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Insulator-semiconductor interface fixed charges in AIGaN/GaN
metal-insulator-semiconductor devices with Al,O5; or AITiO

gate dielectrics

Son Phuong Le, Duong Dai Nguyen, and Toshi-kazu Suzuki®
Center for Nano Materials and Technology, Japan Advanced Institute of Science and Technology (JAIST),
1-1 Asahidai, Nomi, Ishikawa 923-1292, Japan

(Received 29 November 2017; accepted 3 January 2018; published online 19 January 2018)

We have investigated insulator-semiconductor interface fixed charges in AlIGaN/GaN metal-
insulator-semiconductor (MIS) devices with Al,O3 or AITiO (an alloy of Al,O5 and TiO,) gate
dielectrics obtained by atomic layer deposition on AlGaN. Analyzing insulator-thickness depend-
ences of threshold voltages for the MIS devices, we evaluated positive interface fixed charges,
whose density at the AITiO/AlGaN interface is significantly lower than that at the Al,O3/AlGaN
interface. This and a higher dielectric constant of AITiO lead to rather shallower threshold vol-
tages for the AITiO gate dielectric than for Al,O3. The lower interface fixed charge density also
leads to the fact that the two-dimensional electron concentration is a decreasing function of the
insulator thickness for AlTiO, whereas being an increasing function for Al,O5. Moreover, we dis-
cuss the relationship between the interface fixed charges and interface states. From the conduc-
tance method, it is shown that the interface state densities are very similar at the Al,03/AlGaN
and AITiO/AlGaN interfaces. Therefore, we consider that the lower AITiO/AlGaN interface fixed
charge density is not owing to electrons trapped at deep interface states compensating the positive
fixed charges and can be attributed to a lower density of oxygen-related interface donors.

Published by AIP Publishing. https://doi.org/10.1063/1.5017668

I. INTRODUCTION

GaN-based heterojunction field-effect transistors
(HFETs)' are important devices owing to their high current
drive capability and high breakdown voltages. However,
there are several disadvantages of GaN-based HFETS; self-
heating effects,®™ current collapse phenomena,”® and also
gate leakage currents are limiting factors for the practical use
of these devices. For the suppression of gate leakage currents
and the current collapse phenomena in GaN-based devices, it
can be effective to employ metal-insulator-semiconductor
(MIS) structures, which are also significant to normally off
operations,’ even though GaN-based MIS devices sometimes
exhibit unstable characteristics.®'? As a gate dielectric of
GaN-based MIS devices, high-dielectric-constant (high-k)
insulators, such as A1203,13 Hf02,14’15 TaON,16 AlN,lL21
BN,?>23 and AITiO,** have been investigated. In GaN-based
MIS device processing, when an insulator is deposited on a
negatively polarized III-N semiconductor surface, such as
Ga-face (Al)GaN, positive insulator-semiconductor interface
fixed charges tend to be generated and to cancel the negative
polarization charges.”>>> However, the existence of the
insulator-semiconductor interface fixed charges is not a
necessity.>”*? Since the interface fixed charges have signifi-
cant impacts on threshold voltages Vy,, we expect that Vi,
can be controlled by “interface charge engineering,”* i.e.,
by controlling the interface fixed charges. In particular, if the
positive interface fixed charge density is sufficiently sup-
pressed, a normally off operation can be expected.”~*
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However, despite many reports on the interface fixed charges,
their sufficient control is a remaining issue. Moreover, their ori-
gin is not fully elucidated even though they are attributed to
positively ionized oxygen donors in some cases. Therefore, fur-
ther investigations on insulator-semiconductor interface fixed
charges for GaN-based MIS devices are very necessary and
important towards Vi, control and normally off operations.

