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Abstract

The study of deep-level defects in semiconductors has always played a strategic role in the
development of electronic and optoelectronic devices. Deep levels have a strong impact on
many of the device properties, including efficiency, stability, and reliability, because they can
drive several physical processes. Despite the advancements in crystal growth, wide- and
ultrawide-bandgap semiconductors (such as gallium nitride and gallium oxide) are still strongly
affected by the formation of defects that, in general, can act as carrier traps or
generation-recombination centers (G-R). Conventional techniques used for deep-level analysis
in silicon need to be adapted for identifying and characterizing defects in wide-bandgap
materials. This topical review paper presents an overview of reviews of the theory of deep levels
in semiconductors; in addition, we present a review and original results on the application,
limits, and perspectives of two widely adopted common deep-level detection techniques,
namely capacitance deep-level transient spectroscopy and deep-level optical spectroscopy, with
specific focus on wide-bandgap semiconductors. Finally, the most common traps of GaN and
B-Ga, O3 are reviewed.

Keywords: deep levels, wide-bandgap semiconductors, deep-level transient spectroscopy,
deep-level optical spectroscopy, gallium nitride, gallium oxide
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1. Introduction

Since the beginning of semiconductor science, the study of
semiconductor defects has been fundamental to our under-
standing of device physics due to the strong impact they have
on the electrical and optical properties. While controlled defect
formation has reached an excellent level of maturity in tradi-
tional semiconductors such as Si and GaAs, this is not the case
in wide-bandgap semiconductors, where the concentration of
deep levels is significant and still strongly impacts the per-
formance of the devices. In fact, deep levels are responsible
for several physical phenomena, including carrier trapping,
which leads to parametric instability [1-5] and degradation of
the dynamic performance [6-9]; they can act as recombination
centers [10, 11], thus contributing to a decrease in the internal
quantum efficiency of light emitters [12—-15], a decrease in the
carrier lifetime [16], and limited spectral purity of optoelec-
tronic devices [17-20]. In addition, trap states can assist tun-
neling processes, which have detrimental effects on the reliab-
ility of several devices, including high electron mobility tran-
sistors (HEMTs) [21-23] and light-emitting diodes (LEDs)
[24-27], and promote leakage current [22, 28].

For these reasons, the analysis of defects has always been
of great interest, and several techniques have been developed
to detect traps by means of electrical techniques (capa-
citance deep-level transient spectroscopy (C-DLTS) [29],
thermal admittance spectroscopy (TAS) [30]), optical tech-
niques (capacitance deep-level optical spectroscopy (DLOS)
[31], and photoluminescence), and others, such as electron
paramagnetic resonance [32, 33]. We note here that C-DLTS
and DLOS, which have been developed for narrow-gap mater-
ials, have some limitations when applied to wide-bandgap
semiconductors: specific adaptation and a review of the related
theoretical fundaments are required to fully exploit the poten-
tial of such techniques.

This paper intends to address this issue and review the
use of C-DLTS and DLOS with specific reference to wide-
bandgap semiconductors; in addition, we present an overview
of the properties and models for deep traps in two relevant
materials: GaN and Ga;03.

The paper is organized as follows. Section 2 describes
the main properties and applications of wide-bandgap semi-
conductors, with an overview focused on gallium nitride and
gallium oxide devices. Then, section 3 discusses the main fea-
tures of deep levels in semiconductor materials, and describes
the two main approaches to understand the deep-level phys-
ics: (3.1) the traditional Shockley—Read—Hall (SRH) model
and (3.2) the multi-phonon emission (MPE) framework, ana-
lyzed through the generalized configuration coordinate dia-
gram (GCCD). Then, section 4 reports a review of the two
main spectroscopic techniques for the electrical characteriz-
ation of deep levels: (4.1) DLTS and (4.2) DLOS. A brief
review of the techniques employed for deep-level detection
in transistors is presented in (4.3). Section 5 presents a case
study on the analysis of deep levels by DLOS in N-implanted
B-Ga,03 Schottky barrier diodes (SBDs). Finally, in
sections 6 and 7, the most common defects for 5-Ga,O3 and
GaN are revised.

Table 1. Fundamental physical parameters of the most established
wide-bandgap semiconductors.

Si SiC GaN  -Ga, O3
Eg [eV] 112 33 3.4° 4.8
Ec [MVcm™'] 0.3 2.6 33 6-8
pin [em? V757! 1400 1000 1200 450
pp [em® V7' s7] 450 90-120 120 —
k [Wm™'K™'] 149 340 130 10-30
Normalized Baliga 1 340 870 2870
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Figure 1. Perspective power, RF, and optoelectronics applications
of wide-bandgap semiconductors GaN and 3-Ga, 03 [50, 62, 63].

2. Wide-bandgap semiconductors and applications

Among the wide-bandgap semiconductors, gallium nitride
(GaN) and gallium oxide (Ga,0O3) are attracting most of the
attention of the electron device community due to their excel-
lent material properties (table 1) and wide range of applica-
tions, which include power transistors and rectifiers, RF amp-
lifiers, light emitters, and detectors (figure 1).

Originally, gallium nitride technology was studied to cover
the blue gap in solid-state light emitters [34]. Thanks to the
excellent optical properties and the simple bandgap engineer-
ing with aluminum and indium alloying, GaN-based LEDs can
cover the light spectrum from UV to IR [35-38].

As a consequence of the presence of spontaneous and
piezoelectric polarization charges, the large bandgap, and the
high critical electric field, GaN enabled the design of HEMTs
based on the AlGaN/GaN heterojunction, which are now
becoming excellent candidates for RF amplifiers for 5G and
beyond [39—41], and power devices with a operating voltage
of 650 V and more [42]. In addition, vertical power transistors
targeting 1200 V and above are under study [43—45].

The development of gallium oxide as a possible candid-
ate for the next generation of power devices started in 2012,
when Higashiwaki er al demonstrated the first 5-Ga,0;3 lat-
eral transistor with an impressive breakdown voltage above
250 V [46]. Thanks to the ‘ultrawide’ bandgap of 4.85 eV
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and the large critical electric field, the main target for gal-
lium oxide was power transistors with operating voltage in the
order of 10 kV [47, 48]; currently, both lateral [49-52] and
vertical [53—55] transistors are under study, with performances
that are rapidly approaching that of SiC and GaN devices.
Furthermore, thanks to the good electron mobility and the high
saturation velocity of 2 x 10°cm s~!, RF transistors for harsh
environments are also under study [56]. Finally, the ultraw-
ide bandgap of gallium oxide gives a low absorption coeffi-
cient for visible light, thus enabling the design of solar blind
photodetectors for communication and detection of the deep
UV spectrum [57, 58]. Among the several different polytypes
(a—, B—, v—, 0—, k=) [59, 60], the monoclinic (5—) phase
is the most studied because of its superior thermal stability up
to 1700 °C [47, 61].

