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ABSTRACT

Gallium nitride (GaN) is one of the front-runner materials among the so-called wide bandgap semiconductors that can provide devices
having high breakdown voltages and are capable of performing efficiently even at high temperatures. The wide bandgap, however, naturally
leads to a high density of surface states on bare GaN-based devices or interface states along insulator/semiconductor interfaces distributed
over a wide energy range. These electronic states can lead to instabilities and other problems when not appropriately managed. In this
Tutorial, we intend to provide a pedagogical presentation of the models of electronic states, their effects on device performance, and the
presently accepted approaches to minimize their effects such as surface passivation and insulated gate technologies. We also re-evaluate
standard characterization methods and discuss their possible pitfalls and current limitations in probing electronic states located deep within
the bandgap. We then introduce our own photo-assisted capacitance-voltage (C-V) technique, which is capable of identifying and examin-
ing near mid-gap interface states. Finally, we attempt to propose some directions to which some audience can venture for future
development.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0039564

1. INTRODUCTION technology, free-standing GaN substrates with low dislocation den-
sities as low as 10°cm™ are becoming commercially available.
Furthermore, quartz-free hydride vapor phase epitaxy (QF-HVPE)
has realized highly pure homo-epitaxial GaN with low densities of

unintentional Si and C impurities." Fujikura et al” have success-

Gallium nitride (GaN) and its related ternary alloys form one
of the most important III-V compound semiconductor systems
well-suited for high-power, high-frequency, and high-temperature
applications. Recent years have witnessed GaN-based devices fulfill-

ing their promise of achieving unprecedented performance, other-
wise difficult, if not impossible, to achieve using the ubiquitous
silicon. Also, great strides have been made in overcoming major
drawbacks for the widespread use of GaN in the fields of optoelec-
tronics, RF, and power electronics, although this was achieved with
less advanced technology than that used for its Si and GaAs prede-
cessors. For instance, with tremendous advances in crystal growth

fully reduced the C concentration to less than 5 x 10"*cm™ in the
n-GaN epitaxial layer using QF-HVPE and reported a record high
electron mobility of 1470 cm?/V's for a GaN layer with an electron
carrier density of 1.2 x 10" cm™. In addition, Narita et al.” have
developed state-of-the-art metal-organic vapor phase epitaxy
systems for high-quality p-GaN epitaxial layers that can accommo-
date a wide Mg-doping range from 2x10' to 8x 10" cm™.
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Progress in homo-epitaxial growth technologies has stimulated the
development of vertical-type GaN metal-oxide-semiconductor
field-effect transistors (GaN MOSFETs),"” applicable to power
converter/inverter systems.

On the other hand, GaN high-electron-mobility transistors
(HEMTS) capable of high-frequency and high-power performances
are very attractive for the fifth generation (5G) communication
system for which an output power of over 1 W will be required for
power amplifier transistors operating in W- and E-bands.'”'" At
present, because of several advantages, including simplicity, ease of
fabrication, and high transconductance, the Schottky gate (SG)
structure is generally used in GaN HEMTs. In the high input RF
power regime, however, SG GaN HEMT may suffer from marked
leakage currents due to input swings high enough to drive the gate
to forward bias.'” In addition, Gao et al.'’ recently reported that
the forward gate-bias stress applied to SG AlGaN/GaN HEMT sig-
nificantly increased gate leakage currents. To overcome these prob-
lems related to an SG structure, a metal-insulator-semiconductor
(MIS) structure provides a straightforward solution applicable even
to state-of-the-art GaN HEMTs.

However, problems related to surface/interface states remain,
adversely impacting the performance of GaN MISFETs and
MIS-HEMTs. ' For example, vertical MOSFETs showed an unex-
pectedly low value of the threshold voltage (Vry), which was much
lower than the calculated value from the doping concentration and
the oxide capacitance.”* Excess charge induced from MOS inter-
face states probably impedes the gate control of potential modula-
tion at the GaN surface. In MIS-HEMTS, problems relating to Vyy
instability remain unsolved. In particular, higher positive gate
biasing of the MIS-HEMTs induces a larger Vryy shift toward the
forward bias direction.'™'” The charging state of the interface traps
varies with the gate bias, and excess interface charges, particularly
at deeper electronic states, are responsible for such Vg fluctuation.
The varying occupation state of the interfacial traps makes the
operating point of the device dependent on the history of the bias
voltage applied. Meanwhile, current collapse is one of the most
important problems encountered in HEMT devices. According to
the virtual gate model,'® a high OFF-state drain bias voltage can
induce electron trapping at the AlGaN surface states via a tunneling
injection at the gate edge on the drain side. Subsequently, surface
trapping depletes the underlying 2DEG and increases the drain
resistance, leading to an increased dynamic ON resistance, i.e.,
current collapse. To overcome these problems, understanding their
underlying mechanism is of great importance and of practical
interest. Consequently, we need appropriate characterization
methods and guiding principles for controlling surface/interface
states in GaN-based MIS structures.

In this Tutorial, we introduce models of interface (surface)
states, effects of interface states on device performances, a guiding
principle for controlling interface states, capacitance-voltage (C-V)
characterization of MIS HEMT structures, surface passivation, and
a comparison of MOS interfaces between GaN and conventional
MI-V semiconductors. In Sec. II, we describe models of intrinsic
and extrinsic surface/interface states, the charging conditions of
interface states, and pinning of the surface Fermi level. In Sec. III,
we discuss GaN MOS conventional characterization methods
including their limitations and possible pitfalls. We also underline
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some guiding principles to consider for the effective control of
surface and interface electronic states. The first half of Sec. IV
explains the impact of surface states in device access regions on the
current-voltage (I-V) characteristics of SG-HEMTs, while the
second half presents the adverse effects of insulator/semiconductor
interface states in MIS-HEMTs on Vry instability, current linearity,
and channel mobility. Characterization and interpretation of the
rather complicated AlIGaN/GaN MIS-HEMT C-V profiles are pre-
sented in Sec. V. Here, we also describe the photo-assisted C-V
measurement method that we have developed, as well as explain
the important relevant information that can be extracted out of
these measurements. In Sec. VI, we compare the MOS interfaces in
the GaN system with those in other III-V compound semiconduc-
tor families.

We also attempt to shed light on some confusion and miscon-
ceptions related to III-nitride/insulator interfaces in published liter-
ature. Finally, we will highlight some aspects that need further
investigations for better understanding and control of surface and
interface states haunting GaN-based devices as well as attempt to
guide researchers of the same field on what direction their research
should take next.

Il. MODELS OF SURFACE AND INTERFACE STATES
A. Intrinsic and extrinsic surface states

Since the surface is the termination of a bulk crystal, ie.,
breakdown of the crystalline periodicity, the electronic structure in
the vicinity of the surface is markedly different from that of the
bulk. Even if the surface atomic configuration is completely
ordered, the bonding partners on one side are missing for the
topmost atoms (dangling bonds), as illustrated in Fig. 1. This
means that their wave functions have less overlap with those of
neighboring atoms, as compared with the bulk atomic configura-
tion. The stronger the perturbation caused by the surface, the
greater the deviation of surface energy states from the bulk elec-
tronic state (Bloch state). Such surface states are often called
“intrinsic” states.'’

Tersoff’ proposed that surface states in the bandgap
originally emanate from the valence and conduction bands of

dangling bonds

periodicity [0001] T surface
termination states
Ga
N
crystalline Ga Bloch state
periodicity in bulk

FIG. 1. Schematic illustration of a GaN (0001) surface. Even if the surface
atomic configuration is completely ordered, the bonding partners on one side
are missing for the topmost atoms (dangling bonds).
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semiconductors, and that the density of gap states take weights
from those bands, as schematically shown in Fig. 2(a). Therefore,
the charging character of surface states also reflects those of the
valence and conduction bands. Namely, a negative charge appears
in the conduction band if a state is occupied by an electron. Thus,
the upper portion of states derived from the conduction band
exhibits an acceptor-like character. On the other hand, the lower
part of states derived from the valence band has a donor-like char-
acter, because the valence band state is positively charged when
unoccupied, as shown in Fig. 2(b). Thus, it can be assumed that the
surface state continuum consists of a mixture of acceptor- and

Ec (k)
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»
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"
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gap states derived from
conduction band

bandgap <«——Dbranch point

/ gap states derived from
%, valence band
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@ occupied (electron)— negative charge

Ec >
Dy
acceptor-like states
Ecnt < branch point
donor-like states
Ey

O empty (hole)— positive charge
occupied— neutral

(b)

FIG. 2. Infrinsic surface state model. Surface states in the bandgap originally
emanate from the valence and conduction bands of semiconductors. (b)
Acceptor-like and donor-like surface states, arising from charging characters of
conduction and valence bands, respectively.
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The Vga defect induces disorder in
the neighboring bonds

1.99 A

. T[0001]

Ga

FIG. 3. Vgg-induced lattice disorder at the GaN(0001) surface.

donor-like states, and their branch point acts as a charge-neutral
level (Ecnp).””

An actual semiconductor surface involves vacancies, adatoms,
dimers, etc., causing peculiar energy levels within the bandgap.
These levels are called “extrinsic” surface states. For example, it was
reported from theoretical calculations that the vacancies (Vg, and
V) in GaN induce discrete levels in the vicinity of the valence-
and conduction-band edges,”' ™’ respectively. For the m-plane
GaN surface, theoretical calculations predicted the formation of the
Ga-N dimer, creating corresponding gap levels.”*** In addition,
surface defects can enhance lattice disorder in bond lengths and
angles. In the case of Ga vacancy on the GaN(0001) surface, Xue
et al.”’ theoretically pointed out that a change in the charging state
of the N dangling bond of a second layer N atom induces a down-
ward relaxation of the neighboring Ga atom along with the c axis,
as schematically shown in Fig. 3. The disorder-induced gap state
(DIGS) model* proposed that such bond disorder on semiconduc-
tor surfaces produces electronic states with density distributions in
both energy and space. Figure 4 shows an example of surface
(interface) state density distribution from a practical semiconductor

Es D
state continuum
(intrinsic)
Eon discrete levels
(extrinsic)
Ey >

FIG. 4. An example of surface (interface) state density distribution at a practical
semiconductor surface (interface), consisting of intrinsic state continuum and
extrinsic discrete levels originating from surface defects and/or specific atomic
bonding.
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surface (interface), consisting of intrinsic state continuum and
extrinsic discrete levels originating from surface defects and/or
specific atomic bonding.

