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We report the study of high-dielectric-constant (high-x) dielectric LaLuO5; (LLO) thin film that is
grown on AlGaN/GaN heterostructure by molecular beam deposition (MBD). The physical
properties of LLO on AlGaN/GaN heterostrucure have been investigated with atomic force
microscopy, x-ray photoelectron spectroscopy, and TEM. It is revealed that the MBD-grown
16 nm-thick LLO film is polycrystalline with a thin (~2 nm) amorphous transition layer at the LLO/
GaN interface. The bandgap of LLO is derived as 5.3 = 0.04eV from Ols energy loss spectrum.
Capacitance-voltage (C-V) characteristics of a Ni-Au/LLO/III-nitride metal-insulator-semiconductor
diode exhibit small frequency dispersion (<2%) and reveal a high effective dielectric constant of
~28 for the LLO film. The LLO layer is shown to be effective in suppressing the reverse and forward
leakage current in the MIS diode. In particular, the MIS diode forward current is reduced by 7 orders
of magnitude at a forward bias of 1 V compared to a conventional Ni-Au/III-nitride Schottky diode.
© 2011 American Institute of Physics. [doi:10.1063/1.3657521]

Wide bandgap group-III nitride (III-nitride) based elec-
tronic devices, especially in the form of high-electron-mobil-
ity transistors (HEMTs), are capable of delivering superior
performance in high-frequency power amplifiers and high-
voltage power switches.'™ The conventional AlGaN/GaN
and InAIN/GaN HEMTs feature Schottky gates, resulting in
relatively high reverse leakage current and a small forward
turn-on voltage (V,,). By inserting a dielectric layer with
large bandgap between the metal gate and semiconductor
surface, ultralow gate leakage has been demonstrated in
AlGaN/GaN metal-insulator-semiconductor high-electron-
mobility transistors (MISHEMTs). High-dielectric-constant
(high-x) materials are desirable for the gate dielectric as they
enable tight channel control even with relatively large thick-
ness. For AlIGaN/GaN MISHEMTs, AlL,O5 (i ~ 9)4 prepared
by atomic layer deposition (ALD) has been predominately
used. HfO, (KNZO)S has also been investigated although
large leakage and poor stability have been reported.
Recently, LalLuO3 (LLO) has been studied and considered as
a promising candidate for next-generation gate dielectric in
Si,°'” Ge-on-insulator (GeOI),'" and GaAs (Ref. 12) metal-
oxide-semiconductor field-effect transistors (MOSFETs)
owing to its high dielectric constant (~30) and high crystalli-
zation temperature (~1000 °C). La,O5 has also been used in
AlGaN/GaN MISHEMTs.'? Despite the high dielectric con-
stant (~30) (Ref. 14) of La,03, it is hygroscopic and could
be leaky electrically. On the other hand, Lu,O5 has a larger
bandgap, better hygroscopic immunity but lower crystalliza-
tion temperature.'> Thus, by combining the benefits of La-
based and Lu-based oxide, LLO thin film which also has the
benefit of large electric-breakdown field of 2 MV/cm
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(Ref. 16) is emerging as an attractive high-performance
high-x gate dielectric for AlGaN/GaN MISHEMTs.

In this letter, we report the study of LLO thin film on
AlGaN/GaN heterostructure grown by molecular beam depo-
sition (MBD) technique.6 It is revealed that the LLO film is
initially amorphous at the LLO/III-nitride interface and then
changes to polycrystalline after ~2nm. The bandgap of the
LLO film is 5.3 eV, determined from Ols energy loss spec-
trum obtained in x-ray photoelectron spectroscopy (XPS).
Electrical characterizations performed on Ni-Au/LLO/
AlGaN/GaN MIS diode yield a dielectric constant of ~28
and illustrate effective suppression of gate leakage.

The AlGaN/GaN heterostructure used in this work
consists of a 1.8um GaN buffer, a ~18nm undoped
Alp26Gag 74 N barrier, and a 2nm GaN cap grown by metal
organic chemical vapor deposition on (111) silicon substrate.
LLO film was deposited on AlGaN/GaN heterostrucure by
MBD at 450°C, and the growth details can be found in
Lopes et al. (2007).10 Post-deposition annealing (PDA) was
carried out at 400 °C in oxygen for 10 min, in order to com-
pensate the possible oxygen vacancies in the film® and to
suppress moisture absorption, since it is considered that heal-
ing the oxygen vacancies in the film can effectively suppress
moisture absorption.'” For the characterization of electrical
properties, LLO MIS diode was fabricated. Ohmic contact
region was opened by selectively etching LLO using BCl3/
Ar plasma in an inductively coupled plasma reactive ion
etching (ICP-RIE) system,'' followed by e-beam deposition
of Ti/Al/Ni/Au (20nm/150nm/50 nm/80nm). Then, the
ohmic contact was annealed at 850 °C for 35s. Then, Ni/Au
(20nm/240nm) Schottky metal was deposited on LLO
through a shadow mask by e-beam evaporation, followed by
annealing at 350 °C in nitrogen ambient for 5 min to improve
the interface between Ni/Au and LLO. The diameter of the
circular Schottky metal was measured as 196 um.