3. Deep levels in semiconductor materials

The electrical and optical properties of a semiconductor mater-
ial are intimately connected with the crystal lattice and the
periodic potential defined by the atomic bonds. In a real crys-
tal, imperfections of the periodic lattice structure are unavoid-
able. These are mainly caused by intrinsic defects due to the
absence of atoms (vacancies) and misplacement of the atoms
in the matrix [64] (antisite, self-interstitial); alternatively,
levels can be attributed to extrinsic causes, such as the incor-
poration of atomic impurities that ideally should not be present
in the host matrix. In addition, based on their dimensional-
ity, we can distinguish between point defects (0-dimensional),
dislocations (1-D), plane (2-D), and volumetric (3-D) defects.
The presence of any semiconductor defect locally modifies
the potential of the crystal, eventually creating allowed energy
levels between the conduction band minimum (E¢) or valence
band maximum (EYy) that can be electrically and optically act-
ive. In general, levels that are thermally ionized at room tem-
perature (|Ec, v F Er| < 30 meV) are referred to as shallow
levels (commonly associated with doping and compensation
of free charge); otherwise, they are known as deep levels.

3.1. Traditional SRH recombination model

Deep levels can in general behave as G-R or carrier traps. The
interaction between free carriers and trap states was origin-
ally described by the SRH model [11, 65] (figure 2), which
takes into consideration four possible processes: electron and
hole capture (modeled by the coefficients ¢,, c,), representing
the relaxation of each carrier from the conduction (or valence)
band to the trap state, and electron or hole emission, respect-
ively modeled by the coefficients e,,, ¢,), representing the pro-
motion of the carrier to the respective band.

Trap states can be occupied either by an electron or a hole;
therefore, the sum of the trapped electron and hole concentra-
tions, respectively ny and pr, corresponds to the total defect
concentration Ny = ny + pr. It follows that the trapping rates
for electrons and holes are given by the rate equations [66]

EC
cnl Ien
=@=E. @ Electron
O Hole
c e
P P
EV
000

Figure 2. SRH model of the dynamic interaction between carriers
and trap states. The four processes allowed by the model are
described by the capture and emission coefficients c,, ¢p, en, €p.

dnT

? =Cynpr—eynr

dpr

o ePrT—eppr ey

where n and p represent the free electron and hole concentra-
tions in the conduction and valence bands. Since carriers are
considered to randomly move at the thermal velocity vy, ,/p»
to a first-order approximation the capture coefficients can be
assumed to be equal to

Cn = Op Vihn

Cp =0p Vihyp (2)

where 0, and o, are the apparent capture cross-sections of
the deep levels. Capture and emission transitions are typ-
ically mediated by the emission or absorption of phonons
and photons, which contribute to the zero net energy and
momentum budget. Although the SRH model correctly pre-
dicts many properties of semiconductor devices, and models in
a reasonable way non-radiative recombination and other trap-
ping processes, it fails to properly describe the interactions
between carriers, photons, phonons, and trap levels in spe-
cific scenarios. For instance, the model does not consider the
different relaxations of the lattice if the transition is phonon-
or photon-mediated, the structural change of the defects upon
changes of its charge state [67], and the presence of a capture
barrier [68-70].

3.2. GCCD and MPE

A more general description of the interaction between free car-
riers and deep levels in semiconductors is given by the GCCD
(figure 3) [71]. In this kind of plot, the allowed electronic
and vibrational states for the electrons (or holes) in the deep
levels and in the conduction (or valence) band are represented
as a function of the generalized coordinate, which basically
defines the atom displacement in the crystal lattice. In fact,
when an electron is trapped in a deep level, its wave function
becomes strongly localized and the unbalanced charge state
results in a distortion of the crystal, which needs to rearrange
its structure to accommodate the new potential profile [72].
Since the characterization of the physical properties of a deep
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Figure 3. GCCD of a trap state. The arrows represent the processes
of capture and emission via MPE and optical absorption.

level (e.g. activation energy or cross-section) typically pro-
ceeds through the evaluation of the effects of light (photons)
and temperature (phonons) on the trapped states, this model is
more suitable for investigating defect properties.

We will now consider the case of an electron trapped in
a deep acceptor level. Its promotion to the conduction band
can occur in two different ways: through the absorption of a
photon or by thermal ionization. In the first case, according
to the semiclassical Frank—Codon approximation, the nuclei
of the lattice atoms are considered to be still during the trans-
ition, owing to the large relaxation time (compared to the time
of the photon absorption process), and the electronic trans-
ition in the GCCD appears as vertical [73]. This requires an
absorbed photon with energy above a certain threshold E#*,
which is a typical characteristic of the defect. Once the elec-
tron is promoted to the excited state (conduction band), the
new electronic configuration forces the system to relax to a
new equilibrium condition (Q1), by losing energy through
MPE [72, 74].

The amount of energy emitted during relaxation is defined
as the Frank—Codon shift d%. Following the diagram in
figure 3, the difference between the optical absorption energy
E%s and dé% represents the thermal activation (or binding)
energy of the deep level E,4 4, i.e. the difference between the
ground (vibronic) states of the trapped and excited states. We
can therefore write that

EYS —d% = Ey, . A3)

On the other hand, when an electron is in the excited state,
it can be trapped by the deep level with an optical or thermal
transition. The first case is analogous to the optical absorption:
the vertical transition results in an emission of a photon fol-
lowed by MPE for the relaxation to equilibrium of the trapped
state [70].

Let us now consider the non-radiative capture of an elec-
tron by a deep level. Generally speaking, since the GCCD
parabolas associated with the deep level are misaligned

A (a) Strong electron-phonon coupling

; Conduction
o Band
c
1]
s
o
Capture
Barrier o
> (b) Weak electron-phonon coupling
5
uﬁ Conduction
- Band
S
2
Intercept:
pure MPE transition
Tunneling
Trap
Level ......................................
Optical
"""" absorption
. - >
Q,=Q, Generalized coordinate

Figure 4. (a) GCCD for a non-radiative capture of a deep level with
a strong electron—phonon coupling that presents a capture barrier

® . Before being trapped in the deep level, the electrons must gain
a certain energy to overcome the capture barrier, thus introducing an
additional energy term in the non-radiative capture process. (b)
GCCD for generic capture and emission of carriers in the case of
weak electron—phonon coupling [75].