B. Interface state charge as a function of the surface
Fermi level

Since the surface (interface) state continuum consists of a
mixture of acceptor- and donor-like states, the charging condition
of the surface (interface) states greatly depends on the Eg position.
An MOS band structure with an n-type semiconductor is illustrated
in Fig. 5. When a positive gate voltage Vg, is applied to the MOS
structure, the surface Fermi level (Epg;) is located above Ecynyp, as
shown in Fig. 5(a). In this case, the donor-like states occupied with
electrons are neutral, while the acceptor-like states with energies
between Eps; and Ecyy capture electrons, resulting in “negative”
interface charges with density D;5™ as follows:

Efs1
Dux = j Dua(E)E. (1)

Ecn

If the surface Fermi level is coincident with Ecyy, at a given Vg,
(Ersa = Ecnp), as shown in Fig. 5(b), the acceptor-like states are
fully empty, while all donor-like states are occupied with electrons,
leading to the neutral condition for both interface states, as stated
earlier. When the surface Fermi level is positioned below Ecny
[Fig. 5(c)], the empty donor states at energies between Ecyy and
Egss generate “positive” charges with density D", as follows:

Ecne
Dy = [ Dy (E)dE. @)

Ers3

As a result, the negative acceptor charges (Dy,~) and positive
donor charges (Dyp" screen the applied gate electric field at the
positive and negative gate biases, respectively. This leads to the
well-known “stretch-out” behavior in a C-V curve of an MOS
diode, as schematically shown in Fig. 6.

C. Pinning of the surface Fermi level at free
semiconductor surfaces

For a “free” semiconductor surface, surface states generally
induce band bending. As shown in Fig. 7(a), the flat-band condi-
tion for an n-type semiconductor would induce only negative
surface charges, because the acceptor-like surface states at energies
below the surface Fermi level (Egs) easily capture electrons.
However, this is prohibited by the charge neutrality law, because
there is no counterpart of positive charge in the bulk region. To
preserve the charge neutrality condition, the bulk semiconductor
has to produce positive charges balancing with surface negative
charges. An upward band bending is then necessary to generate
ionized donors (Np') in the semiconductor depletion layer. The
resultant downward shift of Egg decreases surface acceptor charges.
Finally, as shown in Fig. 7(b), the Egs is fixed at the specific posi-
tion for maintaining the charge balance between surface acceptor
states and shallow donors in the depletion layer. In the case of a
p-type semiconductor surface, the charge balance between surface
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acceptor-like state Di4(E)

neutral T empty

EFs1 ©

-=ee ECNL .
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s
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/]
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(c) Va= Vas< 0 (Ers< Ecni)

FIG. 5. Charging conditions of interface states as a function of surface Fermi
level (Ers) relative to the charge neutrality level (Ecyy) for an MOS structure
using an n-type semiconductor. (a) Negative interface charge induced by the
ionization of acceptor states, (b) neutral condition, and (c) positive interface
charge induced by the ionization of donor states.

donor states and shallow acceptors in the depletion layer (N,™)
causes a downward band bending, as shown in Fig. 7(c). When a
semiconductor surface has a relatively low state density with a
wide distribution, the band bending is rather small, as shown in
Fig. 8(a). On the other hand, a high density of surface state with a
narrow distribution fixes the Egg position near Ecyny, as shown in
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FIG. 6. Stretch-out behavior in a C-V curve of an MOS diode caused by
screening charges of donor- and acceptor-like interface states.

Fig. 8(b), resulting in large band bending. Namely, the “surface
pinning” of Eps takes place at the semiconductor surface. In the
case of GaN and AlGaN surfaces, the strong pinning of the surface
potential can act as a virtual gate, causing the famous “current col-
lapse” effects on GaN-based HEMTs,'® which will be discussed in
detail in Sec. IV.

I1l. CHARACTERIZATION AND CONTROL OF GaN MOS
INTERFACES

A. Energy range for interface states detectable in
admittance measurement

Having a wide bandgap, GaN can contain electronic states
located deeper from band edges so much so that some of them can
remain insensitive to probing external bias. It is, therefore, crucial
to identify the energy range that can contribute to admittance mea-
surements. From Shockley-Read-Hall (SRH) statistics, the time
constant T of electron emission from the interface state to the con-
duction band is given as follows:

1 Er
- — |, 3
4 1TH0THNbeXp<kT> ()

TUTORIAL

scitation.org/journalljap

electron surface states
7 empty
©
sssEsEEm - ECNL -
occupied
n-GaN neutral
Ev
neutral =< negative charge

(@)

neutral T empty

LT ECNL

occupied
shallow acceptor empty
Ev loccupied

FIG. 7. Band-bending effect at a free semiconductor surface, originating from
charge balance between surface state charges and an ionized shallow donor/
acceptor in the semiconductor depletion layer.

where E1, ory, v, and N are the energy of the interface states
measured from Ec, the capture cross-section of interface states,
the electron thermal velocity, and the effective density of states at
the conduction band edge, respectively. Assuming a typical value
of 1x107"%cm? for oy, we can obtain a plot of Ey vs T, as
shown in Fig. 9(a). According to Eq. (3), the time constants of
interface states near midgap or at deeper energies can be
extremely long (210 5) at RT. This means that electrons, once
captured at such deep states, can remain trapped even when their
state energies are far greater than the surface Fermi level (Egs), as
schematically shown in Fig. 9(b). If we assume 10* s for the
detectable limitation time in admittance measurements, interface
states at energies below Ec — 0.7 eV behave like “frozen states.”
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FIG. 8. Surface band bendings for (a) low surface state density with a wide dis-
tribution and (b) high density of surface states with a narrow distribution. The
latter case fixes the Egg position near Ecyi, namely, the Fermi level pinning at a
semiconductor surface.

Thus, the detectable energy range is very limited using admittance
measurements at RT.

To circumvent this limitation, it is very useful to carry
out admittance measurements at elevated temperatures. At 200 °C,
for example, the detectable energy depth is extended to around Ec
— 1.3 eV, as shown in Fig. 9(c). Since GaN transistors are intended
to be employed in high power operations, an increase in the
channel temperature up to 100 °C or higher is not uncommon.**'
From this viewpoint, a high-temperature admittance measurement
is also meaningful for evaluating the device performance and oper-
ation stability of a practical MOS device. An example of
temperature-dependent C-V characteristics from an Al,O5/n-GaN
diode is shown in Fig. 10. No interface control process was per-
formed on the MOS diode (as-prepared condition). At RT, rela-
tively good C-V characteristics with small hysteresis were observed.
When the measurement temperature was raised to 200 °C, however,
the drastic transformation of the C-V characteristics was observed,
i.e., significant hysteresis emerged together with the decrease in the
C-V slope (stretch-out). This indicates that the electron emission
rates at deeper interface states are enhanced at higher temperatures
and that their charging/discharging behavior significantly degraded
C-V characteristics at 200 °C. Matocha et al.”” and Bae et al.”” also
pointed out that the interface state charges at deeper energies play a
part at high temperatures, leading to a degradation of C-V
characteristics.

In addition to the high-temperature method, admittance mea-
surements using low-frequency ac signals are also capable of char-
acterizing interface states at relatively deep energies. By lowering
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FIG. 9. (a) Time constant < of electron emission from the interface state to the
conduction band as a function of the energy depth from the conduction band
edge. For calculation, we used a typical value of 1x 10~"® cm? to capture cross
section oty of interface states. Estimated ranges for electron emission from
interface states at the GaN MOS interface at (b) RT and (c) 200 °C.

the frequency of the ac measurement signal, deeper interface states
are expected to respond accordingly to an ac signal, contributing to
an additional component to the measured capacitance. To illustrate
this phenomenon, C-V curves of the AlL,Os/n-GaN structure
without an interface control process (the as-prepared sample) are
shown in Fig. 11. In a reverse bias regime, significant frequency dis-
persion with ledge-like features was observed, arising from high
densities of interface states.”” From Terman’s analysis of the data, it
was found that the as-deposited sample had high interface state
densities in the order of 10> cm™2eV ™! at around Ec-0.5 eV.

In frequency-dependent C-V measurements, we have to pay
attention to the apparent frequency dispersion of capacitance at
forward bias. To clarify this point, we introduce an experimental
example for a planar-type MOS sample. In this case, the Al,O;
MOS structure was fabricated on a thin GaN layer (0.7 um) grown
on an insulating sapphire substrate, as shown in Fig. 12(a). The
sample had a non-optimized layout design with a long distance
(400 um) between the gate and the ohmic electrodes. As shown in
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FIG. 10. An example of temperature-dependent C-V characteristics of the
Al,04/n-GaN diode. No interface control process was performed on the MOS
diode (the as-prepared condition).