© 2011 American Institute of Physics
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FIG. 1. (Color online) AFM image of the surface of the LLO film.

The surface morphology of LLO was characterized by
atomic force microscopy (AFM) over a 2 x2um” scan
region, as shown in Fig. 1. The root mean square (rms) and
average roughness of the 16nm LLO film is 0.58 nm and
0.43 nm, indicating decent surface quality.

In XPS measurements, monochromatic Al Ko x-ray
source (1486.6eV) was used. The binding energy (BE) mea-
surement was calibrated by correcting Cls to be 285 eV. Fig.
2(a) shows the La3d core-level XPS spectrum of LLO. Two
doublets of La3ds,, (b, b’) and La3ds,, (a, a’) are shown, in
which the main peaks a, b are 834.6eV and 851.3eV while
the shake-up satellites a’, b’ on the high energy side of the
two main peaks are 838.8 eV and 855.7 eV, respectively. The
shake-up satellites are generally found in rare earth oxide
and are believed to result from a core hole with electron
transferred from the O,, valence band to an empty 4f or-
bital.'®1? Lu4d;), and Lu4ds,, core peaks are determined to
be 196.8eV and 206.7eV (not shown here). From La3d;,,
Lu4d;;, and Ols core peaks, the ratio of oxygen to metal
atoms near LLO surface can be deduced as 2.55:1, compared
to the nominal ratio of 1.5:1. The excess oxygen was intro-
duced during PDA in oxygen ambient and considered to sup-
press degradation due to the hygroscopic feature of LLO.

The bandgap of LLO can be derived from Ols energy
loss signal in XPS spectrum, based on the fact that photo-
electrons experience inelastic loss before band-to-band (from
valence band to conduction band) transition, which corre-
sponds to the bandgap energy. The bandgap of dielectric film
is generally defined as the intercept of the linear extrapola-
tion of the leading edge to the background level.?® As shown
in Fig. 2(b), the bandgap of LLO is determined to be 5.3 eV,
which is in good agreement with the internal photoemission
and photoconductivity measurement results 5.2 eV.°
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FIG. 2. (Color online) (a) La3d core-level and (b) Ols energy loss spectra
of LLO.
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FIG. 3. (a) Cross sectional TEM micrograph of the 16 nm-thick LLO thin
film on AlGaN/GaN heterostructure. (b) Higher magnification image for
illustration of a thin amorphous LLO layer adjacent to GaN. (c) Metal
atomic (Lu/La) ratios at 5 locations in the vertical direction of the LLO film
from EDX profiles.

For transmission electron microscopy (TEM) study of
the LLO film, sample was prepared by conventional polish-
ing procedure and ion milling. The kinetic energy of electron
beam used in TEM was 200keV. Energy dispersive x-ray
(EDX) profiles were also recorded to study the atomic ratio
of Lu to La in the film. Fig. 3(a) shows the cross sectional
TEM micrograph of LLO film deposited on AlGaN/GaN het-
erostrucure. The physical thickness of LLO film is deter-
mined to be 16nm and the LLO film consists of a
polycrystalline layer over an amorphous layer on GaN. Fig.
3(b) provides a magnified image of LLO adjacent to GaN,
the irregular contrast indicating amorphous phase over a thin
layer (2-4 nm) near LLO/GaN interface. The thin amorphous
layer at the LLO/GaN interface is formed since the lattice
mismatch between LLO and GaN increases the activation
energy barrier to nucleating LLO crystalline. After the
growth of the thin amorphous LLO layer, the mismatch is
relaxed so that polycrystalline layer start to grow.21 The thin
amorphous layer is effective to suppress vertical leakage cur-
rent in this work. The atomic ratio of Lu to La at 5 locations
vertically across the LLO film was measured by EDX and
was plotted in Fig. 3(c). It is found that the Lu/La ratio is
considerably large as 1.74:1 near the surface (within 4 nm),
while being uniform below the surface. The loss of La atoms
near the surface is due to La atoms being absorbed by mois-
ture in air. In the region 4 nm below the surface, the Lu/La
ratio varies from 1.02 to 1.13, close to the nominal ratio of
1:1.

