinshtein et

al. [LRSO01]:
T2

Epo(T) = Epo (T =0) — 7.7 x 1074 ————.
bg (1) be 0) —7.7x 10 T 600

(3.10)
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3.2. Electrostatics of LUT structures

For matter of simplification and due to lack of better knowledge we consider that E,.. and Eqon
remain constant with 7', as shown in Fig. 3.6. For the derivation of Er we consider in equilibrium

charge neutrality in GaN:C:

_NaCC(_)+NdOIl(+) —n+p=0, (311)
Nacc(_) - Nacc fFDD(Eacc - EF)»
Naon(+) = Ndon frop(EF — Edon),

with Nacc(-) as negatively charged (i.e. occupied) acceptors and Ngon(+) as positively charged (i.e.
unoccupied) donors. Maintaining Eq. (3.11) is only possible for a certain Ep, which depends on
T, Eaces Faon, Nace and Ngon. Knowledge that Er pins at Eyg + 0.7eV in combination with the
boundary conditions for N and Ngopn delivers further information about the defects, discussed
in the following. Fig. 3.6 shows the decreasing band gap with T, the constant distances of F,..
and Ego, from VB and the calculated Ey, using Eq. (3.11) and Eq. (3.10). Eacc, Fdaon, Nace and
Ngon are chosen in order to achieve Er = 0.7¢V in (al) and (b), whereby two different concepts
can be followed that both meet the requirements stated above and are both stated in literature to

explain the semi-insulating behavior of GaN:C.

Autocompensation model (ACM) vs. dominant acceptor model (DAM)

auto—compensation model: dominant acceptor model:

< 3
2L
- 2
2
o1
c
[}
0
0 6000 6000 6000
(al1) (a2) (a3) (b1) (b2) (b3) (b4)
energies in (eV) T=0K |T=300K |T=600K energies in (eV) T=0K |T=300K|T=600K
Ecg 3.47 3.39 3.24 (b1) Er(Naee=1.1XNgon, E,ec=0.64eV) | 0.64 0.70 0.76
(@l) Er(Nace=Ngon) 0.70 0.70 0.70 (b2) Ex(Naee=2XNyon, Esce=0.70eV) 0.70 0.70 0.70
(@2) Er(Nace=Ngonx1.001)| 0.30 0.48 0.66 (b3) Er(Nace=3XNyon, Eacc=0.72€V) 0.72 0.70 0.68
(@3) Er(Naee=Ngonx0.999)] 1.10 0.92 0.74 (b4) Er(Naee=100xNyon, E.ec=0.82eV)| 0.82 0.70 0.58

Nyeet+ Nyon=10%cm3

Fig. 3.6: Band gaps, defect levels and calculated Er as function of T. (al) Autocompensation
model leads for Nayce = Naon and (Eaec + Edon)/2 = 0.7€V to T independent Er = 0.7eV. (a2,a3)
However, tiny differences in Nyec/Ngon ratios shift Fr dramatically and make it T-dependent.
(b1-b4) In the dominant acceptor model Eq,, is irrelevant but Er depends slightly on T for large
variations in Nace/Ndon; Face are chosen to establish Er = 0.7eV at T = 300 K.

1. Fig. 3.6(a) demonstrates the “auto-compensation model” (ACM) as considered e.g. in
[Ver+14; Wri02; Arm+06], in which Ngon = Nace With Face < Edon. Er = 0.7€V can
be achieved by: E,.c = Evp +0.7eV — 2 and Egon = Evp +0.7eV + = with z € (0,0.7)eV;
for Fig. 3.6(a) x = 0.4eV is used. Basically, all acceptors are occupied, while all donors are

unoccupied. Due to their same density, charge neutrality is established by Er pinning at
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3.2. Electrostatics of LUT structures

(Bace + Edon)/2 = 0.7€V, i.e. Nace(—) = Nace = Ndon(+) = Ngon. However, small fluctu-
ations in Nz and Ngon have dramatic influence on Er. E.g. for x = 0.4eV as shown in
Fig. 3.6(a2,a3), considering N,.. to be by only 1 ppm larger than Ng,,, Er shifts at 300K
already by 0.22eV. Therefore, exact same N,.. and Ngo, with tiny tolerances are crucial. In
real GaN:C there are not only carbon defects but also other background donors such as Si,
likely in the range of 10'% cm™2 and located near Ecg. In the ACM Ngop is the sum of all
donors, regardless of their physical and energetic nature. Important is only that the lowest

donor above F,.. is considered to be equal to Eqqy.

2. Fig. 3.6(b) shows the “dominant acceptor model” (DAM) as considered e.g. in [Arm+06;
LIJW10], in which Ngon < Nace with Face < Fqon, whereby the exact location of Eqop is
irrelevant. Basically, all donors are unoccupied, i.e. positively charged Ngon(+) = Nyon,
while acceptors are only partly occupied with Nycc(—) = Ngon, satisfying charge neutrality.
In order to establish this condition, Er has to be located close to Fa.., with its exact level
mainly depending on the ratio Nuec/Ngon. Fig. 3.6(bl-b4) demonstrate that in order to
establish Er = 0.7eV, dependent on Nyce/Ndon Face has to be located slightly above (for
Nace/Ndon < 2) or slightly below 0.7eV (for Nace/Ngon > 2). For Nace/Ndon = 2 the
following condition holds, independent of T: E,.. & Ep = 0.7eV. For Nuce/Nion < 2, Er
increases slightly with T, while for Nucc/Ngon > 2, Er decreases slightly with 7. In theory,
Er vs. T would be measurable by extracting V4; from 1/ Cg;2 — V measurements for various
T, however this is practically impeded by several reasons: 1) Changes in V},; are smaller than
the measurement accuracy; 2) The decrease of Ecp is in the same range as the change in
Vbi and cannot be distinguished from an increase in Eg; 3) Eac might shift with 7" and 4)
Fl.cc is likely to be not discrete but show a certain unknown energy distribution that leads
to a shift of Ex with T, especially due to the small F,.. — Er. In sharp contrast to ACM,
in DAM EF pinning is very resilient against variations in Nyce/Ngon as demonstrated in the
small effect of wide variations of Nycc/Ndon in Fig. 3.6(b).

Although in theory both ACM and DAM could explain the semi-insulating behavior of GaN:C
by pushing Er to 0.7eV, Fig. 3.7 demonstrates that as soon as GaN:C is used in multilayer struc-
tures only the latter leads to Ep-pinning at 0.7eV. Fig. 3.7(a,b) show the potential distribution of
the lower part of the band gap next to the GaN:Si/GaN:C interface and (c,d) negatively charged
acceptor and positively charged donor densities for V' = 0 at 300K for ACM (a,c) and DAM (b,d).
Considering ACM, within about 3nm next to GaN:Si the main part of Ngo, are occupied (i.e.
neutral), while N, are within entire GaN:C occupied (i.e. neutral). This leads to a space charge
and consequently band bending. For Eg4,, > Er almost all donors are positively charged so that
Naon(+) — Nace(—) becomes very small. Only after large distances Er pins at (Eacc + Eqon)/2 as
calculated in Fig. 3.6. Considering E,c. = 0.4eV, Eqon = 1.1eV and Nayce = Ngon = 5 x 108 cm ™3
Er is on top of 200nm GaN:C as in sample Sig still roughly 200 meV above (Eacec + Edon)/2 (i-e.
at Eypg + 1.1eV). It would require 8 pm to push Er in a 10 meV vicinity of (Eacc + Faon)/2. This
is not just valid for GaN:Si/GaN:C structures but also for example for a Schottky junction, an
adjacent GaN:uid layer or any adjacent layer that requires band bending in GaN:C in order to
push Fg to Eyp +0.7eV. With applied bias the situation gets even worse, Er is then even further
away from (Face + Fdon)/2. In order to achieve stable Er pinning, F... and Eg4o, would have

to be very close together, however there is no indication that this could be the case in GaN:C.
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3.2. Electrostatics of LUT structures

autocompensation model: dominant acceptor model:
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Fig. 3.7: Part of the band diagram calculated by Poisson equation in GaN:C as function of the
distance from the GaN:Si interface for V=0V at 300K, considering (a) auto-compensation model
and (b) dominant acceptor model. The equivalent sheet charge density o¢ is the area between
negatively charged acceptors and positive charged donors.

An alternative for the existence of acceptors and donors could be a single defect that can act as
acceptor and donor. E.g. Lyons et al. [LJW14] report that C on N site acts in such a way with
the difference that the acceptor transition is energetically higher than the donor transition and can
consequently not explain the observed behavior.

Fig. 3.7(b) shows the potential distribution and (d) the negatively charged acceptors and pos-
itively charged donor densities for a GaN:C layer next to GaN:Si at 0V and 300K, considering
DAM. In contrast to ACM in Fig. 3.7(a,c), Er approaches F,.. within a much smaller distance
so that for Fuee = 0.7€V, Eqon > Face, Nace = 7.5 and Ngon = 2.5 x 10"¥ cm™3 in a distance
10 nm from the junction Ex — F,. is already smaller than 10 meV. Fig. 3.7(b) shows that all Nyop
are positively charged, while at * = 0 almost all N,.. are negatively charged and as Fp — FE,cc
approaches 0, Nac.(-) approaches Ngon(+). With increasing bias the width of the space charge
region increases, represented by we which is the width when the space charge decreases to half of
its maximum value. Even for V = —40V with ws; &~ 730nm, wc is only ~ 8.3nm, so that Ep is
indeed pinned in the major part of GaN:C at 0.7eV with small potential drops in GaN:C, which
can be neglected for rough estimations.

Due to the experimentally observed Eg pinning which is further V' independent, we conclude
that only the DAM can explain results properly. Furthermore, from atomistic point of view it
seems unlikely that carbon forms exactly Nyce = Ngon With fluctuations much smaller than 1 ppm
and Fyc. only slightly smaller than FEqon (= 100meV) at 0.7eV. We consider it more likely that
Nace > Ngon with F,.e = 0.7eV and any FEq., that is greater than F.... Thus, we use for all

following considerations within this thesis the DAM and if not stated explicitly we assume for
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3.2. Electrostatics of LUT structures

rough calculations Ngon = 0.25 X [C], Nyee = 0.75 X [C], Face = 0.72eV and Egon > Face (see
Fig. 3.6(b3)).

(No) donor occupation

For electrostatic considerations under following condition also donors can get occupied:

Vean:c 2 (Edon — Er buik)/q, (3.12)

with Ep puk being Er within the bulk; the occupation factor depends on Eyo, and 7. However,
for reverse bias considering e.g. Egon = Ecp — 0.2eV and [C] = 10*° cm™3, Eq. (3.12) is only
fulfilled for we > 28 nm, for which ws; must be greater than 1.65 pm, which means that almost
the entire GaN:Si is depleted. This happens only for V' < —220V; as all investigations are done at
much lower negative bias, occupied donors are neglected for equilibrium considerations. However,
for forward bias Igg # 0, so that equilibrium considerations have to be replaced by non-equilibrium
considerations. As Vgan.c = V + ¢ — Vi, Eq. (3.12) is fulfilled for V' 2 4.1 V. But as Ego, is
assumed to be close to Ecg, electron emission from F,.. or Fyp to Eqon is a much slower process
than electron emission from Fg4,, to Fcp, therefore Egon, should be mainly unoccupied. As ¢
is supposed to be greater than Ecp — E4on, also injected electrons from GaN:Si cannot lead to
relevant occupation rates, especially as the lifetime in the donor state is very short. Therefore,

under all conditions donor states are considered as unoccupied.

Schottky barrier

0 —
— L =~ ~ ~ EF Edon 8 EF,metal
> ~ y
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3k Evg -
(a) .
8 l N NN SN .
o 6 Nacc(_)/ E
E Ti B
O / 2
0'33 4r ,/ Oc,schottky/ 4 bg
3 I_— - . . . .
Z 21 Ngon(+)
1

0 L
170 180 190 200 210
(b) x (nm)

Fig. 3.8: (a) Calculated band diagram using Poisson equation at the GaN:C/metal junction and
(b) negatively charged acceptor densities N,q.(-), positively charged donor densities (Ngon(+)) and
equivalent sheet charge densities indicated by the red areas, whereby oc schottky = Om,Schottky -
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3.3. Transient behavior of LUT structures

We mentioned earlier that the top metal contact acts rather Ohmic than Schottky-like. In
this section we will discuss this important statement in more detail. Using considerations of
the dominant acceptor model from the previous Section 3.2.2, Fig. 3.8(a) shows the calculated
band bending at the metal contact. Neglecting for rough estimations any surface states, the
difference of the electron affinity of GaN (4.1eV [LRSO01]) and the work function of Ti (4.3eV
[Bin+94]) results in a potential difference of Er in the metal (Ep metal) and Ecp in GaN at
the surface of ¢gcp ~ 0.2V and therefore psyvg =~ 3.2V as indicated in Fig. 3.8(a). From
1/Csi2 — V characteristic of Sschottky We extracted Vi,; = 1.1V which in theory has to be equal
to s cp but obviously is not. For samples with GaN:C on top we do not have any experimental
information on the Schottky barrier, but we know that Ew pins in the GaN:C bulk at 0.7eV.
Therefore, in any case significant band bending is required in the surface vicinity. As explained
in the following the exact value of ¢g cp is irrelevant, therefore we consider the theoretical value
ps,ce = 0.2V. As Ep is pinned in the bulk at F,.., the bands have to be bent in the surface
vicinity by ¢ X ¢svB — Eacc = 2.5eV. Fig. 3.8(a) demonstrates that this is achieved as in this
region F,.. is well below Eg, so that as shown in (b) Nucc(-) rises in a width wr; of roughly 23 nm
for sample S1p (72nm for Sp;, 9nm for Szp). The negative equivalent sheet charge density in
GaN:C (o¢,schottky) is compensated by a positive equivalent sheet charge density of om schottky il
the metal (i.e. 0c Schottky = Tm Schottky) Of roughly 12 x 10*2 Cem™2 for Sy (32 x 102 Cem ™2 for
So1 and 4 x 102 Cem™2 for Syg).

Ideal Schottky barriers would form an effective potential barrier, limiting leakage currents and
charge injection. However, in the following we list a number of measurements that indicate that

these Schottky barriers are instead rather leaky:

1. Sample Sgchottky in Fig. 3.3(a) shows already for small reverse biases high reverse leakage

currents.

2. In a variation of sample Sig the Ti contacts are replaced by a few 100nm thick p-type
GaN layer with an annealed Ti contact on top. This standard process is known to establish
Ohmic contacts. As these samples show insignificant change in Igg-V and trapping dynamics
compared to standard S;p samples with Ti contact we conclude that the Ti contacts are

actually quite Ohmic.

3. Thermionic emission or thermionic field emission would lead to an Arrhenius-like T" depen-
dence of the injected current. However, Iss and trapping time constants show e®! instead
of exp(—qyps,ve/(kT)) dependence (see Figs. 3.11 and 3.19), proving that throughout the

entire investigated temperature range thermionic (field) emission is never determining Igg.

These arguments prove that either the Shottky barrier must be much smaller or more likely it is
very leaky, forming a good Ohmic contact. In any case it does not determine the electrical behavior

(Iss, trapping dynamics) of the test structures, hence we will neglect it for following considerations.

3.3 Transient behavior of LUT structures

In the previous section we discussed the SS behavior of S1g. During SS measurements we already
discovered that slow ramp rates are required in order to reach thermal equilibrium. Furthermore,

Fig. 3.5 reveals that the occupation of carbon acceptors changes as a function of V. As the
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3.3. Transient behavior of LUT structures

acceptors are deep in the band gap (Eacc &~ 0.7€V), they should cause dynamic trapping effects.
In this section we will show that these dynamic effects are a great vehicle for characterization of the
nature of carbon acceptors. Key elements of this section have been introduced in our publication

in [Kol+17a], although in a very condensed way.

3.3.1 Dynamic characterization technique

The most straight-forward approach for transient characterization is to do bias steps and record
the transient capacitance as a function of the time. In order to achieve good time resolution,
we use a sophisticated capacitance measurement technique featuring lock-in-technique, detailed
description of the setup is provided in [Stren; Str+16]. Measurements are performed with a small-
signal frequency of 785 kHz, which ensures that even at high temperatures trap occupancy does
not follow the small signal; this enables time resolution down to roughly 30 ps.

In order to determine the effect of the bias, we use a large matrix of 26 different initial biases,
i.e. stress biases (Vi) and 26 different final biases, i.e. recovery biases (Viec), resulting in a total
of 676 transient capacitance measurements (C(t)). In order to decrease the measurement duration
to feasible times, the temperature is increased for default measurements to 340 K. Due to the
voltage limitation of the used lock-in amplifier, Vi, and Ve are limited between -9.5 and 9.5V.
This range is sufficient to cover a large part of the depletion regime and roughly the entire plateau
regime for S1g. Dynamic measurements in the Ohmic regime are not possible but these are anyway
inhibited by too large conductance.

Fig. 3.9 shows selected C(t) for various bias steps with both Vi, and V... in the depletion
regime. In order to maximize amplitudes, in the first bias step Vi, = —9.5V is used and in order
to reveal the effect of Vi it is varied between -9.5 and 1.5V, see (b)(I-III). In (b)(III-V) Vg, and
Vitr are swapped, i.e. Vi, € (=9.5,1.5)V and Viee = —9.5V. For deeper analysis in Fig. 3.9(c)
we use Eq. (3.8) to derive from C(t¢) the amount of charges in GaN:C as a function of the time
(o0c(t)). Additionally, the entire band diagram can be calculated using the formalism introduced
in Section 3.2.1 at every point in time. Fig. 3.9(d) depicts band diagrams at several representative
points in time for the bias steps —9.5 = 0V and 0 — —9.5V, indicated with black lines in (b,c).
In the following we discuss the behavior of sample Sig in the different time ranges, indicated in
Fig. 3.9:

(I) A stress bias of Vi, = —9.5V is applied until thermal equilibrium (SS) is reached. This
measurement also proves that for all transient characterizations the same initial condition
(i.e. capacitance value) was established. In Section 3.2 we found that in SS é¢ is zero
independent of Vi, as demonstrated in Fig. 3.9(d).

(IT) Immediately after the bias step to Viec there is a ”blind spot” of 30 ps that cannot be measured
with the used equipment. By comparing the first measurement point at ¢ = 30 ns with Csg at
V = —9.5V, we find that the capacitance rose within the blind spot. Therefore, we conclude
that there must be a process faster than 30ps. For the sake of simplicity, Fig. 3.9(b,c)
show dashed lines to indicate this fast capacitance increase, although these values are not
measured. Interestingly, (¢) reveals that o¢ stays constant during this capacitance increase,
independent of Vi... This means that in this ultrafast process only the depletion width in
GaN:Si (wsi) decreases. Comparison of band diagrams in Fig. 3.9(d) at the time points (I)

and (IIgs) show this change of wg;. Furthermore, it demonstrates that as o¢ did not change,
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3.3. Transient behavior of LUT structures
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Fig. 3.9: (a) Schematic bias step from —9.5V to various V' within depletion regime (i.e. V< 1.5V)
and back to —9.5V. (b) Corresponding measured transient capacitance and (c) calculated transient
equivalent sheet charge density in GaN:C (o¢), using Eq. (3.8). (d) Calculated band diagrams at
points in time indicated in (b).
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3.3. Transient behavior of LUT structures

a non-equilibrium condition with ¢ # 0 establishes. However, as charges are trapped in
deep carbon acceptors, change of o¢ requires times larger 30ps. Thus, we call (Ilgg) a

”quasistatic” or "metastable” condition.

(III) After a certain time, €¢ causes an increase in o¢ by negative charges being transferred from
carbon acceptors to the top electrode, indicated by (IIli;ansition). The causative process is
one of the major topics within this thesis and is discussed in detail in the following Sections
(3.3.2-3.3.3). Anyway, a decrease in o¢ decreases also the potential at the GaN:Si/GaN:C
interface and consequently decreases also ws; and increases the capacitance, which is the
actually measured physical property. The change in o¢ stops as soon as €c = 0 and the
system reaches thermal equilibrium (ITlgg). Surprisingly, the time constant of this transition
does not depend on V... The reason is that in the depletion regime independent of V' in SS
6c = 0. Therefore, one can consider that the last charge transported from a carbon acceptor
to the top electrode is always exposed to the same vanishing small €¢, independent of Vg,
and Viec. In the discussions of dynamic processes in the following sections we will hence only
use bias steps —9.5 — 0V as representatives for all dynamic processes in which o¢ increases

within the depletion regime.

(IV) After SS is established the bias is reduced again to the initial —9.5V. The behavior is in
this case identical with (II) with the only difference that the capacitance decreases instead

of an increase.

(V) Also (Viransition) 18 exactly analogous to (Il ansition), only with opposite signs; even time
constants are identical. Therefore, we will use in following analysis bias steps —9.5 — 0V as
representatives for all dynamic process in which o¢ decreases within the depletion regime.
Finally, SS is reached with the capacitance having the same value as initially in (I), i.e. no

long term dynamic effects are observed.

While Fig. 3.9 covers bias steps within the depletion regime, Fig. 3.10 is analogous but for bias
steps within the plateau regime. In the following we will again systematically analyze the transient
behavior, for which we discuss bias steps from 8 to various Vi, between 1.5 and 8 V and vice versa.
Biases above 8 V are avoided as in this range sometimes transitions to the Ohmic regime occur,

which makes the behavior not comparable anymore.

(I) A stress bias of Vi, = 8V is applied until SS establishes, whereby in the plateau regime in
general €c # 0, as indicated in Fig. 3.10(d)(I). The reason why even with €c # 0 SS is
reached, is the occurrence of Isg, which creates a dynamic equilibrium for a certain €c¢ as
explained in detail in Section 3.3.3. This makes the dynamic behavior in the plateau regime
more complex than for the depletion regime. Only in the limiting case of V = 1.5V, Igg is
still zero and therefore €c ~ 0, see Fig. 3.10(d)(I1lsg).

(IT) Within the 30 us blind spot the capacitance decreases due to increasing ws;, while o¢ remains
constant. Consequently, in the fast process only the depletion width in GaN:Si changed.
Although after 30 ps the dynamic equilibrium is not established yet, due to the deep state of

carbon acceptors a quasistatic dynamic equilibrium (IIgg) appears.

(III) After a certain time, €¢ causes an increase in o¢ by negative charges being transferred from

carbon acceptors to the top electrode, indicated by (Il ansition)- This leads to a decreasing
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Fig. 3.10: (a) Schematic bias step from 8V to various V within plateau regime (i.e. V > 1.5V)
and back to 8 V. (b) Corresponding measured transient capacitance and (c) calculated transient
equivalent sheet charge density in GaN:C (o¢), using Eq. (3.9) with y = 1 (i.e. considering no
bulk charge). (d) Calculated band diagrams at points in time indicated in (b).
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3.3. Transient behavior of LUT structures

potential at the GaN:Si/GaN:C interface (i;) until the dynamic equilibrium establishes. For
V =15V Igs = 0, in this border case the dynamic equilibrium becomes a static one with
€c = 0. In general, with increasing V' the SS ¢ increases, so that the last negative charge
being transported from carbon acceptors to the top electrode is exposed to an increasing final
6. Considering an €c-dependent trapping process, this explains that with increasing Viec
the final time for reaching equilibrium decreases. The linear shift of this time with increasing
Viee in the logarithmic time-scale of Fig. 3.10 requires: 1/7 « €¢, more detailed discussion
follows in Section 3.3.3. While the end of the capacitance and o¢ change is determined by
Viec, the onset of the capacitance and o¢ change on the other hand depends on both Vg, and
Viec, as their values determine the initial €. For the sake of simplicity and comparativeness
with the transient behavior in the depletion regime for all further analysis only bias steps
from 8 to 1.5V are used.

(IV) After SS is established, the bias is raised again to the initial 8 V. Surprisingly, in this case the
capacitance stays constant, while o decreases immediately to the initial value at V =8V,
for all Vie.. Understanding this behavior in detail requires discussion of the defect model,
provided in Section 3.3.3 and illustrated in Fig. 3.14. Simplified described, the origin of
this "ultrafast” decrease in o¢ is the fact that keeping o¢ constant and increasing V' would
result in decreasing ¢;, which would further result in an abrupt increase of electrons injected
from the GaN:Si in the CB of GaN:C and thus ultrafast negative charge capture in carbon
acceptors. Hence, o¢ and the capacitance are assumed to change basically with the speed
of the voltage ramp. Experimentally proven is that even in low T experiments in cryostat
ambient at 20 K, when the dynamics of the other relaxation processes are shifted to values
more than six orders of magnitude larger, oc still changes faster than 30us. Therefore,

analysis of o¢-increases in the plateau regime are not possible utilizing LUT structures.

(V) As SS is already reached in (IV) no transient behavior is observed anymore.

Table 3.2: All dynamic processes can be attributed to one of four representative bias steps.

bias regime AV  AC Aoc¢ trans. process repr. bias step
depletion regime >0 >0 >0  acc. discharging —-95—0V
depletion regime <0 <0 <0 acc. charging 0—-95V

plateau regime <0 >0 >0 acc. discharging 8 — 1.5V
plateau regime >0 0 <0 acc. ch. (fast) 1.5 -8V

ISNGUR Ol

Summarizing, in this section we explained the dynamic behavior of LUT structures in very
general without using any assumption on the nature of the trapping processes. We demonstrated
that all dynamic processes can be associated with one of four representative bias steps as indicated
in Tab. 3.2.

Yet, we did not discuss bias steps in which Vi, and V.. are in different regimes. In that case
Viec determines the representative regime, however instead of AV, Aoc determines to which of
the four representative processes in Tab. 3.2 the dynamic behavior is attributed to. E.g. for a bias
step —5 — 5V process 3 in Tab. 3.2 represents this process well, C(¢) is then e.g. equivalent to
8 = 5V, as o¢ at -5 and 8V are roughly identical.
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3.3. Transient behavior of LUT structures

3.3.2 Temperature dependence of relaxation processes in GalN:C

In the previous chapter the dynamic behavior of sample S1y has been systematized and discussed
in general without referring to the actual trapping/detrapping processes in GaN:C. In this chapter
we analyze the temperature dependence of the four representative bias steps listed in Tab. 3.2 in
a very wide temperature range between 130 and 560 K by using cryostat environment. Within
this temperature range measurements are done at 187 different temperatures, whereby stress and

recovery times were adapted in order to established SS after every bias step.

~ 1 Ll 103 3 T 3T T T
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Fig. 3.11: Normalized C(t) curves for Sy for bias steps (a) 0 — —9.5 V, (b) —9.5 — 0 V and (¢) 8 —
1.5 V reveal faster processes with increasing 7. Quantification of the T' dependence for (d) linear T
scale and (e) Arrhenius-plot clearly show exponential T' dependence of charging/discharging time
constants (7 o< €T solid blue line). Arrhenius-dependence (7 x exp(Ea/(kgT)), dashed green
line) with reasonable action energies Ea and hole capture cross section occ can clearly be ruled
out. Dashed lines in (a) show fits of the data at 150 and 550K to exp(—t/7T).

Fig. 3.11(a~c) illustrates the shift of normalized C(t) curves with increasing T' to smaller times
for three of the four representative bias steps. The fourth relaxation case (1.5 — 8V) is not
shown as within the entire 7" range the transition of the capacitance has already finished at the
first measurement point after 30 ps, confirming a different injection mechanism from GaN:Si. The
dashed lines in Fig. 3.11(a) represent fits of the transient curves to exp(—t/7) for T of 150 and
550 K. While at high T" measured data fits well to the exponential function, it broadens significantly
with decreasing T', the origin of this broadening is yet unknown. Anyway, in order to compare the
pace of processes at different T we will use points in time when the normalized capacitance changes
by 1/e, commonly referred to as ”time constants” (7). Fig. 3.11(d,e) show these time constants
7 as function of T in linear scale (a) and in an Arrhenius-plot (b). It should also be mentioned
that instead of analyzing C(t), occ(t) as in Fig. 3.9(c) would be more appropriate. However, as
the contact needle in the cryostat moves during the wide T' measurement and has to be realigned

several times, the absolute capacitance changes slightly. Unfortunately, these small changes in C

47



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

L]
10
ledge

now!

b

o
i
r

3.3. Transient behavior of LUT structures

have large impact on extracted occ, while normed C' are resilient against these changes so that C
values are used. Due to the logarithmic time-scale, differences in extracted 7 from C(¢) vs. occ(t)
are anyway negligibly small as can be seen by comparing (b) and (c¢) of Fig. 3.9 and Fig. 3.10

A surprising finding in Fig. 3.11 is that C(t) curves are almost identical for all three bias steps,
apart from the different sign in (a); despite the fact that in 0 — —9.5 V acceptors are being
negatively charged, while in the —9.5 — 0 V and 8 — 1.5 V acceptors are being discharged. A
second surprising finding is that 7 oc €2 dependence. As these findings are very different from
the conventional defect model, in the next section we will introduce this conventional model and

derive an adapted model that can explain our measurement data.

3.3.3 Necessity of defect bands

conventional model defect band model defect band model
acceptor acceptor acceptor i acceptor acceptor i acceptor
discharging i charging discharging§ charging discharging§ charging
h L h 5
Tcap,DB Tem,DB

Ttrans DB

Ttrans,DB

carbon defect trans,DB. : rtrans..,.l?.ﬁ

E h n
A Tcapvs em,VB EnpB

Ttrans Ttrans
valence band

—_ h —_— h —_
Tcharge - 7:trans,VB + z'em,VB Tcharge - Ttrans,DB + Tem,DB 7:charge - z.trans,DB
Toeen. =T +1! b) Tuieen. =7 + 1! Toen. =7
(a) disch. — Utrans,VB cap,VB ( ) disch. — Vtrans,DB cap,DB (C) disch. — Utrans,DB

Fig. 3.12: Schematic band diagrams demonstrate the required processes for discharging (left half)
and charging (right half) of acceptors in the (a) conventionally considered model with charge
transport via valence band and in (b,c) the proposed model for GaN:C with charge transport via
defect bands (DBs). In (b) the DB level is located below the carbon acceptor level while in (c) it
surrounds the acceptor level. Figures reused from [Kol417a; Kol+18a].