Fig. 12(b), the C-V characteristics showed anomalous frequency
dispersion at a forward bias, i.e., a decrease in the accumulation
capacitance at high frequencies over 100 kHz. Such an apparent
effect is caused by the high equivalent resistance connected in
series with the intrinsic MOS capacitor, arising from the access
resistance, Rg, between the gate and the ohmic electrodes, as shown
in Fig. 13(a). To verify this, a simple calculation of ideal C-V char-
acteristics was carried out on the basis of an equivalent circuit

W
o
o

[TT T [rrrrrrrrrrrrrrrrrrj

C Ni/Al203/n-GaN ]
— Al2O3: 30 nm
[ as-prepared

8 &
S O

10Hz~1MHz

3

llltlllllllllllllllll

-.‘ =
.---===" calculated ]

Lo srsess lasasaapaaleasaagaagll

-10 -5 0 5
Gate voltage (V)

Capacitance (nF/cm?2)
@
o

(8))
o

-
T ekl

o

FIG. 11. C-V curves of the Al,Os/n-GaN structure without an interface control
process (the as-prepared sample). At a reverse bias, a significant frequency dis-
persion and a ledge-like feature were observed, arising from the high densities
of interface states.
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FIG. 12. (a) A planar-type Al;O3 MOS structure fabricated on a thin GaN layer
(0.7 um) grown on an insulating sapphire substrate. (b) Experimental C-V char-
acteristics with anomalous frequency dispersion at a forward bias, ie., a
decrease in the accumulation capacitance at high frequencies over 100 kHz.

shown in Fig. 13(a). Calculation results using Rg=1.2kQ reason-
ably replicated apparent frequency dispersion of capacitance at an
accumulation bias, as shown in Fig. 13(b). This value of Rg=1.2kQ
is close to the access resistance between the gate and the ohmic
electrodes, estimated from the electron density and mobility of the
thin GaN layer. Therefore, if a peculiar frequency dispersion of
capacitance is observed at high frequencies, as shown in Fig. 12(b),
one has to carefully inspect the non-negligible and appreciable
value of Rg due to high access resistance or even due to the degra-
dation of the ohmic electrode. To check such effect of the series
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FIG. 13. (a) Schematic illustration of access resistance Rs between the gate
and the ohmic electrodes, and the equivalent circuit of the MOS structure. (b)
Calculated C-V curves assuming Rs = 1.2 kQ.
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resistance experimentally, it is useful to measure C-V characteris-
tics by selecting the “series circuit mode” in an impedance analyzer.
In this case, if the disappearance of the frequency dispersion is con-
firmed, then it can be concluded that a relatively high resistance
connected in series to the MOS capacitance impedes normal C-V
measurements using a standard “parallel circuit mode.”

B. Choice of gate dielectric for GaN MIS devices

To build up a stable MIS gate structure applicable to
GaN-based power transistors, we have to consider the basic proper-
ties of insulators such as bandgap, permittivity, breakdown field,
and chemical stability. In addition, an understanding and control
of insulator/semiconductor interface properties is a requisite for
realizing high-performance GaN MIS transistors. Figure 14 shows
the relationship between bandgap and permittivity for major insu-
lators. For sufficient suppression of the gate leakage current even at
a forward bias, a gate insulator with a wide bandgap causing large
band offsets at the insulator/semiconductor interface is needed.
This is indispensable for a robust operation of power switching
transistors applicable to power conversion systems. In this regard,
materials having an Eg of over 6 eV can function as a suitable gate
insulator. On the other hand, high-x (x > 10) materials are attrac-
tive for the fabrication of MIS-HEMTs with high transconductance
(gm)> leading to high fr in RF amplifier devices.

Although a SiO, film has a low permittivity (3.9), it is still of
particular interest for MOS power transistor applications because of
its large bandgap and chemical stability. Yamada et al’* and
Yamamoto et al.”> demonstrated that state densities at SiO,/GaN
interfaces were remarkably reduced by utilizing a thin GaO, inter-
layer. AlL,O; is also suitable as a gate insulator in power
MIS-HEMTs, because it possesses a relatively high permittivity
(8 ~9). However, it is well known that a polycrystalline structure is
generated in the ALO; layer when it is subjected to process
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FIG. 14. Relationship between bandgap and permittivity for major insulators,
HISiOy, HFAIO,, AIO,N,, and Si;_Al,O,.
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temperatures reaching 800 °C.”*"” Grain boundaries in polycrystal-

line AL,O; can lead to a significant increase in the leakage current
in ALO5/GaN structures.””** To mitigate this problem, an alumi-
num oxynitride (AIO4N,) gate has been applied to AlGaN/GaN
MOS-HEMTs.”” Good C-V curves with a typical two-step behavior
and negligible frequency dispersion were observed in those devices,
indicating relatively low trap densities at the AIO,N,/AlGaN inter-
face. Kikuta et al.,”” on the other hand, developed an ALD process
for Al,05/SiO, nanolaminate structures, equivalently correspond-
ing to Al;_,Si Oy films on GaN. When compared with AL, O3, they
reported a higher breakdown field for Al,_,Si,O, with equivalent
SiO, composition in the 0.21-0.69 range. Meanwhile, hafnium sili-
cate (HfSiOy) films with Hf-rich composition are expected to
exhibit a high permittivity value (over 10), as indicated by the blue
line in Fig. 14, while maintaining an amorphous structure even at
an annealing temperature of 800°C. In this regard, Nabatame
et al.*” have developed and investigated HfSiO, as a gate dielectric
for GaN-based devices. After post-deposition annealing (PDA) of a
HfO,/SiO, laminate structure at around 800 °C, they achieved a
chemically stable amorphous HfSiOy layer with a high permittivity
(~13) and a high breakdown field (~8.6 MVem™). The subsequent
application of HfSiO, to AlGaN/GaN HEMTs resulted in a high
transconductance and excellent operation stability even at high
temperatures up to 200 °C."'

C. Guiding principle for controlling surface states

A general guiding principle for controlling surface states is to
reduce surface defects and to terminate surface dangling bonds by
a stable atomic configuration together with a chemically stable
insulating film. This absolutely decreases the total energy of the
surface, sweeping the DOS from the gap toward the conduction
and valence bands. Hashizume et al."* have developed an interface
control process of GaN MOS structures utilizing ALD Al,O5 and a
post-metallization annealing (PMA) at 300 °C, as schematically
shown in Fig 15(a). The C-V characteristics of Ni/Al,O3/n-GaN
diodes with and without PMA are shown in Fig 15(b). The
as-prepared sample (without PMA) showed C-V curves with
notably evident frequency dispersion and ledge-like features at a
reverse gate bias. On the other hand, excellent C-V characteristics
without frequency dispersion were observed in a frequency range
from 10 Hz to 1 MHz after PMA under N, ambient at 300 °C for
10 min. This indicates that the PMA process had realized low state
densities, which was confirmed by conductance method analysis to
be ranging from as low as 1 to 4x 10'° cm™2eV™" at the ALO3/
GaN interface.*”

To gain insight into the bond strain of GaN near the AL,Os/
GaN interface, the geometric phase analysis (GPA) was conducted
to high-resolution transmission electron microscopy (HRTEM)
images of the Ni/AL,Os/n-GaN structures,”” generating maps of rel-
ative lattice constants along with the c-axis GaN, as shown in
Fig. 16(a). The relative value of 1.00 corresponds to the c-axis
lattice constant of 0.5186 nm. The MOS sample without PMA
showed a scattering of lattice constants near the Al,0;/GaN inter-
face, indicating a disorder in the atomic bonding configuration on
the GaN surface. As schematically shown in Fig. 16(b), an actual
semiconductor surface has dangling bonds and vacancies, causing
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FIG. 15. (a) GaN MOS structure utilizing ALD Al,O; and a post-metallization
annealing (PMA) at 300 °C. (b) C-V characteristics of Ni/Al,Os/n-GaN diodes
with and without PMA.

lattice disorder in bond lengths and angles. On the other hand,
a uniform distribution of the lattice constant near the interface
was observed for the sample with PMA at 300°C, as shown in
Fig. 16(a). This indicates that PMA is effective for the relaxation of
surface defects and termination of dangling bonds with O atoms,
as schematically shown in Fig. 16(b). Zywietz et al.*’ and Chokawa
et al.** predicted from theoretical calculations that the termination
of Ga dangling bonds with O atoms effectively reduced the density
of states (surface states) within the GaN bandgap.

Interestingly, there is also a possibility that a peculiar atomic-
bonding configuration at a semiconductor surface contributes to
the successful control of interface states. Figure 17 shows a compar-
ison of state densities at the Al,O3/GaN interfaces fabricated on
c-plane and m-plane GaN surfaces. Even without undergoing the
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FIG. 17. Comparison of state densities at the Al,04/GaN interfaces fabricated
on c-plane and m-plane GaN surfaces.

PMA process (the as-prepared condition), the MOS sample on the
m-plane GaN surface showed low interface state densities in the
order of 10" cm™2eV ™", which are significantly lower than those of
the AL,Os/c-plane GaN interface. Very recently, Ando et al.*” also
provided proof that D;, at the Al,05/GaN interface for the m plane
is lower than that for the c plane. Several theoretical studies dem-
onstrated that the Ga-N dimer structure is most stable on the
m-plane GaN surface.”””>*>"® In addition, the specific electronic
states originating from the Ga-N dimer were detected on the
m-plane GaN surfaces by in situ photoelectron spectroscopy”’ and
lattice disorder by Vaa scanning tunneling spectroscopy.® Therefore, it is likely that the
m-plane GaN surface has a stable atomic bonding configuration
consisting of Ga-N dimers, as illustrated in Fig. 18(a). The stable
PMA at 300°C dimer structure is beneficial for controlling dangling bonds and
vacancy defects on the m-plane GaN surface. During the initial
stage of the ALD Al,O; deposition, bond breaking of the Ga-N
dimer at an elevated temperature of 300 °C could occur, as shown
in Fig. 18(b). The subsequent ALD process can terminate the
topmost bonds with O-H radicals, followed by the formation of
the AL,Oj3 layer, as schematically shown in Figs. 18(c) and 18(d),
leading to low state densities at the Al,O3/GaN interface even for
the sample without PMA (the as-prepared sample). The PMA
process at 300 °C further lowered D;, to 2.0 x 10" cm™2eV7} as in
(b) the case of the MOS sample on the c-plane GaN.
A thin GaOy layer was also reportedly utilized as an interface
control layer for SiO,/GaN structures.”””> Yamada et al.”* depos-
ited a 2-nm-thick GaOy layer on GaN by sputtering, followed by a

FIG. 16. (a) Maps of relative lattice constants along the c-axis GaN near the
Al,05/GaN interfaces. The relative value of 1.00 corresponds to the c-axis

lattice constant of 0.5186 nm. The geometric phase analysis was applied to deposition of thick SiO, and subseguent post-deposition annealing
high-resolution transmission electron microscopy images of the Al,Os/n-GaN (PDA) at 800 °C. Yamamoto et al.”” deposited 20-nm SiO, on the
structures. (b) Schematic models of atomic bonding configuration at Al,05/GaN O,-plasma-treated GaN surface by remote plasma CVD and
interfaces before and after PMA. Reproduced with permission from Hashizume carried out PDA at 600-800 °C. Both MOS diodes exhibited good

et al., Appl. Phys. Express 11, 124102 (2018). Copyright 2018 Japan Society of

Applied Physics, C-V characteristics without frequency dispersion, resulting in low

interface state densities in the order of 10'°cm™eV™'. In these
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FIG. 18. Models of atomic bonding configuration of m-plane GaN surfaces: (a)
Ga—N dimer stabilization, (b) bond breaking of the Ga-N dimer at the elevated
temperature of 300 °C in the initial stage of the ALD Al,O5 deposition, (c) termi-
nation of topmost bonds with O-H radicals, and (d) subsequent deposition of
the Al,O3 layer.

cases, the topmost bonds are likely terminated with O atoms
and/or Ga-O radicals.

