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We study a series of (HfO;)(Al,03);_y /4H-SiC MOS capacitors. It is shown that the conduction band offset of HfO,
is 0.5 eV and the conduction band offset of HfAIO is 1.11-1.72 eV. The conduction band offsets of (HfO;),(Al,03)_, are
increased with the increase of the Al composition, and the (HfO;),(Al,03);_, offer acceptable barrier heights (> 1 eV)
for both electrons and holes. With a higher conduction band offset, (HfO;),(Al,03);_,/4H-SiC MOS capacitors result
in a ~ 3 orders of magnitude lower gate leakage current at an effective electric field of 15 MV/cm and roughly the same
effective breakdown field of ~ 25 MV/cm compared to HfO,. Considering the tradeoff among the band gap, the band
offset, and the dielectric constant, we conclude that the optimum Al,O3 concentration is about 30% for an alternative gate

dielectric in 4H-SiC power MOS-based transistors.
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1. Introduction

Silicon carbide (SiC) has attractive properties, including
a wide band gap (3.26 eV for 4H-SiC) and a high breakdown
electric field (2-3 MV/cm) suitable for high-power switching
devices, such as MOSFET.!!"* The quality and reliability of
the gate insulators are the determining factors in SiC power
devices.!>61 According to the Gauss law, the most frequently
used dielectric at present, Si0; (€ = 3.9), is subjected to fields
of 5 MV/cm, which is too much, in the SiC MOS devices at
very high applied voltage.!”! To reduce the electric field in the
gate oxide, various high k gate dielectric materials have been
investigated on the SiC substrate.l>-!! In addition to a high
k value, good thermal stability, high conduction band offset,
and relatively large energy gap are key factors to obtain high
quality and reliability for the gate oxide. In this study, a se-
ries of high-k materials, (HfO;),(Al,03);_, are investigated,
since they have a higher dielectric constant similar to HfO,,
as well as higher crystallization temperature and conduction
band offset similar to Al,03.1'>"14 Intermixing Al,03 with
HfO, to form HfAIO has several potential advantages for a
gate dielectric on 4H-SiC, such as good thermal stability, low
gate leakage current, and high breakdown electric field.

2. Experimental setup

4H-SiC substrates with an n-epilayer (doping ~ 3 X
10" cm™3) were dipped in a 5% HF solution for native ox-
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ide removal. After cleaning, a series of high-k materials
(HfO;),(Al,03);_, were deposited using atomic layer depo-
sition (ALD). The thicknesses of the gate oxides were around
10 nm obtained by the spectroscopic ellipsometer. The X-ray
photoelectron spectroscopy (XPS) measurements were carried
out to obtain the Al 2p, Hf 4f, O 1s, C 1s, Si 2p, and full
spectra using a Thermo SCIENTIFIC ESCALAB 250 spec-
trometer with Al Ko X-ray source (1486.8 eV). Last, the elec-
trical properties were obtained by current—voltage (/-V) and
capacitance—voltage (C—V') characterizations using an Agilent
B1500A.

3. Results and discussion

The chemical compositions of the samples are obtained
from the XPS full spectra, and the HfO, mole fractions x
According to the dif-
ferent x values, the four samples are denoted as 1# Al,Os,
2# (HfO2)0.41(Al203)0.59, 3# (HfO3)0.68(Al203)0.32, and 4#
HfO,, respectively. As shown in Fig. 1, the primary elements

are calculated, as listed in Table 1.

are detected in the XPS full spectra, and the different element
contents of the samples can be observed visually. For example,
for the Hf 4f spectra, the peak area of 4# HfO, is the largest.
The Hf 4f and O 1s core level spectra for HfO, and HfFA1O
films are measured to compare the O and Hf chemical bonding
states in the four dielectrics. Figure 2(a) shows the Hf 4f core
level spectra for bulk 2#-4# samples. The elemental content
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can be represented by the area under the XPS line. The ele-
mental content of Hf decreases with the decrease of the HfO,
mole fraction in Fig. 2(a). It is observed that the core level
peak position of Hf 4f shifts to a higher binding energy with
an increase of the Al composition. Figure 2(b) shows the O

Table 1. Chemical compositions of (HfO;),(Al,03)1_, samples.

1# 2# 3# 4#
Al O3  (HfO1)0.41(Al203)0.50 (HfO2)0.638(Al203)0.32 HfO,
Hf/% 0 8.72 12.35 24.19
Al/% 38.81 24.78 11.55 0
0/% 61.19 66.5 76.1 75.81
X 0 0.41 0.68 1
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Fig. 1. (color online) XPS full spectra of (HfO,),(Al,03);_, samples.
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Fig. 2. (color online) (a) Hf 4f core level spectra of (HfO2),(Al203)1_y
samples, and (b) O 1s core level spectra of (HfO;)(Al;03)_, samples.