Agilent B1505A semiconductor device analyzer was
used for capacitance-voltage (C-V) and current-voltage (I-V)
characterization. Figure 4 shows C-V characteristics of
AlGaN/GaN Schottky diode and LLO/AIGaN/GaN MIS
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FIG. 4. (Color online) C-V characteristics of AlGaN/GaN Schottky and
LLO/AlIGaN/GaN MIS diode.

diodes. Frequency dispersion of less than 2% in the two-
dimensional electron gas (2DEG) accumulation region
between 100kHz and 1kHz can be observed. The voltage
where the capacitance is 90% of the plateau capacitance is
chosen as the flat band voltage Vgg, at which 2DEG starts to
accumulate at AIGaN/GaN interface. The determined Vgg at
10kHz is shifted from —1.9V for Schottky diode to —3.2V
for MIS diode. Given the capacitance of Schottky and MIS
diode is, respectively, 481 nF/cm? and 370 nF/cm? at 10 kHz,
applying series capacitance equation in the 2DEG accumula-
tion region 1/Cyps.dgiode = 1/Cscen-diode + 1/CLLo, the capaci-
tance of the 16 nm thick LLO is determined to be 1603 nF/
cm?. Therefore, the dielectric constant of 16 nm thick LLO is
deduced to be ~28. As shown in Fig. 5(a), it is observed that
LLO insulator can remarkably reduce leakage current den-
sity at negative (V= —4YV) and forward bias (V=1V) by 1
and 7 orders of magnitude, respectively. The resistivity of
the LLO film at room temperature is estimated to be ~10°
Q-cm from the I-V characteristics measured between two
circular Ni/Au contacts on the film. In addition, V,, of diode
is increased from 0.9 V to 2.0V after inserting LLO between
Schottky metal and AlGaN/GaN, where V,, is defined as
intercept of the linear extrapolation of the leakage leading
edge to the background level under linear scale, as shown in
Fig. 5(b). Larger V, leads to enlarged gate swing.
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FIG. 5. (Color online) (a) I-V characteristics of AlIGaN/GaN Schottky and
LLO/AIGaN/GaN MIS diode. (b) Comparison of V,, between AlGaN/GaN
Schottky and LLO/AlGaN/GaN MIS diode.
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In conclusion, high-x dielectric LLO deposited on
AlGaN/GaN have been investigated by employing AFM,
XPS, TEM, and electrical characterization. The 16 nm thick
LLO film exhibits polycrystalline layer over a thin amor-
phous layer on GaN. Large bandgap of 5.3 £0.04eV is
derived. The electrical characteristics of LLO MIS diode
reveal high dielectric constant of ~28, low frequency disper-
sion (<2%), and effective leakage suppression capability at
both negative and forward bias. Therefore, LLO could be a
promising high-x candidate for AlGaN/GaN MISHEMTs.

This work is supported by Hong Kong Research Grant
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and Professor P.D. Ye from Purdue University for valuable
information about LLO thin film.

'U. K. Mishra, L. Shen, T. Kazior, and Y.-F. Wu, Proc. IEEE 96, 287
(2008).
2Y. Uemoto, D. Shibata, M. Yanagihara, H. Ishida, H. Matsuo, S. Nagai, N.
Batta, M. Li, T. Ueda, T. Tanaka, and D. Ueda, Tech. Dig. — Int. Electron.
Devices Meet. 2007, 861.
3w, Chen, K. Y. Wong, and K. J. Chen, IEEE Electron Device Lett. 30,
430 (2009).

“P.D. Ye, B. Yang, K. K. Ng, J. Bude, G. D. Wilk, S. Halder, and J. C. M.
Hwang, Appl. Phys. Lett. 86, 063501 (2005).
5C. Liu, E. F. Chor, and L. S. Tan, Semicond. Sci. Technol. 22, 522 (2007).
5. M. J. Lopes, M. Roeckerath, T. Heeg, E. Rije, J. Schubert, S. Mantl, V.
V. Afanas’ev, S. Shamuilia, A. Stesmans, Y. Jia, and D. G. Schlom, Appl.
Phys. Lett. 89, 222902 (2006).