IV. IMPACT OF SURFACE AND INTERFACE STATES ON
DEVICE PERFORMANCE

A. Trapping and current collapse phenomena

The performance of a semiconductor device is highly sensitive
to the quality of the surface as well as interfaces between the mate-
rials from which it was fabricated. Some instability issues such as
Vru fluctuation and current degradation greatly hindered the
development of AlIGaN/GaN HEMTs during their infancy. Among
current degradation issues, the so-called current collapse phenome-
non, which is a temporary drain current reduction after the
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FIG. 19. Schematic illustration of current collapse showing the increase in
on-resistance Ry, and decrease in Ipsy after a bias stress.

application of an electrical bias stress, has been a major obstacle for
the realization of highly stable power devices. A simple graphical
explanation of this phenomenon is given in Fig. 19, which shows a
decrease in the saturation current I, accompanied by an increase
in on-resistance, following a DC off-state bias stress.”””" The
increase in R, is undesirable, because it diminishes the efficiency
of the device when used in power-switching and amplifier applica-
tions. Another closely related issue is the drain current compression
during large signal operations at RF frequencies, known as
DC-to-RF dispersion illustrated in Fig. 20. An achievement of
1.1 W/mm power density,”’ a value for state-of-the-art silicon-
based LDMOS, in early AIGaN/GaN HEMT prototypes, had raised
the expectation for these devices. However, it was found that at
high frequencies, AIGaN/GaN HEMTs do not deliver the power
output expected from its measured swept DC drain curves.”

For sinusoidal signals, the maximum linear output power
Py max 1s given by

1 (TAL AV
Pomax =?J =Bsin(wt) ZDS sin(wt)dt

0o 2
1 (¥ Alp AVps (1
:_J DD 208 I 211 cos(2wt)] bdt
)y 2 2 |2
] In, (Vi — Vi
:gAIDAVbsz—D’““( ‘; K (4)

Here, Ipmax Vers and Vi are the maximum drain current, break-
down voltage, and knee voltages, respectively. As can be seen from
Fig. 20, the effective RF drain current Ipn,, is lower, while the
effective RF knee voltage Vi’ is higher, compared with their corre-
sponding values in DC, giving the limited output power.

Both current collapse and DC-to-RF dispersion are believed to
be due to the loss of channel electrons due to traps situated any-
where within the device. Traps are energy states within the
bandgap capable of capturing carriers, which once captured, the
probable subsequent event is the emission of these carriers to their
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FIG. 20. Schematic illustration of drain curves (Ip—Vps) DC-to-RF dispersion:
(top) DC and (bottom) RF large signal /p—-Vps curves.

original state, instead of recombination with their opposite pair.”’
Surface states, discussed in Secs. III A-C, located at energy levels
more than kT away from band edges fall under this definition. The
spatial location of these traps has varying effects on the drain
current, as illustrated in Fig. 21. In principle, trapping anywhere
within the device increases total resistance between the drain and
the source electrodes, and, therefore, increases R,,. On the other
hand, trapping below the gate and source access region also
decreases Ipgt.

In the same way that the established knowledge and technol-
ogy gained from silicon-based devices have aided the development
of GaAs-based devices,”* studies for identifying and controlling the
trapping effects in GaN-based devices have been guided by experi-
ence gained from GaAs. The term “collapse” appeared to have been
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FIG. 21. Cross-sectional schematic illustration of an AlGaN/GaN HEMT
showing the possible location of traps and their effect on drain current.

first used to describe the distortion in the form of compression of
AlGaAs/GaAs HEMT Ip-Vps curves at liquid nitrogen temperature
after the application of a drain bias greater than 1V.” This insta-
bility issue was earlier shown to be temporary and recoverable by
shining light on the device.”® It is for this historical reason that
current collapse is defined as temporary drain current reduction
after the application of an electrical bias stress. Some groups have
also acceptably used the term “current degradation” in the litera-
ture. It should be pointed out, however, that “degradation” some-
times connotes a permanent unrecoverable change in current.””**
After the ground-breaking demonstration of AlGaN/GaN
HEMTSs by Khan et al.,” it did not take long before an analogous
current-voltage characteristic collapse was also reported in these
wide bandgap semiconductor devices.”” One of the most successful
models in explaining current collapse is the “virtual gate” model
proposed by Vetury et al'® This is schematically illustrated in
Fig. 22. With a positive drain bias Vg and negative gate bias Vo
the drain access region is subjected to a high bias stress equal to
the algebraic sum of Vpg and Vg It is for this reason that trap-
ping is considered to happen predominantly in the drain access
region, particularly near the gate edge, where the maximum electric
field is located. Electrons from the metal gate can then tunnel
toward the AlGaN surface where they can be trapped by the surface
states [Fig. 22(a)]. After the negative gate bias V. is removed, the
trapped electrons cannot instantaneously be emitted from the
surface states and instead collectively form a “virtual gate” adjacent
to the actual physical gate [Fig. 22(b)], partially depleting the
underlying 2DEG. While a 2DEG channel readily forms under the
actual gate in response to an applied Vg, it will take a certain
characteristic time constant for the trapped electrons forming the
virtual gate to be emitted from surface states. This leads to the
apparently reduced drain current, ie., current collapse, which is
actually a delayed response of drain current to the gate voltage.
Using scanning kelvin probe microscopy, Koley et al®' have
observed a correlation of drain current and surface potential profile
slow transient in AlGaN/GaN HEMTs subjected to bias stress,
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V B. Surface passivation
DS

It has been known, even for ubiquitous Si-based devices, that
:I|I surfaces are extremely sensitive to contaminants even in a con-
' trolled environment.”” To make matters worse, surface properti
. , properties,
which are generally unstable and unpredictable, can dictate the
electrical characteristics of the devices. This susceptibility of semi-
conductor devices to ambient contaminants has made passivation
one of the standard technologies for achieving stable performance
in such devices. It is, therefore, not surprising that one of the initial
and most successful methods of mitigating current collapse in
AlGaN/GaN HEMTs is by surface passivation. Generally, the pas-
sivation layer is an insulating material deposited over a semicon-
ductor device to protect its surface from contamination and further
reaction, as illustrated in Fig. 23. Silicon nitride (SiN,) is one of the
earliest well-understood insulating materials, having been used as
chemical barrier coatings at different stages of the Si-based device
fabrication process.”

Using a SiN, passivation layer, Green et al’” were able to
reduce surface trapping in AlGaN/GaN HEMTs, consequently
achieving a state-of-the-art record power density of 4 W/mm at
4 GHz. Since then, the widespread implementation of SiN passiv-
ation had raised the standard of output power densities to over 10

(a)

electron
injection

v W/mm.*® SiN passivation layer deposition is generally the final
DS Sweep step in the device fabrication process and, as such, is usually per-
/:Pi’ formed ex situ, ie., in a deposition chamber different from the
I growth chamber where the epitaxy of the main epitaxial layers is

b done. To avoid modification of the AlGaN surface from ambient
( ) air exposure during chamber to chamber transfer at different stages

passivation _|
layer

AlGaN—

substrate passivation
layer

FIG. 22. Schematic illustration of virtual gate formation: (a) AlGaN/GaN HEMT
under bias with positive drain bias Vps and gate to source bias Vo that is
more negative than Vry, (b) immediately after replacing Vo With a gate to
source voltage Vo, that is more positive than Vry and sweeping the drain to
source voltage Vps from zero.

supporting the idea of electron trapping/detrapping and, therefore,
virtual gate formation on the drain access region close to the gate substrate
edge. Furthermore, Hasegawa et al®® explained that the slow
response of drain current is due to the emission of trapped elec-
trons from the intrinsic U-shaped surface state continuum, previ-
ously discussed in Sec. IT A.

FIG. 23. Schematic illustration of passivation protecting the access region
surface from contamination and further reaction.
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of fabrication, Derluyn et al., deposited the SiN passivation in situ,
i.e, immediately following AlGaN growth in the same metal-
organic vapor phase epitaxy (MOVPE) chamber.”” Consequently,
superior characteristics including an almost twofold increase in
maximum drain current and transconductance were achieved over
the un-passivated device.

While universal and substantial improvement in device perfor-
mance as a result of passivation had been reported, a general mech-
anism by which passivation effects, such as reduced surface
trapping and increased drain current, can be explained has yet to
be devised. It has been suggested that the positively charged surface
donors, postulated to be the source of 2DEG®® as well as one of the
sources of extrinsic surface states, are buried by passivation,
making them inaccessible to electrons injected from the metal
gate.”” On the other hand, an increased positive charge at the pas-
sivation layer/AlGaN interface has also been proposed to account
for the increased drain current after passivation.’"*>7""
Meanwhile, it has also been shown by simulation that passivation
relaxes the electric field along the gate edge on the drain side,””*
weakening electron injection and eventual trapping on the adjacent
AlGaN surface. Finally, as discussed in Sec. III C, we also believe
that passivation decreases the total energy of the surface, sweeping
the DOS from within the gap toward conduction and valence band
edges, effectively reducing the density of states.