1s core level spectra for bulk 1#-4# samples. The O 1s peak
in the case of HfO, is at 530.68 eV and corresponds to the
O-Hf bonding. The peak of 1# Al,Os3 is at 531.68 eV and cor-
responds to the O—Al bonding. The peak shifts to a binding
energy of 530.8 eV in the case of HfAIO, indicating intermix-
ing of Al,O3 and HfO; layers and the formation of Hf-O-Al
bonding. The HfAIO dielectric is composed of the new chemi-
cal bonding, and it has several potential advantages for the gate
dielectric on 4H-SiC due to the combination of the advantages
of both Al,O3 and HfO,.
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Fig. 3. (color online) (a) XPS valence band spectra of

(HfO)(A1,03)_, samples and 4H-SiC substrate. (b) O 1s energy
loss spectra of (HfO;),(Al,03)_, samples.

The valence band offset AE,, conduction band offset AE,,
and energy gap E, of (HfO,),(Al,03);_, on 4H-SiC are mea-
sured by XPS.I!] The AE, can be determined with the equa-
tion

__ rDielectric SiC
AE, = Eygy  —Evewm, ()

where EDiectric jg the valence band maximum (VBM) of the
gate dielectric, and ESiS, is the VBM of 4H-SiC.['®! The
VBM of each sample is extracted by using a linear extrap-
olating method from the valence band spectra, as shown in
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Fig. 3(a). The E¢HS1C is found to be 1.51 eV, and the VBMs
of 1#-4# samples are 3.71 eV, 3.10 eV, 3.05 eV, and 3.04 eV,
respectively. The AE, of samples are found to be 2.20 eV,
1.59 eV, 1.54 eV, and 1.53 eV, respectively.

The AE. can be derived by the equation

AE. = E,(dielectric) — AE, — E,4(SiC), )

where Eg(dielectric) is the energy gap of the gate dielectric,
and E,(SiC) is the energy gap of 4H-SiC (3.26 eV). The onset
of single particle excitation or band-to-band transition can be
used to measure the energy band gap of the film.!'”! The E, of
each sample is extracted from the O 1s energy loss spectra for
(HfO;),(Al,03),_, samples. They are obtained by deducting
the binding energy at the peak of the O 1s XPS spectra. The E,
of the samples are 7.22 ev, 6.47 eV, 5.91 eV, and 5.29 eV, re-

spectively, which are denoted by the cross points in Fig. 3(b).
Then, the AE, of 1#-4# samples are determined by Eq. (2) to
be 1.76 eV, 1.62 eV, 1.11 eV, and 0.50 eV, respectively. The
result is in general agreement with the one previously reported
in the literature.!!'”]

The band alignments of (HfO;).(Al,03);—, on 4H-SiC
are compared in Fig. 4. It can be seen that the band offset
decreases with the increase of the HfO, mole fraction x. The
Al; O3 on 4H-SiC with the considerable valence and conduc-
tion band offsets (1.76 eV, 2.2 eV) indicates higher barrier
heights for electrons and holes, compared to HfO, (0.50 eV,
1.53 eV). HfAIO offers acceptable barrier heights (> 1 eV)
for both electrons and holes with a higher dielectric constant
k, which makes it a suitable dielectric for 4H-SiC MOS de-

vices.
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Fig. 4. Band alignments of (HfO,),(Al,03);_,/4H-SiC.
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Fig. 5. (color online) The J-E characteristics of 4H-SiC MOS struc-
tures with (HfO,)(A1,03);_ as the gate dielectrics. Here E = (Vy —
Vi) /EOT, wit Vg being the flat-band voltage.

The current density—electric field curves (J-E) of 4H-SiC
MOS structures with 1# AlyOs, 2# (HfO;)0 41 (A1,03)0.59, 3#
(HfO3)0.68(Al,03)0.32, and 4# HfO, as the gate dielectrics
are shown in Fig. 5, which are transformed from the cor-

responding [-V curves. The electric field is approximately
given by (Vg—Vgs)/EOT, where Vi and EOT are the gate
voltage and the equivalent oxide thickness with respect to
Si0,, respectively. With a higher conduction band offset,
3# (HfO)0.63(Al03)0.32 results in a ~ 3 orders of magni-
tude lower gate leakage at an effective electric field of 15
MV/cm and roughly the same effective breakdown field of
~ 25 MV/cm compared to HfO,. The increase of Al induces
an increase of the dielectric constant of the dielectric, which
causes a higher gate leakage and a lower effective breakdown
field compared to (Hf02)0_68(A1203)0,32.