In this work, we investigated insulator-semiconductor
interface fixed charges in AlIGaN/GaN MIS devices with Al,O3
or AITiO (an alloy of ALO5 and TiO,>>>") gate dielectrics,
which are deposited on an AlGaN/GaN heterostructure by
atomic layer deposition (ALD). AITiO has, depending on its
composition, intermediate physical properties between Al,O;
(k~9 and E, ~7eV) and TiO, (k~ 60 and E, ~ 3eV),” being
useful to balance the trade-off between k and energy gap E,.
Previously, we fabricated AITiO/AlGaN/GaN MIS devices
with excellent characteristics, indicating that AITiO can be
an important candidate for a gate dielectric of GaN-based
MIS devices.”* The present work involves a comparative
study on insulator-semiconductor interface fixed charges in
Al,O3/AlGaN/GaN and AITiO/AlGaN/GaN MIS devices.
By analyzing linear insulator-thickness dependences of Vy,
we evaluated insulator-semiconductor interface fixed
charges. As a result, we find that the fixed charge density at
the AITiO/AlGaN interface is significantly lower than that
at the Al,O3/AlGaN interface. In addition, we also discuss
the relationship between the interface fixed charges and
interface states. It is suggested that the lower AITiO/AlGaN
interface fixed charge density is not owing to electrons
trapped at deep interface states.

Published by AIP Publishing.
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Il. DEVICE FABRICATION

Using an Aly,7Gag73N(30nm)/GaN(3000 nm) hetero-
structure grown by metal-organic vapor phase epitaxy on sap-
phire(0001), we fabricated AlGaN/GaN MIS devices with
Al,O5 or AITiO gate dielectrics. The device fabrication was
started with Ti/Al/Ti/Au Ohmic electrode formation. After
surface treatments using organic solvents, oxygen plasma ash-
ing, and an ammonium-based solution, insulator films of
Al,O5 or AITiO as gate dielectrics with several thicknesses
dins=6-29nm were deposited on the AlGaN surface by
ALD. The AL, O; films (k~9 and E,~7eV) were obtained
by using trimethylaluminum (TMA) and H,O as precursors,
and the ALTi,O films (x:y=0.73:0.27, k~13-14, and
E,~6¢eV) were by using TMA, tetrakis-dimethylamino tita-
nium (TDMAT), and H,O. After post-deposition annealing in
H,-mixed Ar at 350 °C, Ni/Au gate electrode formation com-
pleted the device fabrication. As a result, we obtained Al,O5/
AlGaN/GaN and AITiO/AlGaN/GaN MIS devices, whose
cross sections are schematically shown in Fig. 1(a), with
70 um x 70 um gate electrodes surrounded by the Ohmic
electrodes as shown by top-view optical images in Fig. 1(b).

lll. INSULATOR-SEMICONDUCTOR INTERFACE FIXED
CHARGES

In order to investigate insulator-semiconductor interface
fixed charges, we examined threshold voltages Vy, of the
Al,03/AlGaN/GaN and AITiO/AlGaN/GaN MIS devices,
by measuring capacitance-voltage (C-V) characteristics
between the gate and the grounded Ohmic electrodes. Since
GaN-based MIS devices sometimes exhibit unstable Vi,
depending on the sweeping range of the gate voltage V,*'2
we checked Vy, stability; starting from Vo > 0, C—V charac-
teristics were measured under Vg=Vgo——-15V with a
sweep rate of 0.36V/s. Figure 2 shows an example of the

AlL,O,/AlGaN/GaN MIS devices
(a)

AITIO/AlGaN/GaN MIS devices

Gate Gate
Ohmig Ohmic Ohmic AITiO ~ Ohmic
Aly 27Gag 73N 30 nm Aly7Gag 73N 30 nm

GaN 3000 nm

Buffer layer
Sapphire(0001)

GaN 3000 nm

Buffer layer
Sapphire(0001)

FIG. 1. (a) Schematic cross sections and (b) top-view optical images of the
fabricated Al,O3/AlGaN/GaN and AITiO/AlGaN/GaN MIS devices.
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FIG. 2. Checking Vy, stability of the Al,O3/AlGaN/GaN and AITiO/AlGaN/
GaN MIS devices with dj,; = 19 nm: C-V characteristics measured at 1 MHz
under Vg =Vgo — —15V with a sweep rate of 0.36 V/s, where V5o=0, 1, 2,
3,4,and 5V.

measurement results for d;,, = 19 nm, at 1 MHz frequency with
Voo=0, 1,2, 3,4, and 5V. Although we find rather stable Vy,,
weak Vy, shifts take place after positive bias applications, prob-
ably owing to charging effects of trapped electrons. Thus, to
determine Vy,, we employ Vgo=0V to avoid the charging
effects. Figure 3(a) shows C-V characteristics of the MIS
devices with d;,;=6-29nm, measured at 1 MHz under Vg
=0— —15V with a sweep rate of 0.36 V/s. As shown in Fig.
3(b), the sheet concentration of the two-dimensional electron
gas (2DEG) under the gate, n,, can be obtained by integrating
C as a function of Vg, from which we can determine Vy,.