C. Role of the gate-to-source access region

Up to this point, current collapse has been mainly attributed
to electron injection from the metal gate onto the drain access
region, where the maximum electric field is located under a nega-
tive gate bias. However, there was proof that trapping is not con-
fined to this region. Arulkumaran et al’' and Sun et al”
independently reported that AlIGaN/GaN HEMTs with passivation
only on the drain access region suffered a much severe current col-
lapse than the device with full passivation including the source
access region. On the other hand, with the aid of pulsed In-Vps
measurements using different quiescent bias conditions that can
deliberately induce stress on either the drain access region or only
in the source access region, DiSanto et al.”® demonstrated a signifi-
cant impact on the current collapse of trapping in the source access
region.

It is to be noted that the source access resistance Rg forms a
loop with the input voltage Vs in such a way that the voltage drop
across Rs decreases the effective forward voltage applied to the
intrinsic channel region directly under the metal gate. It is for this
reason that trapping in the source access region not only increases
R, but also decreases Ipgy, as indicated in Fig. 21.

Using a second gate G2 that can intentionally induce surface
charging exclusively on the drain access region of the main gate
Gl, Tajima et al.”* and Nishiguchi et al.”” provided evidence that
current collapse can indeed be explained by surface charging and
the eventual formation of virtual gates on both drain and source
access regions. Figure 24(a) compares the pre- and post-stress Ip—
Vps curves measured at gate voltage V5; = —2 V. Regardless of the
gate terminal used in stressing the device, R,, increased after the
application of an off-state bias stress consisting of Vpsgiress =30V
simultaneously applied with Visgiress = —10 V. However, G1 and G2
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stresses have a different impact on Ipg,. While the off-state
stress on Gl considerably decreased Ipg the off-state stress
on G2 had practically no effect on Ing,. These results can be under-
stood within the framework of the proposed model illustrated in
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Fig. 24(b). After stressing the device using G1, “virtual gates” on
both sides of G1 increased both drain and source access resistances,
collectively increasing R,,. In addition, however, the increase in Rg
also reduced Ipg, as explained earlier. Similarly, stressing the
device using G2 can lead to virtual gate formation on both its drain
and source sides. However, these virtual gates are effectively con-
fined to the drain side of the main gate G1 and thereby causing an
increase only in the drain access resistance. Accordingly, stressing
the device using G2 increased only R,, without changing Ipg:.
From the above discussion, therefore, current collapse can be
explained by electron trapping on both drain and source access
regions.

D. Threshold voltage instabilities

A majority of early AlGaN/GaN HEMT devices are based on
the Schottky gate (SG) architecture, where a metal with an appro-
priately high work function, usually nickel (Ni), is deposited on the
AlGaN surface to form a rectifying contact. Aside from being rela-
tively easy to fabricate, SG-HEMT devices offer high transconduc-
tance, i.e., efficient channel current controllability, because only the
AlGaN barrier layer separates the metal gate from the 2DEG
channel. However, SG-HEMT devices suffer from high gate leakage
current especially when a positive voltage is applied on the gate.
This shortcoming renders SG-HEMT unusable in enhancement
mode technology, where drain current flows only by applying posi-
tive gate voltage. Furthermore, it has been reported recently that a
forward gate stress can reduce the Ni/AlGaN Schottky barrier
height, which then leads to an increased leakage current'” as men-
tioned in the Introduction. To address this problem of gate leakage
current, an insulator material can be inserted between the metal
gate and the AlGaN barrier layer to form the so-called MIS struc-
ture. The insulator material deposited on the AlGaN surface before
the gate metal also naturally acts as a passivant because it covers
both drain and source access regions.

A good insulator material should have a high bandgap to
effectively suppress gate leakage current and should have a high
permittivity to facilitate good control of the gate over the 2DEG
channel. Unfortunately, however, there is a common trade-off
between bandgap and permittivity, namely, insulators with high
bandgap have usually low permittivity and vice versa, as shown in
Fig. 14. For instance, while SiO, has a wide bandgap of 9eV, it
suffers from a low relative permittivity of only 3.9. On the other
hand, HfO, has relative permittivity as high as 20, but a bandgap
of only ~5.7 eV. Having a high bandgap of 7 eV and sufficient rela-
tive permittivity of 9, Al,O; has become one of the most accepted
and most widely used insulator materials for GaN-based
devices.”*™*

While the MIS structure can reduce the gate leakage current
by several orders of magnitude, insulator-semiconductor interfaces
can harbor electronic states that can introduce additional concerns
such as Vg instabilities in AIGaN/GaN MIS-HEMTs. These inter-
face states whose origin was discussed in the previous sections can
trap and emit electrons, and being directly underneath the metal
gate, can lead to Vry transient.

To understand Vry instability, it will be helpful to first derive
the equation for Vyy. A band diagram of a typical Ni/AL,Os/
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FIG. 25. (a) Band diagram of Al,05(20 nm)/AIGaN(25 nm)/GaN MIS-HEMT with
an applied gate voltage equal to threshold voltage Vry, (b) schematic distribu-
tion of charges within the device.

AlGaN/GaN MIS-HEMT with applied gate voltage equal to Vyy is
shown in Fig. 25(a). The associated interfacial charges are also
shown in Fig. 25(b). In the diagram, Vry is defined as the gate
voltage at which there is no band bending in the GaN layer, i.e., the
flat band condition. With Vg = Vry, the conduction band edge Ec
of the GaN channel at the AlIGaN/GaN interface lies above Ep, indi-
cating the absence of 2DEG under the metal gate. From Fig. 25, we
can relate the potential terms as follows:

—qVrh + ¢y — qAV A0, — AEci — qAVAiGan — AEc; — ¢p = 0.
(5)

By invoking electric flux continuity law along with the AIGaN/GaN
and Al,O3/AlGaN interfaces, respectively, we can obtain

dAlGaN ( 6)

AValgan = pol™

EAIGaN

and

das,o

AVA1203 = ? (onl’ + Qit + Qcomp + onl+)~ (7)

AL O3

Substituting Eqgs. (6) and (7) to Eq. (5), we can finally arrive at the
Vru equation given below:
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Vi = <¢b — AEc; — AEc; — ¢F)

q
dai,0,
- (onl_ + Qcomp + Qit)
ALO;
£A1GaNAALO; + £AL0,dAIGaN
. Qo

EALO;EAIGaN

(©)

In the above-mentioned equation, ¢, is the Ni/Al,O; barrier
height, AE, is the Al,O;/AlGaN conduction band offset, AEc, is
the AlGaN/GaN conduction band offset, ¢g is Ec—Er where Eg is
the Fermi level, Qp; is the negative polarization charge due to the
sum of spontaneous and piezoelectric polarization of AlGaN, Qpo"
is the net positive polarization charge due to the sum of spontane-
ous and piezoelectric polarization of AlGaN minus GaN spontane-
ous polarization, Qcomp is the compensating charge that typically
cancels out the effect of onl_,sl and Qy is the interface charge
caused by interface states. The origin of Qcomp, referred to as
surface donors by some groups, "*’ is still under debate.
Nevertheless, it seems necessary to explain to model the experi-
mentally observed Vi dependence on insulator thickness.”>™* In
the Vry equation, Q;, represents the ionized interface states, whose
magnitude can vary during one measurement run, and, therefore,
is the main culprit of Vg instability.

Figure 26 shows an illustration of a typical bi-directional C-V
profile of Ni/Al,O3/AlGaN/GaN MIS-HEMT. Here, Vg is increased
from —8V [point (a)] to +3V [point (b)] and then reduced back
to —8V [point (c)]. A difference in Vyy for the up-sweep and
down-sweep is evident, illustrating the Vi hysteresis loop (AVyy).
The origin of this AV}, is explained graphically in Fig. 27. Initially,
when Vg=-8V is applied, the energy of the entire interface
states is above Ep [Fig. 27(a)]. Acceptor-like interface states below
Ec - 0.8¢V, having long emission time constants, remain filled
with electrons and behave like negative frozen states®” having a
cumulative negative charge of Qi¢_up-sweep = —q X Dita” X dE,. As Vg

500 T T T T T T
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FIG. 26. Schematic illustration of a C-V profile hysteresis loop from an

Al,05(10 nm)/AIGaN(20 nm)/GaN MIS-HEMT formed by sweeping the voltage
from () to (b) and back to (c).
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is swept positively, interface states go down approaching Ep, and,
eventually, a portion of the upper half of acceptor-like states goes
below Ep, when Vg =+3 V. At this point, interface states below Ec
-0.5eV [Fig. 27(b)] are filled with electrons coming from the
AlGaN/GaN interface, giving a cumulative negative charge of
—q X Djia — X dE,. When Vg is returned and swept back to -8V
[Fig. 27(c)], some of the electrons trapped in the interface states
may not have sufficient time to be emitted, resulting in a cumula-
tive negative charge of Qii_down-sweep = —q X Dita~ X dE. Obviously,
the down-sweep, Qi¢_down-sweep> 1S More negative than the up-sweep,
Qit_up-sweep> resulting in a more positive Vg for down-sweep, as
described in Eq. (8). This leads to the well-known hysteresis
problem in AlGaN/GaN MIS-HEMTs. The higher the density of
interface states, the higher will be AVy,y,, and more unstable will be
the operation of MIS-HEMT. It is, therefore, of utmost importance
to control the insulator/semiconductor interface to obtain the
density of minimal interface states and consequently stable Vry.
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FIG. 27. Schematic energy band diagrams together with charge condition of
interface states corresponding to points (a), (b), and (c) in a double sweep C-V
profile illustrated in Fig. 26.
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E. Effects of interface states on the current linearity of
MIS-HEMTs

While GaN-based transistors can provide exceptional power
and efficiency, they still suffer from reduced linearity at high input
voltage swings. The growing stringent demand posed by new gener-
ation wireless communication systems necessitates highly linear
amplifiers. Non-linearity in the device characteristics of GaN-based
transistors can result in a severe distortion of the output signal,
which may require complex circuit-level linearization solutions.
Identifying and understanding the sources of this non-linearity in
GaN-based HEMTS are, therefore, crucial for implementing a more
cost-effective device-level approach.