(figure 4(a)), the electrons have to gain a certain amount of
thermal energy (equal to the difference between the equilib-
rium energy in the excited state and the intersection between
the two parabolas) before thermalizing in the trap state through
MPE. The height of the capture barrier ® g depends on the mis-
alignment between the two GCCDs, and can assume a range of
different values, from few meV to the eV range (see section 3
for more details); in most cases this barrier can be neglected,
since its height is comparable to the thermal energy of the
electrons.

From a first-order perspective, the degree of interaction
between the trapped electrons and phonons can be represen-
ted by the Huang—Rhys factor S, which in principle counts
the mean number of phonons emitted during absorption or
emission [76]:

drc
S=—
th ’

“

where hwy is the average phonon energy. Usually, weak
electron—phonon interactions are considered for § < 1, and
strong interactions for § > 1.
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For weak electron—phonon interaction, the two parabolas
that represent the ground (i.e. trapped) and excited states
are almost aligned to one another (Qp ~ Q). Therefore, the
Frank—Codon shift for the absorption and emission process
is d%s ~ di ~ 0. According to the Huang—Rhys model [76]
the two parabolas are identical, therefore the crossover point
at which a pure transition by MPE can happen has a high
energy, leading to a low transition probability (figure 4(b)).
Nevertheless, since the two levels are closely spaced in the
GCCD, the transition can be mediated by the tunneling pro-
cess at an energy that maximizes both the overlap between the
available vibrational states and the tunneling probability.

4. Techniques for defect spectroscopy

The detection and characterization of deep levels in semicon-
ductors requires experimental techniques capable of obtaining
all the important defect parameters, such as the defect concen-
tration Nr, the thermal or optical ionization energy, the appar-
ent capture cross-section and its temperature dependence, and
their spatial distribution. To characterize charge trapping and
detrapping processes, transient capacitance measurements on
simple test structures, Schottky or p—n diodes, are typically
employed to quantitatively assess the aforementioned defect
properties. In the following, we will discuss the two most com-
mon techniques for defect spectroscopy: C-DLTS and DLOS.

4.1 C-DLTS

C-DLTS is a technique originally proposed by Lang in 1974
that is based on monitoring the temperature dependence of
the capacitance transient associated with charge emission from
deep levels previously filled with an appropriate voltage pulse
[29]. A typical measurement procedure for a Schottky junction
is shown in figure 5.

Let us first consider an SBD biased at a certain voltage V.
Then, the junction is biased at the filling voltage V; > V,, for
a filling pulse #; in this time frame the space charge region
(SCR) shrinks, and the previously ionized defects at the edge
of the SCR are filled by the relaxation of the electrons from
the conduction band. After that, the junction is biased again at
the measurement voltage V,,, and the electrons are thermally
emitted to the conduction band, thus resulting in a variation
of the fixed charge density, which ultimately leads to a vari-
ation of the junction capacitance. The emission rate e, for each
defect has an exponential dependence on the temperature:

n N, Ec—FE
en:Tn_I:U Vih Cexp (_CI( C T))7 (5)
g kgT

where o, is the apparent capture cross-section of the defect,

3kgT
Vih = mB*
;

the effective number of states in the conduction band, g is
the degeneracy factor, Ec — Er £ E, is the activation energy
of the deep level, g is the electron charge, kg is Boltzmann’s
constant, T is the absolute temperature, and m} is the elec-
tron effective mass. Considering that during the measurement

is the thermal velocity of the electrons, N¢ is

Filling Measurement
Applied
vglltJage tF tM
VF
VM
Junction \
Capacitance

SCR

—_—

SCR Thermal

emission

o P H o
00 : e
3 H apture
Vul o0 : o P
O - Y. Q,
RLITININN

<

Figure 5. Typical measurement sequence of the C-DLTS technique.

phase the carrier capture is negligible with respect to the car-
rier emission, the solution of equation (1) is

wo-mlieo(H] @

Traditionally, the results of this experiment are represented
with the so-called rate window plot, obtained with the double
boxcar method [29], in which the C-DLTS signal S (T7) is plot-
ted as a function of the temperature as

S(T)=C(1)—C(), h >t (7)

where C(1;) is the junction capacitance and R = (1 — ;)"
is the rate window, proportional to the emission rate of
the defects. In the case of wide-bandgap semiconductors,
the capacitive transients associated with electron emission
do not necessarily have the ideal exponential trend repor-
ted in equation (6). This can be related to the mixed expo-
nential transients due to the emission from several defects,
non-exponential transients associated with complex energy,
or space distribution of deep levels or others. Therefore, it is
usually more convenient to directly analyze the capacitance
transient associated with the carrier emission, and then extract
the time constants by performing a multiple pure or stretched
exponential fitting.

The amplitude of the capacitance transient AC is associated
with the concentration of deep levels, according to [29, 77]

Ny AC\? _AC
—=1-(1-=) ~2=—
e e ®

where Co, = C(t — 00) and the first equality have a general
validity, while the approximation holds for a small capacitive
transient (AC/Cy < 1).

Among other measurement parameters, the filling time #,
has pivotal importance in the C-DLTS analysis, since it is
strictly connected to the number of trapped carriers in the
semiconductor; its impact on the measurements can provide
information on the dimensionality of the defects, as well



J. Phys. D: Appl. Phys. 57 (2024) 433002

Topical Review

as their energy distribution, by analyzing the carrier capture
kinetics [68, 69].

In the case of non-interacting point defects, the capture pro-
cess consists of the relaxation of the electrons (or holes) from
the conduction (or valence) band. This process has a constant
capture rate ¢, = vy, 0, which results in a C-DLT'S signal that
exponentially depends on the filling pulse width # [78]:

S(t) = Seo (1 — 1) )

As previously discussed, during the thermal capture the
electron has to overcome the capture barrier ® 5 by gain-
ing sufficient thermal energy (figure 4(a)). In the literat-
ure, this process was correlated with an exponential depend-
ence of the apparent capture cross-section ¢ with the
temperature [69, 70]:

9®p

o(T)=o0xe 7. (10)

The presence of a capture barrier introduces an additional
term to the activation energy detected by C-DLTS. According
to figure 4(a), the trapped electrons must obtain an energy
greater than AE = E4 4 + q® p to be promoted to the conduc-
tion band, and equation (5) becomes

_q(Eam+Pp)
P ky T '

_ On Vih N, C
8

en (11

If defects are clustered, for example, along a dislocation,
the related states can interact due to the time-dependent cou-
lombic potential ® (f) generated by the trapped electrons.
In this case, the trapping rate is described by the following
equation [79]:

dnr (l)
dr

_ a2

:cn(NTfnT(t))e KT,

12)

The coulombic potential is proportional to the concen-
tration of trapped defects ny, and can be represented as
follows [79]:

13)
nr, o
where nro is the number of trapped states for r=0.