Figure 4 shows the band diagram of AlGaN/GaN MIS
devices, considering the interface fixed charges. From this,
we obtain

Acins — gng do t Ao aiGan — gn
kinséo kaiGanéo
=-V6+V¥/q+Er/q 1)

daiGaN

using the elementary charge ¢ >0, the vacuum permittivity
&o, the insulator-semiconductor interface fixed charge density
Oins» the polarization charge densities og,n and o ajgan, the
dielectric constants k;,; and kajgan, the thicknesses di,s and
daiGan, the 2DEG Fermi energy Ef, and Y = ¢ — ¢ — AEc
defined in Fig. 4, where Agj 3= 0ins — 0gan and Acaigan
= 0AIGaN — OGan- For Vg =V, (ng=0 and Eg =0), we find

AGins AG AlGaN

Vth:_

dins — daigay + ¥ /q )

kinséo kaigango

giving a linear dj,s-dependence of Vi, with a slope of
—Aadins/(kinséo)- The 2DEG concentration ng under the gate is
approximately given by

gns =~ Co(Vg — Vi) (3)
as experimentally confirmed in Fig. 3(b), where

1 _ dins

Co  kinséo

dAiGaN

“

kaiGan€o
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FIG. 3. (a) C-V characteristics of the Al,03/AlGaN/GaN and AITiO/AlGaN/GaN MIS devices with d;,=6-29nm, measured at 1 MHz under
Vo=0—-15V with a sweep rate of 0.36 V/s. (b) The 2DEG sheet concentration n obtained by integrating C as functions of the gate voltage Vg, from

which we can determine Vy,.
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FIG. 4. The band diagram of AlGaN/GaN MIS devices, considering the
interface fixed charges.

For V5 =0, ng=ny is given by

qng ~ —CoVip

_ AGinsdins [ (kins€o) + AcaiGandaiGan/ (kaicango) — ¥/ q
dins / (kins€o) + daican/ (kaiganéo)

3

which is a nonlinear function of d,,.

According to Eq. (4), 1/Cy is a linear function of dj.
Experimentally, Cy is estimated by C at V=0V as plotted
in Fig. 5(a), where we can confirm the linear relation. From
the slopes, we obtain dielectric constants k;,s =9.4 and 13.4
for Al,O3; and AITiO, respectively, being consistent with
separated experimental results using metal-insulator-metal
structures (not shown). From the intercept, we obtain
kaigan = 9.5 (using dajgany =30nm). Figure 5(b) shows the
experimentally determined Vi, as functions of d;,,. We find
linear dependences obeying Eq. (2), indicating that the inter-
face fixed charges dominate Vi, and also rather shallower Vy,
for AITiO than for Al,Os. By fitting using Eq. (2), we obtain
AGins/g=1.5x 10" cm™? and 7.3 x 10"?cm ™2 at the Al,O5/
AlGaN and AITiO/AlGaN interfaces, respectively. The latter
gives a significantly lower o;,, than the former, which may
be attributed to a lower-density of oxygen donors®='"? at
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FIG. 5. (a) 1/Cy, (b) Vi, and (c) nyo at Vg =0 of the Al,O3/AlGaN/GaN and
AITiO/AlGaN/GaN MIS devices, as functions d;,s with fitting curves.

the AITiO/AlGaN interface. This lower o, and the higher
kins of AITiO lead to rather shallower Vy,. Figure 5(c) shows
the experimentally obtained ny, as functions of d,;, whose
non-linear dependences are fitted by Eq. (5). We find that ny
is a decreasing function of d;,s for AlTiO, whereas being an
increasing function for Al,O3. From Eq. (5), we obtain

ongy Gy
adins kins‘gO

(Aains/q - ns()) (6)

which implies that Aci,s/q > nyo leads to increasing ny, with
dins, While Agj,/q <nyo leads to decreasing nyy. Thus, for
Al,O3 and AITiO, ny is an increasing and a decreasing func-
tion of d,, respectively. It should be noted that, in the limit