Figure 28 illustrates a typical transfer characteristic of AIGaN/
GaN MIS-HEMTs. At Vi which is sufficiently more positive than
Vra, the rate of increase of Ip with increasing Vg tends to decrease,
resulting in the sudden drop of g,,. For an ideal linear device, I,
should increase linearly with Vg, giving a flat dIp/d VG, ie., a flat
Zgm- The sudden drop in g, is usually attributed to decreasing satu-
ration velocity with increasing 2DEG density.”>"” Here, we show
that the compromised linearity of AlGaN/GaN MIS-HEMTs at a
high Vg regime can also be explained by the presence of D;; along
with the insulator/AlGaN interface.

Figure 29 illustrates the band diagram of an Al,O;/AlGaN/
GaN structure under (a) V=0 and (b) Vg=AVgs. For conve-
nience, we have chosen Vg =0 as the starting gate voltage Vg that
is sufficiently more positive than Vry. This is a valid assumption
considering that conventional planar GaN-based MIS-HEMTs are
normally-on devices with negative Vry. From the band diagram
shown on the left-hand portion of Fig. 29(a), with V5 =0, E¢ at the

saturating I :
s with increasing Vo \_

Drain Current, |,
transconductance, g,,

sudden £
ing,

<{

FIG. 28. Schematic illustration of drain current saturation behavior with an
increasing gate voltage in AlGaN MIS-HEMTs.
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AlGaN/GaN interface is lower than Ep, indicating the presence of a
2DEG channel confined by a triangular quantum well formed by
the AlGaN/GaN heterojunction. Also, with V5 =0, acceptor-like
states Dy 4~ below Ey are populated with electrons with density cor-
responding to the shaded area D;,~ x dE indicated on the D;, dis-
tribution shown on the right-hand figure. By applying +AVg on
the gate [Fig. 29(b)], the entire band diagram adjusts so as to
increase the electric field within the device, namely, the slopes of
Ec and Ey in ALO; change positively. Consequently, Ec at the
AlGaN/GaN interface dips lower, increasing the 2DEG sheet
density. Also, Ec along the Al,O05/AlGaN interface descends by
gAV,, pulling down the entire D; distribution and increasing the
number of populated acceptor-like states, as shown in Fig. 29(b). In
terms of electrostatics, +AV applied on the gate, induces positive
charges on the gate metal, which is then balanced by an increase in
both negatively charged 2DEG and negatively charged populated
acceptor-like states, with the density represented by the hatched
area Dja~ x gAVg [the right-hand portion of Fig. 29(b)]. Here, it is
to be noted that, to induce the same amount of populated negative
acceptor-like states, a higher D;,~ will require a smaller gAVy to
maintain the same shaded area. Accordingly, a smaller gAVy also
limits the downward movement of E: at the Al,O3/AlGaN inter-
face, inhibiting the increase in 2DEG, finally leading to the reduced
rate of I, increase and abrupt drop in g,

The more pronounced Ip saturation behavior in AlGaN
MIS-HEMTs with an increased Dy is schematically illustrated in
Fig. 30. Within the above-mentioned scheme, clearly, a high-quality
insulator/AlGaN interface with a low D; is desirable to obtain
highly linear GaN-based MIS-HEMTs. On a final note, with a

(a)

Ve=0V
+qAVg

+gA VG

Vo = +AVg

==

FIG. 29. Schematic illustration of band diagram and D distribution at (a) Vg =0
and (b) Ve =AVe.
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lower D;, the same AV can also cause a deeper dip in gAV,
which can create a triangular quantum well below Eg adjacent to
the insulator/AlGaN interface. This, in turn, impels some of the
electrons forming the 2DEG to spill from AlGaN/GaN over to the
Al,O3/AlGaN interface, i.e., the “spill-over” phenomenon. Thus,
the “spill-over” phenomenon is an indicator of a high-quality insu-
lator/AlGaN interface. This spill-over channel formed along the
Al,O3/AlGaN interface parallel to the AIGaN/GaN 2DEG channel,
which is capable of being modulated by Vg, can also partially alle-
viate the I, saturation and abrupt g, drop at a high V.

F. Effects of interface state charges on channel
transport in MOSFETs and MIS-HEMTs

As described in Sec. IT B, the charging condition of interface
states greatly depends on the surface Er position relative to Ecyy.
In general, the occupied acceptor-like states carry negative charges
at a forward bias, while the unoccupied donor-like states carry pos-
itive charges under depletion conditions. The resultant excess
charges lead to channel mobility degradation due to Coulomb scat-
tering in MOSFETs and MIS-HEMTs.

Yamaji et al* investigated a correlation between interface
state densities and channel mobilities in GaN MOSFETs with a
lightly doped n-channel and a SiO, gate insulator. The interface
state density was detected in the range of (6-10) x 10" cm™2eV ™"
at an energy level of 0.2 eV from the conduction band edge. They
demonstrated that the reduction of state densities at the SiO,/GaN
interface resulted in increased channel mobility. Fiorenza et al.*’
reported the transport properties of the SiO,/GaN channel using a
recessed gate structure on AlGaN/GaN HEMTs. A high interface

Drain Current, I,
transconductance, g,

FIG. 30. Schematic illustration of a more pronounced drain current saturation
behavior in AlGaN MIS-HEMTs with an increased Dj;.
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state density in the range of (3-5)x 102 cm™2eV™! limited the
channel mobility to less than 110 cm*/Vs. Based on a standard
mobility model, they proposed that a one order magnitude reduc-
tion of the interface state density can lead to an effective mitigation
of Coulomb scattering, resulting in an enhancement of the peak
mobility to 220 cm®/Vs. Meanwhile, Hosoi et al.”’ reported a high
peak mobility over 250 cm/V s in the AIO,N,/GaN channel using
a recessed gate AlGaN/GaN structure. They demonstrated that
excellent interface properties with low trap densities can indeed
attenuate the Coulomb scattering effect on the channel mobility.

In the above-mentioned devices employing a typical MOS
channel, the accumulation electron channel is directly adjacent to
the interface state charges. For the MIS HEMTs, on the other hand,
the 2DEG channel is separated by the AlGaN barrier from the
insulator/AlGaN interface, and, therefore, a weakened scattering
effect from the interface state charges is expected. Hung et al.”’
investigated the interfacial charge effects on the 2DEG mobility in
AlGaN/GaN MIS HEMTs. Figure 31 presents their calculation
results showing the dependence of channel mobility on interface
charge density computed for different 2DEG densities for an ultra-
thin AlGaN barrier. The figure suggests that, if the interface charge
density can be kept under 1x10"”cm™>, for a typical 2DEG
density range (5-10x 10%ecm™) in  AlGaN/GaN HEMTs,
Coulomb scattering will be insignificant, as evidenced by the
almost constant mobility plateau for interface charge density
<1x10"*cm™. This highlights the advantage of MIS gate applica-
tion to HEMT structures.

V. CHARACTERIZATION AND CONTROL OF GaN-BASED
MIS-HEMT INTERFACES

A. Interpretation of MIS-HEMT C-V characteristics

Understanding the behavior of electronic states along the insu-
lator/semiconductor interfaces is one of the prerequisites for under-
taking measures to improve gate controllability and device
performance of an MIS-HEMT. Figure 32 shows a schematic
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FIG. 31. Calculated mobility vs dielectric/AIGaN interface charges density for

various 2DEG densities. Reproduced with permission from Hung et al., Appl.
Phys. Lett. 99, 162104 (2011). Copyright 2011 AIP Publishing LLC.
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FIG. 32. Schematic illustrations of an insulator/AIGaN/GaN structure and the
corresponding band diagram.

illustration of the AlGaN/GaN HEMT MIS structure and its band
diagram. In an MIS-HEMT structure, a gate insulator is formed on
the AlGaN/GaN heterostructure, resulting in two interfaces under
the gate electrode. Compared with an MIS structure having a single
semiconductor layer (e.g., insulator/GaN), those two interfaces,
insulator/AlIGaN and AlGaN/GaN, make the potential control
rather complicated during C-V measurements. In fact, an
MIS-HEMT structure typically shows a two-step C-V behavior,*
one, at the so-called spill-over regime discussed earlier, and two,
around the depletion-accumulation transition. This is completely
different from that of a simple MIS diode structure. Moreover, the
emission efficiency of electrons from the near mid-gap interface
states to the conduction band is very limited at RT, as already dis-
cussed in Sec. III. To estimate the interface state properties of an
MIS-HEMT structure, these difficulties should be considered in the
characterization.

To understand typical C-V behaviors, we show numerically
calculated ideal C-V curves. The calculation was carried out
using a numerical solver of the Poisson equation, taking into
account the bound charges along the AIGaN/GaN interface origi-
nating from spontaneous and piezoelectric polarization as well as
charge in the electronic states at the Al,0;/AlGaN interface.”
Following the results of Ambacher et al.”? and Miczek et al.,”” a
polarization-related bound charge Qpoi [Fig. 25(b)] at the AlGaN/
GaN interface of 10'* cm™ and an Al,O; thickness of 30 nm were
assumed in the calculation. The other parameters used in the cal-
culation are described in Ref. 92. Figure 33 shows calculated C-V
curves with different AIGaN thicknesses initially without consid-
ering interface state density (ideal curves). The two-step behavior
is reproduced in the calculation, as observed in experimental C-V
curves.”””* The constant capacitance in the spill-over regime cor-
responds to the Al,O; capacitance, whereas that at the reverse
bias is determined by the total capacitance (Crorar) of the ALLO;
and AlGaN layers connected in series. At a reverse bias (Step 2),
the capacitance steeply decreases to nearly zero, indicating the
2DEG depletion at the AIGaN/GaN interface. This voltage in an
MIS diode structure approximately corresponds to Vry in an
actual three-terminal MIS transistor device. With decreasing the
AlGaN barrier thickness, as shown in Fig. 33, the Crorar
increases and the Vry at Step 2 shifts toward the positive voltage
direction, as expected.
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FIG. 33. Calculated C-V curves with different AlGaN thicknesses initially
without considering interface state density (ideal curves).

