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In this study, the material and electrical properties of Las03/SiOy/4H-SiC
metal-oxide—semiconductor (MOS) capacitors are systematically character-
ized. Thermal oxidization SiOs with varying thickness (0 nm, 3.36 nm, 5 nm,
8 nm, and 30 nm) were coated with La,O3 using atomic layer deposition on
n-type 4H-SiC. The stacking oxides were measured using atomic force mi-
croscopy, transmission electron microscopy, and x-ray photoelectron spec-
troscopy, and the MOS capacitors were measured by capacitance—voltage and
current—voltage measurements. The results demonstrate that the main gate
current leakage mechanisms are dependent on the thickness of the SiO; oxide
under the applied electric field. The primary mechanism for current leakage
from the Lay03/4H-SiC MOS capacitor follows the Schottky emission mecha-
nism due to its low conduction band offset. In contrast, the current leakage
mechanism for the capacitor with a 3.36 nm SiO, layer follows the Poole—
Frenkel emission mechanism on account of its high trap charge density in the
gate dielectric and at the interface. When the thickness of the SiO; layer
increases to 8 nm, lower leakage current is observed by reason of the low trap
charge density and high conduction band offset when E <5 MV/cm. As the
electric field strength increases to 5 MV/ecm and 5.88 MV/em (30 nm SiOs:
4.8 MV/cm), the main current leakage mechanism changes to the Fowler—
Nordheim tunneling mechanism, which indicates that the Lay03/SiO, stack-

ing structure can improve the properties of MOS capacitors.
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INTRODUCTION

Silicon carbide (SiC) has been the focus of a wide
range of studies over the past several years due to
its superior electrical properties (wide band gap,
high thermal conductivity, high critical breakdown
field, and high saturated electron velocity).'™ The
quality and reliability of the gate insulators gener-
ally determine the overall efficiency of SiC metal-
oxide—semiconductor field-effect transistor (MOS-
FET) devices.” " According to Gauss’s law, the most
frequently used dielectric, SiOy (e =3.9), is
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subjected to electric fields higher than 5 MV/em in
the SiC MOS devices at higher applied voltages.

In order to reduce the electric field for the gate
oxide, various high-x materials with large band gaps,
large conduction, valence band offsets, good thermo-
dynamic stabilities, and high crystallization temper-
atures have been used as potential gate dielectric
materials. Recently, high-x dielectric materials such
as A12038’9 Hf0210’11 Ti0212 Y20313 and L320314 have
attracted a considerable amount of interest in this
field. In particular, LasO3 has proved to be a promis-
ing high-x gate insulator with a large x-value of
approximately 30 and a high crystallization temper-
ature of 1100°C.*>' Depositing Al,O5 as the capping
layer on the LayO; films'"'® and introducing an
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ultrathin SiO, interfacial layer between 4H-SiC and
the high-x gate dielectrics can effectively reduce
moisture absorption and help overcome the problem
of low conduction band offsets for the high-x/4H-SiC
structure. Although there are many previous works
about the material and electrical properties of the
stacking oxide on 4H-SiC, such as Al,O3/SiOo/4H-
SiC,® Lay05/Si0y/4H-SiC® C. M. Hsu had made a
deep analysis for the gate leakage current mecha-
nisms of the HfO,/SiOy/4H-SiC structure 11, but
fewer studies have clearly analyzed the mechanisms
of gate current leakage of the Lay03/SiOy/4H-SiC
structure, which are particularly important for the
MOS capacitor based on Las053/SiO4 stacking struc-
ture. In this study, the gate current leakage mecha-
nisms of Lay03/Si0,/4H-SiC MOS capacitors are
systematically studied.

