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ABSTRACT

Toward interface charge engineering in AITiO/AlGaN/GaN metal-insulator-semiconductor (MIS) devices, we systematically investigated
insulator-semiconductor interface fixed charges depending on the composition of the AITiO gate insulator obtained by atomic layer deposi-
tion. By evaluating the positive interface fixed charge density from the insulator-thickness dependence of the threshold voltages of the
MIS devices, we found a trend that the interface fixed charge density decreases with the decrease in the Al composition ratio, i.e., increase in
the Ti composition ratio, which leads to shallow threshold voltages. This trend can be attributed to the large bonding energy of O-Ti in
comparison with that of O-Al and to consequent possible suppression of interface oxygen donors. For an AITiO gate insulator with an
intermediate composition, the MIS field-effect transistors exhibit favorable device characteristics with high linearity of transconductance.
These results indicate a possibility of interface charge engineering using AITiO, in addition to energy gap engineering and dielectric cons-

tant engineering.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141399

I. INTRODUCTION

As a gate insulator of GaN-based metal-insulator-semiconduc-
tor (MIS) field-effect transistors (FETs), Al,Os;," HfO,,”” TaON,"
AIN,”™ BN,'”"" and so on have been employed and investigated.
Although a wide energy gap E; and a high dielectric constant ks
are preferable for a gate insulator, a trade-off between Eg and ki
generally exists for insulators.'” Aluminum titanium oxide AL Ti,O
(AITiO), an alloy of AlLO; (E;~ 7€V, ki~ 10) and TiO,
(Eg ~ 3 eV, kins ~ 60) with physical properties between them, is a
useful insulator to balance E; and kins.> "7 Since the physical prop-
erties of AITiO can be controlled by controlling its composition,
AITiO can be applied to energy gap engineering (Eg control) and
dielectric constant engineering (ki,s control). Although there still
exists a trade-off between E; and ki, we can choose an AITiO
composition according to applications, considering the trade-off.

On the other hand, at the interface between an oxide gate
insulator and a negatively polarized semiconductor surface, such as
a Ga-face (Al)GaN surface, positive fixed charges tend to be gener-
ated and to cancel the negative polarization charges.”"*’ The inter-
face fixed charges strongly influence threshold voltages of
GaN-based MIS devices; a higher positive interface fixed charge

density leads a more negative threshold voltage, which is unfavor-
able for device applications. If we develop methods to suppress and
control the positive interface fixed charges, the threshold voltage
can be controlled by “interface charge engineering.”** In particular,
sufficient suppression of the interface fixed charges is very impor-
tant for normally off operations of GaN-based MIS devices.”””’
However, the control of the interface fixed charges is not sufficient,
and their origin is not fully elucidated, even though the importance
of oxygen donors’’ and/or nitrogen vacancies’ is pointed out.
Therefore, further studies on interface charge engineering for
GaN-based MIS devices are desirable.

Previously, we reported that Al,Ti,O gate insulators with a
composition of x/(x + y) = 0.73 for AlGaN/GaN MIS devices lead
to a suppressed positive interface fixed charge density in compari-
son with Al,O; gate insulators,” although the suppression is not
enough. This result suggests that AITiO/(Al)GaN interface fixed
charged densities can be controlled by the AITiO composition, and
AITiO can be applied to interface charge engineering, in addition
to energy gap engineering and dielectric constant engineering for
GaN-based MIS devices. In this work, for AITiO/AlGaN/GaN MIS
devices, we systematically investigated insulator-semiconductor
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interface fixed charges depending on the composition of AITiO
obtained by atomic layer deposition (ALD). We evaluated the inter-
face fixed charge density from the insulator-thickness dependence
of the threshold voltages of the MIS devices and found a trend that
the interface fixed charge density decreases with the decrease in the
Al composition ratio, i.e., increase in the Ti composition ratio.
Moreover, for an AITiO gate insulator with an intermediate com-
position, we obtained favorable MIS-FET characteristics with high
linearity of transconductance. These results indicate a possibility of
interface charge engineering using AITiO gate insulators for
GaN-based MIS devices.