Note that the calculated curves without D; show almost the
same steep slope at both Steps 1 and 2. This is completely different
from the observed experimental results, where the presence of elec-
tronic states along the Al,O;/AlGaN interface modifies the C-V
characteristics, decreasing the slope of the Step 1 relative to Step 2.
To see the effect of the electronic states, C-V curves were calculated
assuming interface state density Dy (E) at the Al,O5/AlGaN inter-
face consisting of acceptor- and donor-like states [Dja(E) and
Dyp(E)] separated by the Ecnw'** as explained in Sec. 1T and
shown in Fig. 34(a). For the calculation, D;; distributions using the
following equations were used:””

E—E a
Dia = Diexp I:<TCNL> :| >
0

E, —E\™
Dyp = Dyexp {(%) } ,
0D

&)

where Djy is the minimum state density, and E, and n define the
curvature of the D;, distribution. We used the Ecyp values calcu-
lated by Monch.”” In addition, we took into account the time con-
stants for electron emission from the interface state density using
the aforementioned SRH statistics.

The calculated C-V curves are shown in Fig. 34(b). The C-V
slope at a positive gate bias drastically decreases with an increasing
interface state density, similar to reported experimental
curves.”*?*?” Figure 35 shows band diagrams of the Al,O3/AlGaN/
GaN structure at different gate voltages. At a forward bias, the
nearly flat potential of the AlGaN layer shown in Fig. 35(a) can
lead to an electron transfer from the AlGaN/GaN interface to the
Al,O5/AlGaN interface. Moreover, there is a high possibility of
electron trapping at the Al,O3;/AlGaN interface due to the
increased probability of electron occupation of acceptor-like states,
because a vast majority of them are below Er. The acceptor-type
states result in negative charges, while donor-type states are neutral
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FIG. 34. Interface state density distributions at the Al,O4/AlGaN interface used
for the calculation. (b) The calculated C-V curves without and with interface
states.

when they are populated by electrons. Such negatively charged
interface states can screen an applied gate electric field, suppressing
the potential modulation of the AlGaN layer. Furthermore, the
electron occupation rate of the interface states is a function of Vg,
because the Er moves within the bandgap of AlGaN according to
the Vg swing, as shown in Fig. 35(b). The equivalent trapping
effect is manifested as a stretch out of the C-V curve at the forward
bias region, as shown in Fig. 34(b). For an extreme case of an
MIS-HEMT structure having very high interface state densities at
the insulator/AlGaN interface, Step 1 is not observed even at a high
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FIG. 35. Calculated band diagrams of the Al,O4/AIGaN/GaN structure at (a)
Ve=5V, (b) 0V, and (c) -9 V.

forward bias.”>” Several reports showed C-V curves without the
characteristic first step at the forward bias regime. In this case, it is
likely that high-density states at the insulator/AlGaN interface
impede the control of the gate over the AlGaN surface potential.
An incorrect analysis of such a peculiar C-V behavior often gives
rise to a misleadingly low interface state density at the insulator/
AlGaN interfaces.'”’~""*
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Figure 35(c) shows the band diagram at Vg =—9 V. The Fermi
level Eg is located far below Ey of AlGaN at the Al,Os;/AlGaN
interface, which makes electron occupation of interface states no
longer responsive to the gate bias, leading to the absence of stretch-
out behavior in the C-V curve at Step 2, as shown in Fig. 33.
Furthermore, it is estimated from SRH statistics that the time con-
stants of electron emission at RT from near mid-gap states can
exceed 10?°s. Thus, electrons captured at deep states remain unaf-
fected even when a large negative bias is applied to the gate elec-
trode. Under these circumstances, interface states act as “fixed and
frozen” charges, and, thus, the parallel C-V shift (Vry shift) at
Step 2 toward the positive bias direction with respect to the ideal
C-V curve,” as shown in Fig, 33.

B. Characterization of interface state density using an
MIS-HEMT structure

Characterization of state densities at the insulator/AlGaN (or
InAIN) interface in MIS-HEMT systems is rather challenging. Since
an MIS-HEMT structure includes a localized 2DEG and two inter-
faces, the Terman method'”” based on the analysis of a depletion
layer capacitance is not applicable to the MIS-HEMT structure.
Thus, several methods to determine state density distribution near
Ec at the insulator/AlGaN (or InAIN) interface in MIS-HEMT
systems are proposed. The curve fitting between the experimental
C-V curve is one way of determining state density distribution near
Ec at the insulator/AlGaN (or InAIN) interface in MIS-HEMT
systems.” '

Figure 36 shows a flow chart for estimation of state density
distribution near Ec at the insulator/AlGaN (or InAIN) interface in
MIS-HEMT systems by curve fitting between experimental and cal-
culated C-V curves. First, an experimental C-V curve is measured.
Then, using an intelligent guess for arbitrary Dy (E) distribution
given by Eq. (9), we carry out the calculation of potential distribu-
tion at a given Vg by numerically solving the Poisson equation, as
mentioned above. In this relation, we have to take into account
interface state charges and polarization charges. Interface state
charges can be calculated from the assumed D;(E) distribution, the
Fermi Dirac occupation function, and the effective energy range of
states according to the SRH statistics, as described in the Sec. III A.
Based on the calculated potential distribution at a given Vg, we can
easily obtain a differential capacitance (C=AQ/AV), followed by
the calculation of a C-V curve corresponding to the experimental
one. If the calculated C-V curve well fits the experimental result,
then we can judge that the assumed D;(E) is correct. If not, after
the appropriate readjustment of the D;(E), the calculation process
will be repeatedly carried out until a good fit between the measured
and the calculated C-V curves is attained.

Figure 37(a) shows the example of best-fitting curves between
the calculated and the experimental C-V curves of the Al,O;/
AlGaN/GaN structures with and without the inductively coupled-
plasma (ICP) assisted dry etching of the AlGaN surface.”* The esti-
mated state density distributions near Ec at the Al,O;/AlGaN
interface from the fitting are given in Fig. 37(b). Note that only the
state density distribution near E¢ at the insulator/AlGaN interface
can be determined from the fitting results. Due to the associated
long emission time of interface, only the acceptor-like traps in the
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energy range indicated by solid lines in Fig. 37(b) can change their
charge state accordingly with the gate voltage sweep at RT.
Nevertheless, the extracted distribution near Ec can provide a ball-
park estimate of the remaining intrinsic deeper states assuming
U-shape continuity.

Conductance method is one of the most reliable measurement
techniques extracting interface states in MOS structures. However,
one should be carefully aware of the Er position at the AlGaN (or
InAIN) interface when using this method. Some papers reported
conductance analysis in the reverse bias range on MIS-HEMT
structures.'”'%” However, due to the associated long emission
time constants of interface states, the interface states are irrelevant
and, therefore, could not be responsible for the conductance peak
in the conductance-frequency (G-f) curve at the reverse
bias range. Thus, the conventional conductance method is only
efficient in a forward bias regime. Alternatively, there is a unique
characterization method using forward-bias G-f characteristics
at high temperatures.'”® From the analysis based on the G-f-T
(T: temperature) mapping, an energy range of interface states
responding to the G-f measurement and gate-control efficiency
related to an interface state density can be estimated. The frequency
dependence of C-V curves is also one of the characteristic features
of an insulator/AlGaN interface. The MIS interface electronic state
densities near the conduction-band edge for MIS-HEMT structures
can be obtained by investigating the frequency dispersion charac-
teristics of the C-V curves in the positive bias range.'””~'"*

C. Photo-assisted C-V characterization

Since near mid-gap electronic states having long emission
time constants contribute to slow Vry fluctuation, it is meaningful
to determine their distribution along the insulator/AlGaN (or
InAIN) interface in MIS-HEMT systems. However, it is extremely
difficult to detect interface states by a conventional C-V measure-
ment at RT, as previously discussed. Thus, a photo-assisted C-V
method using monochromatic lights with photon energies less than
the bandgap is proposed to detect near mid-gap electronic states at
insulator/AlGaN interfaces at RT.”

Figure 38(a) shows the schematic illustrations of photoioniza-
tion effects of interface states under a monochromatic light with
energy less than the bandgap of GaN. First, under dark conditions,
a forward gate voltage high enough to observe the insulator capaci-
tance is applied. In this case, almost all interface traps are filled
with electrons under a nearly flat band condition. The gate bias is
then swept toward a value more negative than the threshold
voltage, as shown in Fig. 38(b). After reaching a sufficiently nega-
tive gate bias, a sub-E; monochromatic light with a photon energy
of hv, is illuminated to the sample surface. Consequently, we are
effectively inducing photo-assisted electron emission from the
interface states within the energy range corresponding to the
photon energy range, as schematically shown in Fig. 38(a). After
switching the light off, the gate voltage is then swept toward 0V
under dark conditions. As shown in Fig. 38(b), we can observe the
C-V curve shift toward the reverse bias direction, corresponding to
the change in the interface state charge Q; (hv;). Using different
sub-E, photon energies, we can induce a systematic C-V shift, as
shown in Fig. 38(b). The voltage shift difference (AV) between two
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FIG. 36. A flow chart for estimation of state density distribution near E at the insulator/AIGaN (or InAIN) interface in the MIS-HEMT systems by curve fitting between
experimental and calculated C-V curves.

photon energies corresponds to the interface charge difference,
AQj,, in the energy range Ahv shown in Fig. 38(c). The state density
can be simply estimated using the observed AV in the following
equation:

C AV
Dy(E = Epy) = A7 (10)
qAhv

where Crorar, is the total capacitance of Al,O; and AlGaN and Eay
is the average interface energy schematically shown in Fig. 38(c).