Fig. 3.12 shows schematic band diagrams with a dominant carbon acceptor energetically located
0.7eV above VB as found in dc measurements, see Section 3.2.1. Donors are neglected and Ep
is considered roughly pinned to the acceptor level. The conventional model in (a) is commonly
considered for trapping in semiconductors, for GaN:C e.g. in [Bis+13; Bis+14b; Bis+14a; Bis+15;
Ure+14a; Ure+14b; Moe+16; Tan+13; Chi+16; Zho+12; Ure+17]. To the author’s knowledge
there are no publications for GaN using a different defect model. However, the characterization
technique introduced in this thesis questions the validity of known models far beyond state-of-the-
art techniques, especially towards larger T' ranges. We observe severe discrepancies when trying to
explain gained measurement data with the conventional model. We eventually concluded that this
requires the introduction of an adapted defect model. The first part of this section is dedicated
to revision of the conventional defect model, while in the second part the adapted defect model is

introduced.

Conventional defect model
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3.3. Transient behavior of LUT structures

Charging: In the conventional model, in order to charge an acceptor (Fig. 3.12(a), right
side), a hole has to be emitted from the carbon acceptor to VB. For this process a potential barrier
with height of Fp ~ F,.. = 0.7eV has to be overcome, neglecting in first approximation AFEx
(see Fig. 2.16). This process takes a certain amount of time (T}elm)VB) which depends crucially on
T and can be described by Shockley-Read-Hall (SRH) theory [Hal52; SRJ52]:

1 E E

h A 2 A

= ox T N 3.13
Tem,VB VthUCCNVB oXPp (kBT> exp (kBT>’ ( )

where vy, is the thermal velocity of holes in VB. As vy, o« VT and Nyg o« T3/2 the pre-factor
delivers the T2 factor on the right side of Eq. (3.13). Although in the great part of publications
(e.g. [Bis+13; Bis+14b; Bis+14a; Men+14; Men+16; Men+04]) Tcharge = Tgm’VB is considered, in
general also the time for the transport of the hole from the defect location to the electrode via VB
Ttrans,vB has to be included:

h
Tcharge = Tem,VB + Ttrans,VB- (314)

In some publications (e.g. [Ure+17; Yac+17; Ure+15]) transport processes are considered, but they
are explicitely mentioned only for discharging processes. For T¢ans,vB €.g. Uren et al. describe in
[Ure+15] that despite their assumed large Ex of 0.92eV a small free hole concentration in VB (i.e.
p) in the range of 10* cm?® with a mobility p = 8(7/373K)~15cm? V=1 57! leads to a resistivity of

5% 101 Qcm. Ttrans,vB therefore shows following 7" dependence:

1

Ex
rans - T3/2 . 315
Tirans VB 0C o xp | (3.15)

The T" dependence of T¢yans,vB and T?m’VB are roughly identical with a slightly changed T exponent
in the pre-exponential factor. However, this difference is observable only for very low T and is

negligible at room temperature. The major difference is a multiplicative factor that leads to

h

em,vp the transport process determines Tcharge, Which

a different prefactor. Only if Tirans,vB > 7T
would be visible by an offset in logarithmic scale and by too small o for fitting data to Arrhenius-
law; extracted Ep are roughly identical. For Tiansve < T]C‘m7VB the transport process can be

neglected.

Discharging: For acceptor discharging with time constant 7qisch. @ hole first has to be injected
from the top electrode to the VB of GaN:C, however as explained in Section 3.2.2 this process is
observed not to determine trapping processes, hence it is further neglected. Then the hole has to
be transported within VB from the surface through GaN:C to the GaN:Si/GaN:C interface. This
requires in general the same time as the transport for acceptor charging, i.e. Tians,ve. Additionally,

the hole has to be captured from the acceptor, requiring a time of T?ap’VBZ

h
Tdisch. = Tcap,VB + Ttrans,VB- (316)

h h . . .
In contrast to 7., g, for Tcap,vB 1O significant energy barrier has to be overcome and can be

described by:
h 1

Ea
= xT? — |. 3.17
7—cap,\/B UnhoCop X exp </€BT) ( )
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3.3. Transient behavior of LUT structures

Although the actual capture process is rather T independent, p shows Arrhenius-like T dependence
with the same Ej as in Eq. (3.13) and Tyrans, v [Smi78]. However, there is an additional prefactor
(Nace/Ndon — 1) [Smi78] for T?aP’VB compared to Tgm,VB. For expected Nucc/Ngon ratios in the
range of 2-3 this prefactor can get negligible so that capture and emission time constants could

indeed show identical values.

Arguments against conventional defect model: In the following we will set the measure-
ment data in Fig. 3.11 in perspective to this conventional model: The first thing we notice is that
charging and discharging time constants are equal, unfortunately in a compensated semiconductor
this does not directly reveal whether charging/discharging is determined by emission/capture pro-
cesses or transport processes. As we know E5 from dc measurements, we can calculate T(};m,VB by
using Eq. (3.13) with commonly used occ = 10713 cm? [Ure+15] and compare it with measured
Teharge i Fig. 3.11(c,d). First of all, the figures undoubtedly reveal non-Arrhenius 7" behavior
throughout the entire T' range. While non-Arrhenius 7' behavior can be achieved by certain charge
transport mechanisms or the interplay between different mechanisms [Kol+18al, it is impossible to
receive this T behavior by capture and emission processes only. An even stronger argument that
charging/discharging is determined by the transport mechanisms instead of capture/emission pro-
cesses is provided by comparison of the absolute values of the experimental 7 with the calculated
Arrhenius-like 7 in Fig. 3.11(d,e). It gets clear that Tgm,VB is in general larger than Tcharge, €.8. at
140K it is even 14 orders of magnitude larger. This means that while the acceptor charging takes
about 50s, the emission of a hole from the acceptor to VB would require 5 x 10'®s. Therefore, this
process can be definitely ruled out. In order to match the results, Ea would have to be significantly
smaller. For matching the results in Fig. 3.11, Fa could be reduced to 0.4eV. However, this is in
direct contradiction to the dc measurements in Section 3.2 as well as the overwhelming majority
of publications with results not only from electric characterization [Bis+13; Bis+14b; Bis+14a;
Bis+15; Ure+14a; Ure+14b; Moe+16; Tan+13; Chi+16; Zho+12; Ure+17] but also from optical
characterization techniques such as photoluminescence spectroscopy [Kne+16; Res+14]. Further-
more, the later introduced leakage current measurements strongly suggest that the observed e®”
dependence of 7 continues at least down to 20 K, for which E4 would have to be considered lower
than 60meV in order to match the results. This would not just oppose all the before mentioned
points but in this case GaN:C would even be very conductive, which be ruled out. We would like
to emphasize that we spent much efforts to adapt the conventional model in order to match the
results, but eventually we had to accept that it is impossible that holes can be emitted from carbon
acceptors to VB with such short Tcharge. Thus, in the following section we introduce defect bands

(DBs) within the band gap that can solve this issue.

Defect band model

From dc analysis in Section 3.2 we know that Fr and F,.. are located at roughly 0.7eV, further-
more from low-7T" measurements we know that charges cannot overcome a potential barrier larger
than about 60meV at low T. In order to solve this apparent contradiction we introduce ”defect
bands” (DBs), also called ”impurity bands” in e.g. [Rac+18b], within the GaN band gap close
to the carbon acceptor with energy level Epp, illustrated in Fig. 3.12(b). DBs can be considered
as conductive band with limited carrier mobility, located AEx pp apart from the acceptor level,

i.e. AEA DB = Eace — Epp. Depending on the sign of AEA pp majority charge carriers are either
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Fig. 3.13: Evolution of the band diagram in S;( after various bias steps (a-d): A) in state “A”
SS condition is established for the initial bias; B) “B” shows the quasistatic (QS) condition 30 ps
after the bias step; C) in “C” SS is established. Orange arrows indicate negative charge transport.

Figure reused from [Kol+18a].
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3.3. Transient behavior of LUT structures

electrons (negative value; DBs above acceptor) or holes (positive values; DBs below acceptor). For
the border case of AEs pp = 0, shown in Fig. 3.12(c), a distinction between hole and electron
conduction does not make sense anymore. In order to emphasize that we will speak in the follow-
ing of negative charges instead of electrons or holes. For the nature of DBs we consider e.g. that
preferential segregation of carbon atoms at threading dislocations cause wave function overlap for
high carbon concentrations and hence the formation of defect bands, more detailed discussion of
their nature follows later. We consider it very likely that DBs and acceptors storing the accumu-
lated charge o¢ originate both from the very same carbon defects. Thus, we consider the case in
Fig. 3.12(c) with AEs pp = 0 most likely.

Fig. 3.13 shows calculated band diagrams for the four representative bias steps from Tab. 3.2,
i.e. discharging (a,c) and charging (b,d) in depletion regime (a,b) and plateau regime (c,d). The
three columns illustrate band diagrams for the initial bias condition ” A”, the quasistatic condition
"B” (i.e. directly after applying the bias step, where the charge distribution in GaN:C is still the
same as in ”A”) and final steady-state "C”. The general explanation on the evolution of the band
diagrams is given in Sec. 3.3 and in Figs. 3.9 and 3.10. Now we will extend the previous explanations
by discussion of the actual charging and discharging processes, considering the peculiarities of the
defect band model.

In Fig. 3.13(a) acceptor discharging is demonstrated after a bias step with AV > 0 in the
depletion regime. Therefore, the initial large depletion width in (A) decreases in a very fast
(< 30ps) process after the bias step, leading to the quasistatic state (QS) in (B). The apparent
electric field €¢ drives negative charges from occupied (negatively charged) carbon acceptors into
the defect band, i.e. acceptors get unoccupied (charge neutral). Due to ¢ negative charges in
DBs propagate vertically through GaN:C to the top electrode. The decreasing negative charge in
GaN:C decreases €¢ until it vanishes and SS establishes (C). The same happens in (b) for AV < 0
in the depletion regime, but in this case €¢ is of opposite sign. This drives negative charges from
the top metal into DBs down to the GaN:Si/GaN:C interface vicinity, where they are captured
in carbon acceptors, i.e. occupying/charging them. The evolving charge decreases €¢ until SS is
established.

For AV < 0 in the plateau regime as illustrated in Fig. 3.13(c), acceptor discharging occurs
similar to discharging in the depletion regime. A bias step results in a quasistatic condition
analogous to (a) in which €¢ drives negative charges from carbon acceptors via DBs to the top
electrode. The decreasing negative charge in GaN:C decreases ¢; until ¢ = 0 in SS.

With the defect band model we can finally explain how the dynamic equilibrium in the plateau
regime establishes that makes the structure resistive, more experimental details on the leakage
current follow in Section 3.3.5. Fig. 3.14 shows hypothetical band diagrams for stepwise increasing
bias, as the occurring processes are faster than 30 ps we have no experimental data and can measure

only SS conditions. Following points refer to the subfigures of Fig. 3.14:

(a) At roughly V' = 1.5 — 1.7V the plateau regime starts, at this bias €¢ is still zero and no
significant Igg is observed, ¢; ~ 1.1eV.

(b) Now we raise V by 0.6V to 2.2V. Dynamic measurements in the depletion regime revealed
that carbon acceptor charging in GaN:C is a slow process while the change of the depletion
width in GaN:Si is a fast process. Hence, ¢; would decrease fast by roughly 0.6 V. However,

this massively decreased potential barrier would further result in large injection of electrons
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Fig. 3.14: Schematic band diagrams demonstrate how in the plateau regime charge accumulation in
carbon acceptors in GaN:C establishes a potential barrier (¢;) that prevents major charge injection
into CB of GaN:C. Schematics in left half show SS cases while (b,d) in the right half illustrate
hypothetical quasistatic states (hQS) after increasing the bias from (a,c) respectively and the
according negative charge accumulation in blue circles. Green arrows represent negative charge
transport. For simplicity, displacement current are not shown in hQS
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3.3. Transient behavior of LUT structures

from CB of GaN:Si to CB of GaN:C. For sufficiently thick GaN:C layers a great part of them
is eventually captured by DBs or carbon acceptors, shallow donors can be neglected in first
approximation. Thus, a large amount of electrons is injected into GaN:C within a very short
time interval (<« 30ps). As obtained from dynamic characterization in the depletion regime,
charges need e.g. at room temperature roughly 300 ms to propagate through GaN:C via DBs.
Therefore, we can consider that the injection current from GaN:Si (Ig;) is much larger than
the current through the defect band Ipg. This leads to ”ultrafast” accumulation of negative
charges in GaN:C and thus raising ;. With raising ¢; not only Ig; decreases but also ¢ and
as a consequence Ipp increases. A so-called dynamic equilibrium establishes when Ig; = Ipg,
which is then a SS vertical leakage current Igg through the entire structure, see (c). This

statement has wide-ranging consequences:

(i) Tt demonstrates that charging of carbon acceptors effectively builds a potential barrier
that prevents leakage current over the CB of GaN:C. In theory, same would apply
for charge transport via VB, although due to Er being located nearer to Fyp than
to Ecp less effective. Without or with less carbon acceptors negative charge can not
accumulate, hence no potential barrier can rise, as observed for samples with GaN:C

with small carbon concentration, see Section 3.4.

(ii) In case of an electric field in GaN:C, charges will always redistribute in GaN:C resulting
in reduction of the field. This means that negative charges will propagate in direction
of the electric field. Only a SS leakage current can maintain the supply and therefore
only for Isg # 0 potential drops in GaN:C (i.e. Isg # 0), neglecting potential drops in
space charge regions due to unoccupied or occupied acceptors. More details follow in

the discussion of multilayer structures in Section 4

For a more realistic view we have to consider finite voltage ramp rates for the bias step,
presumably slower than the charge accumulation rate in GaN:C. One can consider between
(a) and (b) multiple steps, leading to a continuous process. Thus, ¢; will not change as
significantly as in this simplified hypothetic scheme and therefore we consider only direct
injection into carbon defects and no electron injection to the GaN:C CB. Anyway, the dis-
cussion of the physical mechanism of this capture process is rather speculative due to the lack
of measurement data. However, the relevant point is that the pace of the process makes clear
that captured charges must be electrons injected from GaN:Si, in very contrast to charges

propagating through DBs as for all other charging/discharging processes in GaN:C.

In steady state Is; = Ipg = Isg, which shows that Isg depends solely on the conductivity in
DBs. We explicitly point out that Iss depends not on ¢; or the injection mechanism. E.g.
if there would be a faster injection mechanism, then in order to establish Is; = Ipg a larger
p; would establish, but Isg would not be harmed significantly. This is e.g. confirmed by
T-dependent Cgg-V measurements which show that with increasing T, ¢; increases slightly
(not shown). As Ig; increases faster with 7' (probably Arrhenius-like but not proven) than
Ipp (x e“T), i has to increase with 7" in order to keep Is; = Ipg. Another indication is the
slightly increasing Cgg with V in the plateau regime, as shown in Fig. 3.3(b): With increasing
V also é¢ increases and as a consequence also Ipp (see the increased Igs in Fig. 3.3(a)). In

order to maintain Ig; = Ipp, also Is; has to increase which is achieved by a decrease of
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3.3. Transient behavior of LUT structures

;. Decreasing ¢; is accompanied by decreasing GaN:Si depletion width and increasing Cgs.

Quantitative analysis follows in Section 3.3.5 (Fig. 3.22).
(d) For further increasing V' the same procedure as in (b) takes place.
(e) This leads to SS with Ig; = Ipp = Iss.

(f) The introduced behavior is valid within the entire plateau regime, as shown here for V.= "7V.

Nature of defect band

Summarizing our knowledge, we have evidence for a conductive channel within the band gap very
close (< 60 meV) to carbon acceptors that forms only for high carbon doping (> (1—10)10* cm ™3,
see Section 3.4) and shows an unknown non-Arrhenius-like conduction mechanism. Based on this

information we can speculate about the nature of this channel, which we call defect band:

e As DBs are energetically close to carbon acceptors and they form only for high [C] it seems

natural to consider carbon atoms as ”building blocks” of DBs.

e The T dependence and its non-Arrhenius 7' behavior prove that charges do not interact with
VB and CB. It suggests a charge transport mechanism that is not determined by overcoming
a potential barrier, which would lead to Arrhenius-like T dependence. Instead, we consider
quantum-mechanic tunneling between carbon defects, similar as hopping which is the only
mechanism leading to the experimentally observed €¢ dependence, see Eq. 2.12 and Fig. 3.20.
However, hopping should show different 7' dependence, possibly due to large [C]. In order
to get reasonable conductivity as observed, carbon atoms have to be close enough to enable

tunneling, justifying the term defect ”band”.

There are already publications claiming the existence of such bands in (not intentionally
carbon-doped) GaN [Zha+15a; Rac+18b]. In these publications the leakage current in ver-
tical GaN diodes is assigned to "mini-bands” [Zha+15a] or ”impurity bands” [Rac+18b],
which are assumed to rise in the vicinity of threading dislocations. In other semiconductors
such as SiC, this phenomenon is more prominent, e.g. in Al-doped SiC (p-type) at very
low T' conduction via hopping between impurities has been reported (i.e. ”impurity-band”)
[Kri05].

e Considering a carbon acceptor concentration of 5 x 10'® cm ™3 the average distance between
neighboring carbon atoms is > 5nm, which makes tunneling between them unlikely. Hence,
we consider the existence of vertical paths in GaN:C where the carbon concentration is
significantly enhanced. This could be near extended defects such as in GaN (especially
in used GaN-on-Si) always existent grain boundaries or more likely threading dislocations.
Zhou et al. [Zho+08] proved by atom probe tomography that Mg segregates preferentially
at threading dislocations, similar could be the case for carbon. On the other hand optical
spectroscopy studies [Kne+16] suggest that carbon does not segregate at dislocations but
instead near dislocations the carbon concentration is even reduced. However, an increased

concentration in the near vicinity could still be possible.

e Quantum-mechanic tunneling should show no major T' dependence, however in DBs we find

that conduction increases exponentially with T". We speculate that this originates from a T-
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3.3. Transient behavior of LUT structures

dependent tunnel parameter, but this is unclear yet. Similarly, the exponential dependence

on the electric field (see Section 3.3.5) is not understood yet.

e An observation that is in line with the hypothesis of conduction via tunneling between car-
bon atoms is the increased conductivity in GaN:C with higher carbon concentration, see
Section 3.4. For higher [C] smaller distances between carbon atoms and therefore higher

tunnel current is expected and experimentally confirmed.

e Although the indications for a relation of DBs with carbon defects are strong, for the matter
of completeness we also mention our speculations on the nature of DBs we introduced in
[Kol+17b] at an earlier stage with less experimental data: Threading dislocations can cause
local stress in their vicinity, which is known to reduce the band gap. This could cause conduc-
tive channels in the dislocation vicinity [CP58]. Such carrier localization in the dislocation
vicinity is e.g. reported in InGaN [Mas+17]. Even separate channels for electrons and holes

like in a quantum wire could exist [Rei+16].

0 100 200 300 400 500 600
T (K)

Fig. 3.15: Fitting of the observed exponential temperature dependence of the transport rate (i.e.
rpp), solid black line) by the sum of four contributions (rsum, dashed grey line): ryp, r~Nu,
TVRH,3D, TVRH,1D are the rate contributions due to charge transport in VB, nearest neighbor hop-
ping, variable range hopping in 3D and in 1D, respectively. Simulation equations and parameters
are given in Tab. 3.3. Figure reused from [Kol+18a].

e As we pointed out in [Kol418a], instead of considering a single currently unknown mechanism
that dominates the entire T' range, several different mechanisms could be considered that
dominate in different T ranges and result in total in an almost exponential 7" dependence.
In the following we therefore tentatively consider the transport rate (rpg) as sum of four

parallel mechanisms with rates rgum = >y, described in detail in Section 2.2.1 and recited
i

with their T" dependences in Tab. 3.3:

1. one-dimensional variable range hopping e.g. via dislocations (rvru,1p)
2. three-dimensional variable range hopping in the bulk (rvrm,3sp)
3. nearest neighbor hopping (rnnm)

4. charge transport via VB (ryp)
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3.3. Transient behavior of LUT structures

Fig. 3.15 demonstrates that by using simulation parameters given in Tab. 3.3, the exponential
T dependence of rpg can be reproduced. However, it has to be stated that the fitting
parameters, especially the large Ep of 0.4eV for rynp are hard to justify. Furthermore, we
observe €T dependence independent of the bias and for all investigated samples featuring
GaN:C layers. These samples are e.g. samples with different GaN:C layer thicknesses (S1g vs.
S1ob), different carbon concentrations (Sio vs. S7g), with carbon-doped AlGaN (AlGaN:C)
instead of GaN:C (Sa; vs. Syp) and even HEMT stacks (only leakage current measured).
As different mechanisms should show different dependencies on these parameters, it is very
unlikely that the exponential T dependence can be preserved [Kol+18a]. Hence, we consider

a single unknown mechanism instead of multiple known mechanisms in parallel.

However, as also pointed out in [Kol+18a], charge transport via VB is supposed to occur
always in parallel to charge transport via DBs, but is for T" < 600 K negligible compared
to transport via DBs. As shown later in the discussion of the influence of [C], Fig. 3.25(e)
demonstrates that for S1g9 and S7g transport via VB should dominate already at 350 and
500 K, respectively. As this is experimentally not observed, we speculate that with increasing
[C] the hole mobility in VB decreases due to increasing impurity scattering, shifting the 7'
threshold to values exceeding 600 K [Kol+18a].

Table 3.3: Expressions for charge transport rates in Fig. 3.15 with simulation parameters. Table
reused from [Kol+18a].

1. r _ _ AvrH,1D 1/2 MD12
- "VRH,1D = QVRH,1D €XP -7 [ ]
avrH,1D = 4 X 1072571 Avru,1Dp = 103K
_ _ Avru3D 1/4
2. TVRH,3D = GVRH,3D €XP = [MD12]
aVRH,3D = 2x 1071041 AVRH,3D =108 K
3. TNNH = GNNH eXp ( — Doy H) [MD12]
anNu = 4 % 106571 EA,NNH =04eV
4 — 2 E, :
. v = ayT? exp ( - kBT) [Smi78]
ayp =4 x 104s~! E,=0.7eV

3.3.4 Comparison of defect band model with literature results

Fig. 3.11(d,e) prove well the non-Arrhenius T' dependence that required the introduction of the
defect band model. A question that immediately arises: If it is that obvious, why has it not been
reported in literature yet? In order to give an answer we present in the following a literature study
and compare it with our results.

As explained in Section 2.2.2 the by far most prominent characterization technique for investi-
gating traps in GaN layers in HEMTSs is current transient spectroscopy (CTS), which is supposed

to deliver activation energies, i.e. trap levels of deep traps. In the introduction we already reported
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Fig. 3.16: Arrhenius plot with literature data from CTS measurements in literature from GaN-
and AlGaN-based layers and devices with largely varying growth and doping conditions. Figure

from [Bis+13].
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Fig. 3.17: E in literature related to carbon defects as function of the measurement temperature.
Symbols indicate the central temperature, numbers the number of measurement points and bars
the temperature ranges of the single studies. Figure reused from [Kol+17a].
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3.3. Transient behavior of LUT structures

that assigning trapping time constants directly to trap response times in HEMT stacks has large
potential for misinterpretation if transport processes are not considered.

Fig. 3.16 shows an Arrhenius plot with datapoints from CTS measurements of more than 50
publications. Bisi et al. use this graph in [Bis+13] to extract Ea directly from the slope of a
linear fit in the Arrhenius plot. The huge range of different slopes emphasizes the large range of
reported Eu in literature for limited 7' intervals. However, data from GaN under a wide range
of different growth parameters, dopants and doping concentrations is used. As the focus of this
thesis lies on GaN:C, Fig. 3.17 shows extracted Ea only for studies in which trapping is related
to carbon defects in GaN-based buffers. We notice still a very wide range of reported E4 between
0.5 and 1.1eV. Remarkable is also the small temperature range, in which all experiments were
performed. Central temperatures were all between 310 and 430 K with temperature ranges within
single publications between 35 and 110 K. This means that the study with the largest range used
only roughly a fifth of the range used e.g. in Iss-V in Fig. 3.19 (20 to 560K). Furthermore,
for most studies only four to eight datapoints are used in the Arrhenius plot to derive E with
only one study ([Tan+13]) using more than eight datapoints. In comparison in this thesis Iss-V
measurements in Fig. 3.19 are performed for 187 different temperatures, resulting in the same
number of datapoints in an Arrhenius-plot. Transient C(¢) measurements in Fig. 3.11 are done for
88 different temperatures. We believe that these circumstances are the reason why we are the only

group reporting on non-Arrhenius temperature behavior, demonstrated in detail in Fig. 3.18.
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Fig. 3.18: (a) Arrhenius plot with discharging time constants after a bias step from —9.5 — 0V
(blue solid line) and exponential fit (black dashed line). (b) Extracted activation energy Ea
considering a classical SRH discharging process (Eq. (3.13)). (c-e) In small T ranges, processes
appear Arrhenius-like, only large T ranges as in (a) reveal the non-Arrhenius-like T' behavior.

The main figure (a) shows an Arrhenius-plot with trapping time constants derived after a bias
step from —9.5V to 0V, i.e. discharging process. Charging processes are almost identical as shown
in Fig. 3.11. Basically, it is analogous to Fig. 3.11(e) but with use of more datapoints, connected
by the solid blue line. The black dashed curve shows a fit of the data to e*” with a = 0.033 K.

59



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3.3. Transient behavior of LUT structures

In the large T range with the large amount of datapoints the non-Arrhenius behavior is obvious,
however the green rectangle shows the small T' range in which all experiments in literature were
performed. As the T range of single studies is even much smaller and contains a very small amount
of datapoints (see Fig. 3.17) it is practically impossible to distinguish between Arrhenius-like and
€T behavior. This is also demonstrated in Fig. 3.18(c-e) where the data is only shown in Arrhenius-
plots in limited T ranges. Even with the large amount of datapoints data falsely seems to follow
Arrhenius law, i.e. forming a straight line. However, the consequence is that with decreasing
extraction temperature the derived Ea increases, see (b). At room- and elevated temperature, in
which all experiments in literature were performed, the extracted values for E5 are even close to
the ones found in literate (0.1 to 0.9eV) and to the actual carbon level. However, we explicitly
point out that this is just a coincidence as Fa extracted from Arrhenius-plots have no physical
meaning in the defect band model; there is no direct link to defect activation energies. Therefore,
the commonly used CTS method cannot be used for determining carbon levels in GaN:C buffers.
We have evidence for the non-Arrhenius e*”" behavior of the vertical leakage current not only in
our LUT structures but also in multilayer buffers (Section 4.3.4) and even in HEMT structures
(Fig. 3.23), indicating that the defect band model can probably be extended to buffer stacks used
in HEMTs.

3.3.5 Leakage current in GaN:C

In this section we will discuss the nature of the leakage current through the GaN:C layer on basis
of sample Sjo, which has been published in [Kol+17a; Kol+18a]. The basic behavior of the LUT
structures and especially the containing GaN:C layer is described in detail in Section 3.3.3 and
sketched in Fig. 3.14. The key feature of GaN:C layers in general is that due to charge accumulation
next to interfaces to adjacent layers, potential barriers form that inhibit injection of electrons to
the GaN:C CB and injection of holes to the GaN:C VB. This feature becomes more clear when
discussing multilayer structures in Section 4. Due to suppression of charge transport in CB/VB,
Igs is solely determined by the charge transport in DBs. As discussed in the previous chapters,
the very same transport limits also all (dis-)charging processes. In order to prove this statement
we compare the T and €¢ dependence of leakage current and (dis-)charging time constants, which

should be identical according to the defect band model.
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Fig. 3.19: (a) Isg-V of Sig for selected temperatures and (b) extracted Isg values at 4 V. Direct
comparison of (b) with the trapping rate after various bias steps in (c) reveals the identical T
dependence of leakage current and trapping. Figures reused from [Kol+17a].
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3.3. Transient behavior of LUT structures

SS current: First, we characterize the T' dependence of Igg by performing Iss-V measure-
ments at various temperatures as shown in Fig. 3.19(a). In total 187 measurements are performed
in a temperature range between 20 and 560K. In Fig. 3.19(b) the Igs values at V = 4V are
used and plotted against 7', revealing a very good fit to e?”. Subfigure (c) reveals the very same
T dependence for 1/7, independent of the bias step as represented by the three representative
(dis-)charge processes in Tab. 3.2. It is remarkable that both 1/7 and Isg follow €T, even with
the same factor a over the entire T' range. This strongly indicates that indeed both processes are
determined by the same process, i.e. the transport through the defect band. There is no sign for

additional current flow via conduction or valence band.
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Fig. 3.20: Isg (black dashed line) as function of ¢ with Isg extracted from Igs-V and é¢ from
Cgs-V. Transient currents after various bias steps (I¢, colored solid lines) are extracted from C(t)
analysis and fit well to Isg — €c. Figure reused from [Kol+17a] and [Kol+18a].

Transient current: In a further step we can even check if the €c-dependencies and absolute
values of Isg and 7 fit. Therefore, we compare the SS leakage current, that is propagating through
the defect band (Isg) and the transient flow of charges (i.e. current) through GaN:C that are
subsequently captured by (or before emitted from) carbon acceptors (I¢). In general, both depend
on T and 6c; as the T dependence has been already investigated well, we now perform analysis at
a single T'= 340K, see Fig. 3.20. In order to get the ¢ dependence of Igg we use the knowledge on
the almost constant interface potential ¢; and Vi; (see Fig. 3.4), so that €¢ can be approximated

directly from the applied bias V:
_V+oi— W

&
¢ drur

(3.18)

The black dashed line in Fig. 3.20 represents Iss(éc). For the €¢ dependence of I we first
derive Ic(t). From transient C'(¢) measurements the transient amount of charge stored in carbon
acceptors (o¢(t)) can be derived, see Fig. 3.9 and Fig. 3.10. As a current density is per definition
a change of charge per time and area, Ic(t) can be calculated as:

_ doc

Ia(t) = T (3.19)

Furthermore, the transient €c(t) can be calculated by using Eq. (3.18) but with ¢; being time-
dependent. Linking €¢(t) with Io(t) allows extraction of I¢(c) where t is the independent
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3.3. Transient behavior of LUT structures

variable, as shown in Fig. 3.20 for three bias steps representing the three different (dis-)charging
processes. As €¢ decreases after a bias step from a maximum value to 0, a full /() characteristic
is gained from a single C'(t) measurement.