1. DEVICE FABRICATION

We fabricated AITiO/AlGaN/GaN MIS devices from an
AlGaN/GaN heterostructure grown by metal-organic vapor phase
epitaxy on sapphire(0001). The heterostructure consists of, from
the tOp, A10,27Ga()_73N (7 nm)/n-Alo_z7Ga0,73N (20 nm, Si doping
concentration of 2 x 10 em™3)/ Aly»,Gag,sN (3 nm)/GaN
(3000 nm). The device fabrication process started from Ti/Al/Ti/Au
Ohmic electrode formation. After surface cleaning using organic
solvents, oxygen plasma ashing, and an ammonium-based solution,
AL Ti,O gate insulators with several compositions and thicknesses
were formed by ALD at 130 °C, using trimethylaluminum (TMA),
tetrakis-dimethylamino titanium (TDMAT), and H,O as precur-
sors. Post-deposition annealing in H,(10%)-Ar(90%) at 350 °C was
carried out, followed by Ni/Au gate electrode formation completing
the device fabrication. Figure 1 shows the schematic cross section
and a top-view optical image of the fabricated AlTiO/AlGaN/GaN
MIS devices.

For the ALD of Alei},O, in order to control the composition,
we repeated alternate supply of I-cycle TMA-H,O and m-cycle
TDMAT-H,O as shown in the inset of Fig. 2. One-cycle TMA-H,0
and TDMAT-H,O0, respectively, correspond to Al,O; and TiO, of
=<1 A thickness. Thus, for small cycle numbers, ALO; or TiO,
cannot cover the surface and forms random clusters rather than a
definite layer. As a result, using a pair of small coprime integers
(I, m), we obtain an alloy-like mixed oxide AL Ti,O; the ALTi,O
film is not a superlattice of Al,O; and TiO, and forms an interface

(b)

Ohmic electrode

Alp 27Gag 75N 7 nm
n-Alg »;Gag 73N 20 nm

Al »7Gag 73N 3 nm

GaN 3000 nm

Buffer layer
Sapphire(0001)

70 pm

40 um

FIG. 1. (a) The schematic cross section and (b) a top-view optical image of the
fabricated Al Ti,O/AIGaN/GaN MIS devices.
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FIG. 2. Relation between the Al composition ratio x/(x + y) and the set of
cycle number (I, m).

with AlGaN as an alloy. It should be noted that x + y # 1 generally;
the sum of the numbers of Al atoms and Ti atoms is not equal to
the number of O atoms. Thus, we cannot use the notation of
Al Ti;_,O instead of AlTi,O, and the composition is expressed by
the Al composition ratio x/(x + y). The compositions of the depos-
ited ALTi,O for (I, m)=(1,0),(2,1),(1,1),(1,2),(1,3), and
(1, 5) were determined by x-ray photoelectron spectroscopy (XPS)
measurements. We obtained the integral peak intensities (Al2s,
Al2p) and (Ti2p, Ti3s, and Ti3p), and the composition was evalu-
ated from their six intensity ratios. As a result, we find a good linear
relation x/y >~ 2.7l/m, ie, x/(x +y) = 2.71/(2.71 + m) as shown
in Fig. 2, where the compositions of the deposited ALTi,O are
x/(x+y) = 1.0, 0.84, 0.73, 0.57, 0.47, and 0.35. The energy gaps of
the deposited Al Ti,O were estimated by Ols XPS electron energy
loss spectroscopy (EELS) as shown in the insets of Fig. 3, where the

10 - . :
— P\ x/(x+y) = 1.0 x/(x+y) = 0.84 xl(x+y)=0.73
3
_ 93
c
Luc) 8 _§ Xl(x+y) = 0.57 xl(x+y) = 0.47 ey =030
Q | 3 ;
o 7 [w ®
> 20 10 0 20 10 0 20 10 O ®
[ 6} Relative binding energy [eV]
S o
(T o *
5 ©
4 ) ) . .
0 0.2 0.4 0.6 0.8 1

Al composition ratio x/(x+y)