Equation (12) has a logarithmic solution under the hypothesis
that ny (1) < Nr [79, 80]:

t.
:chnlog('H_T),
-

in which the time constant 7 is a fitting parameter.

In the case where the deep levels are distributed in energy,
the classical exponential emission equation (equation (6)) is
no longer valid, because each sub-level is characterized by its
own time constant according to equation (5). Empirically, this
leads to a stretched exponential emission transient according

to [81]:
nr(t) = Ny [1 —exp (— (;)BN ,

n (tf)
Nr

(14)

5)

Simulation of DLTS time constant Time Constant (s)

‘/,10_4.9 1 0_1,7 F 10k
500 | ’ 11 F1k
3 ]
= Lo 100
® 400} e
—
3 10
®© 300} .
8_ F1
€ 200} 11 L
|2 :,I‘ | 100m
100 ”’, /3 3 Color plot: 10m
Vel 6 =1x107"% cm?
- 1 1m

Oj2 Oj4 016 018 1j0 1i2 14
Activation Energy (eV)

Figure 6. Calculation of the emission time constants from a deep
level as a function of the activation energy and temperature. From a
practical point of view, only defects with E4 < 1.5 eV can be
detected by DLTS, thus requiring other measurement techniques for
deeper levels.

in which (3 is the exponential stretching factor. The presence of
a deep-level energy band can also be detected by analyzing the
DLTS peak as a function of the filling time. In fact, since the
trapped electrons thermalize to lower energy levels, first the
deeper states are filled, resulting in higher detected activation
energies for shorter filling pulses. Considering the C-DLTS
signal defined in equation (7), this causes a shift toward lower
temperatures at higher filling pulses [82], while the temper-
ature of the peak is independent of the temperature for non-
interacting point defects [83].

Since the characteristic emission time constant from a deep
level depends exponentially on the activation energy and tem-
perature, it follows from equation (5) that deep levels featuring
a high activation energy can be probed in a reasonable amount
of time only at high temperatures. The instrument limitations
(typically 1 ms to 10 ks) and the maximum storage/operat-
ing temperature of the devices (20 K < T'< 600 K) pose the
boundaries of the detection limits of C-DLTS experiments.

In figure 6 the emission time of a deep level with a cap-
ture cross-section o = 1 x 107! ¢cm? is calculated according
to equation (5) as function of the activation energy and abso-
lute temperature. It is clear that DLTS finds application for
deep levels approximately between 0.1 eV to 1.5 eV, a range
that is too limited for a full bandgap characterization of a wide-
bandgap semiconductor, which can be higher than 4 eV.

Starting from the work of Lang [29], the basic C-DLTS
technique was further developed by many authors. In general,
the analysis technique used for these measurements recalls the
basic approach discussed in the previous paragraph, follow-
ing which a trapping-dependent device property is measured
over time as a function of external stimuli to infer on specific
trap properties: for this reason it will not be discussed in great
detail.

Current DLTS, also called I-DLTS, is a technique that
exploits current transients rather than the capacitance
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transients [84, 85], and is capable of providing an excel-
lent sensitivity (up to Ny/n =~ 10~%). This technique is often
exploited for the characterization of transistors, whose drain
current can be easily monitored after applying a proper gate
or drain stress.

Double-correlation DLTS (DDLTS) was proposed by
Lefevre and Schulz [86], and consists of a variation of the
standard C-DLTS procedure, which considers the difference
in capacitance between two emission capacitance transients
induced by two (slightly) different filling pulses (V7,1 < Vf2).
This method is usually preferred over the standard C-DLTS
because it enables us to probe a narrower volume within the
SCR, thus eliminating the estimation errors due to the field
dependence of the emission coefficient and due to the partial
trap filling in the Debye tail [87].

Constant-capacitance DLTS (CC-DLTS) [88-90] exploits
a feedback loop to keep the device capacitance constant dur-
ing the measurement interval by continuously changing the
applied voltage. In this way, the SCR width is always con-
stant during the measurement, thus allowing a more accurate
estimation of the deep-level profiles, especially in the pres-
ence of high defect densities. Moreover, this approach can also
be adopted to characterize deep levels located at the interface
of metal-oxide-semiconductor (MOS)-like structures [91-93].
Eventually, this technique can be combined with the DDLTS
to get the benefit from both techniques [94].

Alternatively, by means of the so-called optical DLTS
(O-DLTYS), traps can be filled or emptied by a sub-bandgap
light pulse that replaces the conventional voltage filing pulse
[95, 96]. The use of light enables easy detection of minority
carrier traps in unipolar devices, and an understanding of some
of the optical properties of deep levels.

4.2. DLOS

As previously mentioned, the detection range of DLTS-like
measurements is limited by the characteristic time constants
of the defects, and therefore by the experimental time and tem-
perature constraints. To overcome these limitations, especially
for deep levels located more than 1 eV (see figure 6) from
the respective band edge, it is more convenient to consider the
response of the deep levels to optical stimulation.

DLOS is an experimental technique that allows the charac-
terization of the optical properties of deep levels by monitoring
the capacitance transients associated with the light-stimulated
emission of the trapped carriers [31]. The main advantage of
this technique is the wide detection range, which goes from
a few hundredths of eV (by exposing the samples to infrared
light) to several eV (ultraviolet), thus enabling the full bandgap
of most of wide-bandgap semiconductors to be probed.

In principle, DLTS and DLOS are complementary tech-
niques, not only for different detection ranges, but also for the
different physical properties considered for the measurement.

The effect of light excitation on semiconductors was ori-
ginally analyzed by Furukawa [97], who observed a change
in the junction capacitance during light illumination at cryo-
genic temperatures in GaAs SBDs due to charge detrapping
from deep levels. In general, light excitation can induce two

E
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Figure 7. Schematic representation of the optical transitions
involved in DLOS measurement. In case of an acceptor-like defect,
light can stimulate the emission of a trapped electron to the
conduction band, or the capture of an electron from the valence
band to an empty trap state.

competing processes, schematically represented in figure 7:
first, the photons can excite the electrons from the trap
state to the conduction band (optical excitation, described in
section 3.1); second, photons can promote the electrons from
the valence band to the trap state, resulting in light-induced
trapping (not shown in the GCCD).

It follows that the trap occupation is described by the fol-
lowing rate equation [98]:

% =09 (hv) @ (hv) n,+0p0 () @ (hv) p;,  (16)
in which ® [cm*2 s’l] is the photon flux at a given energy,
a? [cmz] is the optical cross-section of the electron emission
process, and 0],0 [cmz] is that of electron capture (hole emis-
sion to the valence band). From the spectral dependence of o9
and 0"9, based on appropriate models [99, 100], one can obtain
a full description of the trap parameters in terms of the optical
activation energy Eo and the Frank—Codon shift dpc.