Fig. 3.20 proves same é¢ dependence and even a very good fit of the absolute values of Isg and
I, providing further evidence that not only for (dis-)charging processes charges propagate via DBs
but also for SS leakage current. It should be mentioned that Igs-V characteristics in Fig. 3.19(a)
are not in SS condition throughout the entire 7" range. Charging in the plateau regime is always
faster than 30 ps, therefore for up-sweeps with increasing forward bias saturation is always reached,
independent of the ramp rate. In contrast, discharging is at low T very slow, requiring e.g. times
exceeding the lifetime of a PhD student significantly at 20 K. As such measurement times are
unfeasible, shorter times are used and SS is not reached at every datapoint anymore. Hence, the
charge condition of the maximum voltage before ”breakdown” is frozen, resulting in a high ¢;
and therefore higher €c. The measured current is then not Isg but I¢ instead, i.e. charges do
not propagate from bottom to top electrode but only from carbon acceptors to the top electrode
and from GaN:Si to bottom electrode, analogous to displacement current. Anyway as proven in
Fig. 3.20 the current is determined by the charge flow in DBs and not by the injection current from
GaN:Si to GaN:C, therefore this does not cause major differences. However, the slightly enhanced
éc cause slightly enhanced current values. In the performed experiments we were interested not
only in Igg at V' = 4V but also in Igs-V curves, but if Isg at V' = 4V would be the only point
of interest, one could imagine an improved measurement: V could be kept at 4V throughout the
entire T sweep, resulting in a constant charge state. Even if the needle has to be re-adjusted as
it is common for such large T" ranges due to thermal expansion of the setup, V only returns to 0
and back to 4 V. As discharge is the much slower process, the charge state remains unchanged. It

would change only for V' exceeding 4 V.

Voltage dependence of defect band current Ipp

107

E 1076
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Fig. 3.21: Experimentally observed I and Isg from Fig. 3.20 in black represent the current through
defect bands, which can be fitted well by a sinh-function (blue) in the entire €¢ regime and for
high €¢ by an exponential function (red).
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3.3. Transient behavior of LUT structures

Fig. 3.20 reveals exponential € dependence of the current that can propagate through defect
band (Ipg) for high € (2 50kV cm™2), i.e. Ipg(éc) ox e¥®¢ with b= 2.3 x 10~"m V~!. Fig. 3.20
demonstrates that while the exponential law describes Ipp for high ¢ well, it delivers for low fields
too high currents. Furthermore, Ipg(€c = 0) # 0 which is unphysical. To solve this discrepancy

we consider negative charge flow not only in opposite direction of ¢ but also in direction of éc:
Ipg(€c) o sgn(8c) (e’ — e7%c) = 1/2 sgn(€c) sinh(b€c). (3.20)

Obviously, this results in Ipg(€c = 0) = 0 and decreases Ipg for €c < 50kV cm 3, leading to a

well fit to the experimentally observed dependence, as shown in Fig. 3.21.
GaN:C/GaN:Si interface barrier, injection mechanism

In the description of the defect band model in Section 3.3.3 we explained that the injection
current from GaN:Si to GaN:C (Ig;) does not determine the SS leakage current (Iss), instead the
conductivity of the defect band, i.e. the current that can propagate through the defect band (Ipp)
does. The GaN:C/GaN:Si interface barrier (¢;) always adapts to a level so that Iss = Ipg = Ig;
and as we expect that small changes in ¢; have large impact on Ig; an almost constant ¢; and
consequently roughly constant Csg is observed in the plateau regime. However, as Isg increases
over several orders of magnitude, ¢; and therefore Cgg in the plateau regime should at least increase
slightly.

1.3

345
- .% §5 A 1.2
% XS = 1.1
G 30fo & 884
Py O 2 1.0
c : I = -
= 28 ) i o2
@ plateau regime S 0.9
O 26 7 Sm
o £5| o8
L | 1 1 l © < 0.7
0 2 4 6 8 10
(a) V (V) (b) V (V)

Fig. 3.22: (a) Cgs-V of Syp at 300K and (b) calculated potential at the GaN:Si/GaN:C interface
(¢1) using Eq. (3.21).

Indeed, Fig. 3.22(a) demonstrates that the Cgg plateau is not entirely constant but shows
a small increase with V. We mention that for these measurements highly precise capacitance
measurements are crucial, e.g. absolute capacitances in Fig. 3.22(a) are roughly 3.5pF with an
increase in the plateau regime of only 20 fF V~1. Significant increase of the alternating current (ac)
conductance for biases above 7.5 to 8 V inhibits reliable capacitance measurements in this range.
In Fig. 3.22(b) ¢; is calculated from Cgsg values in (a) using Eq.s (3.1, 3.2, 3.4, 3.5, 3.7) for © =0,

ie.: )
_ qNsiws;

Pi 2
Fig. 3.22(b) demonstrates that in the plateau regime ¢; decreases roughly linear with V from 1.2 to

(3.21)

1.0 V. Although there is a larger uncertainty on the absolute value of ¢; due to uncertainties in the

exact values of e.g. Ng;i, d,uT, € or there might be an offset in the measured Cgsg due to insufficient
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3.3. Transient behavior of LUT structures

fixture compensation; the decrease of ¢; is rather resilient against before mentioned errors. The
exponential increase of Igg with linearly decreasing ¢; is found for all electrode-limited conduction
mechanisms, in which charges have to overcome a potential barrier by thermal excitation [Chil4;
MD12; LI15]. In order to learn more about the injection mechanism the temperature dependence
of ¢; is discussed next.

We performed Cgg-V measurements at various 7', however we did not find a clear shift in ;.

Therefore, two major points have to be considered:

1. Performing Cgs-V measurements for ' < 300 K is challenging as voltage ramps to establish
SS condition have to be very slow and measurements require unfeasible long times. While
this is not so important for e.g. Igs-V measurements, in which Igg increases by orders
of magnitude, in Csg-V measurements precise measurements are of utmost importance as
parameters such as ; are very sensitive to small variations in C. Aggravating are the
before discussed small absolute capacitances where it is challenging to get rid of artifacts
from parasitics e.g. from cables. Unfortunately, not only small T" are problematic but also
measurements at high 7. As the conductance rises exponentially with T, the border where
high conductance prevents reliable Csg measurements decreases roughly linearly with 7" and
e.g. prevents Css measurements for T > 470K in the plateau regime completely. Within the

observable T range no clear shift of ¢; with 7" has been observed.

For future measurements we would suggest measurement at higher frequency, where the
conductance causes less artifacts. Additionally, different contact sizes could be tried in order
to find a good compromise. Larger contact areas increase absolute capacitances and decrease
parasitic effects e.g. from cables, both resulting in increased measurement precision; but they

also increase artifacts from the conductance, which increase roughly linearly with the area.

2. Classical thermionic emission shows an Arrhenius-like T' behavior. Fig. 3.18 in Section 3.3.4
demonstrate that within a T range of about 100 K Arrhenius-law (exp(—FEa/(kpgT))) and
conduction in DBs (e%T) show same T dependence for E4 extracted from Fig. 3.18(b). This
means that within the investigated T range Ipp follows approximately same T dependence
as Arrhenius-law with E5 =~ 0.5eV, with E, corresponding to ¢;. Therefore, if we consider
p; =~ 0.5V, the injection current Ig; would increase with 7' in the same way as Ipp does,
resulting in a 7" independent Css. However, in a larger T range ¢; has to follow roughly the
T dependence of Ex, shown in Fig. 3.18(b), whereby it is likely that at very low T with low
; the emission process changes from thermionic emission to a different one. Otherwise e.g.
at 20K ¢; would be only ~ 50 meV.

In order to enhance the knowledge on the injection current, first ¢; has to be measured more
precisely. With current knowledge the uncertainty in ¢; is large enough so that ¢; might
be indeed 0.5V instead of the calculated 1.1 V. One of the major obstacles is the exact
knowledge of the thickness of the GaN:C layer. Therefore, we suggest for future investigations
to produce samples with a variation of different GaN:C thicknesses dpyT. As the depletion
width in GaN:Si depends not on dy,yT, the capacitance of GaN:Si also should not. On the
other hand the measured capacitance Csg does depend on dpyr: 1/Csi = 1/Css — drur/e.
By comparing Cs; for all samples with different dr,yr they only fit if the right dp,yr is chosen.
In that way precise values for ¢; could be gained. An easy way to manufacture a sample set

with different dy,yr would be to use the existent samples and etch away part of the GaN:C
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3.4. Influence of carbon concentration ([C]) for GaN:C

layer by using different exposure times. In order to expand the temperature range to lower
T the above introduced technique can be used, where instead of entire Csg-V characteristics
only Csg at a certain bias is measured. Furthermore, at higher T higher frequencies could

be used in order to suppress artifacts from the ac conductance.

Leakage current in a HEMT with carbon-doped buffer
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Fig. 3.23: (a) Vertical leakage current of a HEMT structure (raw data from [Arnen]) for various T
and (b) quantitative comparison of its T' dependence with Isg and the charging/discharging rates
after various bias steps in Sqg.

Different from (dis-)charging processes the vertical leakage current through a HEMT-like test
structure IygymT can be derived straight-forward. In order to avoid distribution of current in the
2DEG over a large undefined area, we use instead of HEMT-structures ”HEMT-like test structures”
without the top AlGaN barrier so that no 2DEG can form. More details on the structures and
characterization can be found in [Arnen)].

Fig. 3.23(a) shows Iygmt characteristics at various temperatures, from which the Isg values
are extracted for a top bias of V' = 800V and are plotted in (b) against T, see solid grey line.
In (b) additionally (dis-)charging time constants and Igg of Sig are shown. Remarkably, IygmT
follows the same e’ dependence as Sig, indicating that even in a HEMT the vertical leakage
current might be limited by DBs and can be explained by the defect band model. As the scope of
this thesis lies on discussion of GaN:C by usage of LUT structures, we did not do investigations in
more details, results are intended as a teaser for the relevance of the defect band model for HEMT

applications.

3.4 Influence of carbon concentration (|C]) for GaN:C

In the previous section we discussed the behavior of GaN:C on basis of samples with a carbon
concentration ([C]) of 10 em™3 (S10, S10n), as determined by secondary ion mass spectroscopy.
In order to extend the derived behavior towards GaN:C with varying [C], in this section we discuss
LUT structures with GaN:C layers with three different [C] (Sp1: 10 cm™3, Syp: 10 em ™3, Syp:
7 x 10* cm—3, see Tab. 3.1). The outcome of this section has been the backbone for our publication
in [Kol+18a].
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Fig. 3.24: (a) Cgs-V and (b) Isg-V at 300K for the four samples Sgchottky; So1, S10 and Sz with
the latter three being LUT structures with GaN:C layer with different [C] (10'® em~3, 109 cm—3
and 7 x 10 cm ™3, respectively). Figures reused from [Kol+18a].

Fig. 3.24(a) demonstrates that all LUT structures with GaN:C layer (So1, S10, S70) show similar
SS behavior in the depletion regime (V < 1.5V). A linear 1/Cs;? — V characteristic, from which
the slope delivers Ng; ~ 8.2 x 10’6 cm ™3 indicates that Ep-pinning at Fa.. ~ 0.7eV and flatband
in the GaN:C bulk occur independent of [C]. Hence, GaN:C builds a block that prevents major
leakage current for all three GaN:C samples, as a comparison with Sgenotky in Fig. 3.24(b) confirms.

On the other hand in the plateau regime (V' > 1.5V) the sample Sp; behaves significantly
different from Si9 and Sy (i.e. samples with low and high [C], respectively). For S;q, the Csg
plateau in Fig. 3.24(a) is analogous to S1¢ described before, only at slightly higher Csg due to usage
of a thinner GaN:C layer. The exponentially increasing Isg with V' in (b) is also analogous to Siq,
even with the same slope but with a vertical offset: its origin is described in detail in Section 3.4.1.
In very contrast, Fig. 3.24(a) reveals that Sp; shows no Csg plateau at all, corresponding to
no formation of a stable GaN:Si/GaN:C interface barrier that prevents leakage current. Indeed
Fig. 3.24(b) confirms this by an increase of Isg by more than eight orders of magnitude within few
volts. The structure transitions directly from the depletion regime to the Ohmic regime, in which
the resistance is provided mainly by the base structure, for details see Section 3.1.3. We find that
not only the SS behavior in the plateau regime is significantly different for Sg; and Si0/S7o but
also the (dis-)charging behavior. A summary is shown in Fig. 3.25, which depcits in (a-c) the T
dependence of (dis-)charging processes represented by the three normalized C(t) curves for Syg, Sig
and Spp respectively. Fig. 3.25(d,e) show time constants extracted from (a-c) in log(r) — T scale
and in an Arrhenius plot, respectively. Tab. 3.4 systematically quantifies the electrical behavior
regarding leakage current and (dis-)charging processes. Details of Fig. 3.25 and Tab. 3.4 will be
discussed in the following subsections, due to the significantly different behavior of S10/S70 and
So1 both sample groups are discussed in separate subsections and conclusions are drawn in a third

subsection.

3.4.1 Highly carbon-doped GaN:C ([C]> 10" cm™?)

The SS behavior in Fig. 3.24 shows qualitatively identical behavior of Sig and S7¢ in both, de-
pletion and plateau regime, even with the same exponential factor b in (b). The only difference
is that Isg is in S7p roughly 30 larger than in S, resulting in the vertical offset in Fig. 3.24(b).
Another observation is the higher transition/breakdown voltage (see Section 3.5) in S7g, which we
assume to result from the higher achievable charge density in the space charge region in GaN:C

and consequently the interface barrier can be hold up to higher V. In the defect band model the
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Fig. 3.25: Comparison of normalized C(t) data for (a) Sg1, (b) Sio and (c¢) S7o after various bias
steps and for various T reveal the similar 7' dependence of S7y and S;p and the very different
behavior of Sg1. Quantification of the T' dependence in (d) linear-T- and (e) Arrhenius-plots reveal
for S7o and S1g 7 o< €T (solid lines) in contrast to 7 o< exp(Ea/(kgT)) with Ex = 0.8eV for So;
[Kol+18a]. Figures reused from [Kol+418a].

Table 3.4: Summary of the T dependence of SS leakage currents Isg and charging/discharging time
constants 7 after various bias steps as indicated in the index of 7 for Sgp1, S19 and S7¢ with their
different carbon concentrations [C] [Kol418al.

[C] Iss for | Igs for
(108 ecm3)V<1.5V| V>2V To--9.5v T.9.5-0v Tg-1.5v T-dep.
So1 1 ~0 |conductive| exp(E/(KT)) T01€Xp(Ex/(KT)) not meas. |Arrhenius-like
Sio 10 ~0 I,e?’ €7 T0€ 7?7 o€ non-Arrh.-like
S.o 70 ~0 Loed T0€ 7 0 T T0€ 7 non-Arrh.-like
parameters:

[C]£1x10*®¥ cm™3: E,=0.8eV

[C]1=1x10%* cm3: [C]-independent: a=0.033(+0.005) K!

[C]l-dep.: I;,=5x10"12 A/cm?,

I70= 150X10-12 A/sz;

L0/ 1,0=30

T10=2.5 S,

T70=0.08 S,

Tlo/T7ON3O
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3.4. Influence of carbon concentration ([C]) for GaN:C

30 times higher Isg must correspond to a 30 times higher conductivity in the DBs in GaN:C in Sr.
Consequently, this should result also in 30 times faster (dis-)charging processes. Dynamic char-
acterization in Fig. 3.25(a,b) confirms this well: All transient C(t) curves are shifted horizontally
to smaller times. Quantification in Fig. 3.25(d,e) confirms 7 o e?? for both, S19 and S7q, with 7
being roughly 30 times smaller in S7g. We speculate that the higher conductivity in DBs in Syq
results from the smaller distances between neighboring carbon acceptors, leading e.g. to higher

tunneling rate.

3.4.2 Moderately carbon-doped GaN:C ([C]< 10" cm™3)

3 T T T T
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Fig. 3.26: (a) Normalized C(t) after bias steps —9.5 — 0V and 0 — —9.5 V representing discharg-
ing and charging processes, respectively. (b) Quantification in Arrhenius-plot shows Arrhenius-like
T dependence with identical time constants for both processes. Figures reused from [Kol+18a).

Fig. 3.24 demonstrates that besides similar behavior in the depletion regime, the plateau regime
is missing for Sp1. In order to find the origin of this different behavior we first analyze (dis-)charging
processes in GaN:C. Fig. 3.26 shows only Syi-related datapoints from Fig. 3.25. The T range for
dynamic characterization in Sp; is practically limited by the (dis-)charging processes. While for
T > 470K the onset of the capacitance change starts within 30 ps after the bias step, which is
below the time resolution of the used setup; for T < 270K establishing SS requires relaxation
times exceeding 10* s, making measurements unfeasible. Hence, the T range is limited to roughly
200K. The Arrhenius-plot in Fig. 3.26(b) with time constants extracted from (a) reveals for So;
in contrast to S19/S7o clear Arrhenius-like T' dependence, indicated by the fit to a straight line in
the Arrhenius-plot.

This indicates that the electrical behavior of Sp; can be described by the conventional de-
fect model with conduction via VB rather than by the proposed defect band model valid for
[C]> 10 cm™3 (see Section 3.3.3). In the conventional model, trapping time constants are in
general determined by the sum of the transport time (Tyans,vB) and the time for negative charge
capture (i.e. hole emission T?m’VB, Eq. (3.14)) or negative charge emission (i.e. hole capture
Tf}ap,\,B, Eq. (3.16)). Fig. 3.12(a) shows that charging (0 — —9.5 V) time constants are roughly
identical to discharging (—9.5 — 0 V) time constants, however as we pointed out in Section 3.3.4
this information is not sufficient to distinguish whether capture/emission or transport processes
dominate. In both cases 7 is determined by the Boltzmann-term exp(—FEa/(kgT)) with Ea in
first approximation being equivalent to the acceptor level E,.. [Smi78]. Fitting experimental data
to the Boltzmann term delivers F,.. = 0.8eV which fits well to the extracted FE,.. of 0.7eV
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3.4. Influence of carbon concentration ([C]) for GaN:C

from SS analysis in Section 3.2, the 0.1eV higher value could result from AFEj4, see Fig. 2.16.
Considering capture/emission as limiting processes, by using Eq. (3.14) for data in Fig. 3.24(b) a

2 is extracted. As common literature values are in the

capture cross section occ of 5 x 1071 cm
range of oo = 10713 em? [Ure+15], expected capture and emission time constants are considered
significantly smaller (factor 50) than the observed time constants. Although such a small cross
section cannot be ruled out, we consider it more likely that the charge transport dominates in the
(dis-)charging processes. For confirmation we suggest measurements as in Fig. 3.26 but for struc-
tures with different GaN:C thicknesses (dryT). If 7 depends on dpyr this would confirm that the
transport process is the limiting factor, dy,yr-independent 7 would indicate that capture/emission

processes determine 7.

A (init) B (QS) C (SS)
— Ti GaN:C GaN:Si Ti GaN:C GaN:Si Ti GaN:C GaN:Si
°3
S Jj £ acceptor
q o A/C discharging
— -
S o — e ——
— 9 hole/ hole
transport capture
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g o charging
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o o |~ |trangport - —
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Fig. 3.27: Schematic band diagrams for bias steps with (a) AV > 0 and (b) AV < 0 within
depletion regime at different points in time: (A) initial SS condition before bias step, (B) directly
(= 30 ps) after bias step in quasistatic state, before charge redistribution occurs in GaN:C and (C)
in SS. Orange arrows indicate the hole transport through GaN:C.

Fig. 3.27 shows schematically the entire discharging (a) and charging (b) processes on basis of
the bias steps —9.5 - 0V and 0 — —9.5 V. In (a) after the quiescent bias of —9.5V in column A
the bias is decreased to zero. In column B in the quasistatic state directly (30 ps) after the bias step
the charge distribution in GaN:C has not changed yet, resulting in the increased potential at the
GaN:Si/GaN:C interface. With increasing time the electric field in GaN:C leads to hole injection
from the top electrode to the GaN:C VB, whereby the Schottky barrier can be considered leaky
enough not to build a barrier that prevents hole injection, see Section 3.2.2. Subsequently, holes
are transported via VB to the region next to the interface to GaN:Si, where they are captured by
carbon acceptors, i.e. acceptors are discharged. This decreases the negative charge in GaN:C and
decreases € until SS is established in column C.

For charging processes in Fig. 3.27(b) after a rise of the bias from zero to —9.5V, in the
quasistatic state, ¢ with opposite polarity compared to (a) forms. This leads to emission of holes
from carbon acceptors to VB, i.e. charging of acceptors. Holes then propagate via VB through
GaN:C to the top electrode, whereby again the leaky Schottky barrier does not provide major

resistance and flatband is established in SS.
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An aspect we did not discuss yet is the injection mechanism from the top electrode to the
GaN:C VB for the discharging process. Even if the Schottky barrier can be neglected, holes have
to overcome a potential barrier of 0.8 eV with a time constant Tschottky. For thermionic emission
this results in an Arrhenius-like process analogous to 7, yp (Eq. (3.13)). Consequently, the
discharging process includes another Boltzmann-term from hole emission at the contact (7qisch. =
TSchottky + Ttrans, VB + T?aP,VB). The charging process on the other hand is not affected (Tcharge =
TBIH,VB + Tirans,vB). As discharging and charging show same time constants we consider Tschottky

negligible.
Ti | GaN:C | GaN:Si Ti | GaN:C GaN:Si

acceptors
discharging

-9.5V

occupied
acceptors

h
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o
v

Vrt rfa n/s

(b)

Fig. 3.28: Estimated band diagrams after bias step with AV > 0 in (a) quasistatic state and
(b) SS, considering an effective acceptor concentration N7, = 5 x 101" ecm~3. The finite carbon
concentration leads to non-negligible space charge regions with finite widths next to top metal (wry)
and wc next to the GaN:Si/GaN:C interface. Orange arrows illustrate the acceptor discharging
process, leading to SS. Figures reused from [Kol+18a].

Another aspect we did not cover yet is band bending in Sp; due to finite carbon concentration.
For the sake of simplicity we have yet considered for the potential distribution that all negative
charges accumulate directly at the GaN:Si/GaN:C interface and no Schottky barrier. As explained
in Section 3.2 for [C] = 102 cm™2 in S;p the widths in which carbon acceptors are occupied (i.e.
space charge regions), are only in the range of few nm so that they can be neglected. However,
in Sp1 due to its ten times smaller [C] space charge region widths are ten times larger. Fig. 3.28
demonstrates the consequences for band diagrams after a bias step from 0 to —9.5V in quasistatic
state directly after the step (a) and in SS (b); but in contrast to Fig. 3.27 we consider Ngo, =
2.5 x 10'7 em™3 and Nuee = 7.5 x 1017 em ™3, resulting in N7, = 5 x 10} cm 3. In GaN:C next
to the top electrode and next to its interface to GaN:Si space charge regions with non-negligible
widths (wr; and we, respectively) in the range of tens of nm form. This decreases the effective
thickness of GaN:C with Ep pinned at F,.., but as long as both space charge regions do not get
close to joining, we expect minor effects.

Although we have evidence that in contrast to S19/S7o with charge transport via DBs, in So;
charge transport occurs via VB instead. However, this does not deliver an explanation why the
plateau regime does not exist in Spp, i.e. why no potential barrier rises at the GaN:Si/GaN:C
interface due to electron capture in carbon acceptors. In theory, for V' > 1.5V we would expect
behavior analogous to S19/S7p as shown in Fig. 3.14 but instead of charge transport in GaN:C via
DBs, the transport should occur via VB. Due to the high current we consider in the Ohmic regime
conduction by electrons via CB, see also Section 3.5. This requires that the quasi- Er for electrons
moves up towards conduction band, which further requires high acceptor occupation rates. High
acceptor occupation rates on the other hand raise a GaN:Si/GaN:C interface barrier, preventing

major electron injection. Hence, it seems plausible that with a too low acceptor concentration
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3.4. Influence of carbon concentration ([C]) for GaN:C

this interface barrier cannot form, explaining the absence of the plateau regime in Sg;. Currently,
we can only speculate about the exact reason for this interface barrier formation, also if DBs are
required or not. We only have the empiric finding that if [C] is sufficiently high to create DBs,

structures establish the interface barrier and prevent major leakage current.

Transient behavior on longer time scale

[y

[ -9.5-0V (I)
e -9.5-0V (II) ||
¢ -9.5-0V (III)

- 02 25 30 35 40 45
(a) t (s) (b) 1/(KT) (eV)

Fig. 3.29: Normalized C(t) after bias step —9.5 — 0 V reveal multiple capacitance rises/drops, all
with same activation energies Ea but different prefactor.

normalized C (a.u.)

To keep discussion simple, in Fig. 3.26(a) we showed only the part of the C(t) curve with the
major capacitance change. However, for the bias step from 0 to —9.5V the full transient curves
reveal more complex behavior as shown in Fig. 3.29. After the large capacitance increase for times
roughly five orders of magnitude later C' decreases slightly and increases again another order of
magnitude later. Due to the large time constants of these additional features, they can be analyzed
only at high T. Fig. 3.29(b) shows an Arrhenius-plot with extracted time constants of the falling
(II) and second rising capacitance (III) together with the main capacitance rise (I). This reveals
that all processes show Arrhenius-like temperature dependence and same Ep, the only difference is
that curves for processes II and III are shifted vertically by roughly five and six orders of magnitude.
Same E suggest that they are also related to charge transport in VB. E.g. (II) and/or (III) could
be related to lateral charge transport, while (I) is related to vertical transport. This would fit to
CTS measurements published in [Cha+17; Kar+16] showing transient R4son Wwith two rising edges
separated by several orders of magnitude in time but with same extracted E,, which where also

considered to originate from vertical and lateral conduction.

3.4.3 Synthesis of carbon doping effects in GalN:C layers

Our results show that DBs form in GaN:C only above a critical carbon concentration (Ngyit)
between 10'® cm™2 and 10'° cm 3. Although DBs are additional conductive channels we assume
that they are the reason why highly carbon-doped GaN:C layers can establish potential barriers at
the interface to adjacent layers that prevent injection of electrons to GaN:C conduction band. We
further assume that this behavior can be extended to the valence band, i.e. instead of injection
of holes to VB and hole conduction via VB, a potential barrier would establish, preventing this.

Instead of negative charge accumulation by occupied acceptors, positive charge accumulation can be
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3.4. Influence of carbon concentration ([C]) for GaN:C

established by unoccupied (neutral) acceptors and occupied (positively charged) donors [Ure+17],
leading to net positive space charge as demonstrated in Fig. 3.30. Electrical characterization
under illumination in Section 3.6.1 (Fig. 3.58) demonstrate that positive charge accumulation is in
general possible in GaN:C. As HEMT buffers should be as insulating as possible, such a behavior
is desired. On the other hand the establishment of such potential barriers requires accumulation
of charges, either injected charges from the electrode or only charge redistribution within GaN:C.
While the establishment of such barriers are very fast in case of current flow, recovery can require
long times, which can lead to dynamic effects such as dynamic Rgs,on, current collapse or threshold
voltage shifts. Furthermore, if in ac devices charges have to flow through highly resistive defect
bands within every switching cycle, this could result in severe switching losses. However, for high-
frequency applications charge distribution might not follow the fast ac signal. Currently, too little
is known in order to predict the behavior in complex application-relevant products. More details

on the interaction of GaN:C with other layers or within multilayer structures are given in Section 4.

/ o © ©
0O:i0O O O O:0
o © ~donors

E-©° 15 o
Oo
O
O
(a)
occupied
unoccupied

(b)

Fig. 3.30: (a) Band diagram, (b) occupation factor and (c) net space charge density density for
cases when Fr is above E,c., at F,.. and below F,.., establishing respectively negative, zero and
positive net space charge. N,c. is considered 2 X Ngop.-

Considering that the insulating properties of GaN:C featuring defect bands are desired, this
requires not only high carbon doping but assuming that defect bands form at threading dislocations
(see Section 3.3.3) also a certain dislocation density. We mention this explicitly as currently great
effort is spent on reduction of dislocation density, which is supposed to reduce leakage current.
Instead, it might even be detrimental if defect bands vanish.

For choosing the optimum carbon concentration one has to consider that [C] should be larger
than Ng¢, however for concentrations beyond, the leakage current increases again. This fits well
to experiments from Huber et al. [Hub+16], who found that the breakdown voltage of HEMTs
increases with [C] but saturates for values above roughly 10 cm™3. For special cases higher [C]

could still be beneficial, e.g. for GaN:C layers thinner than few tens of nm, where the regions of
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occupied acceptors (wr; and we in Fig. 3.28) reach values in the range of the GaN:C thickness. In

this case higher [C] reduces both, wr; and we.

b

3.5 Transition from ”plateau” to ” Ohmic regime” (”cur-

rent filamentation”)

The previous chapters covered depletion and plateau regimes (see Fig. 3.2), in which the electrical
behavior is determined entirely by the features of the LUT. In contrast, in the Ohmic regime the
electrical behavior is determined mainly by the impedance of the base structure. Fig. 3.2 shows
that while Isg in the plateau regime scales with the contact area, Isg in the Ohmic regime is
area-independent. Dependent on the contact area, in the abrupt transition from plateau to Ohmic
regime the resistance can drop by several orders of magnitude. Although this abrupt transition
looks like a breakdown, it is reversible; due to its physical nature explained later we refer to it as
”current filamentation”. This chapter covers the nature of this transition, which we focussed on

in our recent publication in [Kol+18b].

