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ABSTRACT

We have systematically investigated effects of metal-semiconductor or insulator-semiconductor interfacial layers (ILs) in AlGaN/GaN
devices, where AlO,, TiOy, or NiO, is employed as an IL. From capacitance-voltage characteristics of metal/IL/AlGaN/GaN devices with a
metal-semiconductor IL between the gate metal and AlGaN, it is shown that the IL modulates the threshold voltage Vy,, attributed to the
vacuum level step induced by the dipole of the IL. We find negative vacuum level steps for AlO, and TiO, ILs, and positive for NiO,, from
which the IL dipole density is estimated for each IL material. The two-dimensional electron gas carrier concentration in the metal/IL/AlGaN/

GaN devices is also modulated by the vacuum level step. On the other hand, from capacitance-voltage characteristics of metal/Al,O3/IL/
AlGaN/GaN devices with an insulator-semiconductor IL between Al,O3 and AlGaN, the fixed charge density of the Al,O3/IL/AlGaN inter- ¢

face is evaluated by the AL O; thickness dependence of Vy,. For AlO, and TiO, ILs, the fixed charge density is higher than that of the
Al O5/AlGaN interface with no IL, while lower for NiO,. The fixed charge density for an IL shows a positive correlation with the IL dipole
density, suggesting that the fixed charge is related to the unbalanced IL dipole. Furthermore, using the conductance method, we find a low
trap density of the Al,O;/IL/AlGaN interface for AlO, and NiOy ILs, in comparison with that of the AlO3/AlGaN interface with no IL.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186457

I. INTRODUCTION

Utilizing  high-density = two-dimensional electron gases
(2DEGs), AlGaN/GaN Schottky and metal-insulator-semiconduc-
tor (MIS) field-effect transistors (FETs) have been extensively
investigated, where the metal-semiconductor and insulator-semi-
conductor interfaces are important building blocks, affecting the
threshold voltage Vi, of the devices. In the case of the Schottky
devices, Vi, is dominated by the metal-semiconductor barrier
height ¢, which can be modulated by using metals with different
work functions.””” However, in many cases of GaN-based Schottky
contacts, the value of ¢ is not uniquely determined by the differ-
ence between the metal work function and the (Al)GaN electron
affinity, and is affected by treatments of the metal-semiconductor
interface.”™ This indicates the existence of an unintentional metal-

semiconductor interfacial layer, leading to a modulation of ¢g by a
vacuum level step AEy,. due to a dipole of the interfacial layer.6 On
the other hand, in the case of the MIS devices, Vi, is affected by
the insulator-semiconductor conduction band offset ¢ and the
fixed charge density oy of the insulator-semiconductor interface.
Various insulators such as oxides ALOs;,” HfO,,*" TiO,,"
AlSiO,''? AITiO, " oxynitrides TaON,”” AION,?! and nitrides
BN,”>”> AIN”*"*® have been employed as a gate insulator for
GaN-based devices, where Vi, can be modulated by both ¢ and
Oint. Similarly to ¢, ¢ is not uniquely determined by the electron
affinity difference between the insulator and the semiconductor,
and is affected by insulator-semiconductor interface treatments.”’
Meanwhile, when an insulator such as Al,O; is deposited on the
Ga-polar (Al)GaN surface with a negative surface polarization
charge, the fixed charge tends to be positive, neutralizing the
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polarization charge, while this is not always the case.
The behavior of ¢ and oy also can be attributed to the existence of
an unintentional insulator-semiconductor interfacial layer with a
dipole, where the band offset is modulated by AE,. due to the
dipole, and oy can be interpreted as a dipole unbalance. In order to
control Vy, of the AIGaN/GaN devices, an insertion of an intentional
metal-AlGaN or insulator-AlGaN interfacial layer should be effec-
tive. A thin interfacial layer causes a vacuum level step AE,,. due to
the interfacial layer dipole and a fixed charge density oy due to the
dipole unbalance, modulating Vy, similarly to the unintentional ones.
Previously, intentional metal-(Al)GaN interfacial layers have been
studied,'”*" and MIS device performance improvements by inten-
tional insulator-(Al)GaN interfacial layers have been reported.””™**
However, systematic investigations have been lacking on intentional
metal-(Al)GaN and insulator-(Al)GaN interfacial layers.