J. Appl. Phys. 123, 034504 (2018)

of a large d;,, nso in Eq. (5) approaches to Acj,g/g, indicating
that a normally off operation can be expected for sufficiently
suppressed interface fixed charges, satisfying Aoy, <0, i.e.,
Oins < 0Ggan- HOwever, in the both cases, we observe Aoy
>0, 1.e., Ojns > 0Gan-

Even though Ag;, is obtained experimentally, in order to
evaluate aj,,, it iS necessary to assume og,n. Hereafter, we
assume oGan/g =2.1 x 10" cm™2 obtained by a theoretical
calculation.®® This leads to Oins/q = 3.6 X 10 cm ™2 and
2.8 x 10 cm 2 at the ALL,Os/AlGaN and AITiO/AlGaN inter-
faces, respectively. In addition, these values should be com-
pared with 651Gan/g. Although Acagan/g = 1.5 X 108 em ™
for Aly,7Gay73N/GaN is obtained theoretically,3 9 several
experiments show lower Ao ajgan, about 85% of the theoreti-
cal one.***? Thus, we assume Ao piGan/g=1.3 X 102 em 2,
i.e., OalGan/q =3.4 X 10" cm™2 Based on the assumptions,
we summarize oj,s compared with ¢ 4;g.n in Fig. 6, where the
dotted line corresponds to neutral insulator-semiconductor
interfaces, 1i.e., O+ (—0aigan) =0. We obtain that the
Al,0O3/AlGaN interface is nearly neutral,”> while the AITiO/
AlGaN interface is rather negatively charged owing to the
lower ;. By fitting Vi, as functions of d;,s with Eq. (2), we
also obtain yy = 2.0 and 1.3 eV for the Al,O3/AlGaN/GaN and
AITiO/AlGaN/GaN MIS devices, respectively. From these,
we obtain band diagrams of the AIGaN/GaN MIS devices by
Poisson-Schrodinger calculation®® as shown in Fig. 7, where
we can confirm that the AITiO/AlGaN interface is negatively
charged. The directions of the electric fields in Al,O5; and
AITiO at Vg =0V are opposite, leading to the fact that ny, is
a decreasing function of dj,, for AITiO, whereas being an
increasing function for Al,Os.

IV. RELATION WITH INSULATOR-SEMICONDUCTOR
INTERFACE STATES

It should be noted that electrons trapped at deep inter-
face states with very long time constants can act as (quasi)
negative interface fixed charges.*® Therefore, the interface
fixed charge measurements might be influenced by electrons
at deep interface states compensating the positive fixed

-
= 6 . . .

5 m AlLOy/AIGaN/GaN
=, 5| ® AITiO/AIGaN/GaN

- e

T 4 .«\\6‘@0

< S B

g 3 N ° @

5 RN o2 R

S 2% e e &%

N X

= & e >

@ ¢

8 0 K s g N a L

5 0 1 o 3 4 5 6
=

Polarization charge opgan/g [10" cm?

FIG. 6. A comparison between the insulator-semiconductor interface fixed
charge density g;,s and AlGaN polarization charge density ¢ ajGan-
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charges. In particular, there is a possibility that the lower
AITiO/AlGaN interface fixed charge density is owing to
electrons trapped at deep interface states. In order to consider
this possibility, we examined the interface states at Al,Os/
AlGaN and AITiO/AlGaN by frequency dependent C-V
measurements. Figure 8 shows examples of the measurement
results, C—V characteristics at 100 Hz—1 MHz for the Al,O5/
AlGaN/GaN and AITiO/AlGaN/GaN MIS devices with
dins = 14—19nm. In any cases, no frequency dispersion is
observed for negative bias voltages, showing that the Vi,
determination is not affected by the measurement frequency.
On the other hand, for positive bias voltages, frequency dis-
persions are observed, suggesting insulator-semiconductor
interface states.