FIG. 3. The energy gap Ey of Al;Ti,O depending on the Al composition ratio
X/(x + ). The inset shows XPS O1s EELS spectra used for the E; estimation.
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EELS spectra are plotted as functions of the relative binding energy concentration of the two-dimensional electron gas (2DEG) n;
to the Ols peak. The estimated energy gap E, as a function of the Al under the gate as shown in Fig. 5, from which the threshold voltage

composition ratio is shown in Fig. 3, where, as expected, Eg system- Vi can be determined.
atically decreases with a decrease in the Al composition ratio, i.e., Figure 6 shows the band diagram of the AlTiO/AlGaN/GaN
with an increase in the Ti composition ratio. While the energy gap MIS devices, assuming interface fixed charges. From this, we obtain

of the AlGaN is 4.2¢eV, E, for x/(x + y) = 0.35 is =~ 5eV, which

may be not enough for a gate insulator. We consider that Al,Ti,O Oins + OD — OGaN — qHs i, OAIGaN — OGaN — qfls drican
with even a smaller Al composition ratio is not suitable for a gate kins€o kaicango
insulator. —p—
@ — AE, o
. T T, 2 = do = 2d0) + Er/q - Va
AlGaN€0

lll. DEVICE CHARACTERIZATION *

=v/q+Es/q— Vo, 1

We measured the capacitance-voltage (C-Vg) characteristics Vi ¥/4 G W

of the AITiO/AlGaN/GaN MIS devices with several AITiO thick-
nesses dins < 30 nm, as shown in Fig. 4. The measurements were using the elementary charge g > 0; the vacuum permittivity &o; the
carried out at 1 MHz under Vg sweep from zero to negative volt- insulator-semiconductor interface fixed charge density oin; the
ages. By integrating C as a function of Vg, we obtained the sheet polarization charge densities oG,y and oajgan; the sheet ionized
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donor density op; the dielectric constants kins and kajcan; the
thicknesses dins, dalgan> dp, and ds; the metal-insulator barrier
height ¢; the insulator-AlGaN conduction band offset ¢; the
AlGaN-GaN conduction band offset AEc; and the 2DEG Fermi
energy Ep, as defined in Fig. 6. Using the relation (1), the measure-
ment results can be analyzed.

At Vg = 0V, we obtain a capacitance given by

1 ~ dins

L dAlGaN
Co  kins€o

kaigango

()

from (1). Figure 7(a) shows the measured 1/Cy as functions of diy,
where the linear relation (2) can be confirmed. From the fittings,
we estimated dielectric constants kaigany =~ 10 and ki depending
on the composition as summarized in Fig. 7(b). As expected, Kkins

decreases with a decrease in the Al composition ratio, i.e., with an
increase in the Ti composition ratio. The inset of Fig. 7(b) shows
the correlation between E; and kips of Al Ti,O, illustrating the
trade-off. This confirms that we can control AlLTi,O insulator
properties by controlling its composition, which is useful to
balance E; and kiy.

At the threshold voltage Vg = Vi, since ny = 0 and Ep = 0,
the relation (1) gives

Ao Ao A1GaN

Vth - - din dA]GaN + ‘7//% (3)

kinsso ) kAlGaNgo
where AGiy = Oins + 0p — 0Gan and  AGAIGaN = GAIGaN — OGaN-
Since Vi, is a linear function of di,, with a slope of
—A0ins/ (kins€0), Aoins can be evaluated by the slope of the Vi,-dips
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FIG. 6. The band diagram of the Al,Ti,O/AIGaN/GaN MIS devices assuming
interface fixed charges.