In this work, effects of metal-semiconductor or insulator-semi-
conductor interfacial layers (ILs) in AlGaN/GaN devices were sys-
tematically investigated, where thin AlO,, TiO,, or NiO, obtained
by metal layer oxidation is employed as an IL. We fabricated metal/
IL/AlGaN/GaN devices and obtained their capacitance-voltage
(C-V) characteristics, from which we find modulation of the thresh-
old voltage Vi, due to the vacuum level step AE,,. induced by the
dipole of the metal-AlGaN IL. From the vacuum level steps, the IL
dipole density is estimated for each IL material. Using Hall measure-
ments for the metal/IL/AlGaN/GaN devices, it is shown that the
2DEG carrier concentration is also modulated by AE,,.. We also fab-
ricated metal/Al,O3/IL/AlGaN/GaN devices and obtained their C-V
characteristics. From the Al O; thickness dependence of Vy,, we find
the fixed charge density of the Al,O3/IL/AlGaN interface, showing a
positive correlation with the IL dipole density. Furthermore, we char-
acterized the interface trap density in the metal/Al,O3/IL/AlGaN/
GaN devices using the conductance method.

Il. EFFECTS OF METAL-SEMICONDUCTOR INTERFACIAL
LAYERS (ILs) IN METAL/IL/AIGaN/GaN DEVICES

Using an Alj24Gag 7N (20 nm)/GaN (3 um) heterostructure
grown by metal-organic vapor phase epitaxy on a sapphire (0001)

AIO,, TiO,, or NiO, =
interfacial layer (IL) s — 4q) — AR, 'i
Ohmic _metal . —7
AlGaN —0p" i-
on -
GaN
metal IL
(a) (b)

~OAlGaN

AlGaN
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substrate, we fabricated metal/IL/AlGaN/GaN capacitor devices
with a gate area of 75% um?, whose schematic is shown in Fig. 1(a).
After Ti-based Ohmic electrode formation, thin Al, Ti, or Ni metal
layers with several thicknesses in the nm-range were deposited on
AlGaN. Annealing at 350 °C in air was carried out next, to obtain
thin oxide ILs of AlOj, TiOy, or NiO. Figure 2 shows examples of
atomic force microscope (AFM) images for the surfaces of the
AlOy, TiOy, and NiO, ILs in comparison with the AlGaN surface,
indicating that the surface morphology is unchanged after the IL
formation. Although we found thickness increases by a few tens of
percent for the ILs from the original metal layers by AFM, suggest-
ing oxidation of the ILs, the observed thickness values lack accu-
racy. Thus, we employed estimation of the IL thicknesses dj;, by the
IL capacitance Cy, oc 1/dy;, as shown later. On the other hand, oxi-
dation was confirmed by separate experiments of measuring the
sheet resistance of the metal layers before and after annealing on
insulating sapphire substrates, where at least 10> times increased
sheet resistances were observed after annealing, indicating that the
annealing condition is enough to obtain the oxide ILs. The fabrica-
tion was completed by the formation of the Ni gate metal covered
by Au. Metal/AlGaN/GaN capacitor devices with no IL were also
fabricated for comparison.

Figure 3 shows examples of current-voltage (J-V) characteris-
tics of the fabricated devices, where one device is picked up for
each IL, under application of the gate voltage Vi with respect to
the grounded Ohmic electrode. The IL leads to lower leakage,
which can be attributed to both the vacuum level steps AE,
(equivalently the effective barrier height ¢g) and the IL barrier
effects. Thus, it is difficult to accurately evaluate AEy,. (or ¢) from
the J-V characteristics. On the other hand, AE,,. can be evaluated
from the capacitance-voltage (C-V) characteristics. Figure 1(b)

shows the band diagram of a metal/IL/AlGaN/GaN device, where
g is the barrier height with no vacuum level step, ¢ is the effec-

tive barrier height, AE is the AIGaN-GaN conduction band offset,
0GaN/q = 2.1 x 108 ecm™2 and oaigan/q = 3.2 X 102 cm™2 give
the polarization charge densities,”™* and op is the IL dipole
density. From this band diagram, we obtain the vacuum level step

FIG. 1. (a) The schematic and (b) the
band diagram of the metal/IL/AIGaN/
GaN devices.
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using the IL capacitance Cyr, the IL dielectric constant ki, the IL
thickness djr, and the AlGaN capacitance Cajgan. Since the thresh-
old voltage with no IL is given by
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FIG. 2. Atomic force microscope
(AFM) images of the surfaces of
AlGaN, AlOy, TiOy, and NiO,.
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assuming AE,,. = 0, we obtain the threshold voltage shift