The conductance method** was applied to the frequency
dependent C—V characteristics to evaluate the interface state
density.*>* ! Assuming the equivalent circuit shown in the
insets of Fig. 9, which consists of an interface state capaci-
tance Cj, an interface state conductance Gj, and an AlGaN
capacitance Cpgan in parallel, with an insulator capacitance
Cins connected in series, we obtained the frequency depen-
dence of G; for the Al,O3/AlGaN/GaN and AITiO/AlGaN/
GaN MIS devices. Figure 9 shows examples of obtained
Gi/w as functions of frequency f, where w = 2nf, exhibiting
single-peaked behavior. As shown by the curves in Fig. 9,
the single-peaked behavior is well fitted by

Gi  ¢*Diln(1 + w’1?)
o 2wt

; )

where D; is the interface state density and t is the trapping
time constant, giving the peak frequency f, = 1/(nt) and the
peak value of Gi/w ~ 0.4¢°D;. The observed peaks are sum-
marized in Fig. 10(a), where we find very similar behavior

FIG. 8. C-V characteristics of the
Al,0O3/AlGaN/GaN and AITiO/AlGaN/
GaN MIS devices with d;,s = 14-19 nm,
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for Al,0O5/AlGaN/GaN and AITiO/AlGaN/GaN and also for
different d;,s, suggesting that the behavior is dominated by
interface states with very similar densities at Al,03/AlGaN
and AITiO/AlGaN. From the peaks, we can obtain the rela-
tionship between D; and 7. Moreover, 7 for an interface state
at the energy E is given by 1 = tgexp [(Ec — E)/kgT] using
the Boltzmann constant kg, temperature 7, and the conduc-
tion band bottom energy Ec, where 7y is a time constant
determined by the capture cross section of the trap. Thus,
using 79, we can estimate the relationship between D; and
(Ec —E). Even though 1, is ambiguous, assuming a wide
range of 1o = 1-100 ps, we show D; as functions of (Ec — E)
in Fig. 10(b), where the error bars correspond to the wide
range of 1, values. This indicates a very similar shallow
interface state density D;~2 x 108 cecm2eV™! of ALOs/
AlGaN and AITiO/AlGaN and suggests that deep interface
state densities are also similar, even though the interface
fixed charge density o;,s is rather lower at AITiO/AlGaN.
Thus, we should conclude that there is no correlation
between the interface fixed charges and the interface states
in our case, as reported in Ref. 32. This suggests that the
lower a;,s at AITiO/AlGaN is not owing to electrons trapped
at deep interface states, compensating the positive fixed
charges. Since interface states generally have a U-shaped
density of states, from the shallow interface state density
above, we can expect a deep interface state density of
<102 cm2eV~! or less. On the other hand, the difference
between gi,./q at Al,03/AlGaN and that at AITiO/AlGaN is
~0.8 x 103 cm™2. Thus, it is not plausible that the differ-
ence is due to trapped electrons at the deep interface states.
Although the material origin of the lower o,y at AITiO/
AlGaN is not clear, it is possible to tentatively assume a
lower density of oxygen-related interface donors, where
strong Ti-O bonding may suppress donor formation.
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V. CONCLUSION

We have investigated insulator-semiconductor interface
fixed charges in Al,O3/AlGaN/GaN and AITiO/AlGaN/GaN
MIS devices. The AITiO/AlGaN interface gives significantly
lower-density interface fixed charges and rather shallower
threshold voltages. The lower interface fixed charge density
also leads to the fact that the 2DEG concentration is a
decreasing function of the AITiO thickness, whereas being
an increasing function of the Al,O5 thickness. Moreover, we
discuss the relationship between the interface fixed charges
and interface states. Since the interface state densities are
very similar at Al,03/AlGaN and AITiO/AlGaN, it is sug-
gested that the lower interface fixed charge density at AITiO/
AlGaN is not owing to electrons trapped at deep interface
states, compensating the positive fixed charges. Thus, a
lower density of oxygen-related donors at the AITiO/AlGaN
interface can be assumed, where strong Ti-O bonding may
suppress donor formation. We consider that the results can
provide a clue towards Vy, control and normally off opera-
tions of GaN-based MIS devices.
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