3.5.1 Ohmic regime

In an ideal sample in Ohmic regime the impedance should be mainly determined by the impedance
of the base structure with a resistance of Rpg defined by its resistivity (pps), its thickness (dps)
and the wafer area (Ayqfer): RBs = psdps/Awafer. However, for real structures some additional

points have to be considered:

1. The base structure is a complex multilayer structure consisting of many layers with various

growth conditions, therefore ppg is not homogeneous.

2. Lateral conductivity in GaN:Si is limited so that the current spreads not homogeneously over

the entire wafer and for its proper description a two-dimensional model would be required.

3. Vertical leakage is probably enhanced in certain regions such as at the wafer edge or at largely

extended defects, i.e. ppg is laterally not homogeneous.

These points make it hard to judge what parameters determine Rps. Comparison of Igg-V
measurements for different wafer fragments with the entire wafer reveals that Rgg can be reduced
in fragments by factors up to 100. However, no clear correlation between Rpg and the position of the
fragment in relation to the wafer, wafer size or any other parameter has been observed. Although
we currently do not understand conduction through the base structure in detail, we remark that
this has minor relevance for investigations on the electrical behavior of LUT structures, the main
topic of this thesis. For our investigations the relevant point is that for every fragment or wafer
Rpg is significantly lower than the resistance of the LUT (Rpyr) in the depletion and plateau
regime. This is easily proven by the significant resistance drop between plateau and the Ohmic

regime.

3.5.2 Electrostatic electrical characterization of current filamentation

Fig. 3.31(a) shows standard V-controlled Igs-V characteristic for sweeping V' from 0 to 12V (up-

sweep, red solid line) and vice versa from 12 to 0V (down-sweep, blue dashed line) with a ramp
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Fig. 3.31: Igs-V characteristics for Sig in (a) voltage and (b) current controlled mode. Red and
blue lines represent respective up- and down-sweeps. For comparison, in (b) voltage-controlled
measurements from (a) are illustrated with light grey lines. Figures are reused from [Kol+18b].

5 T T T T T 10t T T T
V-controlled L | V-controlled 4
4 [ [=—up-sweep 101 F [==S10 "' ]
o === down-sweep (dyyr=200nm) 1
£ E (=== Si0p : 3
g 10—3 (d,_UT=3OOnm) [ ] -
< :
= ! 3
10 “—“—. -
——“’—‘ 3
107 - \ I
2 4 6 8 10 12 4 8 12 16 20

0 0
(a) V() (b) V()

Fig. 3.32: (a) Voltage-controlled up- and down-sweep Igs-V characteristics for Sio in linear scale.
(b) Iss-V characteristics for different dryr (i.e. S10/S10b). Figure (b) reused from [Kol+18b].
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3.5. Transition from ” plateau” to ” Ohmic regime” (”current filamentation”)

rate of 1.5Vs~!. A resistance drop by several orders of magnitude accompanies the transition
from plateau to Ohmic regime, which we labelled in [Kol+18b] due to the later discussed model
also as off- and on-state. The bias where this transition occurs, depends significantly on the
sweep direction with Vg up ~ 8.5V and Vg down ~ 6.5V for respective up- and down-sweeps,
i.e. distinctive hysteresis behavior. The Igs-V characteristic in Fig. 3.32(a) with linear ordinate
highlights the Ohmic behavior in Ohmic regime and that within Ohmic regime the structure’s
resistance is indeed dominated by the Ohmic resistance of the base structure (Rps). Compared
to a single Ohmic resistance, the Isg-V curve of the entire structure is shifted horizontally by
approximately 6.5 V. This indicates a rather bias independent potential drop of 6.5V in GaN:C
within the Ohmic regime. The curvature between 6.5and roughly 9V could be a sign that in
this bias range the potential drop in GaN:C still increases slightly. However, at higher biases
Rgis saturates, indicating ideal Ohmic behavior, as shown in Fig. 3.2(d). Iss-V characteristics in
Fig. 3.32(b) show increasing Vg up with druT.

In order to gain more knowledge on the bistability region, which we call the bias range between
Vil down and Vi up, current-controlled measurement as depicted in Fig. 3.31(b) are performed. Al-
though they show almost identical V-controlled Igg-V characteristics within plateau and Ohmic
regime, they reveal significantly different behavior within the bistability region. The shoulder for
I-controlled up-sweeps for V' < 5V is a systematic measurement artifact of the used equipment.
While V-controlled measurements already indicate in the bistability region an S-shape Isg-V char-
acteristic with a negative differential resistance (NDR) region [Rid63; SS01], I-controlled measure-
ments suggest a more complex than common S-shape characteristic. This points towards formation
of spontaneous current filaments (CFs) in spatially extended homogeneous systems with S-shape
I-€ characteristics [SS01; SMG13; VKG69]. For such systems devices of various size can show dif-
ferent Iss-V characteristics, linked to homogeneous and inhomogeneous current flow, respectively,

as explained in [Pog+11].

3.5.3 Emission microscopy (EMMI): Current filamentation during tran-
sition

In order to derive the distribution of the current underneath the contact, emission microscopy
(EMMI) measurements are performed. As illustrated in the schematic in Fig. 3.33(a), vertical bias
is applied to a LUT structure. As in forward bias electrons must be injected from GaN:Si to DBs
or VB, their energy decreases in the GaN:Si/GaN:C junction area. This energy can be emitted as
photon or phonon, whereby part of the emitted photons propagate through GaN:C, through the
top semi-transparent metal and can then be recorded by a charge-coupled device (CCD), mounted
above the sample. Hence, EMMI can measure where in the sample the current is located.

As the standard Ti contacts are optically opaque, adapted contacts with a 3nm Ti layer and
a 20nm Au layer on top are used instead. As this might have effects on the electrical behavior,
we label LUT structures with the same epitaxial stack as Sj¢ but thin semi-transparent contacts
in the following as Sjg au. We further mention that for Sip o, small wafer fragments with areas of
roughly 7cm? (see Fig. 3.35) are used instead of entire wafers. Simple Iss-V characteristics prove
that at least the static electrical behavior is identical for Sip and Sip,au. Fig. 3.33(b) shows the
transmissivity of the contacts (Tinetal) as a function of the photon energy, which is throughout the

entire band gap in the range of 20 %. It further demonstrates that also the transmissivity of the used
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Fig. 3.33: (a) Schematic EMMI (and electro- and photoluminescence spectroscopy) setup. (b) Ratio
of detected photons by CCD to emitted photons in GaN (i.e. responsivity Rgmmi) as function
of the photon energy, the grey area under Rgnvp represents the measureable part of the signal.
Rewmwr is determined by the transmissivity of the contact metals (Tiyetar), the optics (Toptics) and
the responsivity of the CCD (Rcep). (¢) Transmissivity of GaN for light with energies above GaN
band gap (Tcan) as a function of the distance from the surface ().

optics (Toptics) int order to focus emitted light on a CCD is limited. Additionally, the responsivity
of the CCD (Rccp) is considered, resulting in the total responsivity of the setup Reyvmi. A GaN
monocrystal should be transparent for light with energies below band gap (< 3.4eV). Dependent
on the wavelength, doping increases the absorption, however for rough calculations within this
thesis this is neglected. Fig. 3.33(c) demonstrates that the high absorption coefficient of roughly
10° cm~! [Mut+97] leads to low transmissivity for energies above band gap. E.g. only about 13 %
of light emitted at the GaN:Si/GaN:C interface reaches the top of GaN:C. As Rgymwmr is almost
zero for light energies above band gap, the setup can be considered as completely blind for these
light energies. Thus, light is only detected in a range between 1.5 and 3.4eV as shown by the grey
area under the black curve in Fig. 3.33(b).

needle

metastable
current filaments

Fig. 3.34: Optical image of the top electrode, superimposed with the EMMI signal for V = 14V
with Igg = 10 pA. Yellow lines indicate the position of the contacting needle forming a black spot,
the light grey area represents the top contact and blue circles the superimposed EMMI signal.

In order to perform EMMI, first the CCD is aligned and focused on the top contact. An optical
image is taken while the chamber is illuminated with white light, as illustrated in Fig. 3.34 in grey.
Subsequently, EMMI is performed under dark condition and in order to localize the position of the

EMMI signal in respect to the contact, this signal is in Fig. 3.34 superimposed in color to the grey
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optical image. As we found that the EMMI signal originates solely from underneath the contact
with no tendency to formation at the edges, we will in the following show in most cases only the

EMMI signal without superimposed optical image.

Fig. 3.35: EMMI images of parts of the used fragment with the left part unbiased, showing the
contacted device and the right part when bias is applied via the needle on the left side. The EMMI
spot at the spalled edge shows enhanced current flow centimeters away from the contact.

Fig. 3.35 shows part of a fragment and the used contact. The left part of the figure shows only
the optical image for V' = 0 while on the right part the EMMI signal for V' = 10V is overlaid.
It reveals at the spalled wafer edge a significant EMMI spot, although the contacting needle is
roughly 3 cm away. This provides further evidence for the existence of a laterally conductive layer,
likely to be GaN:Si. It indicates that current does not propagate homogeneously through the base
structure but can propagate in localized spots such as the wafer edge, proving the concept of the
LUT structures described in Section 3.1.3.

Fig. 3.36 demonstrates the evolution of the EMMI signal with increasing bias. At room temper-
ature in the entire off-state region no EMMI signal is found, a possibly existing signal is below the
signal-to-noise ratio. In order to increase the EMMI signal we perform measurements at elevated
temperatures with long integration times (i) and indeed above approximately 400 K the signal
exceeds the noise. EMMI measurements in Fig. 3.36(a) at 475K clearly reveal an increased EMMI
signal, uniformly distributed under the entire contact area, marked by the black dotted line. This
indicates homogeneous light emission under the contact and consequently homogeneous charge
distribution in off-state, at least in the ym range. For voltages exceeding Vg up, i.e. on-state,
the homogeneous distributed EMMI signal is replaced by distinct emission spots, which increase
in general in number and size with V' and/or Iss. These emission spots correspond to localized
current filaments (CFs). Figs. 3.36(b-f) demonstrate the increasing spot size from diameters of
1—2pm at 9V to roughly 10 um at 20 V. We remark that although Fig. 3.36 shows only a single
CF, this behavior is rather rare as in general CFs are unstable and split after certain times.

In order to investigate the stability of CFs over time, EMMI videos with a time resolution of
100 ms are recorded. Fig. 3.37 shows frames of the video at chosen points in time within such a
video. It illustrates movements, splits and merges of CFs at constant V' = 10V and Isg = 3pA
over time. While in (a) directly after switching to on-state (¢ = 0) only one CF exists, it splits
within the first 2s into two CF's of comparable size but with sizes being smaller than the first one
(Fig. 3.37(b)). In (c) after 3s the second CF has moved left while the first, indicated as ”CF1” stays
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Fig. 3.36: (a) EMMI image in off-state at T" = 475K with an integration time ¢,y = 600s. The
location of the electrode is indicated by a black dotted line at its perimeter. (b-f) EMMI images in
on-state at room temperature with ¢,y = 1s and different V' as labeled in the figures. For better
visibility (b-f) show only 10 pm x 10 pm excerpts of the contact area, in outer regions no significant
EMMI signal is found. Figures reused from [Kol418b].

10 um

(f) t=31s

Fig. 3.37: Frames of an EMMI video at six chosen moments in time for V' = 10V with Isg = 3pA
demonstrate current filament splitting, moving and merging. For better visibility only 22 pm x
15 pm excerpts, including the only apparent EMMI spots, are shown. ”CF1” in (¢) marks a pinned
filament. Figures reused from [Kol+18b].
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pinned to its original position. In Fig. 3.37(d) after 5s the second CF has moved further away from
CF1 and its intensity exceeds the one from CF1, indicating current redistribution between both
filaments. These CF's are pinned for a rather long time until shortly before ¢ = 19s the second CF
splits again so that in Fig. 3.37(e) at t = 19 s three smaller CF's exist. Between ¢t = 19s and ¢ = 315
in (f) the two left CFs merged and split again into two CFs. In conclusion, Fig. 3.37 points out that
CFs can be pinned more or less stable at certain positions, however they usually split and move
to different positions. After switching to off- and back to on-state, even with times of a fraction
of a second in off-state, CFs form in general at different positions. The videos further reveal that
CFs do not move continuously but rather jump between metastable spots with distances in the
pm-range within time intervals smaller than the time resolution of 100 ms. The empiric findings
suggest that there is a maximum stable size of CF's, while their number can fluctuate. In contrast
to the special case of a single CF shown in Fig. 3.36, in most cases at higher biases the number of

CF's increases, as shown in Fig. 3.38.

Fig. 3.38: An EMMI image recorded at V = 14V and Iss = 10 pA demonstrates the existence of
multiple current filaments. Figure reused from [Kol+18b].

3.5.4 Luminescence spectroscopy

As introduced in Section 2.2.2, defects do not only influence the electrical behavior of semicon-
ductors but also their optical properties. The emitted light of a biased sample as in EMMI or
after its illumination as in photoluminescence spectroscopy (PL) contains information on the de-
fects in the sample. Spectral analysis of the emitted light enables detection of the defect energy
within the band gap. In the following we discuss spectrally resolved EMMI (further referred to as

electroluminescence spectroscopy (EL)) and PL on LUT structures S1g ay-

Electroluminescence spectroscopy (EL)

Fig. 3.39 shows a schematic of the used setup for EL and PL. For EL a top bias of 10V is applied,
which results in on-state behavior and light emission from CFs. In contrast to standard EMMI
analysis, a rectangular aperture with a grating with 500 lines/mm is inserted into the optical path.

The sample is positioned in such way that a thin stripe with one EMMI-spot is visible as indicated
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Fig. 3.39: Schematic setup for electroluminescence and photoluminescence spectroscopy (EL and
PL).
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Fig. 3.40: Normalized spectra (Ipy,, Ig,) and corrected spectra (Ipr/ Ry [eL/Remwr) for EL
and PL, respectively. Rgyvr considers the wavelength-dependent responsivity of the optical setup,
whereby it has to be considered that as for PL no metal contact is required, so that Ry =
Ryt /Tmetal- The "ringing” signal in EL is assumed to result from interference due to reflections
at bottom (and top) interfaces of the GaN stack.
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in the bottom right EMMI figure in Fig. 3.39. It is crucial to find a CF which is pinned for
sufficiently long times at the same position to align the setup and perform the measurement. The
grating diffracts then emitted light of the CF, whereby the diffraction distance (d) depends on the
wavelength of the emitted light (\) and can be derived by Bragg’s law:

2dsin(f) = noA, (3.22)

with dsin(f) = VA2 + h2, n, being an arbitrary positive integer and d, h and 6 as indicated in
Fig. 3.39. The schematic demonstrates that the emitted light from the CF is diffracted only in z-
direction perpendicular to the long side of the slit. Using Bragg’s law, d can directly be translated
into the wavelength, i.e. photon energy (Ey, = hc/\) of the emitted light. The result is a spectrum
with the intensity (Igr,) vs. En, as shown in Fig. 3.40 by the dashed red line. In order to correct
the measured intensity for the wavelength-dependent responsivity of the EMMI setup (Rgmmi),
Igy, is divided by Rgnwi, giving the red solid line.

Photoluminescence spectroscopy

Instead of applying bias as in EL, for PL the setup is extended by a custom-built ring of light
emitting diodes (LEDs) with a wavelength of 325nm (i.e. photon energy Frgp = 3.8eV), which
irradiate the sample. As the photon energy is larger than the GaN band gap, this creates electron-
hole pairs and possibly also leads to electron emission from carbon acceptors. After illumination,
LEDs are turned off, so that electron-hole pairs recombine again, either by direct recombination
or by defect-assisted recombination. For the latter process holes from VB and electrons from CB
are captured in carbon acceptors and thereby emit photons with energies E,.. — Fyp = 2.7eV and
FEqon — Ecp = 0.7eV, respectively. As explained in the next section due to Franck-Condon shift
[Con28] actually emitted photons have energies with values roughly 0.5eV lower. Anyway, due to
the wavelength-limitation of the used setup, only electron capture can be detected. Part of the
emitted photons leave the sample and are detected by the identical optical setup, used for EL. As
Ergp exceeds Eyg, the low transmissivity of GaN has to be considered as shown in Fig. 3.33(c).
Therefore, about 87 % of all photons are already absorbed in the top GaN:C layer. The resulting

normalized spectrum is shown by blue lines in Fig. 3.40.

Interpretation of spectroscopy results

For interpretation of the derived spectra it is crucial to consider that E}, does not directly relate
to the defect ionization energy E'?". Fig. 3.41 demonstrates this in a schematic configuration
coordinate diagram. As e.g. carbon acceptors can slightly change their position within the GaN
crystal when becoming negatively charged, the minima of neutral and negatively charged states
in the configuration coordinate diagram are horizontally shifted. While for thermal ionization the
energy difference between their minima is Ey, = Ecp — Face = 2.7€V, for photon-induced electron
capture an additional energy has to be overcome. This additional energy is commonly referred
to as Franck-Condon shift (dpc2) and values for carbon defects in GaN:C of about 0.5¢V are
reported [Arm06; MB17], leading to optical excitation energies (E,pt) of roughly 3.2eV. For the
opposite process (i.e. electron capture), emitted photons have energies which are reduced by the

Franck-Condon shift dpc1, which has similar values as dpc 2 [Arm06; MB17]. Resulting photon
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Fig. 3.41: Schematic configuration coordinate diagram comparing the capture and emission energies
for thermal (Ea) and optical (Eqpt, Espec) transitions between negatively charged and neutral
acceptor charge states (Cn(-), Cn(0)). Eopt and Egpec are shifted compared to Eyy, by the Franck-
Condon shifts drc,1 and drc, 2, respectively.

emission energies (Eqpec) are in the range of 2.2 eV, which would fit to ”yellow luminescence”, see
Fig. 2.18. As both EL and PL analyze photon emission, drc 1 has to be considered.

In this perspective, the derived corrected spectra from PL and EMMI in Fig. 3.40 are rather
surprising. Instead of a peak at 2.2eV, the PL spectrum reveals a peak at roughly 2.7eV, while
the intensity in EL increases steadily with energy without a peak. In the following we discuss

several factors that might contribute to understanding these observation:

e First of all, we have to mention that the experimental setup has been in a development stage
and therefore systematic errors cannot be excluded. The limited availability of the setup
prevented deeper investigations resulting in more reliable data, for the sake of completeness

data is shown but has to be treated with caution.

e Although it seems unlikely due to the large carbon defect densities, the intensity from band-
to-band recombination could exceed the intensity from defect-assisted recombination via
carbon defects so significantly that the observed spectra show only the tail of the band-to-
band process, especially for EL.

e Fig. 3.42 demonstrates that in forward bias the energy of the emitted light (Egpec) might
differ significantly from the classical Espec, derived from the configuration coordinate diagram
in Fig. 3.41. If the potential barrier built by depleted GaN:Si is overcome not by a thermal
process, as indicated by the T' dependence of Iss (see Fig. 3.19), but by e.g. by trap-assisted-
tunneling [VCBT79], then Egpec could decrease by ¢ x ;. Furthermore, if electrons are not
captured directly at the GaN:Si/GaN:C interface but deeper in GaN:C, the electric field
causes Egpec to increase. This might result in a smeared out spectrum without clear peak as
observed in Fig. 3.40.

e The EL spectrum in Fig. 3.40 shows distinct “ringing” signal with equidistant peaks and
valleys with an energetic distance AFE;,; = 0.1eV. We suppose that its origin is that light
is emitted in the GaN:Si/GaN:C vicinity, but not only towards the metal contact but in all
directions. Part of the light dissipates into the GaN stack and is then reflected at its interface

to Si as the refractive index of GaN for energies between 1.5 and 3 eV is with ngan &~ 2.4 [BI73]
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Fig. 3.42: Schematic band diagram of Sig for V' = 10V showing that the energy of the emitted
light (Egpec) might differ from classically expected values in Fig. 3.41.

significantly lower than of Si with 4.1 [AS83]. The reflected and the directly towards the metal
dissipated beam interfere and when their phase shift is 2nm constructive interference occurs,
while for (2n + 1)7 destructive interference occurs, with n being any positive integer. The
thickness for the GaN stack dsack can then be calculated by dytack = (he)/(2AEinnGan) =
2.6 nm. The value is indeed in the range of the nominal stack thickness, suggesting that light
is emitted at the GaN:Si/GaN:C interface. Interference effects, resulting in ringing is known

in literature and described e.g. in [Bra+16] .

e In PL there is no external bias applied and therefore there is flatband in GaN:C, which
simplifies interpretation. As the photon energy of the irradiating LEDs exceeds the GaN
band gap, 87 % of the photons are absorbed in GaN:C and do not reach GaN:Si. Considering
that in GaN:Si the major part of emitted photons have energies above band gap, also 87 % of
the emitted photons from GaN:Si are absorbed in GaN:C. Therefore, signal from GaN:Si is
completely neglected. Emitted light originates mainly from bulk GaN:C, directly related to
capture of free electrons in carbon acceptors. This might lead to the clearer peak at 2.7eV.
However, to explain the peak energy either a very shallow acceptor level or a negligible
small drc,1 has to be considered. While a shallow acceptor can be excluded from electrical
characterization, a negligible drpc,; could be related to the formation of the defect band,

which is yet not understood.

3.5.5 Time dependence of filamentation

In Section 3.5.2 we discussed the electrical behavior of filamentation by slow Igs-V measurements
but we did not discuss its time dependence yet. In general, Vi p is not fixed but depends for
Iss-V sweeps significantly on the ramp rate. A better way to characterize the time dependence
of Viiup is to do bias steps from unstressed condition (i.e. V = 0) to V within the bistability
regime, i.e. Viidown >V > Vhiup. Fig. 3.43(a) shows that filamentation event, corresponding to
the transition from off- to on-state, occurs only after a certain time (tg1). ta; decreases significantly
with V', whereby Fig. 3.43(b) demonstrates for V' = 9.5V large statistical distribution over several
orders of magnitude. More detailed statistical assessment is provided in Fig. 3.44(a), showing

100 consecutive bias steps from 0 to 9.5V. Quantitative analysis in (b) shows very broad time
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distribution of tg over the measurable time range between 20ms and 100s. Additionally, after
20ms in 35% of the measurements the device is already in on-state and after 100s in 15% the
device is still in off-state. This means that in only 50 % of measurements the filamentation event
occurs between 20 ms and 100s. One could even put the data in a Weibull plot, as commonly used
for characterization of e.g. time-dependent dielectric breakdown [McP10], which even gives a good
fit. The extracted S value of 0.17 is very low, however meaningful interpretation of the statistical
distribution would require further investigations. The main information from the time-dependent

measurements are the large statistical distribution of tg, and that its value decreases with V.
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Fig. 3.43: (a) Transient I(t) measurements after bias steps from 0 to various V and (b) several
consecutive measurements for steps to V' = 9.5V, indicating statistical distribution of time-to-
filamentation (tg1). Stress times in (b) are 100s with 10s recovery time between measurements,
numbers indicate the sweep number. Figure (b) reused from [Kol+18b].
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Fig. 3.44: (a) 100 consecutive bias steps from 0 to 9.5V with stress times of 100s and recovery
times of 10s, scales for I are logarithmic. (b) Cumulative distribution function (CDF) for devices
in on-state vs. tg.

3.5.6 Statistical distribution of filamentation voltage

In the previous section we found that tg; decreases with V' in the bistability region. This means
that Vfiup should decrease with slower ramp rates, which is indeed experimentally confirmed.
However, the large statistical distribution in tg; should also result in large statistical distribution
of Viiup- As Vi (i-e. Viup and Vil down) shows besides this intrinsic statistical distribution large
dependences on the position on the wafer (wafer center vs. wafer edge), stress history, temperature
and large device-to-device variation, these parameters cannot be treated separately. E.g. if Vi up

depends significantly on the position of the wafer, statistical analysis of Vg p for 100 devices from
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different regions of the wafer would not give the intrinsic statistical distribution. In the following

we will discuss these influences in more detail.

Va1 as function of the stress history
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Fig. 3.45: (a) Isg-V characteristics (up- and down-sweeps) of 180 consecutive measurements on
a single device with a ramp rate of 1.5Vs™! at 300K. (b) Evolution of Vg1 up and Vaidown with
number of up-/down-cycles (n).

Fig. 3.45(a) shows Igg-V characteristics of 180 consecutive up- and down-sweeps, (b) shows the
evolution of Va1 up and Vi down With number of measurement cycles. While for a virgin device Vg up
is significantly lower, after the first measurement the value fluctuates strongly. While Vi qown is
independent of the recovery time between up- and down-cycles, Vg 4, decreases with increasing
recovery time between measurement cycles. E.g. at 300 K after approximately two day recovery,
Vi1,up reaches again values comparable to a virgin device. As expected due to the large distribution
in ta1, VaLup also shows large statistical distribution for consecutive measurements with values
roughly between 9 and 10.2V. Interestingly also Vgi,down shows a certain distribution, however

much smaller than for Vg yp.

Va1 as function of the device position on the wafer

Fig. 3.46(a) shows Igg-V characteristics for 100 equidistant located devices between the wafer
center and locations about 5 cm towards the wafer edge as shown in Fig. 3.46(b), z is the distance
from the wafer center. Fig. 3.46(a) reveals that Isg within the off- and on-state varies by a factor
of up to five, however much more distinctive is the large statistical distribution of Vi up (Va1down)
within about 6.6-10.3V (5.2-7.5V), respectively. We mention that as virgin devices often show
different unreproducible behavior, for analysis always the second up- and down-sweeps are used.
Quantification of Vi dependent on z in Fig. 3.46(c) reveals that averaged Vi up and Vil down are
separated by approximately 1.8V and remarkably, both show a decrease of roughly 1.1V when
approaching the wafer edge. The superimposed noise is in the same range as the fluctuations for
consecutive measurements, therefore we assume that its origin is the same and also the same as
of tg) fluctuations. However, besides fluctuations there is a significant decrease of Vg, from wafer
center to wafer edge, which we cannot explain yet. A possibly decreasing GaN:C thickness towards
the wafer edge could result in decreasing V), however this should lead to a significant compression

of the Iss-V characteristic and therefore increased Iss-V slopes, which is not observed. Another
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explanation approach could be an increased extended defect density in outer regions of the wafer,

causing decreased V51, however this is speculative and not supported by experiments yet.
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Fig. 3.46: (a) Iss-V characteristics (up- and down-sweeps) of 100 devices on the same wafer on
sample S1g with a ramp rate of 1.5 Vst at 300 K. (b,c) Dependence of Vi on the distance of the
measured wafer from the wafer center (z).

Va1 as function of the temperature

Fig. 3.47(a) shows Igs-V characteristics within a wide T range between 20 and 560K for
up- and down-sweeps. Quantitative analysis of Vg in (b) reveals a linear decrease of Vg with 7'
Remarkably, the hysteresis between up- and down-sweeps occurs only in a limited 7" range between
180 and 350 K. We speculate that this observation is linked to the time dependence of the off-on
transition in combination with the fixed ramp rate, a link to trapping time constants could also

be possible.
Filamentation under illumination

Fig. 3.48(a) illustrates Isg-V characteristics measured in dark condition vs. conditions in which

the samples are illuminated by monochromatic light with various Ey,. Illumination shifts Igs to
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Fig. 3.47: (a) Iss-V for various T with a fixed ramp rate of 0.3 Vs~! and (b) Vg vs. T, revealing
a mainly linear relation.
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Fig. 3.48: (a) Iss-V characterization at 340 K with a ramp rate of 0.3V s~! in dark condition
(“dark”) and with the device being illuminated with monochromatic light with varying photon
energies (Eh,). (b) Analysis of Vg as function of Ey, reveals significant decrease of Vi above
roughly 3.2eV.
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3.5. Transition from ” plateau” to ” Ohmic regime” (”current filamentation”)

higher values (see also Section 3.6.1) and decreases V). Quantitative analysis in Fig. 3.48(b) reveals
that this happens only if Ey, gets close to the band gap energy (Epg =~ 3.4€V). Large fluctuation
between consecutive measurements complicate quantitative analysis, especially for Vg ,p. Due to
the smaller fluctuations in Vi down, analysis of down-sweeps gives a clearer Fj, dependence.

For physical understanding of the filamentation the most interesting features are that Vg de-
creases and that this happens only for Ey, 2 3.2eV. Considering a Franck-Condon-Shift of 0.5eV
the reason for the smaller V4 could be negative charge emission from negatively charged accep-
tors and therefore an earlier vanishing interface barrier (¢;). However, 3.2eV is already close to
Eyg, where electron-hole pair generation increases Igs significantly, which might also decrease V.
For clearer judgement larger amount of data would be required in order to decrease the large

uncertainties in Fig. 3.48(Db).

3.5.7 Current filamentation model

Ti GaN:C GaN:Si

CB

L

acc

partly occupied e +Cy(-)-2e"+Cy(0)

(a) off-state (b)

Ti GaN:C GaN:Si Ti GaN:C GaN:Si

(PiI ...... R
¥

(c) V=Viq up (d) on-state

Fig. 3.49: (a) Band diagram in off-state, the blue arrow indicates negative charge injection from
CB of GaN:Si to DBs in GaN:C. (b) Schematic energy - wave vector (k) diagram with equation
describing impurity impact ionization with Cx(-) and Cx(0) as respective occupied and unoccupied
carbon acceptors. (c,d) Band diagrams demonstrate impurity impact ionization at the filamenta-
tion onset and in on-state, respectively. An injected electron from GaN:Si can impact an electron
in a carbon acceptor and eventually excite it to the conduction band, leaving a neutrally charged
acceptor. (d)This results in decreased o¢ and consequently a decrease of ¢; by Agp;. The thick red
arrow in (d) indicates the resulting massive electron injection, the two red dots represent the two
electrons from (c). Figure reused from [Kol+18b].