relation. Figure 8(a) shows the measured Vy, as functions of dis.
The linear relation (3) is obtained, indicating that Vi, is domi-
nated by the interface fixed charges (effects of bulk fixed
charges in AITiO are insignificant). We find a trend that, as
the Al composition ratio decreases, the slope is positively
shifted, suggesting that Acj,s is reduced, i.e., the oj, is sup-
pressed. In addition, we observe almost flat Vi,-di,s lines below
intermediate Al compositions, indicating that the interface
fixed charges are not further suppressed. From the fitting of
Vin-dins using the relation (3), we obtain Acjys/g. Even though
Acins is obtained experimentally, in order to evaluate oy, it
is necessary to assume Ogyn and oOaigan. If we assume
0Gan/q = 2.1 x 10 cm™ and opjgan/q = 3.4 x 1013 cm™2,7477°
using op/q =4 x 10" cm™2, we obtain Fig. 8(b) plotting oins
as a function of the Al composition ratio x/(x + y), where the
black dotted line corresponds to the neutral AITiO/AlGaN
interface. Three sigma error bars are included based on the
asymptotic standard errors in the fitting of Vi,-dins,. We find a
trend that, with a decrease in the Al composition ratio, i.e., an
increase in the Ti composition ratio, the interface fixed charge
density decreases and the AITiO/AlGaN interface becomes
more negatively charged, while the trend is saturated below
intermediate Al compositions. This could be attributed to the
difference between bonding energies of O-Ti and O-Al. Since

ARTICLE scitation.org/journalljap
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FIG. 7. (a) 1/Cy as linear functions of diys with fitting lines. (b) The dielectric
constant kins of Al,Ti,O depending on the Al composition ratio x/(x + y). The
inset shows the correlation between Eg and Kins.

the bonding energy of O-Ti (6.9eV) is larger than that of
0-Al (5.2eV) and that of O-Ga (3.9 eV),” the incorporation of
Ti can suppress bonding of oxygen with AlGaN at the inter-
face, where oxygen bonded with Ga or Al at the interface may
act as a donor.”” As a result, positively ionized donors at the
interface can be suppressed by Ti; i.e., the positive interface
fixed charge density can be reduced. From the deposition rate
of the AITiO layer, we find that one-cycle TDMAT-H,O gives
a ~0.35 monolayer of TiO,; as a result, for m >3 or
x/(x+y) <0.47, the Ti density at the interface will be satu-
rated, leading to the saturated trend. Although the origin of
the interface fixed charges is not fully understood, the fact that
they can be modulated by the AITiO composition strongly sug-
gests that the origin is oxygen donors rather than intrinsic
polarization self-compensation.”’ Thus, further reduction of the
interface fixed charge density will be in principle possible
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FIG. 8. (a) Vi of the Al,Ti,O/AIGaN/GaN MIS devices as functions of dj,s with
fitting lines. (b) The interface fixed charge density ojys depending on the Al
composition ratio x/(x + y). The black dotted line corresponds to the neutral
AITIO/AIGaN interface.

independently of the polarization charge density.”' We suppose
that the oxygen donors have shallow energy levels, such as an
energy depth of ~ 30 meV,*” and are fully ionized. Thus, we
consider that the modulation of the positive interface fixed
charge density is that of the oxygen donor density itself, not
owing to electrons trapped at deep interface states.”

The 2DEG density at Vg = 0 is given by

Ao insdins/ (kins€0) + AO'AlGaNdAlGaN/ (kAlGaNSO) - l/~// q
qnsp = . (4)
dins / (kins€0) + daigan/ (kaigan€o)

It should be noted that the derivative is

0}’150 ~ C()
adins N kinsgo

(AGins/q — n0), (5)
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FIG. 9. ny of the Al,Ti,O/AIGaN/GaN MIS devices as functions of diys with
fitting curves.

whose sign depends on the difference between Aciys/q and ny.
Figure 9 shows the experimental ny-dins with fitting curves using
the relation (4), where the necessary fitting parameters have already
been obtained by the fitting of Vi-diys using the relation (3).
According to (5), ng is an increasing function of di, for
x/(x+y) = 1.0 and 0.84, while x/(x + y) < 0.73 gives a decreas-
ing function. For low interface fixed charge densities, the decreas-
ing behavior has been simulated in Ref. 20.