EXPERIMENTAL DETAILS

N-type, Si-faced, 4° off (0001) oriented, 4H-SiC
substrates with a 10 um thick epilayer (doping level
of 8 x 10'® cm®) were purchased from CREE, Inc.
(USA) and used to fabricate the Ni/Lay03/SiOo/4H-
SiC MOS capacitors. Prior to dielectric deposition, a
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conventional Radio Corporation of America (RCA)
clean was performed. Oxide layers with varying
thicknesses were grown on the 4H-SiC wafers by
adjusting the thermal oxidation time at pure oxide
ambient. Using La(iPrCp)s; (ris Lanthanum) and
TMA (trimethylaluminium) as the La and Al pre-
cursor while O3t was used as the oxidant, Lay0O;
and Al,O3 were deposited by atomic layer deposition
(ALD) at 300°C for most MOS capacitors (except the
thickest SiOy one). The thickness of the SiO, layer
for each capacitor measured by spectroscopic ellip-
sometry was found to be 0 nm (#1), 3.3 nm (#2),
5 nm (#3), 8 nm (#4), and 30 nm (#5), respectively,
while the thickness of LayO3 was 16 nm. The Al,O5
capping layer was deposited on the LayO3 film to
suppress any effects from moisture absorption.
Nickel was employed as the gate electrode and the
back contact at 100 W direct current (DC) power
and 6.6 x 107* kPa Ar ambient by magnetron
sputtering.

The surface quality of each sample was charac-
terized by Keysight 5500 atomic force microscopy
(AFM), while the interface quality was determined
with transmission electron microscopy (TEM) from
Evan Analytical Group Company. The bonding
structures and band offsets of LagO3/SiOo/4H-SiC
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Fig. 1. Photoelectron spectra of (a) La3d in the La,O3 films and (b) O1 s in the La,04/4H-SiC (#1) and La,04/SiO, (#2 and #4) interfacial layer.
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Fig. 2. The schematic band alignments for the (a) LayO3/4H-SiC (b) La,03/SiO, (8 nm)/4H-SiC and (c) SiO./4H-SiC systems with positive

voltage polarity on the Ni electrode.
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Fig. 3. Capacitance-voltage (C-V) characteristics of MOS capaci-
tors with samples #1—#5.

were characterized using K-o x-ray photoelectron
spectroscopy (XPS) from Thermo Electron Corpora-
tion. Performed with Al Ko emission at 1486.6 eV,
XPS spectra were observed at the constant pass
energy of Cl s 284.6 eV on the surface and C1 s
282.8 eV in the 4H-SiC layer. The films were etched
3 nm every time until the 4H-SiC substrate was
reached. Electrical analysis of the dielectrics was

performed by 100 kHz capacitance—voltage (C-V)
measurements with a computer-controlled Keithley
590 C-V analyzer. After the nickel electrode was
deposited, current—voltage (I-V) measurements of
the MOS capacitors were conducted using HP4156B
Semiconductor Parameter Analyzer.

RESULTS AND DISCUSSION

Figure S1 presents the AFM images for all
samples with a scanning area of 5 x 5 um?. It was
found that the surface roughness (RMS) values of
all the samples were relatively small, indicating the
formation of a smooth surface film. The TEM image
in Fig. S2 reveals the structure of Al;O3/Las03/Si0y/
4H-SiC (sample #4) with a clear boundary.

The La3d and O1 s core-level spectra of the varied
SiO4 thicknesses in Al,O3s/Las03/Si09/4H-SiC struc-
ture are shown in Fig. 1. The La3d spectra with four
peaks corresponding to binding energies of 834.88
eV, 839.08 eV, 851.78 ¢V, and 855.98 eV can be
attributed to the spin-orbital splitting of oxidized
La(3ds/») and La(3ds) in Fig. 1a.' Figure 1b exhi-
bits the O1 s peaks at the interfacial layers (LasOs/
Si0, or Lay03/4H-SiC) for each sample, while the
corresponding binding energies are 529.88 eV (La-
0),531.5 + 1 eV (La-0O-Si), and 532.98 + 0.3 eV (Si-
0).” No OH-La and La-Si bonds exist,
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Table I. The relevant parameters for all samples

Sample #1 #2
Cox (107°F) 3.01 2.46
EOT (nm) 8.1 9.91
N, (10! em™2) 3.85 12
N;(10'% cm™2) 3.6 4.4

#3 #4 #5
2.02 1.65 0.75

12.1 14.77 29.1
0.36 3.3 1.95
0.023 0.96 0.29

demonstrating that the samples are of good quality.
It was found that the intensity of Si-O bond (sample
#2 with 3.3 nm SiO,) was quite small, indicating that
a thin SiO, layer will be totally interacting with
L3203.