In the following we combine the previous results in order to derive a model for the observed

current filamentation. Due to the small leakage current in off-state, C'sg-V characterization delivers

reliable band diagrams, as shown in Fig. 3.49(a), the evaluation is described in Section 3.2.1 and
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[Kol+17b]. In off-state negative charge accumulation in carbon acceptors in GaN:C next to the
GaN:Si interface raises ;, which prevents major electron injection from CB of GaN:Si to CB of
GaN:C. However, minor electron injection to DBs in GaN:C, in which they can propagate to the
top electrode, causes a leakage current Isg [Kol+17b; Kol+17a; Kol+18a]. In contrast to off-state,
the largely increased Igs in on-state prevents reliable capacitance measurements and consequently
derivation of band diagrams; providing more room for interpretation. Despite missing experimental
prove, we consider it inevitable that in the transition from off- to on-state and the resulting
dramatic increase in Igs, ¢; has to decrease. We further consider the decrease in ; as reason for
the transition, which requires also a decrease in o¢ and therefore involves discharging processes.
Due to the small power dissipation of roughly 1 mW per CF, the estimated temperature rise does
not exceed few degrees so that significant self-heating effects can be excluded. Furthermore, electric
fields at Vi up of 0.4-0.5 MV em ™! are only a fraction of the field of roughly 3-5 MV ecm ™!, reported
for impact ionization in GaN [Zha+14; Dic+16]. Hence, electron-hole pair generation due to impact
ionization can also be excluded. We mention that for matter of simplicity we consider only linear
electric field in GaN:C, although this might be slightly modified we do not expect extreme changes
as reported e.g. in [LKVO05] due to strong injection effects.

In literature there are many nonlinear generation-recombination processes known that cause due
to a non-equilibrium phase transition of first order S-shape Igg-V curves [Sch12]. E.g. Schéll [Sch79]
and Landsberg [Lan80] propose that the generation process could be determined by impurity
impact ionization and electron-hole annihilation could then result in the observed S-shape Igg-V
characteristic. Fig. 3.49(b) illustrates the impurity impact ionization process which can be imagined
as Auger-like process in which a free electron from CB impacts an occupied carbon acceptor. If
the energy of the first electron is sufficient, it can excite the electron in the acceptor, making
it charge neutral [Sch79; San+10]. This results in two electrons propagating via CB in GaN:C
towards the top electrode as depicted in Fig. 3.49(c,d). This would reduce o¢ and consequently ¢;
by A¢p;. The reduced ¢; further increases electron injection from GaN:Si to the GaN:C CB. This
forms a closed positive feedback loop, resulting in the sudden current increase during filamentation.
The increasing Vi) up with dpyr, observed in Fig. 3.32(b) suggests a field-controlled mechanism,
fitting to the proposed model [Sch79; San+10]. Emission of light with energies below band gap
is supposed to originate from recombination of electrons from GaN:C CB in unoccupied carbon
acceptors. Required positive charges can either be provided by hole transport from the top electrode
via VB or charge transport within DBs.

The small increase of I over time in off-state, as shown in Fig. 3.44(a), suggests slightly decreas-
ing ¢; due to negative charge emission from carbon acceptors. We expect that below a certain
threshold the positive feedback is initiated, resulting in filamentation. This can be considered
equivalently to a decreasing Vi up with time. Fig. 3.50 shows with a solid line a schematic S-shape
Isg-V characteristic in the ”initial” case, i.e. unstressed. With increasing stress time Vg p de-
creases, as demonstrated in Fig. 3.50 by dashed lines and a black arrow. For applying a certain
voltage V' within the bistability region, Vg, decreases and after a certain time Vg yp reaches V.
We introduced this time as tg), where the transition from off- to on-state occurs. Fig. 3.50 shows
that for a voltage-controlled measurement this leads to a sudden increase in I. Concluding, in
our proposed model slow negative charge emission causes the time dependence of V4 up, while fast
emission due to impurity impact ionization causes the actual filamentation, i.e. transition from

off- to on-state.
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Fig. 3.50: The schematic S-shape Igg-V characteristic demonstrates the decrease of Vi up with
stress time from curves marked with ”1” to the one marked with ”3”. For curve ”2” the moment
of filamentation is shown. When the decreasing Vg ,p becomes smaller than the applied bias V,
transition from off- to on-state occurs with the abrupt current jump marked with the dashed arrow.
Figure reused from [Kol4-18b].

Until now, the model does not predict the existence of multiple CFs. Therefore, we have to
expand our model in the following to the second dimension. We tentatively consider a spatially
homogeneous systems with S-shape I —@ characteristic, device size large enough, and the operation
within the bistability region. As an alternative, small devices obtaining homogeneous current
distribution and an S-shape Isg-V characteristic can be considered. In such systems it is reported
that spatially homogeneous current flow is unstable against fluctuations in I and € [VK69; SS01;
SMG13]. Therefore, regions in on- and off-state and corresponding high and low current densities
separate, i.e. a CF is formed. In a single active layer one CF would rise with its size increasing
with I [VK69; Pog+11]. In contrast, for an active region in series with a passive Ohmic layer, the
formation of multiple CF's is favored over one large CF [Pur+89; JBS86; GN02; KO89; MHR90;
Mam-+09]. Fig. 3.51(a) shows schematically by yellow arrows the localized current flow in CFs in
GaN:C and its distribution in GaN:Si. Subfigures (b,c,d) illustrate how we expect Ecgp, I and o¢ to
distribute as a function of the lateral coordinate x. The formation of multiple CFs is energetically
favored due to lateral spreading of I in GaN:Si, i.e. the passive Ohmic layer, at the edges of CFs
and the hence decreased voltage drop in GaN:Si in comparison to a single large CF. CFs are only
stable within a certain size range [MHR90]. While larger CFs split to smaller CFs, smaller ones
can merge or completely disappear, as observed in EMMI videos discussed in Section 3.5.3. Due
to the finite size range of CFs, their size and number can vary for identical biases and currents
[Mam-+09)].

Fig. 3.51(e) shows a simplified equivalent circuit, in which the active GaN:C layer, represented
by current sources in the CFs, is in series to resistances of the passive layer and the base structure.
The decreased resistance due to lateral current flow in GaN:Si is represented by additional paths
in GaN:Si, marked with black arrows. In [JBS86; Mam+09] it has been reported that Iss-V

90



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

3.5. Transition from ” plateau” to ” Ohmic regime” (”current filamentation”)

GaN:C e oy
(@) GaN:Si /

A ; ~ passive Ohmic layer
(b) -
A X
(c) B \/ \/ VvV
A X
(d) ) A4 AV4 v
X

GaN:C E act
I

>Rcom

A\A4

VWA

GaN:§T$1

(e) BS

Fig. 3.51: (a) Schematic model of the LUT with current flow lines represented by yellow arrows.
The LUT can be represented with GaN:C as active non-linear layer and GaN:Si as passive Ohmic
layer. (b,c,d) show respective I, Ecp and oc¢ distributions in GaN:C with z as lateral coordinate.
(e) Simplified equivalent circuit with the active GaN:C layer represented by current sources in
CFs (Iact), the passive GaN:Si layer represented by Rpas and the base structure represented by
Reom. Two black arrows demonstrate the parallel components of Ry, due to lateral current flow
in GaN:Si. Figure reused from [Kol+18b].
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3.6. LUT structures under illumination

characteristics for different number of CF's result in zig-zag behavior due to the changing potential
drop in the passive Ohmic layer. This behavior is not observed in our experiments, we suppose
that this could be due to the additional series resistance of the base structure which could exceed
the GaN:Si resistance by far so that changes in I due to different number of CFs are below the
noise level.

Due to the expected important role of dislocations for leakage current (e.g. defect bands),
in the following we discuss a possible link between dislocations and CFs. EMMI analysis in
reverse biased InGaN/GaN light emitting diodes (LEDs) reveals also localized current filaments
[Men+09; Usa+18b]. It has further been reported that these filaments occur at the position of
screw and mixed dislocations [Usa+18b; Usa+18al, indicating current flow via the dislocations
[Li+04]. Our EMMI analysis reveals spontaneous formation of multiple CFs, therefore we do not
consider extended defects as mandatory for CF formation. However, we consider that pinning of
CFs, e.g. shown in Fig. 3.37, could take place indeed at extended defects such as dislocations.
Pinning of spontaneously formed CFs at defects has already been reported in other systems in
[Ale+98]. We suppose that in our structures local charge in the vicinity of extended defects could
result in local reduction of V34 and hence metastable pinning. The movement of CFs could result

from lateral inhomogeneities in o¢, driving CFs in random directions.

3.6 LUT structures under illumination

Tlluminating LUT structures with light can have two major effects: 1) For photon energies above
band gap energy (i.e. Ey, > Ey,) photons generate electron-hole pairs, resulting in photo-current,
free electrons in CB, free holes in VB and can change the occupation of carbon defects due to
capture of these charges. 2) For photon energies exceeding optical excitation energies (see Fig. 3.41)
defects can change their charge state. In the following section we discuss the effect of illumination
on basis of sample Sip A, in detail, experimental details on the optical setup are provided in

Appendix A.

3.6.1 Static behavior

This section is dedicated to discussion of the change of the SS behavior of the LUT structure S, au
by illuminating it. Besides spectroscopic analysis and deriving the influence of the light intensity,
the main discussion bases on Csg-V measurements, from which potential, electric field and charge
distributions are derived for dark and illuminated conditions, using the formalism introduced in
Section 3.2.1.

Spectroscopy

Fig. 3.52(a,b) show Isg-V of S1p,au in dark condition and with monochromatic light focused onto
the contact. For reverse bias up to —40V in dark condition the leakage current is well below
the measurement resolution. Quantitative analysis of Isg vs. Ey, in Fig. 3.52(c) for V.= —10V
reveals that for light with Ey, > 3eV significant photocurrent (Iphoto) rises with a maximum
approximately at Epg. This photocurrent originates from electron (e) - hole (h™) pair gen-
eration in GaN:C and depleted GaN:Si. Possibly existing defect-assisted generation processes

at carbon acceptors should result in a peak at E,p, ~ 3.2e¢V (see Fig. 3.41), its absence in
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Fig. 3.52: (a,b) Igs-V characteristics without illumination (“dark”) and illuminated with various
Ey,. (c) Quantitative analysis of the spectral dependence of Igg at V = —10V.

Fig. 3.52(c) indicates that its rate is by orders of magnitude smaller than the band-to-band gen-
eration rate. For Fy, > Fi, the photocurrent decreases again which is probably related to the
setup-related significantly decreasing photon irradiance (E,) as illustrated in Fig. A.4. In order
to keep experiments at different T' comparable we use for all further investigations Ey,, = 3.54eV
(A = 360nm). Comparing light induced maximum charge flow per area and time interval (i.e.
Iohoto &~ 2 x 10 em™2s7!) with the flow of photons irradiating the GaN sample per area and
time interval (i.e. Fe X Thetal & 5 X 10 cm™2s71) reveals a conversion factor of 4 %. This means

that roughly 4 % of all photons are translated into free charges reaching the electrodes.

Influence of light power

Fig. 3.53(a) shows Iss-V in dark condition as well as illuminated with Ey, = 3.45eV with the
light power (Plamp) varying between 240 and 330 W. Fig. 3.53(b) demonstrates that at all three
representative biases (0, -10 and 7V) Igg scales roughly linear with Pamp,, which further scales
roughly with FE,.

The linear scaling of Iss with E, suggests that within the entire bias range (excluding Ohmic
regime) practically the entire current is photocurrent, generated by band-to-band electron-hole

pair generation; dark Isg is orders of magnitude smaller.

Analysis of illuminated LUT structures based on potential distributions

Fig. 3.54(a) shows Cgss-V, once in dark condition and once illuminated with light with Ey,, =
3.54eV at 343K. Fig. 3.54(b) demonstrates that 1/Cs;? scales linear with V not only in dark
but also in illuminated condition, even with identical slope. The illuminated curve is only shifted

horizontally by 12.4V, resulting in a root value of Wy jightea = —9.7 V.
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Fig. 3.53: (a) Igs-V characteristics in dark condition and under illumination with Ey, = 3.54eV
(A = 350nm) and various Plam, (i.e. various E). (b) Igs vs. Pamp at various V as indicated in
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Fig. 3.54: (a) Css-V and (b) 1/Cs;? — V for Sig au at 343K reveal a horizontal shift by 12.4V to
lower V' for characterization under illumination with Ey, = 3.54eV (A = 360nm).

GaN:Si

(a2)

GaN:C Ti

O unoccupied states
O occupied states

ISS=ICB+IVB+IDB= ph (b3)generatl0n Eacc

time
e'/h* pair Q00 QOO 000
(bl)generation s
- (o)
Jern 000 ®0O0 000
000 QOO0 000
e/h* re- z
(b2)combin. ke
Fene 000 00 000
defect-ass. 000

Ies/gvs L9

(e]e]e)
defect-ass. 000
(b4) recombin.
O ..... .O L7 )Y o B
reg/h
cs/Ive 000 000 000
gV.:!

Fig. 3.55: (a) Calculated band diagrams for Sqipa, at 343K in (al) dark and (a2) illuminated
condition, derived from data in Fig. 3.54. (b1-b4) illustrate schematically the main generation and
recombination processes indicated in (a2). Orange wavy arrows represent photouns.

94



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3.6. LUT structures under illumination

Fig. 3.55(al) shows calculated band diagrams in dark condition, as discussed in detail in Sec-
tion 3.2.1, for the sake of simplicity charges in GaN:C are considered directly at the GaN:Si/GaN:C
interface and the Schottky barrier is neglected. While in dark condition bands in GaN:C are flat,
illumination generates an electric field in GaN:C (é¢), as can be seen in Fig. 3.55(a2). Light with
Ey, > Eyg generates e-h™ pairs with a rate of g+ (bl); although part of the generated charges
recombine again with a rate r-,+ (b2), a great part is accelerated by €c and reaches the related
electrode, contributing to the measured current in Fig. 3.52. As the major part of photons are
absorbed in GaN:C, carbon defects have to be considered too; whereby for the sake of simplicity we
only discuss the effect of light on acceptors and ignore donors. Carbon acceptors act as recombi-
nation centers (see Fig. 3.55(b4)) with electron capture rates rcp from CB and hole capture rates
ryp from VB. As Ey,, > Ecp — Eacc + drc,1, photons can also excite e from occupied acceptors
to CB (gcB, (b3)). Similarly, h™ could be excited from FE,.. to Evp, but as Fy, > FEacc, this
process is unlikely. As discussed in Section 3.5.4, significant current starts to rise only for Ey,
close to Eyg, so that for Igs defect-assisted carrier generation can be neglected. However, although
gcB K g+, it could still play a role by changing the occupation of acceptors. The band diagram
in Fig. 3.55(a2) reveals that the generated e-h™ pairs generate an €¢ that drives e to GaN:Si
and consequently to the bottom electrode, while h™ drift to the top electrode. The total current
in GaN:C is the sum of charges propagating in CB, VB and DBs.

Yet, we did not explain how ¢ forms, in the following we propose a model therefore. If in
dark condition in Fig. 3.55(al) light is switched on, e-h™ pairs are generated, e drift towards
GaN:Si and h™ towards the top electrode. However, some e and h™ are captured by carbon
acceptors on their way and if more e are captured a net negative space charge occurs, for more
captured h™ a net positive space charge occurs. In theory, net negative charge could also result
from a difference in free charges, i.e. different p and n due to reasons discussed below. However,
transient C measurements show that relaxation after switching light off can take many seconds. As
free charges in CB and VB are expected to reach associated electrodes many orders of magnitude
faster, we consider the contribution of n and p for the net charge density negligible. We define the
amount net charge capture (captured h*t minus €7) per time interval and area as Ij,, which can be
calculated as:

Iy = (px rve —n X rep)dLuT. (3.23)

In general, n, rcp, p and ryp are unknown, but we are mainly interested in the sign of I},, which

we will estimate in the following:

e Capture rates rcg and ryp depend mainly on capture cross sections and thermal velocity.
The capture cross section for h™ is roughly 100 times larger than for e [Ure+15], while its
thermal velocity is roughly two times smaller [LRS01; Pan75]. This results in approximately

50 times larger ryp than rcp.

e Due to the high photocurrent we consider for p and n only photo-induced charges. e and h™
are generated in same amounts, however the densities n and p can differ significantly. First
of all, due to the roughly four times higher effective mass of h™ compared to e, generated
h* are longer in the GaN:C layer, increasing p compared to n. Furthermore, generated
h™ in GaN:Si also have to propagate through GaN:C and contribute to p while generated
e in GaN:Si propagate to the bottom electrode without passing the GaN:C layer. On the

oppsite side, due to decreasing light intensity with depth becuase of absorption, the amount
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3.6. LUT structures under illumination

of generated e-h* pairs also decreases. Consequently, h* propagate in average over shorter
distances in GaN:C than e". Also p and n decrease due to trap-related recombination and as
ryvp > rcp this decreases p more than n. In total without experimental support we cannot
judge whether p or n is larger, however we consider it unlikely that n exceeds p by a factor

greater than 50.

Concluding, we expect n X rcg to be smaller than p X ryg, making I, positive and resulting in a
net positive space charge in GaN:C.

Let us discuss once more in a phenomenological way what happens when at —40V (Fig. 3.55(al))
light is switched on: I}, results in positive charge accumulation in GaN:C. The decreasing negative
charge in GaN:C (o) results in decreasing potential and consequently an electric field in GaN:C
(). éc causes negative charge transport from the top electrode via defect bands (Ipg). As Ipp
increases with €c, after a certain amount of captured positive charges a value for ¢ extablishes

at which Ipg = Iy, i.e. thermal equilibrium (SS) establishes.

GaN:Si GaN:C |Ti GaN:Si GaN:C |Ti

a0k T T T T I T N T T Ic) T T ]

o->0 -

<20 i § %:

‘>" 20 =Y /:
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Fig. 3.56: Potential distributions calculated from data in Fig. 3.54(a) under (a) dark and (b)
illuminated condition. Comments in (b) indicate bias regions with maximum, positive and negative
charge in GaN:C (o¢), quantified in Fig. 3.58.

Fig. 3.56 depicts potentials and band diagrams for various V, dark (a) and illuminated (b).
1/Cs;? — V shows a shift of V4,; to more negative values, indicating a shift of the transition voltage
between depletion and plateau regime by 12.4V to —9.7V. In addition, illumination changes
features of both regimes slightly. In depletion regime instead of zero, €c = const. > 0 with its
value determined by the light intensity and the conductivity in DBs. This is demonstrated well
in Fig. 3.57, where in (a) ¢; is V independent but shifted in illuminated condition by 12.4V to
lower values; consequently in (b) €c = const > 0. In plateau regime @; is constant in both, dark
and illuminated condition, but in the latter it is significantly smaller with a value of roughly 0.5V,
compared to 1.1V in dark condition. As the plateau regime starts already at roughly —10V, Igg is
negative, until at V' = 1.1V (Fig. 3.52) the sign changes. The large Isg at 0V is a direct evidence
that its nature is light induced charges. The sign change at 1.1V suggests flatband at this value
with a change of sign of ¢ at this value. In forward bias Igs-V in Fig. 3.52 shows qualitatively
equivalent behavior of dark and illuminated devices with only a vertical shift to higher Isg. Due
to lack of better knowledge we speculate that this might be related to parallel charge transport
via CB besides DBs.

Band diagrams for dark condition in Fig. 3.56(a) show independent of V' a concave kink at the
GaN:Si/GaN:C interface, corresponding to negative charge accumulation in GaN:C, i.e. o¢ < 0.

In contrast, under illuminated condition in (b) €¢ stays constant but not zero, resulting in concave
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Fig. 3.57: (a) Interface potential (¢;) and (b) electric field in GaN:C (€¢) as function of V' under
dark and illuminated condition. Calculations base on data in Fig. 3.54(a).

and convex kinks, depending on the bias. Fig. 3.58(a) shows calculated o¢, using Eq. (3.8) and
(3.9), whereby for illuminated conditions, equations have to be slightly adapted. As the transition
voltage between depletion and plateau regime shift from 1.5V to —9.7V, the values 1.5V in the
equations have to be replaced by —9.7V, whereby we mention that this value is only valid for this
light intensity and temperature. Fig. 3.58(a) demonstrates that for high negative and for positive
biases negative charge accumulates, but for —29V < V < 0 positive charge appears. (b) shows

schematically how the occupation of acceptors and donors change for changing sign of o¢:

1. For o¢ = 0 donors are unoccupied and acceptors partly occupied with Nyee(—) = Ngon(+) =
Ndon-

2. For o¢ < 0 donors are unoccupied and acceptors occupied with Nace(—) > Naon(+) = Naon,

resulting in a maximum space charge density of V., = Nacc — Ndon-

3. For o¢ > 0 donors are unoccupied and acceptors less occupied, i.e. Nace(—) < Ngon(+) =

Non, resulting in a maximum space charge density of Ngo, when all acceptors are unoccu-

pied.
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Fig. 3.58: (a) Bias-dependent equivalent sheet charge in GaN:C (o¢) and (b) schematic band
diagrams indicating the charge states in the different bias ranges in (a). Calculations base on data
in Fig. 3.54(a).

Although the existence of donors has been evidenced indirectly by proving the validity of
the dominant acceptor model, these electric measurements under illumination are to the author’s
knowledge the first direct evidence for the existence of donors. From the maximum o¢ at —10V of
2.5 x 102 cm? a minimum Ngo, can be estimated. Considering all charges at the interface, Ngon
must exceed oc(10V)/(g x dpur) = 1.4 x 1017 em ™3, for homogeneous distribution in GaN:C

Ngon > 0.7 x 107 cm™3. As at least a major part of o¢ is located close to the interface, even
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under conservative consideration the lower boundary for Ngop is 10*7 cm=3. As [C] = 10* cm ™3,

this means that at least 1% of [C] act as donors.
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Fig. 3.59: (a) Simulated current flow through defect bands in GaN:C (Ipp sim) based on extracted
éc from Fig. 3.54(a) and Ipp(Ec)-relations shown in Fig. 3.20. (b) Measured Isg-V characteristics.

The current flow in the DBs for a given [C] is fully determined by €c and T' (see Eq. 4.1). As
both parameters are known from Cgg-V measurements, we can simulate this current flow (Ipg gim)
as function of V for dark and illuminated cases in Fig. 3.59(a). Comparison of Ipp sim with the
actually measured Igg in Fig. 3.59(b) reveals that Ipp sim > Iss. In this non-equilibrium condition
e would accumulate in GaN:C, reducing €¢ and Ipp until Ipg =~ Iss. The discrepancy could be
explained by considering that under illumination the conductivity in DBs decreases. This could
result from a changing occupation level as it is proposed for impurity bands in [Rac+18b].Aother
reason could be systematic errors, e.g. small errors in the measured capacitances have large impact
on the extracted fields. Also shortcomings in the proposed model are conceivable, however deeper

investigations would go beyond the scope of this thesis.

Temperature-dependent illumination measurements
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Fig. 3.60: (a) Css-V and (b) 1/Cs> — V for Sipau reveal T independence under dark and a
horizontal shift to lower V with decreasing T" under illuminated condition with Ey, = 3.54eV
(A = 360nm).

Fig. 3.60(a) shows dark and illuminated Csg-V measurements for various 7. Dark characteris-
tics are for V' < 2V roughly T independent, therefore for following analysis of the dark behavior
only the measurement at 343 K is illustrated. Under illumination the horizontal shift of Csg-V
characteristics decreases until at 473 K dark and illuminated measurements are almost identical
(for the used light intensity). The horizontal shift is well recognizable in the 1/Cg;? — V' charac-
teristic in Fig. 3.60(b), which also shows the same slope but different V4; for all T, hence we use

again the LUT characterization technique.
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3.6. LUT structures under illumination

Fig. 3.61 demonstrates that with decreasing T the transition between depletion and plateau
regime shifts to more negative V', but the behavior within the regimes remains qualitatively un-
changed. Quantitatively the absolute €c as well as o¢ in the depletion regime decreases with
increasing T. We suppose that the root of the T" dependence is mainly the large T dependence
of Ipg. In contrast, Iphoto and therefore I, show no significant 7" dependence. As a consequence
at low T large ¢ are required in order to ensure Ipg = I, while with increasing T" ¢ can de-
crease in order to achieve same Ipg. At T = 473 K already negligible é¢ is sufficient, thus Cgg-V

characteristics in Fig. 3.61 show almost no discrepancies to dark Csg-V characteristics.
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Fig. 3.61: (a) Interface potential (¢3), (b) electric field in GaN:C (8¢), (c¢) depletion width in
GaN:Si (wg;) and equivalent sheet charge density in GaN:C (o) as function of V' under dark and
illuminated condition for various 7', whereby in dark condition the parameters are approximately
T independent. Calculations base on data in Fig. 3.60(a).

~ 10°E . — — 343K
E 10! f[= = dark — 408 K
S " Hl—lighted| T \— 473 K
< 107 i,
£ g .
glo_st_—____ - ;,
@ == = o/ - )
"'10-7,'-7'"."1- -=tQ i
-40 -30 -20 -10 0 10 -40 -30 -20 -10 0 10
(a) V (V) (b) V (V)

Fig. 3.62: (a) Simulated current flow through defect bands in GaN:C (Ippsim) based on extracted
éc from Fig. 3.60(a) and Ipp(éc)-relations shown in Fig. 3.20 with 7" dependence extracted from
Fig. 3.19. (b) Measured Iss-V characteristics.

While the proposed hypothesis can explain the results qualitatively correct, quantitative com-

parison of Ippsim and Isg in Fig. 3.62 show major discrepancies which cannot be explained yet.

3.6.2 Dynamic behavior

Analysis of the static behavior has delivered a model describing the interaction of GaN:C layers
with light. In this section we verify and extend this model by performing and comparing dynamic

characterization of GaN:C layers in dark and under illumination.
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Fig. 3.63: (a,b) oc-V in dark and illuminated condition for Sip ay at 343K, derived from data in
Fig. 3.54. (a) Change of o¢ after bias steps from —9V to various Ve, indicated with different
colors, the corresponding color map is used in C(¢) in (¢) and (e). (b,d,f) are analogous to (a,c,e)
but show bias steps from 9V to various Viec, i.e. the vice versa process. *Data from dotted green
lines could not be derived from SS measurements due to artifacts from high conductance, instead
data is gained from high-frequency C(t) measurements using lock-in technique.
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Fig. 3.63(a) shows steady-state o¢-V curves in dark (black) and illuminated (green) condition as
well as the expected charge being captured after bias steps from Vi, = —9'V to various Viec (Aoc),
indicated by colored arrows. The arrows for dark condition demonstrate that with increasing Viec
from —9V to 1.5V Ao¢ increases, but decreases again for Vie. > 1.5V so that for —9 — 9V
Aocc ~ 0. The corresponding C(t) curves in Fig. 3.63(c) demonstrate this well, the top red line
corresponds to the last mentioned process. In lighted condition o¢ decreases approximately linear
in the entire range between -9 and 9V. However, Fig. 3.63(e) shows no transient behavior at all.
The reason is that the entire accessible bias range is in the plateau regime and as explained in
detail in Section 3.3.3 negative charge capture in the plateau regime occurs ”ultrafast”, i.e. faster
than the time resolution of 30 us. Fig. 3.63(b,d,f) are analogous to (a,c,e) but for Vi, = 9V instead
of Vaer = —9V. As positive charge capture is not ultrafast but shows well characterizable C(t)

transients, we will focus for quantification mainly on this process.
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Fig. 3.64: Acceptor discharging (negative charge emission) time constants 7 as a function of Vi
after (a) Vir = —9V and (b) Vi = 9V in dark and lighted condition, derived from data in
Fig. 3.63. 7 in lighted condition for V.. = —9V are too small to be measured, see Fig. 3.63(e).

Fig. 3.64 illustrates 7 derived from Fig. 3.63. In dark condition 7 remains roughly constant for
Viee < 1.5V as all this processes end in €c = 0. Only for Viec > 1.5V the final €¢ increases and
therefore 7 decreases. In lighted condition 7 surprisingly depends not only on é¢, which would
lead to a maximum at V.. = 1.1V, where the final €¢ is zero. Instead, it decreases with Ve

throughout the entire bias range.
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Fig. 3.65: 7-Viec with (a) logarithmic and (b) linear ordinate in dark (black) and lighted condition
(colored) with various Vi, ; derived from data in Fig. 3.63.

This observation can be best understood by extracting 7 for a large matrix of Vi, and Viec, as
illustrated in Fig. 3.65. Especially in linear scale in (b) it gets obvious that 7 decreases roughly
linear with Vie. and increases roughly linear with Vg,.. We can simplify this and state that 7 o
|Vatr — Viec| with minor disturbances from the linear relation for large Ve, presumably due to SS

leakage current. Fig. 3.63 shows that |V, — Viec| is proportional to Aoc, so that 7 o« Aoe. This
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3.6. LUT structures under illumination

is only reasonable if we consider a constant bias-independent injection current which fits perfectly
to the model proposed for SS analysis. The injection current is the proposed [}, and can easily be
calculated by:

Iy = q X Aog/T. (3.24)

The value of I, is approximately 200 1A cm ™2 and therefore in the range of the SS photo-current
(Iphoto) With few mA cm ™2 as depicted in Fig. 3.62. That indicates that at least until SS is
established, a great part of the photo-generated holes are captured in GaN:C.

o* - |ighted
14 Ao «+2e: dark

104 10* 102 103 100

(c) Viee (V) (d) Viee (V)

Fig. 3.66: (a) C(t) after bias steps 9 — 2V in dark and lighted condition for various 7. (b)
Quantitative analysis of trapping time constants 7 for Vi, = 9V as a function of V. for various
T. (¢,d) 7 for various Vi, vs. Viee at T = 408 K demonstrates that 7 under light cannot exceed 7
in dark.