Using the experimental results, we estimated the band dia-

grams of the AITiO/AlGaN GaN MIS devices using the Poisson- |

Schrodinger calculation. For the calculation, the metal-AlTiO
barrier height ¢ and the AITiO-AlGaN conduction band offset ¢
are needed. Using the electron affinities ~ 1.9 eV of ALD-deposited
ALO;* and ~ 4.0V of ALD-deposited TiO,,** we assume a line-
arly interpolated electron affinity ~ [4.0 —2.1x/(x + y)] eV of
Al Ti,O. If there is no vacuum level discontinuity at the AITiO/
AlGaN, the AlGaN electron affinity ~ 3.5eV (the GaN electron
affinity ~ 4.1eV) leads to the AITiO-AlGaN conduction band
offset @~ [x/(x+y) x 2.1 —0.5]eV. Since we experimentally
obtained ¢ — ¢ from the Vy,-diys fitting based on (3), ¢ can be
obtained by using the above ¢. The calculated band diagrams are
shown in Fig. 10. The AITiO/AlGaN interface is negatively charged
by the incorporation of Ti. For x/(x+ y) = 0.35, the AITiO-
AlGaN conduction band offset is ¢ < 0.25eV, which is not
enough for a gate insulator of AIGaN/GaN MIS devices. On the
other hand, we consider that the AITiO-AlGaN conduction band
offset ¢ >~ 0.5eV for x/(x+ y) =0.47 can be used for a gate
insulator.

In order to investigate the possibility of the AITiO gate insula-
tor with the composition x/(x+y) =0.47 (E;~5.3eV and
@ >~ 0.5eV), we fabricated and characterized AlTiO/AlGaN/GaN
MIS-FETs using this composition and an insulator thickness of
20 nm. Figure 11 shows output and transfer characteristics of the
device with a gate length Lg = 1.4 um, a source-gate distance of
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FIG. 10. The band diagrams of the Al, Ti,O/AIGaN/GaN MIS devices obtained by the Poisson-Schrédinger calculation.

0.6 um, a gate-drain distance of 2.5um, and a channel width of
50 um, where the drain current Ip, gate current I, and transcon-
ductance g are normalized by the channel width. We find favor-
able FET characteristics. The output characteristics shown in
Fig. 11(a) exhibit drain currents as high as ~ 900 mA/mm. The
transfer characteristics at Vp =10V in the saturation regime,
shown in Fig. 11(b), exhibit a low minimum sub-threshold swing
of ~ 80 mV/decade and relatively low leakage currents. Although
the leakage current level is two orders higher than that for typical

Al,O3 gate insulators, the device has an on-off current ratio of
~ 4 x 107, which is acceptable for many realistic applications.
Moreover, from gn-Vg characteristics, we find a peak
gm ~ 110 mS/mm with a full width half maximum (FWHM) as
large as 9.6 V. Since the equivalent oxide thickness (AlGaN +
AITiO) is 14.8 nm, the FWHM is well above the guideline given in
Ref. 45. In addition, the “gate voltage swing of g,” (the gate voltage
range where g, remains > 80% of the peak value)’’ is as large as
6.2 V. These indicate a very good linearity of the observed gp.
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FIG. 11. (a) Output characteristics and (b) transfer characteristics at Vp = 10V
of the Al;Ti,O/AIGaN/GaN MIS-FET with x/(x + y) = 0.47 and Lg = 1.4 um.
The drain current Ip, gate current /g, and transconductance gn are normalized
by the channel width.

The obtained device characteristics suggest that Al Ti,O with the
composition x/(x + y) = 0.47 can be a good high-k gate insulator
for GaN-based MIS-FETs.

IV. CONCLUSION

We systematically investigated the insulator-semiconductor
interface fixed charges in AlTiO/AlGaN/GaN MIS devices depend-
ing on the AITiO composition. We found a trend that the interface
fixed charge density decreases with a decrease in the Al composi-
tion ratio, i.e., increase in the Ti composition ratio, although the
trend is saturated below intermediate Al compositions. The trend
can be attributed to the large bonding energy of O-Ti in compari-
son with that of O-Al and to possible suppression of interface
oxygen donors. Moreover, using the AITiO gate insulators of the Al
composition ratio x/(x+y) =0.47, we obtained favorable
MIS-FET characteristics with high linearity of transconductance.
We consider that AITiO can be utilized for interface charge

ARTICLE scitation.org/journalljap

engineering, in addition to energy gap engineering and dielectric
constant engineering.
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