The values of ¢ and US assume different values depend-
ing on the trap occupation before the experiment, which can
be appropriately selected with different filling conditions. Let
us consider as an example an n-type SBD: if the filling phase
consists of a forward pulse, the majority carriers are trapped
in the deep levels, resulting in a,? > 019 [31]. In this case, the
contribution of Jg can be neglected, and equation (16) simpli-
fies as

dn,

B — 0 ()@ () i ().

a7

On the other hand, when considering bipolar devices such
as p—n junctions, a forward-bias filling pulse results in the
injection of minority carriers along with the majority ones, and
this leads to a possible intermix of the effects of both types of
carriers.

Under the hypothesis that the deep levels are totally
filled before light exposure (n7(t = 0) = Nr), ¢ (hv) can be
extracted as:

S e (]
oF (W) =~ 5 Gy i < (dt )z=o' (18)
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Figure 8. (a) Origin of the optical broadening of the PCS: the
electrons can occupy different vibrational levels in the trap state, and
therefore many different optical transitions are allowed. Variation of
the PCS according to the Péssler model as a function of (b) optical
activation energy, (c) Frank—Codon shift, and (d) temperature.

By integrating equation (17) and supposing a constant
photon flux and optical cross-section over time, the optical
emission transient can be described by the exponential

functionny (hv, t) = Ny (hv)exp (ft/T (hy)) , and therefore
the optical cross-section can be easily obtained as:

» (hv) = (19)

& ()T ()’

As discussed in section 3, the presence of a non-zero Frank—
Codon shift results in a misalignment between the parabolas
associated with the trapped and excited states. Since the elec-
trons assume different vibrational energy levels, the optical
response is broadened according to the statistical occupation
of the electrons in the trap sub-states (figure 8). In the case of
a pure optical transition between the trapped and the excited
state (drc — 0), 09 (hv) is independent of the temperature and
can be described through the semiclassical model proposed by
Lukowsky in 1965 [100]. The thermal binding energy E4 can
be extracted in a rather simple form as

1/2 o(hv —
(hv)?

0)3/2

O () o (20)

In the case of stronger electron—lattice coupling, the MPE
or absorption process needs to be taken into account; this
is usually done by solving a convolution integral supposing
that the electrons have a linear interaction with the harmonic
lattice oscillations. By assuming a Gaussian dependence of
the thermal broadening of the photoionization cross-section
(PCS), Pissler [99] estimated o9 (hv) as:

O(hv, T) =

hy\/ 2 drcecoth 77 )
00 3

| Ertea
0

X exp

(Ex+ Eo - dFC)

l’lV—Eo—EK

dEg
2 dpc ecoth (ﬁ)

21

where € = hw is the effective phonon energy, Ex = E, — Er is
the kinetic energy of the excited electron, and the other con-
stants have the usual meaning. In figure 8, the Pissler model
for the PCS is reported as a function of different (b) optical
activation energies Ep, (¢) Frank—Codon shifts dpc, and (d)
temperature. It is worth noting that low Frank—Codon shifts
(dpc < Ep) result in a sharp PCS, while high dr¢ values are
associated with a higher dispersion of the PCS; this is due to
the fact that a higher dp¢ results in less overlap between the
parabolas of the trapped and excited states in the GCCD, and
therefore more vibrational sub-levels can be involved in an
optical transition.

The experimental procedure for DLOS is schematically
reported in figure 9. The first step consists of a fill phase, in
which the junction is forward biased for a certain time #; in
order to fill the levels in the space charge. Second, the junction
is biased at the measurement voltage V,, to favor the thermal
emission of relatively shallow deep levels in a C-DLTS-like
transient. Finally, once the thermal transient is settled, mono-
chromatic light is shone onto the sample, and the optically-
induced transient is sampled until reaching steady state. The
steady-state photocapacitance (SSPC, i.e. the capacitance of
the junction after the settling of the light-induced transient)
provides information on the defect concentration as a function
of the photon energy [10, 31]:

Nr(hw) 50 ay () + oy (hv) AC(hv) L, AC ()
Np o9 (hv) Co Co
(22)
where Cy = C(tlight = O) and AC(hy) = C(tlight — OO) -G

and the second approximation holds in the case where the
optical filling process is negligible with respect to the optical
emission (o) > o).

With the same hypothesis, and by combining equations (18)
and (22), the PCS can be extracted from the capacitance tran-

sients as
(4
o () AC dt t:()'

It is worth highlighting that DLOS and O-DLTS have some
intrinsic differences that can lead to misinterpretation of the
experimental results. The main difference between the two
techniques is that O-DLTS monitors the capacitance transient
after the light exposure, thus leading to a thermal capacitance

2 (hv) = (23)
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Figure 9. Typical measurement sequence for the deep-level optical
spectroscopy technique. The measurement consists of three phases:
(i) first, the deep levels in the SCR are pre-filled with a forward
pulse; (ii) then, the junction is kept in dark conditions to favor the
emission from shallow deep levels; (iii) finally, monochromatic light
is applied to the junction, thus inducing the optical emission of
trapped carriers.

transient, whereas for DLOS we have an optically-stimulated
transient recorded during light-induced carrier de-trapping.
Considering this, the outcome of the two methods is also dif-
ferent: time constants associated with O-DLTS measurements
can provide information on the thermal emission rate of spe-
cific traps, and therefore on their thermal activation energy and
capture cross-section, whereas DLOS-related transients can be
computed to derive the PCS of the responding trap.

4.3. Characterization of deep levels in transistors

The detection of deep-level defects in more complex struc-
tures such as transistors is not straightforward, because the
device may contain several layers made of different materi-
als, and the doping concentration and the defects can be loc-
alized in a number of device regions and contribute to effects
associated with parametric instability. Usually, trap detection
is based on a set of experiments that conceptually follow the
DLTS measurement scheme. The traps are usually filled dur-
ing a stress phase, and then the carrier emission is monitored
during the recovery phase. During the experiment, the evolu-
tion of device parameters such as the threshold voltage, gate
capacitance, ON-resistance, and others is monitored as a func-
tion of the stress (or recovery) time and applied bias. For
instance, the evolution of the threshold voltage or the gate
capacitance is usually correlated with traps in the gate insula-
tion in MOSFETSs [101-103], or the AlGaN barrier in HEMTs
[104, 105], which is sometimes also coupled with inhibition
effects due to defects clustered close to the transistors’ channel

[106, 107]. Moreover, the analysis of the dynamic Roy or the
drain current during stress can provide information on defects
in the buffer layer [6, 7, 108] or in the passivation [109, 110].
The results are usually analyzed following the DLTS proced-
ure: the experimental data are usually fitted with exponential
or stretched exponential relations to obtain the characteristic
time constants, from which the Arrhenius plots and activation
energies can be obtained.