Fig. 3.66(a) shows C(t) after the bias step 9 — 2V in dark and illuminated condition for various
T. In dark environment 7 is solely determined by the conductivity in DBs and consequently
decreases with increasing 7. In contrast, under illuminated condition 7 is independent of T,
although the amplitude is not. This makes it inevitable that there is a threshold T at which
charge capture/emission via DBs is faster than photo-induced hole capture, i.e. I, < Ipg. We
find that this is given for 473 K, which means that above this T light has no influence on the
potential distribution anymore as confirmed by SS measurements shown in Fig. 3.60. Due to the
different V' dependences of I, and Ipg it is also possible that for certain bias steps I;, determines
7 while for others Ipg does. This is demonstrated in Fig. 3.66(c,d), which shows for 408 K that
as soon as 7 derived from Eq. (3.24) would become larger than 7 in dark condition, Ipg becomes
dominant. This V dependence is further considered to be the reason for the horizontal shift of the
Cgss-V characteristics. The transition from depletion to plateau regime, which defines this shift,
is the bias at which I}, = Ipg. For higher biases €¢ and consequently Ipp are smaller so that Iy,
dominates.

In summary, investigations of LUT structures under illumination gave evidence for the existence
of donors in GaN:C with a lower boundary of 10’7 cm ™3, solely based on electrical measurements.

We found that illumination with F,, > FEy, results in significant capture of holes and consequently
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3.6. LUT structures under illumination

positive charge accumulation in GaN:C. As SS and dynamic measurements can only be understood
by the defect band model, these measurements provide further evidence for the proposed defect
bands.
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Extension of LUT concept to multilayer structures
and AlGaN:C: Interaction of (Al)GaN:C with

other layers

In Chapter 3 we discussed in very detail how GaN:C behaves within simple LUT structures in
every condition regarding temperature and bias. The reason why we want to understand GaN:C
is to understand and predict the behavior of multilayer stacks containing GaN:C layers as used
in HEMT buffers. Consequently, the next step is to verify if the proposed physical model is
capable of explaining the electrical behavior of simple multilayer structures. Therefore, we use the
LUT approach but instead of the single GaN:C layer we use different multilayer stacks. In order
to simplify discussion we present in the first section the physical GaN:C model in a simplified
way. In order to demonstrate its peculiarities and effects we will apply it in the first part to
simple hypothetical, i.e. not existing, structures as shown in Fig. 4.1(a-d) and describe their
hypothetical electrical behavior. Additionally, we discuss the standard GaN:C LUT structure Sy
(Fig. 4.1(e)) using the simplified model. In the second part, samples analogous to S1¢ but with an
additional GaN:uid layer on top as schematically depicted in Fig. 4.1(f) are investigated. Finally,
the third part is dedicated to discussion of AlGaN:C layers and the effects at GaN:C/AlGaN:C
and AlGaN:C/GaN:C interfaces, based on samples shown in Fig. 4.1(g,h).

4.1 Simplification of GaN:C model and application to sim-

ple fictive multilayer structures

First, we simplify the complexity of the electrical behavior of GaN:C, explained in detail in Section 3

to a slightly more phenomenological picture. Fig. 4.2 shows band diagrams for the simplest possible
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4.1. Simplification of GaN:C model and application to simple fictive multilayer structures
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. Gelectrc  GaN:C  GaN:C  GaN:C  AlGa: !

GaN:C  GaN:C  GaN:C  dielectric ~ GaN:Si  GaN:Si  GaN:Si  GaN:Si

I || L || L |
(a) (b) (c) (d) (e) (f) (9) (h)
L N - Section 4.1 - Section 4.2 - Section 4.3 - Section 4.3J
hypothetical structures — Section 4.1 existing structures

Fig. 4.1: Schematic set of LUT structures discussed within this chapter.

no & "hy,
conduction band potethic "
al éeé

valence band neg. ch. flow
a) D) 1.(T,60)=1, e”sinh(b&,)

Fig. 4.2: Simplified model of a hypothetical GaN:C layer with (a) no electric field €¢ and (b) with
a hypothetical €¢, which causes charge flow, indicated by the green arrow.

structure, which is a GaN:C layer without any contacts or adjacent layers. FEp is pinned to
E,.c = 0.7eV. Due to this deep pinning level (i.e. large | Ecp — Facc | and | Eace — Evp |) we
completely ignore conduction in CB and VB so that charge transport through GaN:C can occur
only via DBs. The DB energy level is also considered at F,.. and currents via DBs follow (see
Tab. 3.4 and Eq. 3.20):

Ins(T,€c) = sgn(€c)lpe sinh(b¥€c), (4.1)

with values for GaN:C with [C] = 101 cm™3 derived from Sig of Iy = 2.5 x 107*Aem™2, a =
0.033K ' and b=2.3x10""m V1.

Apart from the low conductivity, GaN:C could also be imagined as a metal instead of a semi-
conductor. Like in a metal, in case of ¢ # 0 negative charges flow in DBs in opposite direction
of €¢ as depicted in Fig. 4.2(b). Within this thesis we consider in DBs propagation of negative
charges, but this is only arbitrary convention. We cannot distinguish between holes propagating
in one or electrons propagating towards the opposite direction. For the DOS in DBs we consider
Nace and for rough estimations Nyee = 0.75 x [C]. To take into account the unoccupied donors, we
consider a positive fixed space charge of Ngon X ¢ and for rough estimations Ngo, = 0.25 x [C]. In
neutral state this fixed charge is compensated by the same density of acceptors being occupied, i.e.
Nace(—) = Ndaon(+) = Naon and Er pins approximately at Fac.. Consequently, for Fr < E,ec and
completely unoccupied DBs a positive space charge density of Ngon forms, while for Erp > FE,cc

and completely occupied DBs a negative space charge density of NJ.. = Nace — Ndon forms.
Ohmic contact/GaN:C/Ohmic contact

In the simplest case we put "ideal barrier-free” contacts on both sides of GaN:C as shown in

Fig. 4.3(a), resulting for V' = 0 in no charge accumulation. As ”ideal barrier-free” contacts we
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Fig. 4.3: Schematic band diagrams and equivalent circuit on top and space charge density (p)
distribution on bottom for a hypothetical GaN:C layer between two ideal ”barrier-free” contacts
for (a) V =0 and (b) V # 0.

consider contacts that do not form any band bending at the metal/GaN:C interface for V = 0,
i.e. no surface states and the work function of the metal being by (Ehg — Eacc) larger than the
electron affinity in GaN. After applying bias in (b), negative charges from the left side propagate
towards the right side, resulting in SS current Iss = Ipp, determined solely by the conduction
in DBs. As there are 1) no energy barriers for negative charge injection from the left metal into
defect bands in GaN:C, 2) no barriers for negative charge injection from the defect bands to the
right electrode, and 3) the metals are more conductive than the defect bands; charge accumulates
only in the metals as shown in Fig. 4.3(b). This phenomenon is known as Maxwell-Wagner effect
and describes that at the interface of two layers with different resistances charge accumulates, for
details see [Jam+06].

Ohmic contact/GaN:C/dielectric

Next, we insert an ”ideal” dielectric between contact and GaN:C on the right side, see Fig. 4.4(a).
As 7ideal” we define a dielectric without defects and leakage current, with large conduction and
valence band offsets and a dielectric’s permittivity equal to GaN:C’s permittivity. Consequently,
directly after applying bias in (b) the same electric field occurs in both layers. The equal permit-
tivity is only for simplification reasons, for different values electric fields in GaN:C and dielectric
would be different. Anyway, in quasistatic state (QS) in Fig. 4.4(b) charges have accumulated in
the metal and an electric field €¢ exists in GaN:C, resulting in negative charge transport from its
left side towards its right side. For every charge propagating towards the right side, another nega-
tive charge is injected from the left contact. On the right side however, charges have to overcome
a large potential barrier to pass the dielectric and get to the right electrode. Either electrons have
to overcome pcp or holes can be injected from the right contact by overcoming ¢yg. Due to the
negligible probability of these processes we can ignore leakage current through the dielectric and
therefore through the entire structure completely. As a consequence, negative charge accumulates
in GaN:C next to the interface with the dielectric by occupying all carbon acceptors next to the
interface, resulting in a space charge density of V... The accumulating negative charge decreases

éc and therefore Ipp until in SS in Fig. 4.4(c) ¢ = 0, the transient current Ipg = 0 and the entire
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Fig. 4.4: Schematic band diagrams and equivalent circuit on top and charge distribution on bottom
for a hypothetical structure consisting of a GaN:C layer and an ”ideal” dielectric (with same
permittivity as GaN:C) between two ideal "barrier-free” contacts. After V' = 0 in (a) a negative
bias is applied on the left contact. (b) As charge transport is many orders of magnitude faster in
the metal than in GaN:C, there is a quasistatic state (QS), in which charges already accumulated
in the metal but no charge transport through GaN:C occurred yet. (c¢) After longer recovery time
also charge transport through GaN:C occurred, resulting in SS. (d,e) are analogous to (b,c) but for
positive bias on the left contact. Arrows indicate apparent (transient) negative charge transport,
whereby solid lines represent "real” charge transport (i.e. ”conduction current”) while dashed lines
represent displacement current Iq; C; is the capacitance of ideal dielectric.
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4.1. Simplification of GaN:C model and application to simple fictive multilayer structures

potential drops in the dielectric. The width of occupied acceptors next to the GaN:C/dielectric
interface wc establishes at a level so that the equivalent sheet charge density NJ.. X ¢ X wc equals
the sheet charge density in the right metal. As discussed in Section 3.2.2 and 3.4.2 the finite N},
results in finite we and therefore a finite potential drop in GaN:C (Vgan.c), however for sufficiently
high carbon concentration Vgan.c should be small. For the sake of simplicity we neglect we and
Vaan.c in the schematic band diagrams within this section.

Fig. 4.4(d,e) are analogous to (b,c) but for positive bias. In this case, in QS condition ¢ causes
negative charge transport from the GaN:C/dielectric interface towards the left electrode, leaving
carbon acceptors unoccupied and therefore generating a positive space charge of Ny, X ¢ due to
the still positively charged unoccupied donors. As Ngoy is in general different from IV}, the width

wc is different for positive and negative bias.

Dielectric/GaN:C/dielectric

ideal . ideal
dielectric GaN:C dielectric
— I —_

(a) v=0

We Wc

a _ s 1 ... X
et R
(b) V¥0, QS (c) V£0, SS °

Fig. 4.5: Schematic band diagrams and equivalent circuit on top and charge distribution on bottom
for a hypothetical structure consisting of a GaN:C layer sandwiched between ideal dielectrics and
ideal ”barrier-free” contacts. After (a) V = 0 a bias is applied, leading to (b) QS condition and
finally (c) SS condition (for definition see caption Fig. 4.4). Arrows indicate apparent (transient)
negative charge transport, whereby solid lines represent ”conduction current” while dashed lines
represent displacement current Iq; Cy is the capacitance of ideal dielectric.

q Ndon

— Ipg=Iicak=0 \
X Q'

In the next structure in Fig. 4.5, GaN:C is sandwiched between two dielectrics of same thickness.

Due to the symmetry of the structure, positive and negative bias are symmetric. In QS state in

108



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M YOU

4.1. Simplification of GaN:C model and application to simple fictive multilayer structures

Fig. 4.5(b), €c causes negative charge transport in GaN:C from left to right. The dielectrics
prevent any charge injection from the electrodes, so that the charge transport in GaN:C leaves
unoccupied acceptors on the left side and fully occupied acceptors on the right side. SS is reached
in Fig. 4.5(c) when ¢ = 0. Due to the missing charge injection the total charge in GaN:C has to

be 0, i.e. Ndonwc+ = N:Cch.

GalN:Si/GalN:C (S19)

Iog=Igi=1Iss
GaN:C GaN:Si
/\—
Om
0 (0 SS (SS
Q‘ WC( I) WSI( K% X Q[ WC( #“2., WSl( m) X
= — ¥=
- |
=2 o o
o
(a) V=0 (b) V>1.6
s
\s.
WC(QS,), ws;i(QS) T wc(SS) Wsi(SS) 2
Q - X Q - & X
> 2l >ZV’—> | %
9 o =
= o
o,

(c) V<0, QS (d) V<0, SS

Fig. 4.6: Schematic band diagrams on top and charge distribution on bottom for Sjp. (a) SS
condition for the quiescent bias V' = 0. (b) Increasing the bias from the quiescent to a more positive
value results in "ultrafast” electron injection from GaN:Si to GaN:C acceptors, establishing SS.
Increasing the bias from the quiescent to a more negative value results first in (¢) QS condition, in
which charges already redistributed in GaN:Si but not in GaN:C and finally in (d) SS condition,
in which charges also redistributed in GaN:C. For better readability, values of wc and Ng; are
multiplied by a factor of 3. Arrows indicate apparent (transient) negative charge transport, whereby
solid lines represent ”conduction current” while dashed lines represent displacement current Iy

Although discussed in detail in Section 3 we briefly show the application of the proposed
simplified model to Sig as it demonstrates well its simplicity. Fig. 4.6(a) shows the 0V band
diagram and charge distribution. In contrast to the structures before, this one is not charge-free
for V =0. As FEr is pinned in bulk GaN:C 2.7eV below Fcg and in bulk GaN:Si few tens of meV

below Ecp, charge occurs in their interface region that bends CB and VB. As N7 is by a factor of

acc

roughly 50 larger than the donor concentration in GaN:Si (Ng;), depletion widths in GaN:Si (ws;)

are by the same factor larger than wc.
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

For a bias step to positive values exceeding roughly 1.6V (see Section 3.3.3), as shown in
Fig. 4.6(b), ws; and ¢; decrease, resulting in a substantial increase of the injection current Ig;.
As the increase of Ipg is compared to Igs; negligible, all injected carriers have to accumulate in
GaN:C acceptors next to the GaN:Si/GaN:C interface. Thus, ¢; rises and Ig; decreases until
Is; = Ipp. Considering e.g. a thermal injection mechanism, Ig; increases roughly exponentially
with decreasing ¢;, leading to the observed ”ultrafast” charge accumulation.

A bias step to negative values is similar to the GaN:C/dielectric structure, shown in Fig. 4.4(b,c).
wg; and therefore the positive charge in GaN:Si rises, which is compensated by accumulation of
negative charge in the top metal, QS establishes as shown in Fig. 4.6(c). The apparent €c # 0
results in negative charge propagation from left side of GaN:C towards the right side. As charges
can effectively be injected from the metal to GaN:C but they cannot overcome the barrier pcg,
Ipg > I5; ~ 0. Consequently, negative charge accumulates in acceptors in GaN:C next to its
interface to GaN:Si, SS is established when €¢ = 0.

4.2 Electrical behavior of GaN:C/GaN:uid multilayers (sam-
ple Sl(),uid)

After discussion of the electrical behavior of fictive multilayer structures and the already well-
known sample S, we investigate a structure analogous to S1p but with an additional 110 nm thick
unintentionally doped GaN (GaN:uid) layer on top (i.e. Siguia). Although the term ”unintention-
ally doped” conjectures no doping, in reality there are always background donors. Most prominent
are Si impurities, which act as shallow donors and make GaN:uid slightly n-type. Concentrations
(Nuiq) are expected to be in the range of 1016 cm=3. GaN:C/GaN:uid multilayer stacks are widely
used in HEMT stacks, e.g. the GaN channel below the 2DEG is commonly GaN:uid with the
GaN:C buffer below. This bilayer has been the topic of several publications [Ure+17; Ure+14b],
which emphasize the importance of considering the GaN:uid layer in addition to the GaN:C stack
for the discussion of detrimental dynamic effects. For example, Uren et al. [Ure+17] claim that in
order to suppress CC, GaN:uid with a certain ”leakiness” is required. The LUT principle enables
for the first time investigation of simple GaN:C/GaN:uid bilayers separated from the rest of the
HEMT stack. Analogous to the previous chapter, static analysis of these structures in the first

part is followed by dynamic characterization in the second part.

4.2.1 Static behavior of sample S ,iq

Fig. 4.7 compares the SS electrical behavior of Sgchottky; S10 and Siguid. The general electrical
behavior is similar to S;o with distinctive depletion (V < 1.5V), plateau (1.5V SV < 35V) and
Ohmiic regimes (V 2 35V). Fig. 4.7(c) demonstrates that also 1/Cs;2 — V is mainly linear in the
depletion regime, indicating that all potential drops in GaN:Si, which is increasingly depleted, as
in S19. Below roughly —30V distortions from the linear relation start, we suppose that then some
potential starts to drop in GaN:C or GaN:uid. Fig. 4.7(c) reveals a significantly steeper slope for
S10,uid, resulting in an extracted donor concentration of 2 x 10'% cm™3, which is more than a factor
4 less than in Sqg. This leads to largely increased depletion widths and together with the additional
GaN:uid layer to the significantly lower capacitance in Fig. 4.7(b). We further observe in S1¢ uid

much smaller currents than in Sig; with ¢ dependence but a significantly smaller slope b. The
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)
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Fig. 4.7: (a) Iss-V and (b) Css-V characteristics as well as extracted 1/Cs;> — V for Sschottkys S10
and S19,uiq at room temperature. The dashed line in (a) additionally shows S1g yiq under elevated
T.

transition to the Ohmic regime occurs at a similar Igg but at much higher biases of roughly 35V.
In the following we explain these empiric findings using the simple GaN:C model.

Fig. 4.8 shows band diagram and charge distribution for V' = 0, extracted similar as in sample
S10, described in detail in Section 3.2.1. The potential in GaN:Si until the GaN:Si/GaN:C interface
potential (¢;) can simply be extracted from the Csg-V characteristics. A potential drop in GaN:C
(Vgan:c) is only stable in case of current flow, hence for Isg = 0 at V' = 0 also Vian.c has to be
zero, resulting in flatband in GaN:C. Further, the potential at the top of GaN:uid (s cg) can be
calculated from the difference of the electron affinity of GaN and the work function of the metal,
giving a value of roughly 0.2V, as described in Section 3.2.2. In reality, the exact value of ¢g cB
might differ significantly but as this has no influence on qualitative statements, for the sake of
simplicity in the following we consider g cp = 0.2V. This requires significant voltage drop in
GaN:uid of Vaaniuid = Ebg — Face — ws,cB = 2.5 V. Fig. 4.8 demonstrates that consequently Ep
in GaN:uid is between 0.2 and 2.7 eV below Ecp, resulting in GaN:uid being completely depleted
(i.e. domnors are unoccupied, hence positively charged), and no free electrons exist. The low Nyiq
in the range of < 10'%cm™2 leads to such a small space charge that the resulting potential drop
is less than 0.1V. N}

».c is more than 500 times larger, hence space charge regions in GaN:C

lead to much larger band bending. Consequently, the charge required to establish the electric
field and potential drop in GaN:uid (Vgan.uia) has to be located in GaN:C and the top metal as
demonstrated in Fig. 4.8. The sum of the positive charge in the metal op;, the negative charge in
GaN:C (Ngon X ¢ X wey) and the negligible positive charge in GaN:uid has to be zero. Analogous,
the sum of negative charge in the bottom area of GaN:C (N}, .wc) and the positive charge from
depleted GaN:Si (Ng; X ¢ X ws;) has to be zero.
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)
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Fig. 4.8: Calculated band diagram on top and charge distribution on bottom for Sqg vig at V' = 0.
For better readability Nyiq and Ng; are magnified by a factor of 20 and wc4 and we by a factor
of 5. Calculations base on data shown in Fig. 4.7.

In a next step, we derive band diagrams dependent on the bias, as shown in Fig. 4.9. As long
as Iss = 0 as in the depletion regime, also Vgan.c = 0. Consequently, the voltage has to drop
either in GaN:uid or in GaN:Si by an increasing ws;. In theory, for low biases Vgan.uia could
decrease slightly, but only to a value where it is still sufficiently high to prevent major charge
injection to GaN:C, clearer understanding is gained from dynamic measurements in Section 4.2.2.
Anyway, this would result in a constant ws; and corresponding constant capacitance for low reverse
bias. Its absence in Fig. 4.7(b) proves that Vgan.uia does not change significantly and we further
consider that in the depletion regime only ; increases with negative V', see the representative case
of V.= —10V in Fig. 4.9.

In contrast to depletion regime, in the plateau regime for 1.5V <V < 35V the value of ; stays
roughly constant and the major part of the voltage drops in GaN:C and GaN:uid. As Igg is not zero
anymore, the flatband-condition in GaN:C does not hold anymore. As the capacitance delivers only
i there is no direct way to distinguish how much of the voltage drops in GaN:C (Vgan.c) and how
much in GaN:uid (Vgan.uia). However, from S;p we know Iss = Ipg = Ipe®T sinh(b€c) with values
for the constants Iy, @ and b. Consequently, if we know Igg we can indirectly derive Vgan.c. Band
diagrams in plateau regime in Fig. 4.9 base on this assumption. They reveal that for low biases the
major part of the voltage drops in GaN:uid up to a value of roughly 30 V. Above this value Igg in
S10,uid shown in Fig. 4.7(a) significantly increases. Between 30 and 35V Igg increased in a way so
that mainly Vgan.c increases while Vian.uid remains constant. We speculate that the electric field
in GaN:uid reaches a critical value (= 2MV cm~!), above which the current increases significantly.
This could be related e.g. to a trap-assisted-tunneling mechanism that enables injection of charges
from DBs to GaN:uid CB. Trap-assisted-tunneling is in literature frequently considered (explicitly
or implicitly) as conduction mechanism, enabling current flow between 2DEG and GaN:C VB
through a GaN:uid layer [Li+04; Sha+11; Ure+14b; Ure+17], however no details on its nature
were provided yet. Above 35V the transition to the Ohmic regime occurs in the same way as in
S10, described in Section 3.5.

An interesting finding is that this current step at roughly 30V occurs only for 7' < 400 K;
Fig. 4.7(a) shows Iss-V also for T = 470 K without the step but with steeper slope. This can be
understood by the different T' dependences of conduction via DBs in GaN:C and the conduction

mechanism in GaN:uid. For higher 7" an increasing amount of the potential drops in GaN:C rather
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

than in GaN:uid, resulting in higher Igg and therefore steeper slope in Iss-V. Hence, for T'= 470 K
the critical electric field in GaN:uid is not reached before the transition to the Ohmic regime.

In summary, static analysis of Sqg uig confirmed that GaN:C layers effectively suppress charge
transport in CB and VB. However, once this is ensured, a depleted GaN layer such as GaN:uid is a
better insulator as it does not feature conductive DBs. This suggests that multilayer structures with
alternating carbon-doped and not-carbon-doped layers should provide good insulating properties,
even in both polarities. Furthermore, the current filamentation/”breakdown”, i.e. the transition
to the Ohmic regime occurs for the GaN:C/GaN:uid bilayer at much higher biases than it would
occur in a pure GaN:C layer of same thickness. E.g. Sjqp, is of comparable thickness as S yiq but

shows a filamentation voltage of only ~ 15V which is a factor 2 less than in Sj¢ yid.

4.2.2 Dynamic behavior of Sig 4

V=9.5V
S v=0Vv | V=0V
= V=-9.5V
GaN:Si charge GaN:Si
ultrafast depletion injection and depletion charge charge
e injection adaption redistribution adaption  redistribution injection
= 5 — «—> < > < >
i B B - O R Tl B ll"I"“I""!'" bbb IR B BLELL L B B I B
15 - I/ L N N -
~ 1 \
9 | Y
L3 ) .t o -
~ \
/7
7
IR M sl s aul s aul sl TP rifrr inlinlld RTTR R P TET PUF P PP P
102 104 0-30ps [10* 102 10° 102 104 0-30ps |10* 102 10° 102 10*
(not measurabke) t (s) (not measurable) t(s)
A (30ps) B (1s) C (1ks) A (30ps) B (1s) C (1ks)

Fig. 4.10: Transient capacitance for Sigyiq during bias step from 0 to +/- 9.5V and back with
description of occurring processes in every time range. For points in time marked with green letters
"A’-’C’ band diagrams and potential distributions are calculated and shown in Fig. 4.11-4.15.

After investigation of the SS behavior of Sjg 4iq Wwe are interested in the processes that lead to
SS, i.e. the transport of charges through the single layers and their accumulation. Therefore, we
perform bias steps and measure the transient capacitance as illustrated in Fig. 4.10. We observe
that C(t) after applying positive or negative biases are similar to the ones for sample Sy¢, even with
identical time constants. For returning to 0V there is also a capacitance change with same time
constant as in S1g, but in addition there is a second much slower capacitance change. In order to
understand the transient behavior, we will discuss the relevant processes for all four representative

bias steps in the following;:
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

a) Bias step 0 - —9.5 V:

We start with detailed discussion for the bias step from 0 to —9.5 V. Additionally to the SS band
diagram in Fig. 4.11(b), we derive also the band diagram in the quasistatic state (QS) in (a), where
the depletion width in GaN:Si already adapted to the new bias but charge distribution in GaN:C
(i.e. charge transport in DBs) did not take place yet. In theory, one could calculate the charge
distribution at 0V, calculate ; in QS at —9.5V from the capacitance and use the unaltered charge
distribution in order to calculate the exact band diagram in the entire structure. However, there
are much larger uncertainties in Siguiq concerning the thickness of the GaN:uid layer and Ng;
than in S1g. In combination with the significantly reduced capacitance values down to 1pF and
the worse precision of transient measurements compared to SS measurements, the quantitative
analysis with measured capacitances might give an inaccurate result. We instead use only the

qualitative evolution of C' and refer to the band diagrams as ”schematic”, see Fig. 4.11.

Ti |GaN:uid, GaN:C GaN:Si 0--9.5V
'ITi “duid .
(a-A) loe

(a—B) Ii=1Lig=Ios=Isi=Ipot=0

OV ...................................................
Q{
'Ibot
_IE' -Iig ): -Ins . I5~0 —

(b-A)

Q.

Ii=lig=Ipg=1Isi=Ipot=0

(b-B)

Fig. 4.11: (a) Schematic band diagrams and (b) charge distributions in every layer of Sq¢ uiq after a
bias step from 0 to —9.5 V. Arrows represent (transient) current flow, whereby their thickness scales
with the current; for simplicity displacement currents are not shown. A’ represents a quasistatic
state before charge redistribution occurred in GaN:C while ‘B’ represents SS. Estimations base on
data from Fig. 4.10.

Fig. 4.11(b-A) shows the schematic charge distribution and additionally (a-A) and (b-A) show
schematically transient currents through the structure. As throughout the thesis we describe
current as flux of negative charges, the arrows in Fig. 4.11 indicate negative charge flow. As

this flow is opposite to the electrical current direction they are labeled with a minus-sign. (a-A)
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

Ti |GaN:uid| GaN:C | GaN:Si| GaN:Si
(depl.) | (not depl.)

== =

-I+; _ || > | > -Iiot
~Luid -Ios -Is;

Fig. 4.12: Equivalent circuit of sample 519 viq in QS with ”conduction currents” indicated by solid
green arrows and displacement currents indicated by dashed red lines.

shows in QS different currents in every layer as displacement currents are not depicted. Fig. 4.12
illustrates an equivalent circuit of Sygyia. GaN:uid, GaN:C and (depleted) GaN:Si layers can be
considered as three in series connected layers, whereby each can be represented by a capacitance
in parallel with a resistor. In QS every layer has a ”conduction current” term and a displacement
current term (Iqg = C %, see also Fig. 4.4) which have to be in sum equal in all layers. As apparent
in GaN:uid in Fig. 4.11 this can even lead to displacement currents in opposite directions of the
”conduction current”, which will in the following be referred to as ”current” again.

Asin QS in Fig. 4.11(b-A) no charge redistribution took place in GaN:C yet, there is an electric
field which determines the current through the defect band (Ipg). Due to the large potential barrier
of 2.7eV there is practically no charge injection to GaN:Si, so that the current through GaN:Si
(Isi) is negligible. The decreased bias step |Vgan:uid| enables larger current through GaN:uid (Zyiq)-
Neglecting a possible Schottky barrier, this leads to substantial I,;q and therefore ultrafast negative
charge injection into GaN:C until the therefore raised potential barrier decreases I,iq to a value
in the range of Ipg. This process is supposed to be analogous to the ultrafast charge injection for
steps to more positive biases in the plateau regime in sample S19. I1; and [, are equal transient
currents at the top and bottom electrodes. The thickness of the arrows in every layer in Fig. 4.11(b-
A) scale with the current through this layer. The negative current (It;) propagates through Ti, an
even larger negative current (I;q) then propagates through GaN:uid. Therefore, not only Ir; is
injected into GaN:uid but additionally free electrons from Ti are injected, leaving a more positive
charge in Ti, as can be seen by comparison of the charge distributions in (b-A) and (b-B) (i.e.
blue area in Ti representing equivalent sheet charge density is larger in (b-B)). As |Iuda| > |IpBl,
analogously in GaN:C near its interface with GaN:uid negative charges accumulate. However, also
a great part of the injected carriers propagates through GaN:C (Ipg). As |Ipg| > |Isi| = 0 all
remaining charges accumulate in GaN:C near its bottom interface with GaN:Si. As |[Ipet| > 0,
negative charges have to be emitted from GaN:Si. This happens by an increasing wg;, i.e. in the
newly depleted GaN:Si free electrons propagate towards the bottom electrode, leaving behind a
positive space charge. Finally, in SS a charge distribution as in Fig. 4.11(b-B) establishes and no
transient currents are present anymore.