AEVBC

Vin — Vino = B 4)

which can be used to evaluate AE,,.. Figure 4 shows examples of
C-V characteristics at frequency f = 1 MHz, where one device is
picked up for each IL. The 2DEG concentration n; obtained by

4
10 T Hetal/AIC /AIGaN/GaN
(12
10°
& 102
2 g4
= 10
sk _AoIL
10—8 —\\
10—10
~ & 2 -] 0 1
/- n\n
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2
10 |
100 f
£ 102}
S
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10—10 L . .
. B B 0 1
Va V]

FIG. 3. J-V characteristics of metal/AlGaN/GaN and metal/IL/AIGaN/GaN devices.

#6'82:€0 20T dunr /g

J. Appl. Phys. 135, 084504 (2024); doi: 10.1063/5.0186457
© Author(s) 2024

135, 084504-3


https://pubs.aip.org/aip/jap

Journal of

. . ARTICLE ubs.aip.org/aip/ja
Applied Physics ? p-orgraipriEp
600 . . : 12 TABLE I. 1/C,_ and dy.
— metal/AIO JAIGaN/GaN S
500 } — metal/AIGaN/GaN 1 10 AlO, TiO, NiO,
no IL 1/Cyy, (cm?/uF) 0.20-0.43 0.01-0.08 0.20-0.38
400 18 dy. (nm) 14-2.8 0.3-2.4 2.0-3.8

C [nF/cm?]
w
o
o
D
ng [1 0'2 cm2]

that Viy — Vino < 0 for the AlO, and TiO, ILs, indicating that
the vacuum level step AEy,. is positive, while for the NiO, ILs,

n
o
o

100 2 Vih — Vino > 0 indicating that the vacuum level step AE,, is
negative. Moreover, we find an almost proportional relation
0 0 AE,, o 1/Cy, o< dy, for each IL, indicating that the IL dipole density
600 T — T 12
— metal/TiO,/AlGaN/GaN AE,.Cy.
500 | — metal/AlGaN/GaN 1 10 Op = ———— + OGN )

no IL

IS
o
s}

is almost constant for each IL material. Figure 6 shows the averaged IL
dipole densities in comparison with ¢ Gan, 0p/q = 2.5 X 10 cm™2
of the AlO, ILs, op/q =~ 3.5 x 101*cm™? of the TiO, ILs, and
op/q == 0.4 x 10 cm=2 of the NiO, ILs, where the error bars

C [nF/cm?]
w
o
o

200 stand for the three-sigma standard deviations. This indicates that the
AlO,/AlGaN and TiO,/AlGaN interfaces are nearly neutral, while

100 the NiO,/AlGaN interface is quite negatively charged.
Moreover, we fabricated metal/IL/AlIGaN/GaN and
0 metal/AlGaN/GaN Hall-bar devices shown in the inset of Fig. 7.

600 — metal/NiO./AIGaN/GaN 12 From Hall measurements under a magnetic field B = 0.32 T, the
4 2DEG carrier concentration ng at Vg =0 was obtained. The

N
500 | T metal/AlGaN/GaN 1 10 relation between gng/Cior and AE,, is shown in Fig. 7, being g
no IL consistent with gng/Ciot = — Vi = AEyac/q + Vino shown by the %
T 400 i “‘E dashed line, indicating that the 2DEG carrier concentration ng 5
g & is also modulated by the vacuum level step AE. due to the &
U\C- 300 = dipole. In particular, the NiO, ILs strongly reduce the 2DEG g
o -‘:u-, concentration. o N . ‘
200 < The fact that AE,,. is either positive or negative can be attrib-
uted to the reaction at the IL/AlGaN interface. The tie-line configu-
100 rations for metal-(Al)Ga-N systems have been studied,”™”" showing
that TiN is stable in a Ti-(Al)Ga-N system, while NiGa is stable in
0 5 p a Ni-(Al)Ga-N system. Considering that AIN is also stable in a
Ve V]
15T @ A, IL | 1D
FIG: 4. C-V characteristics of metal/AlGaN/GaN and metal/lL/AIGaN/GaN 1 : Li% 'I'l-_ @ '. 1
devices. - .“.
5
£
integrating the C-V characteristics is also shown in Fig. 4 and can >|£
be fitted by gns =~ Ciot(Vg — Vin) using the total capacitance Cio
given by 1/Ciot = 1/Caigan + 1/Cii. From the fitting, Vi, Vino,
Calgan> and Cy are obtained for all the devices with several IL
thicknesses dyr.. Since 1/Cy, = di/kiLgo, we obtain dy. by assuming 0 0.1 02 03 04 05
typical dielectric constants ~7 of AlO,, ~30 of TiO,, and ~10 of 1/C,, [cm?/yF]
NiO,. The obtained 1/Cy, and dy are summarized in Table I
The obtained Vi, — Vino and AEy,. of all the devices are shown in .
Fig. 5 as functions of 1/Ci, where Viy — Vo and —ABv. are :Iﬁh es.d;r;se;hgis;rrl‘gti\g;l;ag?1s/h(|:ﬂ Vin — Vino and vacuum level step AFyq. of
shown in the left and right vertical axes, respectively. It is shown -
J. Appl. Phys. 135, 084504 (2024); doi: 10.1063/5.0186457 135, 084504-4