5. Case study: analysis of deep levels in N-doped
B-Gaz03

In this section, we will discuss a case study on the detec-
tion of deep defects in nitrogen-implanted 5-Ga,O3 SBDs,
whose schematic cross section is reported in figure 10. The
samples under test consist of an unintentionally doped (n ~
2 x 10" cm™3) $-Ga,05 edge defined film-fed grown (EFG)
bulk crystal, in which nitrogen ions were implanted with an
energy of 480 keV and a dose of 4 x 10'3 cm™2. The back-
side ohmic contact was formed by implanting Si with a target
concentration nt = 5 x 10! cm ™3, activated by rapid thermal
annealing (RTA) at 800 °C for 30 min in N, atmosphere.
The implantation damage was partially recovered with an RTA
treatment at 900 °C (for 30 min in N;). Additional information
on the samples under test can be found in [111].

In previous works that considered the same samples repor-
ted here, we demonstrated that the samples are affected by a
turn-on voltage instability due to the presence of intrinsic deep
levels possibly related to the displacement damage induced by
the nitrogen implantation, and whose concentration decreases
at increasing annealing temperatures [1, 2]. Recently, Ghadi
et al carried out an extensive study on the deep-level defects
induced by nitrogen implantation and found that N impurit-
ies are possibly related to a deep level with Eg = 4.3eV and a
drc =14 eV [112].

For the DLOS experiment, devices were filled with a for-
ward pulse of 3 V for 60 s, and then biased at 0 V in dark
conditions for 600 s to allow thermal emission from the shal-
lower levels. Finally, monochromatic light obtained with a Xe
arc lamp and a monochromator was shone on the samples.
The measurement time under the light was appropriately selec-
ted to ensure that the transients were settled, or eventually to
not exceed a transient time of 1000 s. The typical capacitance
transients for the pre-light, light, and post-light conditions are
reported in figure 11.

The analysis of the SSPC and the PCS was performed by
considering the light transients reported in figure 12. By look-
ing at the shape of the curves, we note three different beha-
viors: first, for low photon energies (E,, < 3.2 eV), we have
a single exponential transient with a time constant that pro-
gressively decreases with energy, as expected from the Péssler
model for a single deep level (hereafter labeled E6, following
the trap nomenclature used in section 6). Then, at intermediate
photon energies (3.2eV < E,, < 3.7eV), we notice the onset
of another exponential component associated with the pres-
ence of a second electron trap labeled Ey, which again exhib-
its time constants strongly activated by the photon energy. It
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Figure 11. Capacitance transients associated with the DLOS
experimental procedure during (i) pre-light, (ii) light transient, and
(iii) dark post-light for a selected number of photon energies.

is worth noting that the time constants associated with E6 are
approximately constant at high photon energies: this is due
to the particular shape of the PCS spectrum, which usually
saturates for energies approximately above the optical activ-
ation energy. The transients were fitted with two exponen-
tial terms, appropriately selected to model the contribution
of the two traps E6 and Ey. At this point, the SSPC can be
defined for each defect as the normalized exponential tran-
sient amplitude with respect to the dark (pre-light) capacit-
ance value Cj. The results indicate that the SSPC associated
with the trap E6 monotonically increases in the range 1.5 eV—
3.0 eV, and reaches a maximum normalized concentration of
Nr (EX)/ n=4x 103, whereas the transients associated with
the trap E reach a maximum amplitude at around 4.2 eV and
Nr(E Y)/ n=2x 10~2. The defect concentration of the trap Ey
is in the same range as that of the trap E2 and E3 already detec-
ted by DLTS in our previous work [1], while trap E, has a much
lower density.

For the analysis of the PCS, we will present two alternative
approaches. Traditionally, the PCS is extracted according to
equation (23), i.e. by considering the derivative of the light
transient for ¢ = 0. If we consider a generic DLOS capacitive
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Figure 12. DLOS light transients at different photon energies. For
low photon energies (E,;, < 3.2eV), the transients have a single
exponential component due to the presence of trap E6, and at higher
photon energies we have the onset of the second exponential
component due to the presence of Ey.

transient for a semiconductor with multiple deep levels, this
can be expressed in the form

C(t, w)=Co+ ZAC,- (hv) exp (—7_(;”)) , (24

in which AC; is the amplitude of each exponential compon-
ent as a function of the incident photon energy. According to
equation (23), the PCS can be obtained as

>

Owing to the presence of the sum of several different con-
tributions, the term AC has to be properly selected to factor
out the AC; terms for each defect. By considering the Péssler
model for the PCS (see (c)), and by assuming that the deep
levels are well separated from one another, i.e. at each photon
energy only one deep level dominates the exponential tran-
sient, a condition empirically obtained if E; 4 dpc; < E;j41 —
drci+1, AC can be defined as

1

O (hv) AC (hv)

AC,‘ (hl/)

o )
o () ()

(25)

AC (hv) = max {AC; (hv)}. (26)
1

The PCS obtained with the approach presented above is
plotted in figure 14. The label ‘Total PCS’ was adopted in
order to underline that the signal is obtained by the contribu-
tion of the PCS of the two different deep levels. This approach
provides a reasonable estimation of the PCS whenever the
defects are separated in terms of the optical activation energy
but creates a non-negligible error in the energy range in which
both defects are responding. In addition, the extraction of the
derivative of the light transient for =0 is not straightfor-
ward, because it requires a fast sampling of the capacitance
that is not usually easy to obtain with commercially available
instruments.
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Figure 13. SSPC extracted with a double exponential fitting of the
experimental data.

Alternatively, the PCS can be obtained by applying
equation (19) separately for each time constant obtained from
the multi-exponential fitting of the light transients. In this way,
we can obtain a separate PCS signal for each defect, which
can be fitted with an appropriate model. This new approach
has the advantage of being more selective with respect to the
optical response of different defects but requires an adequate
sampling of the capacitance transient (a large number of
samples at the beginning of the light transient and a care-
ful exponential fitting). The improvements with respect to
the traditional analysis can be appreciated, especially in the
energy range between 3.2 eV and 3.4 eV, where the sampled
capacitance transient is strongly influenced by both defects.
To conclude the analysis, trap parameters were extracted by
fitting the PCS data with the Passler model, as reported in
equation (21) [99]. Trap E6 presents an optical activation
energy Eo =2.59eV and a dpc = 1.21eV, whereas the trap
En has Eg =3.66eV and a drc = 0.32eV. It is worth not-
ing that owing to the separation between the two exponential
contributions, the estimation of the parameters of trap Ey can
be obtained by fitting the PCS in two orders of magnitude of
amplitude. By looking at figure 14 in the lowest energy range
(2.0 < Ep;, < 2.25€V), one may notice an apparent decrease
of the PCS data at higher photon energies. This phenomenon
can be attributed to an error in the estimation of the time con-
stants due to the low transient amplitude (figure 13). On the
other hand, the decrease of the PCS in the high-energy range
(Epn > 4.55¢eV) is associated with the partial absorption of the
photons by the semiconductor layers (E, ~ 4.85 eV) and sub-
sequent e—h pair generation.