4. Conclusion

A series of (HfO;),(Al,03)_,/4H-SiC MOS capacitors
have been studied. It is found that the band offset and the
band gap are increased with the increase of the Al composi-
tion. Considering the tradeoff among the band gap, the band
offset, and the dielectric constant, we conclude that the opti-
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mum Al,O3 concentration is about 30% for an alternative gate

dielectric in 4H-SiC power MOS-based transistors.

References

[1
[2

[3
[4
[5
[6
[7

[8

1
1

1

—_ =

1

—_ =

Wang Y Y, Shen HJ and B Yun 2013 Chin. Phys. B 22 078102
Weicheng Z, Xueqian Z and Kuang S 2014 Power Electronics, IEEE
Transactions on 29 2329

Hironori Y, Junji S, Atsushi S, Yasunori T and Hajime O 2014 Appl.
Phys. Lett. 104 083516

James A C, Michael R M, Ranbir S, Anant A and John W P 2002 /[EEE
Trans. Electron. Devices 49 658

Tang X Y, Song Q W, Zhang Y M, Zhang Y M, JiaR X, Lii H L and
Wang Y H 2012 Chin. Phys. B 21 087701

Song Q W, Zhang Y M, Han J S, Philip T, Sima D, Zhang Y M, Tang
XY and Guo Hui 2013 Chin. Phys. B 22 027302

Carey M T, Ya-Chuan P, Christopher F, Saddow S E and Jane P C 2007
Appl. Phys. Lett. 91 203510

Lin L M and Lai P T 2007 J. Appl. Phys. 102 054515

[9]

[10]

(1]

[12]

[13]

[14]
[15]

[16]

[17]

(18]

038103-4

Kuan Y C, Jeong H M, Tae J P, Jeong H K, Cheol S H, Hyeong J K,
Wook B and Nam-Kyun K 2007 IEEE Trans. Electron. Devices 54 12

Maciej W, Marten R, Mietek B and Anders H 2007 J. Appl. Phys. 101
124105

Feng Z, Guosheng S, Liu Z, Shengbei L and Bin L 2013 J. Appl. Phys.
113 044112

Rahul S, Casey J K, Daniel J L and Veena M 2010 Appl. Phys. Lett. 96
042903

Maciej W, Marten R, Mietek B and Anders H 2007 J. Appl. Phys. 101
124105

Carey M T, Jongwoo C and Jane P C 2007 J. Appl. Phys. 101 034108
Mahapatra R, Amit K C, Horsfall A B, Wright N G, Beamson G and
Karl S C 2008 Appl. Phys. Lett. 92 042904

YuHY,LiMF Cho J, Yeo C C,Joo M S, Kwong D L, Pan J S, Ang
C H, Zheng J Z and Ramanathan S 2002 Appl. Phys. Lett. 81 376
Miyazaki S, Nishimura H, Fukuda M, Ley L and Ristein J 1997 Appl.
Surf. Sci. 113

Zhu W J, Tamagawa T, Gibson M, Furukawa T and Ma T P 2002 /[EEE
Electron. Device Lett. 23 649


http://dx.doi.org/10.1088/1674-1056/22/7/078102
http://dx.doi.org/10.1063/1.4866790
http://dx.doi.org/10.1063/1.4866790
http://dx.doi.org/10.1063/1.4866790
http://dx.doi.org/10.1063/1.4866790
http://dx.doi.org/10.1109/16.992876
http://dx.doi.org/10.1109/16.992876
http://dx.doi.org/10.1088/1674-1056/21/8/087701
http://dx.doi.org/10.1088/1674-1056/22/2/027302
http://dx.doi.org/10.1063/1.2805742
http://dx.doi.org/10.1063/1.2805742
http://dx.doi.org/10.1063/1.2776254
http://dx.doi.org/10.1109/TED.2007.908545
http://dx.doi.org/10.1063/1.2734956
http://dx.doi.org/10.1063/1.2734956
http://dx.doi.org/10.1063/1.4789380
http://dx.doi.org/10.1063/1.4789380
http://dx.doi.org/10.1063/1.3291620
http://dx.doi.org/10.1063/1.3291620
http://dx.doi.org/10.1063/1.2734956
http://dx.doi.org/10.1063/1.2734956
http://dx.doi.org/10.1063/1.2432402
http://dx.doi.org/10.1063/1.2839314
http://dx.doi.org/10.1063/1.1492024
http://dx.doi.org/10.1002/sia.2787
http://dx.doi.org/10.1002/sia.2787
http://dx.doi.org/10.1109/LED.2002.805000
http://dx.doi.org/10.1109/LED.2002.805000

	1. Introduction
	2. Experimental setup
	3. Results and discussion
	4. Conclusion
	References