© Author(s) 2024


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

@ A0, IL
@ TiO IL
61 .o NO,IL

T
§ 4
™
=) neutral line
E 2
&
0
-2

0 2 4 6
O'A|GaN/q [1 013 Cm_2]

FIG. 6. The interfacial layer (IL) dipole density op in comparison with the
AlGaN polarization charge density oacan-

Al-(Al)Ga-N system, due to the formation of TiN or AIN, nitrogen
vacancy Vy donors can be generated at the TiO,/AlGaN or
AlO,/AlGaN interface, and the ionized donors act as positive IL
dipole charges leading to the positive AEy,.. On the other hand,
due to the formation of NiGa, gallium vacancy Vg, acceptors can
be generated at the NiO,/AlGaN interface, and the ionized accep-
tors can negatively contribute to the IL dipole charges leading to
the negative AEy,c.

I1l. EFFECTS OF INSULATOR-SEMICONDUCTOR ILs IN
METAL/AI,Os/IL/AIGaN/GaN DEVICES

Using the same AlGaN/GaN heterostructure, for the AlO,,
TiO,, or NiO, ILs, we fabricated metal/Al,O3/IL/AlGaN/GaN
capacitor devices with a gate area of 75? um?, whose schematic is
shown in Fig. 8(a). After the IL formation, several thicknesses of

5r
B ©B=032T
4 F . Ohmicl metal/IL/AIGaN/GaN I

qnsO/ Ctot vl
w

metal/AlO,/AlGaN/GaN
metal/TiO,/AlGaN/GaN
metal/NiO,/AlGaN/GaN *
metal/AlGaN/GaN

1 0 -1 -2
AE, ;. [eV]

N

FIG. 7. The relation between ng obtained by Hall measurements and AE,q.
The dashed line shows qnsy/Cist = —Vinh = AEvac/q + Vino. Inset: the sche-
matic of the Hall-bar devices.
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AL O; gate insulators were formed by atomic layer deposition
(ALD) using TMA (trimethyl aluminum) and water. The fabrica-
tion was completed by the formation of the Ni gate metal covered
by Au. Metal/Al,O3/AlGaN/GaN capacitor devices with no IL were
also fabricated for comparison.

Figure 8(b) shows the band diagram of a metal/Al,O3/IL/
AlGaN/GaN device, from which the threshold voltage Vi, is
given by

Vi ¢ Ot — OGN @ OalGaN — OGN AEc
= 2 Tt — OGN #_ GAIGN — 09GN _ 25C
q CA1203 q CalGaN q
_ 0GaN — Oint OAlGaN — OGaN | ¢ — ¢ — AEc
== —_da0, - + , (6)
ALO; €0 CalGaN q

where Cal,0, = ka,0,€0/das0, is the ALLO; capacitance given by
the AL,O3 dielectric constant kaj,0, and the thickness dai,o0,, ¢ is
the metal-Al,O3 barrier height, ¢ is the effective AlO;-AlGaN
conduction band offset, oy, = op — op is the fixed charge density
of the Al,O3/IL/AlGaN interface due to the unbalanced IL dipole.
It should be noted that Vy, is a linear function of daj,0,, Where
the slope is (0GaN — Oint)/(kaLo,80), and the intercept is
—(0AIGaN — 0GaN)/Calgan + (¢ — ¢ — AEc)/q. From the former,
we can evaluate oy, due to the unbalanced IL dipole. Also the
latter is determined by ¢ — ¢, where ¢ is affected by the vacuum
level step AE,,. induced by the dipole of the insulator-AlGaN IL.
Figure 9 shows examples of C-V characteristics at f = 1 MHz.
The 2DEG concentration ng obtained by integrating the C-V char-
acteristics is also shown in Fig. 9, and fitted by gns ~ Ciot(Vg
—Vin) using the total capacitance Cy given by 1/Ciy = 1/Cayo,
+1/Cpican + 1/Cr = dai0,/(kal,0,€0) + 1/Caigany +1/Cy. From