As for charge injection from Ti via GaN:uid conduction band into GaN:C defect bands no
major potential barriers have to be overcome, charge transport in DBs limits charging/discharging
processes. This explains the same time constants in the transient capacitance analysis for Sig uid

and SIO-
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

b) Bias step —9.5—0V:

In the following we use the same analysis procedure as before but for stepping the bias back from
-9.5 to 0V. The band diagram in Fig. 4.13(a-A) shows a high ¢; and slightly enhanced VgaN:uid
due to the captured negative charge at —9.5 V. The electric field causes Ipg # 0 in GaN:C, while
Is; and I4q are due to the large potential barriers ¢g; and @4 for electron injection to CB of
respective GaN:Si and GaN:uid negligible. Although these barriers are lowered by Poole-Frenkel
effect due to electric fields in GaN:Si and GaN:uid, the remaining barrier is still well above 2eV.
Thus, charges first only redistribute within GaN:C until the electric field is almost zero, which is
labeled as second quasistatic state 'B’. Although I,;q does not increase significantly compared to
A’ for large enough durations the "negligible” current transports a sufficient amount of negative
charges from GaN:C via GaN:uid to the top electrode. Due to the long durations also a minor
electric field in GaN:C is sufficient to transport also negative charges from the GaN:Si/GaN:C
interface to the GaN:C/GaN:uid interface. In theory, we cannot rule out current over GaN:Si but
as the wg; is substantially larger in GaN:uid we consider |Iq| > |Ig;]; finally SS establishes.
Concluding, charge redistribution in GaN:C is determined again by Ipg. However, due to the
absence of DBs in GaN:uid, for charge transport between GaN:C and Ti, negative charges have to
be excited from DBs to CB which is a many orders of magnitude slower process than conduction
in DBs. Consequently, this process ultimately limits discharging time constants and explains why
a combination of GaN:uid and GaN:C layers is substantially more insulating than single GaN:C

or GaN:uid layers.

c) Bias step 0 — 9.5V:

For a bias step from 0 to 9.5V, shown in Fig. 4.14, analogous to Sig ultrafast electron injection
occurs, leading to quasistatic state ’A’. However, while in S1g charge mainly accumulates in GaN:C
next to its interface to GaN:Si, in Siguiq some charge also accumulates in GaN:C next to its
interface to GaN:uid. For this process negative charges have to propagate through DBs in GaN:C,
which explains the observed time constant of DBs, i.e. same 7 as in S;9. The potential at the
upper interface rises and the potential at the bottom interface decreases until all currents finally
match and SS is established.

d) Bias step 9.5 — 0V:

For the bias returning from 9.5 to 0V, shown in Fig. 4.15, all processes are analogous to returning
from -9.5 to 0V with the only difference that in quasistatic state ’A’ the majority of negative
charge in GaN:C is stored at its top instead of its bottom. This leads to an electric field in ’A’

with opposite sign. Quasi-static states 'B’ and SS are again analogous to Fig. 4.13.
Temperature dependence of dynamic behavior of Sig uia

As indicated in Fig. 4.11(a-A) and Fig. 4.13(a-A) we proposed that the charging time constants
(Tcharge) as well as the fast discharging time constant (Tgisch.,1) are determined by Ipg. The slow
discharging time constant (7giscn.,2) on the other hand is determined by the injection of negative
charges from GaN:C DBs to the GaN:uid CB, see Fig. 4.13(a-B). In order to verify these statements
we perform T-dependent C'(t) measurements as depicted in Fig. 4.16(a,b). The T range is limited
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

Ti |GaN:uid| GaN:C GaN:Si 9.5
-9.5-0V
~Tdisch.,1
é
(a 'A) /"Tdisch.,z
“lyid g
S| I
_ITi —
(a-B)
(a_C) Iti=Lig=Ios=Isi=Is;, a0
Q.
In Lia~0 - -Ipg I5~0 oot
It~ Ing~ Ipot
Iu\dr IS'\NO
~Luid _IDB -IS\ _IbOt
IT|¢Iu|d¢IDB¢Ibot
I5;~0

Ii=Lig=Ips=Isi=Ipox=0

Fig. 4.13: (a) Schematic band diagrams, (b) charge distributions and transient ”conduction cur-
rents” (represented by arrows) in every layer of Siguiq after a bias step from -9.5 to 0V. A’
represents a quasistatic state before charge redistribution occurred in GaN:C, 'B’ a quasistatic
state in which charge redistribution in GaN:C finished but no charge exchange with electrodes
occurred yet. Finally, in ’C’ the structure is in SS, details on the evolution in time are provided in
Fig. 4.10. Estimations base on data from Fig. 4.10.
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

Ti |GaN:uid| GaN:C GaN:Si 0-9.5V

=Ly

-

(a-A)

u%\

Ii=1g=Is=I5i=Iss

-Iy

A

(a-B)

~Ii Ly -Ing -Is;
(b_A) ITE#Iuid¢IDB¢IS|
Q
-In ~Luid -Ipg -Isi
(b‘B) | | Ini=ls=Ips=1Is;

Fig. 4.14: (a) Schematic band diagrams, (b) charge distributions and ”conduction currents” (rep-
resented by arrows) in every layer of Sigua after a bias step from 0 to 9.5V. ’A’ represents a
quasistatic state before charge redistribution occurred in GaN:C while "B’ represents SS, see also
Fig. 4.10. Estimations base on data from Fig. 4.10.
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

Ti |GaN:uid| GaN:C GaN:Si 9.5.0V
Iu|d'\"0 \

(a-B)
(a-C) Ii=1is=Ips=Is;=Io:F0
Q-
I Luia~0 -Ipg I5~0 oot
It~ Ipg™ Ipot
ILI\dl IS\ ~0
-1,
“Luid 'IDB 'IS\ oot
e —
Ini# Lig# Iog# Ioot
Ig~0

Ii=1Lig=Ips=I5=Ip0:=0

(b-C)

Fig. 4.15: (a) Schematic band diagrams, (b) charge distributions and transient ”conduction cur-
rents” (represented by arrows) in every layer of Siguiq after a bias step from 9.5 to 0V. A’
represents a quasistatic state before charge redistribution occurred in GaN:C, 'B’ a quasistatic
state in which charge redistribution in GaN:C finished but no charge exchange with electrodes
occurred yet. Finally, in C’ the structure is in SS, details on the evolution in time are provided in
Fig. 4.10. Estimations base on data from Fig. 4.10.
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4.2. Electrical behavior of GaN:C/GaN:uid multilayers (sample S10,uid)

1.0
5 0.8 0--9.5Vv -9.5-0V
S o6} Te[390,480]K -
'r_:ts 0-4r Tcharge |
16 0.2F 7]
“ 0.0 PP PR BPEPPH BPEPPH BN aharity B Ehadhbe P
104 102  10°  10? 10°
(a) t(s)

B disch.2 1
@ Tdisch.,1 4

480 24 25 26 27 28 29 30
(c) T (K) (d) 1/(kT) (1/eV)

Fig. 4.16: Normalized transient capacitances for S1g uia after bias steps (a) from 0 to —9.5V and
(b) back to 0 at various T'. (c,d) Time constants 7 as function of T, (d) representing an Arrhenius-
plot. Grey lines represent fits to Arrhenius law with Fx = 0.7eV and black lines show 7 according
to the defect band model, derived from Syg (i.e. 7 oc e 9T) with a = 0.03K™1).

by the large time difference between Tgisch.,1 and Tgisch.,2 of roughly five orders of magnitude.
The full transient behavior stretches over roughly eight orders of magnitude. In combination with
the feasible time range for measurements between 30 ps and 10ks, this limits measurements to a
temperature range between 390 and 480 K.

Fig. 4.16(c,d) show extracted time constants from (a,b) as a function of T' and in an Arrhenius-
plot, respectively. The graphs further show fits to Arrhenius-law with Ey = 0.7e¢V and time
constants according to the defect band model (Tab. 3.4). Tcharge and Tgisen.,1 fit well to calculated
values using the defect band model, apparently confirming DB conduction as dominant process.
However, we want to remark that due to the small available T' range the results could in theory
also result from an Arrhenius-like process with Ep = 0.7eV. Tgisch.,2 seems to be only shifted by
roughly five orders of magnitude to larger values, hence they could be fitted by Arrhenius-law but
as well by the defect band model with a larger pre-exponential factor. If the slow discharging would
be determined by an Arrhenius-like process it would be very unlikely that its activation energy is
equivalent to Fyacc. If thermal excitation was responsible, we would expect Fa = Eyg — Eaee =
2.7€eV, as this is the energy barrier that has to be overcome (neglecting a possibly decreased barrier
due to electric field in GaN:uid). On the other hand it seems also unlikely that discharging follows
the relations of the defect band model, as we expect no DBs in GaN:uid. Therefore, we speculate
that there might be weakly pronounced DBs in GaN:uid, where the transport is superimposed by
conduction in the CB. However, if the potential barrier for the latter mechanism is large enough

and conduction via CB inhibited, conduction via the weakly pronounced DBs might dominate.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

Concluding, the small T range prohibits clear statements concerning the injection mechanism into
GaN:uid as we cannot clearly distinguish between DB and Arrhenius-like conduction.

In summary, static analysis reveals great insulation properties of GaN:C/GaN:uid multilayer
structures. Dynamic characterization provide additional evidence that DBs determine charge trans-
port in GaN:C. GaN:C/GaN:uid/metal multilayer structures allow for fast negative charge injection
from metal to GaN:C, however for the vice versa process of transporting negative charges from
GaN:C acceptors to the top metal, a large energy barrier between E,.. and Ecp has to be over-
come. This requires times that are by several orders of magnitude larger. This observation is rele-
vant for HEMT stacks containing GaN:C/GaN:uid/2DEG layers acting similar to the investigated
GaN:C/GaN:uid/metal multilayer stacks. Applying our findings to the HEMT stack this would
mean that after negative charge accumulation e.g. in off-state, for its depletion in on-state negative
charges have to overcome the energy barrier between DBs and CB, resulting in the corresponding
long time constants, i.e. severe CC. In order to avoid this we agree to Uren et al. suggesting that
leaky GaN:uid layers would significantly decrease CC [Ure+17]. Another technical solution is to
inject holes from a p-doped structure next to the drain that reduce negative charge accumulation in
GaN:C [Tan+15]. Similarly, accumulated negative charge can be depleted by photo-induced holes
generated by a photonic drain as in photonic-Ohmic drain field-effect transistors (PODFETS),
demonstrated to reduce CC in [Tan+18].

4.3 Electrical behavior of Al1GaN:C and GalN:C/AlGaN:C

multilayers

In order to study the behavior of carbon-doped AlGaN (AlGaN:C) we study samples (Sa;) analo-
gous to S1p but exchange the 200 nm thick GaN:C layer by a roughly 100 nm thick Al1GaN:C layer
with comparable carbon concentration (see Tab. 3.1). Besides static and dynamic characteriza-
tion we analyze theoretically and experimentally the influence of polarization on AlGaN/GaN and
GaN/AlGaN interfaces. We further point out the importance of the understanding of this interface
for superlattice structures, widely used in transition and buffer layers of HEMT structures [Fel+01;
SSE09; Sel+12; Che+02; XWW16; Sto+15].

Iss-V and Css-V characteristics in Fig. 4.17 reveal almost identical behavior for S1p and Sa
for V. < 7V: depletion of GaN:Si for V' < 1.5V and a slightly increasing capacitance plateau
above. As the AlGaN:C layer in Sa; is only half as thick as GaN:C in S¢, the capacitance in Sa;
is significantly larger. The capacitance plateau as well as the qualitatively similar (dis-)charging
dynamics of S1p and Sa) described later, suggest the existence of DBs. As a consequence we describe
AlGaN:C analogous to GaN:C using the dominant acceptor model and DBs. Considering an
[Al]/(JAl]+]Ga]) ratio of 30 % with [Al] being the aluminum concentration, the band gap increases
at room temperature from &~ 3.4 to ~ 4eV [Lagl4]. For the offset of CBM and VBM between
AlGaN and GaN we consider 0.36 and 0.24 eV, respectively. At AlGaN/GaN interfaces for Ga-polar
growth the sum of different spontaneous polarization of GaN and AlGaN, and the piezoelectric
polarization in AlGaN, which is supposed to grow at least in the bottom part pseudomorphically
on GaN, causes a polarization sheet charge density (opo1) of 1.4 x 10'3 Cem ™2 [Lagl4; Amb+02].

Considering opor at the GaN:Si/AlGaN:C interface, we would expect at first sight the formation
of a 2DEG as for the AlGaN/GaN bilayer in HEMTs. Hence, GaN:Si should be only insignificantly
depleted leading to a capacitance of C' = &/d ~ 100nF cm~?2 with d being the AlIGaN:C thickness.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers
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Fig. 4.17: Comparison of (a) Cgs-V and (b) Igs-V for Sschottky, S10 and Sa1 at room temperature.
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Fig. 4.18: (a) Igs-V for Sa; at various T and (b) Iss at 4V compared for Sa; (Isa@4V) and
S10 (Is10@4V) as well as Isg at 800V for a HEMT structure (IgpmT@800V) and trapping rate
in Sig (rs10(—=9.5 — 0V)). Remarkably, all currents as well as the trapping rate follow same T
dependence, even with same constant a.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

Instead, GaN:Si is substantially depleted for V' < 8V, just as in Sig, giving clear evidence for
the absence of a 2DEG. In order to understand this behavior in the following we first discuss
theoretically polarization effects in GaN, AlGaN and at AlGaN:C/GaN:Si interfaces and afterwards

apply that knowledge in order to describe the electrical behavior of the sample Sa.

4.3.1 Polarization in (Al)GaN
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Fig. 4.19: (a-d) Schematic band diagrams (top) and charge distributions (bottom) for various
hypothetical structures demonstrate the effect of polarization in (Al)GaN which leads for suffi-
ciently thick AlGaN layers as in (d) to the formation of a 2DEG. (e) Values for spontaneous and
piezoelectric polarization (polarization charge oo and polarization field €p1) in (Al)GaN [WJOT;
Lagl14].

Fig. 4.19(a) shows a hypothetical 10 nm thin freestanding GaN layer, i.e. without contacts or
adjacent layers. Spontaneous polarization in GaN can be described by polarization charges at the
surfaces with densities (op01) of 2.1 x 103 Cem™2 (see Fig. 4.19(e)) [WJ07]. Neglecting surface
states, for the thin freestanding GaN layer this results in a large electric field (€,01) of 4 MV em ™!,
which can be calculated by op01 = p01 X €.

For thicker GaN layers with surface states [WJ07; Lagl4] or for GaN layers embedded between
hypothetical metal contacts as in Fig. 4.19(b), charges will accumulate in the metal or surface
states and compensate the electrical field in GaN.

In the next step in Fig. 4.19(c) we add an additional thin AlGaN layer on top of GaN. The GaN
layer on bottom (right) forms a flathand as opo, = 0pol,gan. For the AlGaN/GaN interface we
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

have to consider that AlGaN shows higher spontaneous polarization and additionally piezoelectric
polarization as thin AlGaN layers grow pseudomorphically on GaN. The difference of the GaN and
AlGaN polarization charge (Aopol, see (e)) can be considered as fixed charge at the GaN/AlGaN
interface. This leads to the electric field (A%, = 2.7 MV em™!) in AlGaN. At the AlGaN surface
the full AlIGaN polarization charge appears, which is partly compensated by oop.

If the AlGaN layer exceeds a certain thickness as shown in Fig. 4.19(d), A%, cannot establish
anymore. E.g. for a 100 nm thick AlGaN layer AL, would require a potential drop in the AlGaN
layer of 27V which is only for extreme bias conditions achievable. In general, the electric field
in AlGaN is determined by the adjacent layer, in (d) by the metal (and Schottky barrier). In
the presented example € = 130kV em™! which is a factor 20 smaller than AE,,. This requires
negative charge accumulation at the GaN/AlGaN interface, compensating 95 % of Acper. This is
provided by the 2DEG (o2prg ), which establishes as the CBM in GaN next to the GaN/AlGaN
interface drops below Ep, creating a high amount of occupied states in CB.

For matter of simplicity, within this thesis we usually do not explicitly mention polarization
charge at interfaces to metals and their compensation as in Fig. 4.19(b) by a sheet charge density in
the metal of opposite sign. If metal sheet charge densities are considered as e.g. in Fig. 4.3 this sheet
charge density has the meaning of an additional charge to the polarization-charge compensating

charge.

4.3.2 Polarization in A1GaN:C/GalN:Si bilayers

Ti AlGaN:C GaN:Si Ti AlGaN:C GaN:Si

100nm B
Nacc* E<—>WTI WC b8
(cm™3): ‘ - 6: ]
sum=0 sum=0

Ny 7

[}

(a) 3x101® Oc,Ti Oc |”d'

S
2
— o)
I} <

sum=0 /sum=0
Q
18
(b) 7x10 Oc 1 Oc
Wi We Wsi 3
.8 g
@) bQ = <
_ >A ) < n S _ _
&) S ...._:___:_L_g : N sum=0 sum=0 O,
(c) 2.2x10%° | A E

Fig. 4.20: Theoretical calculation of band diagrams (left) and charge distributions (right) for Sy,
considering the dominant acceptor model (see Section 3.2.2), a polarization sheet charge (op,01) of

1.4 x 1013 Cem™2 and for varying effective acceptor concentration (N7..) as indicated in (a-c).
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

In a next step, we consider that the AlGaN:C layer from Fig. 4.19(d) is doped with carbon,
as in Sa;. Using the dominant acceptor model with different net acceptor concentrations (N..)
we calculate band diagrams and charge distributions in Fig. 4.20. As explained in detail in Sec-
tion 3.2.2, in AlGaN:C next to the surface in a width of wr; carbon acceptors are below Er and
therefore fully occupied. This results in a space charge region that bends the potential so that
in the bulk Er pins near E,... As we consider AlGaN:C analogous to GaN:C, an electric field in
AlGaN:C would cause current flow which is not possible in SS at 0V, hence € in the bulk has to

be zero. For ”connecting” AlGaN:C and GaN:Si we have to consider two main aspects:

1. As Ep in bulk AlGaN:C is pinned at E,.. and in GaN:Si roughly at CB, the potential in the
interface vicinity has to drop by approximately 2.7V. Therefore, we consider that F,.. is
located in AlGaN:C 2.7V plus the conduction band offset (0.36 V) below Ecp. In general,

there are three possibilities where the potential can drop:

(a) The potential can drop in AlGaN:C (Vi) by the formation of a space charge region of

width we with a resulting negative equivalent sheet charge density of o¢:

2€VC
= 4.2
e \/ Nioed’ (4.2)

00 = Nizeque. (4.3)

a

(b) The potential can drop in GaN:Si (Vg;) by depleting GaN:Si in a width of ws;, resulting

in a positive effective sheet charge density of og;:

2€V51
wsi = ) 4.4
si =4 Newq (4.4)

osi = Nsiqus;. (4.5)

(¢) The potential can partly drop in GaN:Si and partly in GaN:C.

In conclusion, following relation has to hold:

Vsi+ Ve =27V. (4.6)

2. Due to flatband in the bulk of AlGaN:C and GaN:Si the sum of charges in the A1GaN:C/GaN:Si

vicinity including Aope has to be zero:

oc + osi + Aopor = 0. (4.7)

As demonstrated in Fig. 4.20(c) for N,

& . above a critical value (N7

ace.crit) Ed- (4.6, 4.7) unambi-
giously determine Vgi and V. Considering constant Vi, we decreases linearly with NJ.., however,
oc increases with its square (0c = \/2eVoNf.q). Hence, with decreasing N7, V¢ increases while
Vsi decreases. Obviously, there must exist a critical N7, (N ), at which Vo = 2.7V and

acc,crit

Vei = 0, as shown in Fig. 4.20(b). In this condition, Aope = o¢ and N

acc,cri

. can be calculated by:

2
AO'pO]

28qVC,crit ’

* p—
acc,crit —

(4.8)
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

< N

acc,cri

with Vo erie = 2.7V, resulting in N =7x10%cm3. For N*

acc,crit acc

. as in Fig. 4.20(a),
even if the entire 2.7V drop in AlGaN:C, o¢ < Aoper. In that case Vi increases slightly further,
which results in a Vg; of opposite sign, pushing CB below Ef, leading to formation of a 2DEG as
explained in Section 4.3.2. Therefore, an additional negative sheet charge density (copgg) replaces

positive os; in Eq. 4.7 and following relation applies:
oc + 02pEG + Adpe = 0. (4.9)

It becomes clear that with decreasing N.., oeprg increases. In conclusion, for negligible N,

acc’

Aopor has to be almost entirely compensated by oopgg, i.e. oaprg has the maximum value. With

increasing N7, oc increases so that oopgpc decreases until for V], the 2DEG vanishes entirely.

With further increasing N

acc)

Vo decreases and Vs; increases.
Yet, the discussion considered only the V' = 0V case, however from band diagrams in Fig. 4.20
it also gets clear what happens for V' # 0. With increasing negative bias the potential on the left

side is raised so that even for N*

ace < N oopEc decreases and can eventually vanish. Even

cc,crit?
for undoped AlGaN above a certain threshold voltage (Viy,) the 2DEG vanishes which is analogous
to the AlGaN/GaN bilayer in HEMT structures. Alternatively, one could postulate that carbon
doping shifts Vi, to more positive values whereby at N*

acc,crit?
With increasing N,

acc)

Vin passes 0V and becomes positive.
Vin shifts more and more to positive values. Hence, in theory by carbon-
doping of the AlGaN barrier, normally-off (i.e. enhancement mode) transistors could be built, by
adjusting [C] and consequently N7.. even the desired Vi, could be chosen. However, a carbon-doped
barrier would have substantial detrimental effects such as higher impurity scattering resulting in
lower electron mobility and greater dynamic effects as carbon traps are located directly next to
the 2DEG.

4.3.3 Electrical behavior of A1GaN:C

Static behavior of sample Sy

With the insights from the theoretical considerations of the previous two sections we can even-
tually explain the absence of the 2DEG at 0V and its appearance above 10V as depicted in
Fig. 4.17(a). It is a direct result of N,

acc

being greater than N; . . in the AlGaN:C layer. From
the capacitance value at 0V we can extract wg;, os; and further the required Vi and o¢ (Eq. 4.6,
4.7), from which we derive an estimated value for N7, (Eq. 4.2, 4.3) of roughly 2.2 x 10'? cm™3.
Fig. 4.21 shows band diagrams calculated from data of Fig. 4.17(a). The behavior in the deple-
tion and plateau regime (V < 7V) is analogous to S1p and not discussed separately. Mentionable
is only the good fit of Igs-V of sample Sy and Sp) despite the fact that the AlGaN:C layer in Sp;
is significantly thinner than the GaN:C layer in S19. We suppose that the reason is decreased con-
ductivity in DBs in AlGaN:C compared to GaN:C. This is supported by dynamic measurements,
revealing that time constants for Sp) are roughly ten times smaller than in S;9. For V' > 7V
the increasing capacitance corresponds to a decreasing GaN:Si depletion width until it vanishes
completely at roughly 11V, indicating the formation of a 2DEG. Surprisingly, this is not accompa-
nied by substantial current increase, for exceeding biases Igg still increases roughly exponentially
with V' as demonstrated in Fig. 4.17(b). We suppose that the reason is that Aoper is only partly

compensated by oopgrag, while the remaining part is compensated by oc, which bends the potential
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

Ti AlGaN:C GaN:Si

Fig. 4.21: Calculated band diagrams for Sa; for various bias conditions, based on Cgs-V data
depicted in Fig. 4.17(a).

as demonstrated for biases of 5 and 15V in Fig. 4.21. This bending in addition to the conduction
band offset is assumed to provide a potential barrier sufficient to prevent major electron injection
into the A1GaN:C CB. As a consequence, leakage current is still determined by Ipg, resulting in
the still exponential V' dependence. Above roughly 15V the transition from plateau to Ohmic

regime occurs, analogous to Syg.
Dynamic behavior of Sa;

Due to the time-consumptive nature of dynamic characterization, these measurements have
been performed only for a single temperature of 390 K, where SS is reached after 30s. Fig. 4.22
shows C(t) after various bias steps, whereby the dynamic behavior is indeed qualitatively equivalent
to S1p with time constants at 390 K being roughly ten times larger than in S1g, presumably due to

ten times smaller conductivity in DBs.

4.3.4 GaN:C/AlGaN:C vs. A1GaN:C/GaN:C interfaces

After discussion of GaN:Si/AlGaN:C bilayers in the previous section, this section is dedicated to
theoretical discussion of GaN:C/AlGaN:C and AlGaN:C/GaN:C bilayers. Possibly surprising at
first sight, we point out that due to the polar nature of ITI-N materials both bilayers behave signif-
icantly different. Eventually, we investigate LUT structures featuring a GaN:Si/AlGaN:C/GaN:C

multilayer stack and discuss its relevance for superlattice structures.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers
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Fig. 4.22: Transient capacitance analysis at 390 K after various bias steps in (a) depletion regime
and (b) plateau regime with indicated carbon acceptor charging/discharging processes.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

Theoretical discussion of GaN:C/AlGaN:C and GaN:C/AlGaN:C interfaces
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Fig. 4.23: Theoretically calculated band diagrams (left) and charge distributions (right) for an Al-
GaN:C/GaN:C interface with A1GaN:C on top, considering same effective acceptor concentrations
(NZ,.; varying for (a-c)) in GaN:C and AlGaN:C.

Fig. 4.23 shows theoretically calculated GaN:C/AlGaN:C bilayers using same considerations as
in Fig. 4.20 for AlGaN:C. In contrast to the GaN:Si/AlGaN:C bilayer, in the GaN:C/AlGaN:C
bilayer the potential is bent not only in AlGaN:C. Instead, in both GaN:C and AlGaN:C carbon
acceptors fall below Er and consequently get fully occupied, forming two space charge regions with
density NZ.. and an equivalent sheet charge density oc. Analogous to the GaN:Si/AlGaN:C inter-

acc

tace for low N/, asin Fig. 4.23(a), oc is insufficient to compensate Aoy and a 2DEG forms. With

acc

increasing N.., caprg decreases until at a certain threshold, shown in Fig. 4.23(b), it eventually
vanishes. For further increasing N7.. the potential drop in GaN:C and AlGaN:C (Vi) decreases
just as for GaN:Si/AlGaN:C bilayer. The obviously major difference between GaN:Si/AlGaN:C
and GaN:C/AlGaN:C bilayers is that space charge regions form at both sides of the interface. For

the calculation of Nj . .

Eq. (4.8) can be used but due to the space charge regions at both sides
only half of the value for Aoy, must be used. As N, .j & Aopel® this results in N, . being
only a fourth of the value for the GaN:Si/AlGaN:C bilayer. The resulting value of 1.8 x 10*® cm—3
is presumably lower or at least in the range of NJ.. is typical for GaN:C buffers in HEMTs.
This finding is relevant as GaN:C/AlGaN(:C) bilayers are used in HEMT buffers and suppression
of 2DEGs desired in order to avoid increased vertical and horizontal leakage current within the
HEMT stack.

After GaN:C/AlGaN:C bilayers we study AlGaN:C/GaN:C layers with GaN:C on top. In these

layers the difference of the polarization of GaN and AlGaN leads to negative polarization charge
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers
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Fig. 4.24: Theoretically calculated band diagrams (left) and charge distributions (right) for an
AlGaN:C/GaN:C interface with GaN:C on top, considering same donor concentrations (Ngon;
varying values in (a-c)) in AlGaN:C and GaN:C.
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

at the interface, roughly identical to Aope in GaN/AlGaN bilayers but of opposite sign. This
pushes the potentials at the GaN:C/AlGaN:C interface upwards, resulting in unoccupied carbon
acceptors and consequently positive space charge regions with charge densities of Nyo, due to still
unoccupied donors in the upper half of the band gap as demonstrated in Fig. 4.24. For small
Non this is insufficient for compensating Aoy and a two-dimensional hole gas (2DHG) forms
in GaN:C at the interface. However, analogous to the GaN:C/AlGaN:C bilayer above a critical
donor concentration the 2DHG vanishes and the potential drop Vi decreases. For the critical
concentration it has to be considered that much smaller band bending (0.7V) is sufficient to form
a 2DHG at AlGaN/GaN interfaces compared to the formation of a 2DEG at GaN/AlGaN interfaces
(2.7V). For the calculation of the critical donor concentration again Eq. (4.8) can be used but
with Vo et = 0.7V and half value of Aope. As 2.7V /0.7V & 4 the critical donor concentration
is 7 x 10'¥ em™3 and therefore roughly four times higher than Nice crit I AlGaN:C/GaN:C and
comparable to the value of the AlGaN:C/GaN:Si bilayer. As Ngo, is assumed to be smaller
than N7 and smaller than the critical donor concentration, 2DHGs are likely to be formed at
GaN:C/AlGaN:C interfaces, possibly detrimental for the insulating properties of HEMT stacks.
We remark that for all calculated critical values we used the nominal value for Aope of
1.4 x 1013 Cem ™2 [Lagl4; Amb+02], which holds for ideal pseudomorphic growth of GaN on re-
laxed AlGaN and vice versa. In reality, the full stack is under mechanical stress and the actual

values might differ significantly from theoretical values.

Electrical characterization of GaN:Si/AlGaN:C/GaN:C multilayers (2DHG forma-

tion)
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Fig. 4.25: Comparison of (a) Isg-V and (b) Css-V for samples Sig, Sa; and Sgp,. (¢) Calculated
total depletion width w based on data from (b).
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

In order to experimentally investigate AlGaN:C/GaN:C bilayers with the latter on top we use
LUT structures with GaN:Si/AlGaN:C/GaN:C multilayer stacks as in sample Sgy,, details can be
found in Tab. 3.1. SS electrical characterization in Fig. 4.25 reveals slightly higher Igg in reverse
bias compared to Sig and Saj, while in forward bias the current increases roughly exponentially,
but due to the larger thickness with smaller slope. In contrast to all other investigated LUT
structures, Sgr, shows no depletion regime, indicated by the roughly constant Csg in the entire
measured V range with only a small ”bump” for —8V <V < 3V. Csg refers to a total depletion
width (w = £/Csg) shown in Fig. 4.25(c) of approximately 365 nm outside of the bump region. This
indicates that part of GaN:Si is depleted, i.e. no 2DEG exists at the GaN:Si/AlGaN:C interface,

in line with results from Sya;.

Ti GaN:C AlGaN:C| GaN:Si

A

/\acceptors 2DHG/

Fig. 4.26: Speculative schematic SS band diagrams for reverse biased Sgp, structures based on
Css-V and Isg-V characteristics shown in Fig. 4.25(a,b).

Due to the complex multilayer nature and the large amount of unknown parameters such as
acceptor and donor concentrations in every layer and polarization charges, we calculated band
diagrams as shown in Fig. 4.26 and 4.27 but we remark that they have to be considered as very
"speculative”. We suppose that for V' =0 a 2DHG forms at the AlGaN:C/GaN:C interface which

fits to the theoretical considerations considering Nyon, < 7 x 10'® cm™3.