6. Review of deep levels in 3-Ga,03

Research on the deep-level defects in 5-Ga,O3 bulk crystals
and epitaxial layers has been particularly active in recent years,
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Figure 14. PCS of the two electron traps identified by DLOS,
obtained through traditional approach based on the calculation of
the derivative of the capacitive transient, and with the novel
approach that extract the spectral dependence based on the separate
analysis of each time constant.

with several literature contributions to the detection based on
C-DLTS, DLOS, TAS, and others. When considering the deep
levels in 5-Ga, 03, it is common practice to use the nomen-
clature originally proposed by Irmscher et al [113] and further
extended by Wang et al [77]. In figure 15 the Arrhenius plots
of the trap signatures detected in several literature reports are
shown.

Trap El1 (Ec-0.60 eV) is found in several (5-Ga,O;
references [113—-118]. The concentration of the deep level has
a weak dependence on the irradiation process. The origin of
this trap is still ambiguous, but some authors suggest a pos-
sible involvement of transition metal impurities [116].

Trap E2 (E-—0.80 eV) is one of the most common defects
in 3-Ga,03, and is commonly found in both bulk materials
and epitaxial layers [1, 68, 113, 115, 119-123], and com-
monly associated with substitutional Fe impurities (Feg,) [77,
114] that may be introduced in crystals during the bulk growth
of Czochralski and EFG substrates [124, 125] or intention-
ally introduced in the devices to compensate residual donors.
Recently, Zimmerman et al demonstrated that the level E2 is
composed of two sub-levels, E2a and E2b, respectively related
to the Feg, substitutional impurities in the tetrahedral (Feg,())
or octahedral (Fegaqr)) sites [126]. The possible role of Fe in
trap E2 was also demonstrated by McGlone et al, and demon-
strates that the introduction of a thick UID buffer layer can
suppress the formation of the trap responsible for the threshold
voltage instability in lateral metal-semiconductor field effect
transistors (MESFETs) [119, 127].

However, the impact of high-energy irradiation and
implantation is still unclear: [114, 128, 129] suggest that
the concentration of E2 is not strongly affected by high-
energy proton irradiation, while a study by Polyakov et al
[116] shows an increase in concentration of roughly one order
of magnitude.
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Figure 15. Arrhenius plot of the most common deep levels in 8-Ga, O3 detected by DLTS-like experiments. (a) Low and high activation
energy traps, (b) high activation energy traps, (c) minority carrier traps.

Trap E2 was also found to be responsible for charge trap-
ping in nitrogen-implanted SBDs [1, 2], with a concentration
that decreases at high annealing temperatures. Considering the
latter results and the fact that the trap is commonly found in
high-quality epi-layers, we previously proposed that the trap
E2 may also not be strictly correlated with the iron impurities,
but related to a native point defect whose concentration is pos-
sibly enhanced by the presence of Fe [1], a behavior already
detected in Fe-doped GaN [108].

Trap E2* (Ec—0.75 eV) is associated with an intrinsic defect
possibly related to Vg, or Gag, since its concentration is
strongly enhanced with radiation damage [116, 117, 128—-130].
This level was also found by McGlone et al [119, 127] in
MESFETs grown by plasma assisted molecular beam epitaxy
(PAMBE), and by Fregolent et al in N-implanted samples
annealed at 1200 °C [1]. The formation and passivation of
this level was deeply discussed in [120], where the divacancy
(VGa—V o) was proposed as a possible candidate for the defect.

Trap E3 (Ec—1.0 eV) is another common level found in both
bulk crystals and epitaxial layers [1, 113, 115, 116, 126, 130].
The interpretation of the origin of this level has always been
unclear, but recently Zimmerman er al proposed a possible
involvement of the substitutional defect Tigayr [126]. This res-
ult is particularly important since many metallization schemes
use Ti as a metal, and this can be a source of contamination.

Trap E4 (Ec—1.2 eV) has higher activation energy and is
commonly detected by DLOS either on epitaxial layers or bulk
crystals [117, 118, 130, 131]; its density was shown to increase
with high-energy proton irradiation [132], and therefore the
level is likely to be associated with a native point defect.

Trap E6 (Ec-2 eV) has been extensively investigated by
means of DLOS by several authors [115, 122, 130, 132]
because its formation is related to high energy, and it is correl-
ated with the compensation and carrier removal induced by the
radiation damage [131]. These findings suggest that the traps
are possibly related to vacancies, or complex defects involving
vacancies and self-interstitials, such as 2V g,-Ga; [131].

Trap E8 (Ec—4.4 eV) is another common trap of 5-Ga;03
regardless of the growth method [115, 122, 130-132], and it
usually characterized by a small dpc =~ 0.05 eV. Originally,
the trap was believed to be due to the presence of self-trapped
holes with activation energy close to the valence band edge,

and already predicted by theoretical calculation [133]. This
level was also detected as a minority (hole) trap located at
Ey + 0.22 eV by Polyakov et al by means of O-DLTS (H1 in
figure 15(c)) [134] and by Wang er al [135] (Ey + 0.20eV, H1*
in figure 15(c)). However, this interpretation is in contradiction
with the fact that the concentration of the level is much lower
in metalorganic chemical vapor deposition (MOCVD)-grown
material [131], and presents a little dependence with proton
fluence during irradiation [118, 132]; therefore, it is currently
believed that it originates from extrinsic causes.

Trap E9 (E-—0.40 eV) was detected by Ghadi et al [131]
on an MOCVD-grown epi-layer, and it is associated with an
intrinsic point defect.

Trap E10 (E¢c—0.20 eV) is a shallow donor trap found in
a variety of different material types, including bulk crystals
[136], and epitaxial layers grown by MOCVD [131], PAMBE
[130], and halide vapor phase epitaxy (HVPE) [117]. This
level was attributed to the substitutional level Sigar, which ori-
ginates from silicon contamination or doping [136].

Trap Ex (Ec—3.1 eV) was mentioned by Ghadi et al [112]
and by this work, and it is associated with deep nitrogen
acceptors, possibly related to No.