1. M. J. Lopes, E. D. Ozben, M. Roeckerath, U. Littmark, R. Lupték, St.
Lenk, M. Luysberg, A. Besmehn, U. Breuer, J. Schubert, and S. Mantl,
Microelectron. Eng. 86, 1646 (2009).

8E. D. Ozben, J. M. J. Lopes, A. Nichau, M. Schnee, S. Lenk, A. Besmehn,
K. K. Bourdelle, Q. T. Zhao, J. Schubert, and S. Mantl, IEEE Electron
Device Lett. 32, 15 (2011).

°M. Roeckerath, T. Heeg, J. M. J. Lopes, J. Schubert, S. Mantl, A.
Besmehn, P. Myllymiki, and L. Niinisto, Thin Solid Films 517, 201
(2008).

107 M. J. Lopes, M. Roeckerath, T. Heeg, J. Schubert, U. Litmark, S. Mantl,
A. Besmehn, P. Myllyméki, L. Niinistd, C. Adamo, and D. G. Schlom,
Electrochem. Soc. 11, 311 (2007).

1. J. Gu, Y. Q. Liu, M. Xu, G. K. Celler, R. G. Gordon, and P. D. Ye,
Appl. Phys. Lett. 97, 012106 (2010).

12y, Q. Liu, M. Xu, J. Heo, P. D. Ye, and R. G. Gordon, Appl. Phys. Lett.
97, 162910 (2010).

3H. C. Chiu, C. W. Lin, C. H. Chen, C. W. Yang, C. K. Lin, J. S. Fu, L. B.
Chang, R. M. Lin, and K. P. Hsueh, Electrochem. Soc. 157, 160 (2010).

'*Y. H. Wu, M. Y. Yang, A. Chin, W. J. Chen, and C. M. Kwei, IEEE Elec-
tron Device Lett. 21, 341 (2000).

'>D. H. Triyoso, D. C. Gilmer, J. Jiang, and R. Droopad, Microelectron.
Eng. 85, 1732 (2008).

16y, Schubert, O. Trithaveesak, W. Zander, M. Roeckerath, T. Heeg, H. Y.
Chen, C. L. Jia, P. Meuffels, Y. Jia, and D. G. Schlom, Appl. Phys. A:
Mater. Sci. Process. 90, 577 (2008).

7Y . Zhao, K. Kita, K. Kyuno, and A. Toriumi, Jpn. J. Appl. Phys. Part 1 46,
4189 (2007).

D, F. Mullica, C. K. C. Lok, H. O. Perkins, and V. Young, Phys. Rev. B
31, 4039 (1985).

195.-J. Oh, G.-H. Kim, G. A. Sawatzky, and H. T. Jonkman, Phys. Rev. B
37, 6145 (1988).

20S. Miyazaki, Appl. Surf. Sci. 190, 66 (2002).

2'H. T. Wang, J. J. Wang, R. Gordon, J. S. M. Lehn, H. Z. Li, D. Hong, and
D. V. Shenai, Electrochem. Solid State Lett. 12, G13 (2009).

Downloaded 14 May 2013 to 134.94.122.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1109/JPROC.2007.911060
http://dx.doi.org/10.1109/LED.2009.2015897
http://dx.doi.org/10.1063/1.1861122
http://dx.doi.org/10.1088/0268-1242/22/5/011
http://dx.doi.org/10.1063/1.2393156
http://dx.doi.org/10.1063/1.2393156
http://dx.doi.org/10.1016/j.mee.2009.03.065
http://dx.doi.org/10.1109/LED.2010.2089423
http://dx.doi.org/10.1109/LED.2010.2089423
http://dx.doi.org/10.1016/j.tsf.2008.08.064
http://dx.doi.org/10.1063/1.3462303
http://dx.doi.org/10.1063/1.3504254
http://dx.doi.org/10.1149/1.3264622
http://dx.doi.org/10.1109/55.847374
http://dx.doi.org/10.1109/55.847374
http://dx.doi.org/10.1016/j.mee.2008.04.041
http://dx.doi.org/10.1016/j.mee.2008.04.041
http://dx.doi.org/10.1007/s00339-007-4327-8
http://dx.doi.org/10.1007/s00339-007-4327-8
http://dx.doi.org/10.1143/JJAP.46.4189
http://dx.doi.org/10.1103/PhysRevB.31.4039
http://dx.doi.org/10.1103/PhysRevB.37.6145
http://dx.doi.org/10.1016/S0169-4332(01)00841-8
http://dx.doi.org/10.1149/1.3074314