The valence and conduction band offsets for high-
k/4H-SiC structures can be determined using the
following Eq. 1a and 1b.*®

__ gaDielectric_layer SiC
AEv = EVBM - EVBM’ (13)

AEc = Eg(Dielectric_layer) — AEv — Eg(4H - SiC),
(1b)

where AEv is the valence band offset, Eeligelecmc-layer

is the valence band maximum (VBM) for the pure
dielectric layer, ESLS is the VBM for bulk 4H-SiC,
E,(Dielectric_layer) is the band gap of the dielectric
layer, and E;(4H - SiC) is the band gap of 4H-SiC,
which is assumed to be 3.26 eV. The O1 s core level
energy loss spectra of LayO3 (#1) and SiO5 (#4 and
#5) are shown in Fig. S3a. The fitted values for
LasO3 (5.45eV) and SiOy (6.99 eV) are much
smaller than the literature value due to the inter-
mixing of Lay05/Si0s/4H-SiC structures.?’ The
valence band (VB) for 4H-SiC, the VBM for the
bulk LasOs3 of Las03/4H-SiC, and bulk SiO5 of SiOy/
4H-SiC are shown in Fig S3b, respectively.

The values of conduction band offset for LayOs/
4H-SiC (#1) and SiOy/4H-SiC (#5) are calculated to
be 0.99 eV and 2.64 eV, while for Lay05/SiOo/4H-
SiC (#4), the values for LayO3/4H-SiC and SiOo/4H-
SiC are 0.62 eV and 1.5 eV, respectively. Based on
the results, diagrams illustrating the energy band
alignment for the Lajy03/4H-SiC, Lay03/SiO,
(8 nm)/4H-SiC, and SiOy/4H-SiC systems with pos-
itive voltage polarity on Ni electrode are shown in
Fig. 2. It is observed that a thin SiO. layer inter-
mediate layer can effectively increase band barriers
and promote resistance against electron climbing
over the substance.

Figure 3 illustrates the normalized C-V curves
for each sample. The density of trap charge (V;) and
fixed oxide charge (N values are obtained by
following Eq. 2a and 2b.

N, — Cox (VFBback —VFBforward )
=

o S

CXV owar: -V idea
Nf: 0( FBf qpil FBid 1)7 (2b)
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Fig. 4. Current density(J)-electric field(E) plots for samples #1—#5,
E;is defined at the point when current reaches 10-% Alcm?.

where C,, is the accumulation capacitance. Vegpgrwards
ViBback, and Vegigear are the flatband voltages of the
forward scanning, back scanning, and ideal curves,
respectively. Additionally, g is the electronic charge
and A is the gate electrode area (7.065 x 1072 cm?). The
relevant parameters for each sample are presented in
Table L.

The values of N, (1.2 x 10" e¢m™?) and Ny
(4.4 x 10" cm™2) for sample #2 are the largest
due to the La silicate material generated by the
interaction between the LayO3 layer and the thin
SiO; (3.3 nm). The values of N, (3.85 x 10" cm ™)
and Ny (3.6 x 10" ecm™?) for sample #1 are also
quite high owing to the possible reason being the
high interface state density, while a rapid decrease
in the capacitance is observed in the accumulation
region because of the severe leakage current at
higher positive voltages, which is attributed to the
low band offsets for the Las0s/4H-SiC structure.
Samples #3 are revealed to have low values of
charge density, indicating that the stacking of
La,O3 layers on thicker layers of SiOy (5 nm) can
improve interfacial characteristics. With longer
time of oxidation, the trap density is improved on
account of the increase of the carbon cluster.??