the fitting, we obtain C; and Vy,. Examples of 1/Cio; are shown in

Fig. 10(a) as functions of the Al,O5 insulator thickness da,o0,. By
linear fitting of 1/Cio-das,0,, we obtain ka0, from the slope, and
Caican and Cyp from the intercepts at daj,o, = 0. Figure 10(b)
shows examples of Vi, as functions of daj,0,, where the AlO, and
TiO, ILs lead to more negative Vy, shifts, while the NiO, ILs lead
to less negative ones. By linear fitting using Eq. (6), we evaluate oy
shown in Fig. 11 as functions of 1/Cy, with error bars standing for
the three-sigma asymptotic standard errors of the linear fittings.
Although the error bars are slightly large, oi, is almost
independent of 1/Cyy for each IL, and the averaged oy, /q are
~3.2x10%cm™ for no IL (the error bar is indicated by
two dashed lines), ~3.6 x 10*cm™2 for the AlO, ILs,
~39x 1083 cm™2 for the TiO, ILs, and ~ 2.7 x 102 cm™2 for
the NiOy ILs. Using the IL dipole density op obtained for each IL
material in the previous section, the relation between oy, and op is
demonstrated in Fig. 12, showing a positive correlation. This sug-
gests that the fixed charge is related to the unbalanced IL dipole.
On the other hand, assuming a metal-Al,O; barrier height
¢ =4.6eV,"" the effective Al,O3-AlGaN conduction band offsets
are evaluated to be ¢ ~2.1 + 1€V for no IL, ¢ >~ 2.5eV for
the NiO, ILs, and ¢ ~ 0—5 eV for the AlO, or TiO, ILs, where the
uncertainty comes from the asymptotic standard errors of the
linear fitting. Owing to this large uncertainty, unfortunately it is
difficult to discuss ¢ affected by the vacuum level step AE,,.
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FIG. 9. C-V characteristics of metal/Al,03/AlGaN/GaN and metal/Al,Os/IL/AIGaN/GaN devices.

FIG. 8. (a) The schematic and (b) the
band diagram of the metal/Al,Os/IL/
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There is a concern that the IL may increase the interface
trap density. Thus, we characterized the trap densities of the
Al O3/IL/AlGaN interfaces by f-dependent C-V measurements for
f =100-1MHz. While negligible hystereses were observed for
reverse bias applications, hystereses take place for high forward bias
applications, being independent of the ILs and thus attributed to
deep traps inside the Al,Os. In order to avoid influences of the hys-
tereses on the frequency dispersion characterization, we employed

N
frequency sweeps (instead of bias sweeps) at eagh fixed bias for j[he Gy ¢Duln(1 + 0?72 <
measurements. Therefore, the frequency dispersion characterization —= (7) 3
. . . @ 20t N
is not influenced by the hysteresis effect. Examples of f-dependent S
C._V characteristics of devices with daj,0, = 22nm are shown in where the electron trapping time constant 7 is given by the peak §
Fig. 13, where the measured data were plotted at each fixed fre- — . . %

. . o ; . frequency f, = 1/(x7), and the interface trap density Dy by the &
quency. Negligible frequency dispersion is observed in the negative =

bias region for all the devices, showing that the Vy, determination
is not affected by the measurement frequency. On the other hand,

frequency dispersions are observed for positive biases except for the
TiO, ILs. By using the conductance method,”” which is widely
employed for interface characterization,'™ >’ the interface trap
density was evaluated using the equivalent circuits shown in the
inset of Fig. 13. Figure 14 shows examples of Gi/w (0 = 2xf) as
functions of frequency f, exhibiting single-peaked behaviors except
for the TiO, ILs. These single-peaked behaviors are described by

peak value Gy /@ >~ 0.4¢°Dj;.. The absence of single-peaked behav-
ior for the TiO, ILs suggests that the interface traps have a very

6
6
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N E 47T
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FIG. 11. The relation between the fixed charge density o and 1/Cy..