This is supported by
observed significantly larger equivalent parallel (ac) conductance within the bump-V range as well
as by the observation that the peak of this capacitance bump decreases with increasing frequency.
We assume that with increasing reverse bias the voltage mainly drops in the top GaN:C layer as
shown for V' = —2V in Fig. 4.26, resulting in the steep increase of Isg. However, for V' < —7V Csg
and Igg saturate, which we suppose is due to depletion of the 2DHG. As shown in Fig. 4.26 for high

reverse bias the space charge region in AlGaN:C next to its interface to GaN:C can get sufficiently
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4.3. Electrical behavior of AlGaN:C and GaN:C/AlGaN:C multilayers

large to compensate Aoy, resulting in the absence of the 2DHG. As a result the potential drops
in GaN:C and AlGaN:C. However, it is unclear why GaN:Si does not get depleted.

Ti GaN:C AlGaN:C GaN:Si

Fig. 4.27: Speculative schematic SS band diagrams for forward biased Sgi, structures based on
Css-V and Igs-V characteristics shown in Fig. 4.25(a,b).

With increasing forward bias the 2DHG seems to slowly vanish. We assume that as demon-
strated in 4.27 for low forward biases the potential drops mainly in an increasing space charge
region in GaN:C at its interface to A1GaN:C until the positive charge in this space charge region is
sufficient to compensate Aoy so that the 2DHG vanishes at roughly 2 V. For further increasing
bias the potential drops in GaN:C and AlGaN:C layers. Similar to reverse bias it is not understood
why the depletion width in GaN:Si does not decrease as we would expect from the behavior in
sample Sqg.

In conclusion, sample Sgj, gave hints for the formation of a 2DHG at the GaN:C/AlGaN:C
interface. It further demonstrates how complex the characterization of multilayer structures be-
comes and how important the approach for investigation of single layers instead of entire HEMT

stacks as used within this thesis was.
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Conclusion

The scope of this thesis was to understand the electrical behavior of carbon-doped GaN (GaN:C).
In chapter 3 we elaborated that already in an early stage of the work we realized that the commonly
followed approach of extracting the electrical behavior of GaN:C layers from complex multilayers
of HEMTs is not feasible. To a great part the behavior is determined by the interfaces between
the single layers and even if considering them negligible it is impossible to determine which layers
determine the behavior in which way. In contrast, our approach included first the characterization
of single GaN layers and only after understanding every aspect of single layers extend the knowledge
to structures with a stepwise increasing number of layers, with the final goal of understanding the
principles of complex HEMT stacks. The great obstacle therefore is that GaN is commonly grown
on substrates of a different material, in our case Si, with different lattice constant and thermal
expansion coefficient. Hence, high-quality GaN layers featuring low number of extended defects
require a thick transition layer separating them from the Si substrate. The apparent problem for
investigation of single GaN layers is that its electrical behavior cannot be investigated separated
from the transition layer.

The solution and novelty in our work is to include a highly Si-doped GaN (GaN:Si) layer on
top of the transition layer that distributes due to its n-type nature current horizontally over the
entire wafer and therefore acts as backside electrode, i.e. negligible impedance of the transition
layer. Consequently, single or also multiple high-quality GaN layers on top of GaN:Si with a metal
contact on top can be characterized without influence of the transition layer, we therefore call
these layers ”layer-under-test” (LUT). In the main part of the thesis we use as LUT single GaN:C
layers with varying carbon concentration ([C]), additional Al (Al1GaN:C), different layer thickness
and also different top contacts; in order to derive a physical model of every single layer used in

a GaN HEMT. In chapter 4 we use as LUT various simple multilayers as a first attempt to close
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the knowledge gap between the understanding of single layers and macroscopic emprically found
electrical behavior of multilayers such as HEMT stacks step by step.

In the following we present deeper insight we gained during the course of this thesis about
single (Al)GaN:C layers:

e Electrical characterization of single GaN:C layers in LUT structures delivered for the first
time evidence that in GaN:C the Fermi level (E) is pinned roughly 0.7 eV above the valence
band maximum (VBM). This energy level is very close to carbon acceptors for which we
derived for [C] = 10! em ™ a minimum concentration of 3 x 1017 cm~3. We further demon-
strated the necessity of carbon donors in the upper half of the band gap with concentrations

3. Less conservative

smaller than the one from acceptors but with a minimum of 107 cm~
and more realistic estimations suggest that acceptors and donors account for roughly 2/3

and 1/3 of [C], respectively.

e We proved that in GaN:C both leakage current as well as trapping processes, i.e. charging and
discharging time constants, are determined solely by the charge transport through GaN:C.
Leakage currents through GaN:C layers are of interest because in HEMTSs vertical leakage
between two dimensional electron gas (2DEG) and Si substrate decrease e.g. the off-state
resistance and have to be suppressed by carbon-doped layers. Trapping in GaN:C layers
of HEMTSs cause dynamic on-resistance and current collapse which are severe performance
issues that have to be suppressed. In literature it is speculated that charge transport occurs
via valence band; we can confirm that hypothesis, but only for moderate [C] (< (1 — 10) x

10 cm™3).

e [C] in GaN:C layers in HEMTs commonly exceed 10 x 10*® cm~3. We found that in this case
charge transport does not occur via valence or conduction band but instead via ” defect bands”
(DBs). These bands are located energetically near carbon acceptors and it seems likely that
they arise from carbon acceptors accumulating in the vicinity of threading dislocations, which
always exist in GaN, especially when grown on Si. The strongest evidence for the existence
of DBs is provided by the fact that at negligible electric fields and cryogenic temperatures,
where charge emission from carbon acceptors to conduction and valence bands can be entirely
suppressed, emission and capture still takes place. Furthermore, Arrhenius-like temperature
dependence of transport processes can be ruled out in a wide temperature range between
roughly 20 and 560 K; instead e’ dependence was found. Yet, no satisfactory physical
model could be found to explain this charge transport and its 7" dependence, only speculative
mechanisms were provided, their confirmation is pending. Interestingly, we observed for the
vertical leakage current in HEMTSs the same T dependence, suggesting the applicability of
the proposed model also for HEMT structures.

e For charge transport in DBs, the energy difference between acceptors and valence band does
not determine charge transport or trapping events, resulting in non-Arrhenius 7" dependence.
As a consequence, the T' dependence of trapping events cannot deliver the energetic position
of defects which is the basis of classical defect parameter evaluation performed in literature.
We demonstrated that possibly the only reason why Arrhenius plots in literature appear
reasonable is the fact that in all previous investigations of GaN:C without exception small T’

ranges were used, in which e’ cannot be distinguished from exp (—FEx /(kgT)). We suggest
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that for future investigations first Arrhenius-like 7" dependence has to be proved in a wide T

range before trusting extracted activation energies Fa.

e Introduction of conductive channels (i.e. defect bands) seems at first sight detrimental
to achieve the desired insulating properties of GaN:C. However, we revealed that in com-
bination with the high carbon acceptor concentration, effective space charge regions can
form. These raise potential barriers in GaN:C next to adjacent layers that effectively sup-
presses injection of free electrons/holes from adjacent layers to the conduction/valence band
of GaN:C, respectively. Hence, conduction through GaN:C layers is in general determined
by the electrical properties of DBs. We revealed that increasing [C] above the critical value
of (1 —10) x 10'® cm™3 increased the conductivity in DBs and therefore the leakage current
through GaN:C.

e Another investigated aspect is a ”"breakdown-like” feature similar to time-dependent dielec-
tric breakdown (TDDB) with a negative differential resistance (NDR) regime, which occurs
for applying high positive biases to GaN:C/GaN:Si multilayers. We found that for biases
below the breakdown voltage, current through GaN:C is distributed homogeneously under
the contact, while it localizes in current filaments for exceeding biases. With increasing bias
the number and size of these filaments increases and in general they are not stable but move
around. We introduced a physical model explaining this phenomenon and proposed in con-
trast to available literature that current filaments do not form at dislocations, however they

are likely to pin these filaments for a certain time.

e We further proved that single Al1GaN:C layers behave analogous to GaN:C layers and also
contain DBs. We demonstrated that with increasing [C] the threshold voltage for the forma-
tion of a 2DEG at GaN:C/AlGaN:C interfaces with the latter on top, increases. We showed
experimentally that large positive threshold voltages of 7V can be achieved. Analogous, two
dimensional hole gases (2DHGs) at AlGaN:C/GaN:C interfaces with the latter on top, could
in theory be suppressed by large donor concentrations but theoretical considerations as well
as experimental investigations suggest that required donor concentrations would be probably

unfeasibly high.

We further presented a simplified DB model and demonstrated how it can describe the electrical
behavior of some fictive multilayers as well as of some real multilayers that were characterized using
the LUT principle. For example we investigated bilayers consisting of an unintentionally doped
GaN (GaN:uid) layer and a GaN:C layer, as existing in HEMTs directly below the 2DEG. We
found that in these structures electrons can easily propagate via the conduction band of GaN:uid
and be injected into GaN:C acceptors without overcoming significant energy barriers. However,
for the emission of electrons from GaN:C acceptors to the conduction band of GaN:uid a large
energy barrier has to be overcome, leading to fast electron capture and extremely slow emission.
Although this might be detrimental for HEMTSs concerning trapping dynamics, it can be ben-
eficial for suppressing leakage current. While we observed large conductivity of single GaN:uid
layers and intermediate conductivity of GaN:C layer, their combination outperformed single layers

significantly.
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In a nutshell, we developed novel test structures that enabled electrical characterization of single
GaN layers, from which we derived a physical model that describes the electrical behavior of
GaN:C. In order to extend the physical model to explain the macroscopic behavior of complex
HEMT structures we also investigated simple multilayers. Although the foundation has been
laid, there are still important points missing in both, the physical model and even more in the
macroscopic considerations as we point out in the following.

Concerning the physical model we consider it as most important to gain more knowledge on the
nature of the DBs, especially the conduction mechanism that leads to the observed e*” dependence
of charge transport has never been reported and requires a theoretical model for its explanation.
A more practical aspect is that DBs are supposed to arise not at every dislocation but instead
only e.g. at ones with screw character. First of all, evidence is required that carbon segregates
at dislocations, which could be provided by molecular dynamic simulation but stronger evidence
would be delivered by physical analysis, e.g. by atom probe tomography (APT). Due to the severe
challenge of manufacturing APT specimens including threading dislocations, we follow a more
indirect but more practical electrical approach. We manufacture contacts with diameters smaller
than the distance between two neighboring dislocations so that we can compare if DBs only form
under contacts with dislocations or under under all contacts. Expected obstacles arise from required
contact diameters smaller than 400 nm, which require not only sophisticated lithography technique
but also high-resolution measurement equipment due to the expected small signal. In order to
prevent such small contacts, in parallel we use instead of Si, GaN as substrate which results in
several orders of magnitude smaller dislocation densities.

In order to close the gap between knowledge of electrical behavior of single layers and HEMT

stacks, two approaches are followed in parallel:
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1. The LUT structure concept is used with multilayers of increasing complexity, i.e. the number

of layers in multilayers is steadily increased and electrically analyzed.

2. The physical model is incorporated in a TCAD model of GaN in order to simulate the
electrical behavior of HEMT stacks. In intermediate steps the multilayers with increasing

complexity of the upper approach are simulated and the model parameters adjusted.

We are optimistic that with this approach we can describe currently lacking macroscopic under-
standing of HEMT stacks and provide insights how to enhance device performance concerning
vertical leakage current, breakdown and dynamic properties determined by trapping in GaN de-

fects. With a proper TCAD model development cycles could effectively be shortened.
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Appendix A: Experimental details of optical setup

In order to investigate the influence of light on the electrical behavior of devices, the mechanical
probe station is extended by an optical bench. This features a light source emitting light in a broad
spectrum, from which a monochromator filters light with the desired wavelength, i.e. Ey,. The
light beam is then fed into a light guide, directing it into a the probe station surrounding darkbox,
and focusing it on the desired part of the sample. This section is dedicated to the description of

the single components, more details of the used setup are provided in [Stren].

A.1 Light source

A high-pressure, short-arc discharge Xenon lamp with an adjustable power of up to 330 W is used
as light source. Fig. A.1 shows its broad spectrum from near infrared (NIR) over the visible (VIS)
into the near ultraviolet (UV) range with feasible irradiance down to roughly 250-300 nm.

A.2 Monochromator

The light beam is directed from the light source through a flange to the monochromator (Corner-
stone 260), in which the broad spectrum is filtered so that only light in a small energy window is
ejected from the monochromator. Fig. A.2 demonstrates that the core element of the monochro-
mator is the rotatable grating in the center; all other components only serve to focus the beam to
the grating and to the ejecting slit. Incoming light is diffracted at the grating, whereby the angle
between the incoming and the maximum of the ejected beam depends on the wavelength and the
angle between grating and incoming beam. These relations are defined by Bragg’s law (Eq. (3.22))
and ensure that only light of a certain wavelength enters the exit slit. In order to change this

wavelength, the grating is rotated.
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A.2. Monochromator
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Fig. A.1: Spectra of various discharge lamps, whereby the upper one (“6258 300 W Xe OZON

FREE”) is used. Figure from [NCO6b].
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Fig. A.2: Inner workings of the monochromator with gratings as wavelength-filtering part. Figure

from [NCO0G6a).
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A.3. Light transmission

Due to the finite width of entrance and exit slits, emitted light has also a finite spectrum with
a certain distribution around the desired center wavelength. The width of the exit slit, which can
be adjusted between 4 pm and 3mm, defines its bandpass with thinner slits corresponding to a
narrower bandpass (with lower intensity).

In the used setup two gratings with different lines per millimeter (150 and 1200 mm~1!) can
be used. Denser grooves result in smaller bandpass and higher intensity, but due to the smaller
bandpass the absolute flux becomes smaller. As experiments show that the flux is not critical, we
only use the grating with denser grooves. The bandpass dependence on dg)t can be calculated by
6.7nm mm ! x dgj;; [NCO6b]. Although in theory with dg;; = 4 pm a resolution of 0.03 nm could be
achieved, this is broadened by practical aspects such as aberrations. A well-working compromise
is found with dgi, = 1.5 mm, resulting in a bandpass of 9nm. E.g. at 3eV this results in light with
Eyn, =~ (3£0.035)eV.

The output efficiency is not uniform over the entire spectrum, but has a maximum at the so-
called blaze wavelength. For the used grating it has a value of 350 nm (i.e. Ey, = 3.54¢eV) and is
therefore close to the energy range of interest for experiments in this thesis (~2.5-3.5¢eV).

Yet, we considered Bragg’s law (Eq. (3.22)) only in first order, i.e. ng = 1. For higher orders
not only light with A but also with \/ng is emitted, with ny being the order, i.e. any positive
integer. As the light source emits only light with A > 200 nm, second order reflections appear only
for A > 400 nm. In order to avoid that, for A > 400 nm a cut-off filter with a cut-off wavelength
of 400nm is inserted. As we are not interested in A > 800nm this is sufficient to neglect all

higher-order effects.

A.3 Light transmission

The light beam is guided from the exit slit of the monochromator into the blackbox of the probe
station and onto the device-under-test by a 2m long Newport liquid light guide. Fig. A.3 demon-
strates that the light guide is designed for wavelength in the ultraviolet and visible range. A
focusing lens at the end of the light guide focuses the light beam to a spot size down to roughly

1 mm.

A.4 Light on sample surface

In general, the photon irradiance (E,, i.e. number of photons per time interval and area) depends on
the wavelength as all optical components show wavelength-dependent transmissivity /responsivity.
In theory, the photon irradiance at the sample could be calculated by considering the wavelength-
dependent output power of the light source (Plamp) and all wavelength-dependent losses due to
condenser lens, monochromator (grating, cut-off filter, focusing lenses), light guide (absorption,
illuminated area) and the contact (absorption, contact size). However, there are always unknown
losses, e.g. from not perfectly aligned lenses, slits, gratings, etc. Hence, for calibration the light
output is analyzed by focusing the beam on a Thorlabs SM1PD2A photodiode and measuring the
photocurrent (Ipnoto), see Fig. A.4(a). Considering the responsivity of the photo diode (Rphotodiodes
Fig. A.4(b)), the light power (Pamp) can be calculated (see Fig. A.4(c)):

Plamp = Iphoto/Rphotodiode- (Al)
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A.4. Light on sample surface
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Fig. A.3: Spectral transmittance of the light guide, whereby the one labelled “UV-VIS” has been
used. Figure from Newport datasheet.

From Plamp then E, can be calculated as illustrated in Fig. A.4(d):
Ee = Plamp/(Enw A). (A.2)

Fig. A.4(d) demonstrates that e.g. at 2.2eV the irradiance is roughly half of the value at
3.4eV. This means that in order to get the same amount of photons with energies of 2.2eV,
a two times higher light intensity is required compared to 3.4eV. While the absolute values of
Fig. A.4 are irrelevant for our investigations, the spectral dependences have to be considered. E.g.
it is important that due to the cutoff-filter in the range of 3eV to 3.1eV (413-400 nm) no reliable

measurements are possible, simply due to the largely decreased intensity.
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A.4. Light on sample surface
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Fig. A.4: (a) Spectral photo current (Iphoto) measured in photodiode, (b) responsivity of the
photo diode (Rphotodiode) [Tho12], (c) spectral light source power (Pamp) and (d) spectral photon
irradiance (E.). Red solid lines represent measurements in which the cutoff-filter is inserted for
A > 400 nm.
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(a) Band diagram in off-state, the blue arrow indicates negative charge injection from
CB of GaN:Si to DBs in GaN:C. (b) Schematic energy - wave vector (k) diagram
with equation describing impurity impact ionization with Cx(-) and Cn(0) as respec-
tive occupied and unoccupied carbon acceptors. (c¢,d) Band diagrams demonstrate
impurity impact ionization at the filamentation onset and in on-state, respectively.
An injected electron from GaN:Si can impact an electron in a carbon acceptor and
eventually excite it to the conduction band, leaving a neutrally charged acceptor.
(d)This results in decreased oc and consequently a decrease of ¢; by Ap;. The thick
red arrow in (d) indicates the resulting massive electron injection, the two red dots
represent the two electrons from (c). Figure reused from [Kol+18b]. . . . ... ..
The schematic S-shape Igs-V characteristic demonstrates the decrease of Vi up with
stress time from curves marked with ”1” to the one marked with ”3”. For curve 72"
the moment of filamentation is shown. When the decreasing Vg, becomes smaller
than the applied bias V, transition from off- to on-state occurs with the abrupt
current jump marked with the dashed arrow. Figure reused from [Kol418b].. . . .
(a) Schematic model of the LUT with current flow lines represented by yellow arrows.
The LUT can be represented with GaN:C as active non-linear layer and GaN:Si
as passive Ohmic layer. (b,c,d) show respective I, Ecp and o¢ distributions in
GaN:C with z as lateral coordinate. (e) Simplified equivalent circuit with the active
GaN:C layer represented by current sources in CFs (I,.t), the passive GaN:Si layer
represented by Rpas and the base structure represented by Reom. Two black arrows
demonstrate the parallel components of Ry,s due to lateral current flow in GaN:Si.
Figure reused from [Kol+18b]. . . . .. ... ... ... ... ..o
(a,b) Iss-V characteristics without illumination (“dark”) and illuminated with var-
ious Ey,. (¢) Quantitative analysis of the spectral dependence of Isg at V = —10V.
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various V as indicated in (a). . . . . . ... L
(a) Css-V and (b) 1/Cs;%2 — V for S1g.au at 343K reveal a horizontal shift by 12.4V

to lower V for characterization under illumination with Fy, = 3.54eV (A = 360 nm).

(a) Calculated band diagrams for S1g9 ay at 343K in (al) dark and (a2) illuminated
condition, derived from data in Fig. 3.54. (b1-b4) illustrate schematically the main
generation and recombination processes indicated in (a2). Orange wavy arrows
represent photons. . . . . . ... L
Potential distributions calculated from data in Fig. 3.54(a) under (a) dark and (b)
illuminated condition. Comments in (b) indicate bias regions with maximum, posi-
tive and negative charge in GaN:C (o¢), quantified in Fig. 3.58. . . . . . .. .. ..
(a) Interface potential (p;) and (b) electric field in GaN:C (é¢) as function of V/
under dark and illuminated condition. Calculations base on data in Fig. 3.54(a).

(a) Bias-dependent equivalent sheet charge in GaN:C (o¢) and (b) schematic band
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C(t)

CGa
Cr

Cx
So1
SlO,Au
S10,uid
S1ob
S70
Sa1
Sst,
SSchottky
S1o

Ohmic regime

ac
dc

depletion regime

plateau regime

2DEG
2DHG
ACM
AG

Al
AlGaN

AlGaN:C
AIN
APT

Acronyms

transient capacitance measurements, measured using lock-in technique with a
frequency of 785 kHz.

point defect in which a C atom substitutes a Ga atom in the crystal.

point defect in which a C atom occupies an interstitial site in the crystal.
point defect in which a C atom substitutes an N atom in the crystal.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

for sample definition see Tab. 2.1.

bias regime, in which the Ohmic current is filamented in the LUT and limited
by Rps.

alternating current.

direct current.

bias regime, in which reverse bias increasingly depletes the GaN:Si layer of a
LUT structure; analogous to MOS capacitor in depletion.

bias regime, in which Cgg and ¢; in LUT structures are roughly bias-
independent.

two-dimensional electron gas.

two-dimensional hole gas.

auto-compensation model.

Aktiengesellschaft (german, incorporated company).

aluminum.

Al Ga; N with x=[Al]/([A]]+[Ga]); if not explicitly stated different, 2z = 0.3
is considered.

C-doped AlGaN.

aluminum nitride.

atom probe tomography.
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Acronyms

Au

CB
CBM
CcC
CCD
CF
CTS
DAM
DB
DOS

e
e.g.

EL

EMMI

Eq.

Fe

Fig.

Ga

GaN
GaN:C
GaN:Si
GaN:uid

ht+

HEMT

ie.

IGBT
InGaN

KAI GmbH

LED
LUT

MOCVD
MOS
MOSFET
N

NDR

Ni

gold.

carbon.

conduction band.

conduction band minimum.

current collapse.

charge-coupled device.

current filament.

current transient spectroscopy.

dominant acceptor model.

defect band.

density of states.

electron.

exempli gratia (latin, read as for example).

electroluminescence spectroscopy.

emission microscopy.

Equation.

iron.

Figure.

gallium.

gallium nitride.

C-doped GaN.

Si-doped GaN.

unintentionally doped GaN.

hole.

high-electron-mobility transistor.

id est (latin, read as that is to say).

insulated-gate bipolar transistor.

In,Gay N with x=[In]/([In]+[Ga]), [In] being the In concentration.
Kompetenzzentrum fir Automobil- und Industrieelektronik GmbH (german,
competence center for automotive and industrial electronics limited liability
company).

light-emitting diode.

”layer under test”, i.e. layers above the base structure that can be electrically
characterized separately from the base structure.

metalorganic chemical vapor phase epitaxy.
metal-oxide-semiconductor structure.

metal-oxide-semiconductor field-effect transistor.

nitrogen.

negative differential resistance.

nickel.
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PL

QS
SCLC
Si

SiC
SRH
SS
Tab.
TCAD

VB
VBM
VRH

VS.

photoluminescence spectroscopy.
quasistatic state.
space-charge-limited conduction.
silicon.

silicon carbide.
Shockley-Read-Hall.

steady state.

Table.

technology computer aided design.

titan.

valence band.

valence band maximum.
variable range hopping.

versus.
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Symbol

CGaNZC
Css

Ehu
Eopt

Espec
By,
Iy

Irprc

IDB,sim

Inp

IgeMT

IOhm
Ipp

Symbol list

Description

top contact area

capacitance per area of GaN:C layer

SS capacitance per area, measured with a standard commercially
available impedance analyzer with a frequency of 10 kHz
capacitance per area of GaN:Si layer

capacitance per area

defect ionization energy, i.e. energy difference between defect en-
ergy and related band edge

thermal activation energy

energy level of conduction band minimum

defect band energy level

Fermi level energy

energy level of valence band maximum

carbon acceptor energy level

bandgap

donor energy level

photon irradiance

photon energy

optical excitation energy, i.e. required energy for a photon to ionize
a carbon acceptor

photon energy emitted from electron capture

thermal energy barrier

T and é¢ indepdendent pre-factor in defect band current density
expression

current density in 2DEG

transient charging/discharging current density, i.e. flow of charges
through GaN:C captured by or emitted from carbon acceptors
simulated current density through defect bands, calculated from
empiric found relation for Ipg

current density through defect bands

SS vertical leakage current density through a HEMT-like test struc-
ture

Ohmic current density

Poole-Frenkel current density
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Unit

cm

Fem™

Fem™

Fem™

Fem™

eV

eV
eV
Acm

A mm

Acm

Acm

Acm

Acm

Acm

Acm

2

2

2

2

—2

-1

—2

—2

—2

—2
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Symbol list

Symbol

Iss

Is;
Ity

Ibot

*
acc,crit

N;CC
NaCC
Ncrit
Ndon
Nuid
-Plamp
Rgps
Rcep
Renwr

Rphotodiode
Tmetal

Toptics
T
Vo

Vaan:c
VGaN:uid
Vsi
VrrL
Vb

Vi lighted

Description

SS current density, measured by a standard commercially available
parameter analyzer

injection current density from GaN:Si to GaN:C

current density in the top Ti electrode

current density in the bottom electrode

displacement current density

difference of hole and electron capture rates in GaN:C (times q)
due to illumination per area and time interval

photo current density

current density through GaN:uid

current density

gate-drain length

effective DOS in CB

Si donor doping concentration in GaN:Si

effective DOS in VB

critical N7, below which a 2DEG forms at GaN/AlGaN interfaces
at OV

"effective” acceptor concentration in GaN:C, i.e. NJ.. = Nace —
Ndon

carbon acceptor concentration

critical carbon concentration for formation of defect bands
carbon donor concentration

effective impurity donor concentration in GaN:uid

output power of light source

resistance of the base structure

responsivity of used CCD

responsivity of entire EMMI setup

resistance of LUT

differential resistance

on-resistance in HEMT

photodiode responsivity

transmissivity through metal contact

transmissivity of optics

temperature

voltage drop in the space charge region of an (Al)GaN:C layer next
to its interface to GaN:Si

voltage drop in GaN:C layer

voltage drop in GaN:uid layer

voltage drop in GaN:Si layer

trap-filled limit voltage in SCLC

breakdown voltage

Vbi under illumination
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Acm™

Acm~
Acm~™
Acm™
Acm~

Acm™

Acm™
Acm™

Acm~

Qcm
Qcm

Qcm

2

2

2

2

2

2

2

2

2
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Symbol
Vii

VAl,down
Vﬁl,up
Vi

Viec

Vstr

Vaub

Vin

\%4

ZBs
ZLuT
AFEA DB
AO’C

AO'pol

h
7—cap,VB

h
7—em,VB

TSchottky

Tcap

T charge
Tdisch.

Tem
Ttrans,VB

A
c
Epol
é

L
Vth

PBS

02DEG
occ

Description

built-in voltage, i.e. oot of extrapolated 1/Cs;? — V in depletion
regime

Va1 during down-sweep

Va1 during up-sweep

filamentation bias i.e. transition bias between plateau and Ohmic
regime

bias during recovery pulse

bias during stress pulse

applied bias at Si substrate

threshold voltage for formation of a 2DEG at A1GaN/GaN interface
applied bias at top electrode

impedance of the base structure

impedance of LUT

energy difference between F,.. and Epp

change of charge per area in (Al)GaN:C after a bias step
apparent opo at GaN/AlGaN or AlGaN/GaN interfaces due to
different polarization in both materials

time constant for capture of holes in carbon acceptors from VB
time constant for emission of holes from carbon acceptors to VB
time constant for emission of holes from top electrode to GaN:C
VB

capture time constant

charging time constant, i.e. time constant for negative charge ac-
cumulation in (Al)GaN:C

discharging time constant, i.e. time constant for negative charge
dissipation in GaN:C

emission time constant

transport time constant in GaN:C VB

wavelength

electric field in GaN:C layer

polarization field in (Al)GaN

electric field

charge mobility

thermal velocity

resistivity of the base structure

space charge density

2DEG sheet charge density

capture cross section

charge per area in (Al)GaN:C

charge per area in depleted GaN:Si

polarization sheet charge density

time constant

carbon concentration
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Unit
A%

nm
kVem™!
kVem™!
kVem™!
em?V—ls™!
ms
Qcm
Cem™3
Cem™2
cm

Ccem—2

Cem™2

Cem™2

%
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Symbol list

Symbol
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th)
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Description

vacuum permittivity g = 8.854 x 1071 Fem~! [SN06]
relative permittivity of GaN &, ~ 9.5 [LRS01,BI73]
permittivity of GaN ¢ = &, x gg = 8.4115 x 10" Fcm ™!
electrostatic potential difference of metal and CBM in GaN
electrostatic potential of CBM at GaN:Si/GaN:C interface
electrostatic potential, defined as potential of the CBM

speed of light ¢ = 299792000m s~ [SNO6]

Franck-Condon shift for photon capture

Franck-Condon shift for photon emission

thickness of semiconductor layers in LUT structures above GaN:Si
monochromator output slit width

electron-hole pair generation rate

Planck constant h = 6.626 x 1073% Js [SN06]

Boltzmann constant kg = 8.6174 x 107° eV K~! [SN06]

rest mass of an electron mg = 9.110 x 1073! kg [SNO6]
effective electron mass me = 0.2 x mgo [LRS01]

effective hole mass my, = 0.8 x mg [Pan75)

positive integer in Bragg’s law

free electron density in CB

free hole density in VB

elementary charge ¢ = 1.602 x 10712 C [SN06]

trapping rate in GaN:C, determined by Ipp

band-to-band recombination rate

time until filamentation

integration time

time

space charge region width in GaN:C next to its top interface (if no
metal)

space charge region width in GaN:C next to its bottom interface
depletion width in GaN:Si

space charge region width in GaN:C next to its interface to Ti
depletion width

aluminum concentration

gallium concentration
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Unit

Fem™!

Fem™!

ms~!

eV
eV

nm

nm

nm
nm
nm
nm
%
%
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