The I-V of the MOS capacitors at room temper-
ature can be transformed into the current density—
electric field (J-E) using Equations Sa to c. The
calculated equivalent oxide thickness (EOT) of all
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the samples are given in Table I. The J-E plots
I measured for samples #1-#5 are shown in Fig. 4;
the breakdown electric field is defined at the point
when current reaches 1076 A/cm?®2® The leakage
current density of sample #1 is 1073 A/cm? when a
low gate voltage is applied on account of its high
charge density and low band offsets. The various
charge conduction mechanisms, such as Fowler—
Nordheim (F-N) tunneling, Schottky emission (SE),
Poole-Frenkel (P-F) emission, and space charge
limit (including Ohm’s law, and Child’s law) mech-
anisms are also considered here. J-E curves are
done using a mathematical method for the linearity
curves. The fitting relationships for the three types
of charge conduction mechanisms are shown in
S Table SI. The conduction band offset can be calcu-
lated by determining the slope of the F-N tunneling
fitting curves, which is defined using the Eq. 3.

law (V)
1.49

Child’s

W)
0.606
1.284
0.135

Ohm'’s law

0.6

Poole-Frenkel
emission (MV/em)

4./2m* 3

— 2
S Sha o7, (3)
where m* is the electron effective mass, ®p is the
conduction band offset, S is the slope of the F-N
tunneling fitting curves, and % is the reduced
Planck constant. For sample #1 (Lay03/4H-SiC),
the m* of Lay03 is 0.26 m, the value of the slope is
29.1, and the conduction band offset is 0.89 eV. This
value is similar to the value obtained by XPS
measurements (0.99 eV).

The leakage current mechanisms’ fitting curves of
all samples are given in Fig. S4a—f. The data reveal
that SE and PF mechanisms at low electric field,
and FN mechanisms at high electric field, match the
previous paper.?*?® Table II exhibits the summary
of the onset electric fields or voltage of conduction
mechanisms for the investigated MOS capacitors.
The SE mechanism is the main leakage current
mechanism for sample #1, when the electric field
starts at 0.1 MV/cm due to its low conduction band
offset, which is reported by a previous study,?* while
P-F emission is the main leakage current mecha-
nisms for sample #2 at the electric field of 0.35 MV/
cm by reason of its high trap charge density. As the
thickness of SiOy increases, the electric field for
samples #3 and #4, where F-N mechanism is
predominant, is 5.88 and 4.5 MV/cm, which is
higher than sample #5, proving the Lay03/SiO,
stacking structure can improve the proprieties of
MOS capacitors.

(MV/cm)
0
1

Schottky emission

5
3.45
5.88

5

The initial electric field of the conduction mechanism
4.8

Fowler-Nordheim
tunneling (MV/cm)

Breakdown
electric field (MV/cm)

CONCLUSION

In summary, the gate leakage mechanisms of
Las03/Si05/4H-SiC MOS capacitors have been sys-
tematically studied. LayOs; gate dielectrics and
different thicknesses of SiO, (0-, 3.36 nm, 5 nm, 8
nm, and 30 nm) were stacked on n-type 4H-SiC by
thermal oxidization and atomic layer deposition.
The main mechanism for gate current leakage was
o w® studied for three kinds of samples. The main

Table II. Summary of the onset electric fields of conduction mechanisms for the investigated oxides

La,0; stacked with

different oxide
thicknesses (nm)
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current leakage mechanism of the Lay03/4H-SiC
MOS is the Schottky emission (SE) due to its low
conduction band offset. However, the current leak-
age mechanism for a sample with a SiO, layer
thickness at 3.3 nm is the Poole-Frenkel (P-F)
emission, resulting from high trap charge density in
the gate dielectric and at the interface. As the
thickness of the SiO, layer reaches 5 and 8 nm,
lower leakage current is observed by reason of the
low trap charge density and high conduction band
offset when E <5MV/cm. As the electric field
strength increases to 5 MV/ecm and 5.88 MV/cm
(30 nm SiO,: 4.8 MV/cm), the main current leakage
mechanism is dominated by the F-N mechanism,
proving the Lay03/SiOy stacking structure can
improve the proprieties of MOS capacitors.
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