FIG. 12. The relation between the fixed charge density oix and the IL dipole
density op.
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FIG. 13. f-dependent C-V characteristics of metal/Al,03/AIGaN/GaN and metal/Al,03/ IL/AIGaN/GaN devices. Insets: the equivalent circuits.

long trapping time constant. The peak values of Gy /@ are shown in
the inset of Fig. 15 as functions of frequency. For an interface trap
at the energy E, the time constant 7 at temperature T is given by

7 = BT /(0o Ne) = o e /T, ®)

using the conduction band bottom energy Ec, the electron thermal
velocity vy, the capture cross section of the trap o, and the
conduction band effective density of states Ng, where
79 = 1/(vnoeNc). Even though 7, is ambiguous due to the uncer-
tain o, by assuming a wide range of 7y ~ 0.1-10% ps, Dj as func-
tions of Ec — E are evaluated and shown in Fig. 15, where the error
bars correspond to the widely assumed 7. The interface trap densi-
ties are Dy ~2.5x10%cm2eV! for no IL, Dy~1.6
x10% cm™2 eV~ for the AlOy ILs, and Dy ~ 0.8 x 10” cm ™2 eV ™!
for the NiO, ILs. This means that Dy for no IL is higher than those

for the AlO, and NiO, ILs, despite of the apparently weak fre-
quency dispersion in the C-V characteristics for no IL shown in
Fig. 13. We consider that this behavior can be explained as follows.
In Fig. 14 for no IL, in addition to the observed peak, we find the
tail of another next peak of Gy;/w at < 1 MHz for forward biases,
whose peak frequency is higher than the measurement frequency
range and whose peak value is comparable to the observed peak.
This indicates another kind of traps, which contribute to C in the
form of g?Dyatan(wr)/wr, and thus Cy becomes large
(~10uF/cm?) in the measurement frequency range. Accordingly,
we obtain the measured capacitance C,, > Cal,0,, Which hardly
shows frequency dispersion. On the other hand, we do not observe
the second step of the C-V characteristics for the NiO, IL shown
in Fig. 13, indicating that electron trapping at the interface traps
does not take place. This is owing to weak effects of Gi; and D in
the measurement frequency range, because of the peak frequency
of Git/w in the 100 Hz range and the small peak value due to the
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3 - i . . . . . . low Dj. Thus, it is possible to conclude that the AlO, and NiOy
: ﬁl'g); 'It ILs suppress the interface trap density.
25} @ nolL *
Lo, ot _ IV. CONCLUSION
NCD ® ¢ o000 ® roll
' NE1'5 i We systematically investigated effects of metal-semiconductor
S 15 I o T ] or insulator-semiconductor interfacial layers (ILs) in AlGaN/GaN
=) s e devices, where AlOy, TiOy, or NiO, is employed as an IL. From
= 1 05 . ] capacitance-voltage  characteristics of metal/IL/AlGaN/GaN
Q 05 | . ] devices, it is shown that the metal-AlGaN IL leads to modulation
: 102 10° Frequ;gzy ) 10° 10° of the threshold voltage Vy,, attributed to the vacuum level step
0 induced by the IL dipole. We find negative vacuum level steps for
4 35 3 25 2 15 1 05 0 AlOy and TiOy, and positive for NiO,, from which the IL dipole
Es - E[eV] density is estimated, indicating that the AlO,/AlGaN and

TiO,/AlGaN interfaces are nearly neutral, while the NiO,/AlGaN

: ) ) interface is negatively charged. From Hall measurements, we find

FIG. 15. The interface trap dens_lty Dy as functions of the energy Ec — E. Inset: that the 2DEG carrier concentration in the metal/IL/AlGaN/GaN
the peak value of Gii/w as functions of peak frequency. . .

devices is also modulated by the vacuum level step. On the other
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hand, from capacitance-voltage characteristics of metal/Al,O3/IL/
AlGaN/GaN devices, the fixed charge density of the Al,Os/IL/
AlGaN interface is evaluated. For AlO, and TiOj, the fixed charge
density is increased in comparison with no IL, while decreased for
NiO,. The fixed charge density shows a positive correlation with the
IL dipole density, suggesting that the fixed charge is related to the
unbalanced IL dipole. Furthermore, using the conductance method,
we show that it is possible to obtain small trap densities of metal/
Al O5/IL/AlGaN interfaces, comparing to the interface with no IL.
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