In addition to the aforementioned trap H1, some other
works have reported other minority carrier traps in 3-Ga,O3
[117, 134]. In [134], Polyakov et al found two trap signatures
labeled H2 (Ey £ 0.0.3-0.4 eV), possibly related to an elec-
tron capture barrier, and H3 (Ey £+ 1.3-1.4 eV), tentatively
associated with gallium vacancies [116, 117, 134].

The position of the deep levels with respect to the conduc-
tion and valence band edges is summarized in figure 16.

As can be noted from the references cited in the pre-
vious paragraphs, many works on the detection of deep
levels in B-Ga, O3 are focused on the analysis of high-energy
particle irradiation [137], including neutrons and protons.
This is motivated by the fact that 5-Ga, 03 is generally con-
sidered a radiation-hard material, and the analysis of the deep-
level formation in harsh environments is therefore of pivotal
importance.

To date, there have been no literature reports specifically
dealing with the formation of deep levels as an effect of
other driving stress forces, such as high temperature or strong
electric fields.
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Figure 16. Energy distribution of the common deep levels in
3-Ga, O3 with respect to the conduction and valence band edges.

7. Review of deep levels in GaN

Despite the maturity of the crystal growth and device pro-
cessing, deep levels in GaN are still responsible for many
device non-idealities. In general, the growth of GaN is still
prone to the formation of native defects involving vacancies,
interstitials, and antisites of both nitrogen and gallium atoms
(Vn, Ni, Nga, Vga, Gay, Gay). An overview of the most com-
mon intrinsic defects of GaN is reported in figure 17(a).

Nitrogen interstitials (N;) are responsible for the form-
ation of deep levels located approximately at Ec — 0.9 eV
[138-141]. Owing the rather high activation energy, these
levels are between the most effective trapping and G-R cen-
ters, leading to strong SRH recombination.

Nitrogen vacancies (Vy) are among the most com-
mon intrinsic traps of GaN, typically found close to the
Ec—0.24¢V level. In the literature, this deep level is asso-
ciated with both point and extended defects [142-149], or
eventually related to complexes such as vacancy clusters [150,
151]. In addition, Vx have been proposed as sources of green
and red luminescence [152, 153] in bulk materials and in
quantum wells [154].

Nitrogen antisites (Ng,) are associated with the form-
ation of point defects located between Ec—0.65eV and
Ec—0.50eV [139, 142, 143, 148, 155, 156].

Gallium interstitials (Ga;y) were reported by two references
[141, 157], in which it isand are considered to form a deep
level at Ec — 0.8 eV (associated with dislocations) and E¢c —
0.91eV.

Gallium vacancies (Vg,) are commonly associated with
a deep level located at Ec —2.6eV [140, 141, 148, 158,
159]. It is reported that Vg, has the tendency to interact with
other defects and form a complex with oxygen [141, 160],

Deep Levels in GaN
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Figure 17. Overview of the position of common (a) intrinsic and (b)
extrinsic deep levels in gallium nitride. The energy position of the
deep levels was obtained by a wide literature review that considered
more than 100 scientific publications [42].

hydrogen [159, 161], or other point defects (Vg,—Vn) [148],
thus leading to a number of other related energy levels between
Ec—12eVand Ec—0.6¢eV.

Apart from the native defects, some extrinsic impurities,
such as atoms that do not belong to the host matrix, can con-
taminate the GaN crystal. In some cases, the impurity incor-
poration is intentional (doping, compensation of the buffer
layer, implantation for inter-device isolation, etc.) and can res-
ult in diffusion in unintended devices area; in other cases, the
deep levels can be the result of chemical reactions involved in
the crystal growth or processing.

One of the most severe sources of contamination is car-
bon, which is intentionally introduced in the buffer layers of
HEMTs [162] to insulate the active layers of the devices from
the substrate, or as a by-product from MOCVD [163, 164].

Carbon can form a substitutional defect on the nitrogen
site (Cn), which is responsible for the formation of a deep
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acceptor theoretically located at Ey+0.9eV [165], which
found a wide agreement with experimental data [148, 166]
and which may result in Fermi-level pinning rather than the
release of free holes. In some references, it has been repor-
ted that Cy forms a shallow acceptor-like level located at
Ey+0.13/0.3eV [157, 159, 161, 166-168]. It is worth noting
that the carbon level is one of the main sources of trapping and
Rop instability in GaN HEMTs [6, 169]; often, activation ener-
gies around 0.3 eV have been reported. This is related to the
transport by hopping of the holes between the carbon states,
which are possibly clustered along dislocation lines [7], rather
than a proper hole emission to the valence band.

Interstitial carbon defects (Cy) are considered to induce a
deep donor level with a typical activation energy around E¢c —
1.25eV [161, 167].

Like carbon, iron doping has been widely employed to
reduce the conductivity of UID GaN layers [170]. Fe is usu-
ally related to an acceptor deep level located at Ec — 0.6 eV
[171, 172], which is supported by experimental evidence from
current collapse experiments in GaN HEMTs [8, 173].

Magnesium is the current standard doping species to obtain
p-type conductivity in GaN, and forms a shallow deep level
typically located between 0.15 eV and 0.2 eV above the
valence band edge [174, 175]. Magnesium is also known to
form complexes with hydrogen (Mg—H) tentatively located at
Ec—0.62eV [176] or Ec —3.36 eV [177], which are usually
passivated during the activation of the dopant by RTA.

Hydrogen is a common contaminant resulting as a by-
product of MOCVD growth. Because of the small atomic
radius, it interacts with other defects including Vg, (Ec —
2.65eV) [159, 161] and C (E¢c — 0.55eV) [178, 179].

Similarly to hydrogen, oxygen contaminants are likely to
cluster with other defects, forming various deep levels approx-
imately between Ec — 1.2 eV and E¢ — 0.4 eV associated with
VGa—O [180] or Oy [181].

8. Conclusions

In summary, in this topical review, we discussed the advance-
ments in terms of defect spectroscopy in wide- and ultrawide-
bandgap semiconductors. First, we showed that the interac-
tion between electrons, photons, and phonons can be accur-
ately described by the MPE model through the GCCD,
which accounts for the displacement of the crystal lattice
due to the different charge arrangements of the trapped and
excited states. Then, we reviewed two spectroscopic tech-
niques, C-DLTS and DLOS, with their advantages for the ana-
lysis of wide-bandgap semiconductors. After that, we presen-
ted a case study on the analysis of deep levels in nitrogen-
implanted 3-Ga,0; SBDs by means of DLOS, which showed
the presence of two main traps, related to intrinsic point defects
or their complex and nitrogen. In addition, we also proposed a
methodology to adapt the DLOS analysis for use in wide- and
ultra-wide-bandgap semiconductors.

Finally, we provided an overview of the most common traps
in 3-Ga, 03 and GaN, which can serve as a reference for future
studies.
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