Figure 39(a) shows an example of the measured photo-assisted
C-V curves for the Al,O3/AlGaN/GaN structure.”* C-V profiles
shift systematically toward the reverse bias direction with an
increasing photon energy, as mentioned above. The completely
parallel C-V shift toward the negative direction indicates that the
interface states near midgap or at deeper energies act as fixed
charges in this bias range. Using a combination of the numerical
fitting of C-V characteristics previously described and the present
photo-assisted C-V technique, the state density distribution of the
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Yatabe et al., Jpn. J. Appl. Phys. 53, 100213 (2014). Copyright 2014 Japan
Society of Applied Physics.

Al,O3/AlGaN interfaces can be estimated within a wide energy
1range,94 as shown in Fig. 39(b).

A key issue for GaN-based MIS-HEMT is the control of MIS
interfaces. Here, we introduce an example of excellent operation
stability of HfSiO,/AlGaN/GaN HEMT on a free-standing GaN
substrate.”' The (HfO,)/(SiO,) laminate structure was deposited on
the AlGaN surface by plasma-enhanced atomic layer deposition,
followed by a post-deposition annealing at 800 °C. The HfSiO,-gate
HEMT showed good transfer characteristics with a high transcon-
ductance expected from its x value and a subthreshold swing of
71 mV/decade. The detailed C-V analysis on the corresponding
MOS HEMT diode showed low state densities in the order of
10" em™eV™" at the HfSiO,/AlGaN interface. The temperature
dependence of transfer characteristics is shown in Fig. 40. The
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FIG. 38. Schematic illustration of (a) photo-assisted electron emission at the
insulator/AlGaN interface, (b) photo-assisted C-V curves, and (c) interface state
charge and energy range corresponding to the voltage shift, AV, in photo-
assisted C-V characteristics. Reproduced with permission from Yatabe et al.,
Jpn. J. Appl. Phys. 53, 100213 (2014). Copyright 2014 Japan Society of
Applied Physics.

fabricated MOS HEMT showed a stable operation with a Vg drift
of only 150 mV from its RT value even at 150 °C, indicating excel-
lent gate controllability. It is likely that the PDA process at 800 °C
is effective in recovering surface defects such as vacancies and in
terminating dangling bonds with O atoms at the AlGaN
surface.”>"’

VI. COMPARISON OF MOS INTERFACES BETWEEN GaN
AND CONVENTIONAL IlI-V SEMICONDUCTORS

The development of high-performance MISFETs has been an
important subject for conventional III-V semiconductors such as
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g 1 012 N - | electron capture/emission processes via tunneling between a border
® ; Rt E trap and the conduction band, resulting in large frequency disper-
© R 1 sion even at an accumulation bias,''*'*" as shown in Fig. 41.
2] - photo-assisted 1 However, the stringent assumption required by the BT model is
10" L C-Vmethod fitting - that the trap energy level should nearly align with the CBM of a
RTINS FRTN R T T ST N semiconductor. This is too critical for a wide variety of III-V MOS
Ei -3 -2 -1 0 systems, ie., a lot of combinations exist between oxides and
Energy from EC (eV) semiconductors.

The disorder-induced gap state (DIGS) model,”*'** as sche-

tically sh in Fig. 43(a), 1 lai 1l this fi
FIG. 39. (a) An example of the photo-assisted C-V characteristics of an Al,O/ matically shown in Fig. 43(a), can also explain we 18 frequency

AlGaN/GaN structure and (b) Dy(E) distributions at the Al,O4/AlGaN interface
obtained by a combination of the photo-assisted C-V method and the C-V
fitting analysis. Reproduced with permission from Yatabe et al., Jpn. J. Appl.

Phys. 53, 100213 (2014). Copyright 2014 Japan Society of Applied Physics. 16 Expe”mem
b= AIan(Qnm)m -InP |
O 08¢
GaAs, InP, and InGaAs. However, instability issues related to inter- LL&
face states still remain in the corresponding MIS systems.''* In this o)
regard, a characteristic feature is the marked frequency dispersion 2
at an accumulation bias in the experimental C-V characteristics of o
MOS structures using GaAs,"'>"'* InP""”'"" and InGaAs.""*"'*" In ®
particular, it is surprising that the maximum capacitance some- g
times exceeds the insulator capacitance at low frequencies,''” as O
shown in Fig. 41. 0 "
To explain this anomalous C-V behavior at an accumulation Gl 0 1 z
bias, we have to consider traps (electronic states) in the vicinity of Gate voltage (V)
the insulator/semiconductor interfaces, interacting with electrons in
the conduction band via tunneling. Yuan et al'nl proposed the FIG. 41. Freq_ue_ncy dispersion at an accumulation bias in the ex_perimen_tal
border trap (BT) model assuming a trap inside the gate insulator C-V characteristics of an Al,Oa/n-InP MOS structure. Reproduced with permis-

sion from Brammertz et al, IEEE Trans. Electron Dev. 58, 3890 (2011).

(an oxide trap), as shown in Fig. 42. Here, the trap energy level Copyright 2011 IEEE Publishing.

nearly aligns with the conduction band minimum (CBM) of a
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Border trap dispersion at an accumulation bias. The DIGS model assumes a
disordered region within several monolayers at a semiconductor
surface, consisting of defects, dangling bonds, and lattice displace-

tunneling process ment. Such surface disorder produces electronic states with density

o Ec distributions in both space and energy, as shown in Fig. 43(b).
...................... When interface states have space distribution, the tunneling effect
Er can be involved in electron capture/emission processes. This partic-

ularly causes an additional capacitance component at low frequen-
semiconductor cies, resulting in a large accumulation capacitance exceeding the
insulator capacitance, as shown in Fig. 41. Galatage et al.'”’

N Ev reported t.hat frequency dispersions (?f accumulation capacitana?s

observed in InP and InGaAs MOS diodes were successfully repli-

filled interface state cated with the calculations based on the DIGS model by assuming
the disorder depth within 0.8 nm from the crystalline semiconduc-

tor surface. They also demonstrated from photoemission spectro-

scopy analysis that the oxidation-induced bond disorders with

several monolayers at III-V semiconductor surfaces are responsible

FIG. 42. The border trap (BT) model assuming a trap inside the gate insulator for interface states with a spatial density distribution. In addition to

(an oxide trap). oxidation, a high process energy can introduce bond disorders with

a depth distribution on conventional III-V semiconductor surfaces,
as schematically shown in Fig. 44(a), causing anomalous frequency
dispersion of accumulation capacitance observed in mainstream

oxide

X III-V MOS C-V characteristics.
’ In the case of the GaN MOS system, on the other hand, fre-
/ : quency dispersion of capacitance in C-V characteristics has not
i tunneling process
ad o0 Ei
e
® Er ' -
insulator
4 semiconductor
Ei bond disorder
oxide
\ filled interface state several
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¥
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FIG. 44. Schematics of MIS interfaces: (a) conventional Ill-V semiconductor
(b) . . es: (a) i
interfaces have a bond disordered region, causing an anomalous frequency dis
persion of accumulation capacitance observed in MOS C-V characteristics. (b)
FIG. 43. (a) The disorder-induced gap state (DIGS) model and (b) the corre- A strong Ga-N bonding can restrain the spread of bond disorder to the bulk
sponding electronic states with density distributions in both space and energy. region, leading to no depth (spatial) distribution of interface states.
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been observed in the forward bias region, as shown in Fig. 11. In
the “reverse bias” regime, the as-deposited sample (without PMA)
showed a significant frequency dispersion and a ledge-like feature,
arising from high densities of interface states.''® However, fre-
quency dispersion of capacitance was not observed at a “forward
bias,” as shown in Fig. 11. These features were also reported for
$i0,/GaN and Al,O3/GaN structures.”'**~'*° The topmost GaN
surface probably includes a bond-disorder configuration due to
dangling bonds, adatoms, and surface defects, responsible for
high-density electronic states at the insulator/GaN interfaces, as
described in Sec. IT A. However, a strong Ga-N bonding nature
can restrain the spread of bond disorder to the bulk region,
leading to a depthless (no spatial) distribution of interface states,
as schematically shown in Fig. 44(b). By controlling the topmost
surface with successful bond termination,”” we can achieve excel-
lent MOS interface properties, like the Si MOS system, practically
applicable to various types of GaN MOS transistors. This is defi-
nitely different from MOS interfaces using conventional III-V
semiconductors.

VIl. SUMMARY

In summary, we introduced and discussed the models of
interface (surface) states, the effects of these states on device per-
formances, a guiding principle for controlling interface states,
capacitance-voltage (C-V) characterization of MIS-HEMT struc-
tures, surface passivation, and a comparison of MOS interfaces
between GaN and conventional III-V semiconductors. In Sec. II,
we described the origin and models of intrinsic and extrinsic
surface/interface states, their charging conditions, and the related
Fermi level pinning of the surface, typically observed in wide
bandgap semiconductors. In Sec. III, we reexamined GaN MOS
conventional characterization methods and pointed out their
limitations and possible pitfalls that one should be aware of
when carrying out these measurements. We also underlined
some guiding principles to consider for the effective and
enhanced control of surface and interface electronic states. The
impact of surface states in device access regions on the current-
voltage (I-V) characteristics of SG-HEMTs was discussed in the
first half of Sec. IV, while the adverse effects of insulator/semi-
conductor interface states in MIS-HEMTs on Vry instability
were presented in the latter half of the section. Characterization
and interpretation of the rather complex AlGaN/GaN
MIS-HEMT C-V profiles were presented in Sec. V. We then
described the photo-assisted C-V measurement method that we
have developed, using sub-Eg illumination, for probing near
mid-gap electronic states, which are otherwise difficult if not
impossible to detect under normal conditions. In Sec. VI, we
also compared the MOS interfaces in the GaN system with those
of more mature III-V compound semiconductor families.
Furthermore, we also shed light on some confusions and mis-
conceptions related to IIl-nitride/insulator interfaces in pub-
lished literature. Finally, we highlighted some aspects that need
further investigations for better understanding and control of
surface and interface states haunting GaN-based devices as well
as attempted to guide present and future researchers of the same
field for setting the next stage of development.
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