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Effects of initial surface termination on electrical characteristics of Lay;O3/Al, O3 nanolaminates deposited by atomic
layer deposition are studied by conductive atomic force microscopy working in contact mode and standard electrical charac-
terization methods. It is found that, compared with La;O3/Al,O3 nanolaminates with LaO, as termination, lower interface
trap density, less current leakage spots, and higher breakdown voltage are obtained in the La;O3/Al, O3 nanolaminates with
AlO, as termination after annealing. A clear promotion of interface silicate layer is observed for La;03/Al,O3 nanolam-
inates with AlO, as termination compared with LaO, as termination under the same annealing condition. In addition, the
current conduction mechanism in Lay O3/Al, O3 nanolaminates is considered as the Poole-Frenkel conduction. All results
indicate that the AlO, is a more appropriate termination to deposit LayO3/Al,O3 nanolaminates on Si substrate, which is

useful for the high-k process development.

Keywords: La;03/Al,03, atomic layer deposition, termination, annealing

PACS: 77.55.D-, 82.80.Pv

1. Introduction

High-x materials have been extensively used to substi-
tute traditional SiO, gate dielectrics in sub-22 nm metal-
gate complementary metal oxide semiconductor (CMOS)
technologies.!!! To realize further improvements in leakage
current and power consumption of the CMOS, La-based bi-
nary or ternary high-x materials have been studied by many
researchers due to the high dielectric constants, large bandgap,
suitable band offset, and good thermal stability when in con-
tact with novel channel materials.>* The accompanying
problem of moisture absorption also draws great attention,
which can be greatly improved by Lay;O3 mixed with a less
hygroscopic oxide Al,O3.1>% Compared to the layer-by-layer
structured film, the nanolaminate processed nanoscale film de-
posited by atomic layer deposition (ALD) exhibited a high
packing density and thermodynamic stability.”) Tt can rem-
edy the drawbacks of the individual layers and particularly
provide excellent dielectric properties suitable for use in high-
performance transistors. ! However, during the first few cy-
cles of the ALD process, an incomplete reaction of the metal
precursor molecules takes place inevitably and the functional
groups at the silicon surface are not optimal for adsorption of
the metal precursor molecules, generating structural defects
and dangling bonds at the interface.!*!%) Improving the prop-

erties of the interface between high-x materials and the sub-
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strate has become an important issue for the successful inclu-
sion of high-k dielectrics in electron devices.

For La;03/Al,03 nanolaminates deposited by ALD on Si
substrate, two different surface terminations may appear, LaO,
termination and AlO, termination. Different surface termina-
tions may affect the construction of the interface layer and the
defects at the interface,!'!] which affect the electrical charac-
teristics of LayO3/Al,03 nanolaminates as the scaling down
of semiconductor devices has rapidly progressed. However,
to date, this topic has not been systematically studied. There-
fore, in this paper, Lay03/Al, O3 nanolaminates with different
terminations are deposited by the ALD. A 1-min thermal an-
nealing is performed in N, at 600 °C after deposition, which
is compatible with the gate-last CMOS process.['?! Then, a
further investigation is carried out to study the surface termi-
nation effects on the electrical characteristics of Lay03/Al,03

nanolaminates.

2. Experiment

Prior to the deposition, P-type Si(100) wafers with a
resistivity of 8-12 Q-cm are RCA (radio corporation of
America) cleaned and then dip in diluted HF for 30 s to
remove the native oxide. Tris(isopropylcyclopentadienyl)
lanthanum[La(iPGC)3] and trimethylaluminum (TMA) are
used as precursors of lanthanum and aluminum. Ozone (O3)
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is used as the oxidant, which is generated by the ozone gener-
ator using ultra-pure O, (99.999%). A LaO, (or AlO,) sur-
face termination is firstly formed on the Si substrates by 5
ALD cycles, and then the same processed 10 ALD cycles of
La;03/Al,03 nanolaminates are grown using metal proces-
sors (La(‘PrCp)s, TMA) and O3 at the growth temperature of
300 °C. The LayO3/Al,03 nanolaminates with LaO, termina-
tion and with AlO, termination is denoted as nanolaminate-
LaO, and nanolaminate-AlQO,, respectively. The structures
of the LayO3/Al,O3 nanolaminates with different termina-
tions were shown in Fig. 1. After the samples annealed
in the nitrogen at 600 °C for 60 s, the x-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha), conductive
atomic force microscopy (CAFM, Bruker Dimension Edge)
measurements are performed to investigate the characteristics
of LayO3/Al;03 nanolaminates. A metal electrode is fabri-
cated by depositing 200 nm Al using electron beam evapora-
tion, followed by photolithography patterning to form MOS
capacitors. After that, the standard electrical measurements
are performed at room temperature using Keithley 590 CV me-
ter and Agilent E4980A characterization system.

(a)

5 ALD cycles of AlO,

silicon substrate

(b)

silicon substrate

Fig. 1. Structures of the La;03/Al;O3 nanolaminates with (a) AlOy
termination, and (b) LaO, termination.

3. Results and discussion

Figure 2 shows the C-V curves of La;03/Al,O3 nanolam-
inates with different terminations. The gate voltage (Vg) is
first swept from forward (negative to positive) and then back-
ward (positive to negative) at the frequency of 100 kHz. As
shown in Fig. 2, the C-V curve of nanolaminate-AlO, is
shifted positively after annealing, whereas the C-V curve of
nanolaminate-LaOy is shifted negatively after annealing. The
different Vg shift in the C-V curves can be explained by the
dipoles formed differently at the interfacial layer.['3] In ad-

dition, the accumulation capacitance values of nanolaminate-
LaO, decreased sharply whereas the accumulation capacitance
values of nanolaminate-AlO, changed negligibly. Densifica-
tion of the nanolaminate after annealing usually results in an
increase in capacitance value.!”) The decrease in the capaci-
tance value may be explained by the formation of the interfa-
cial layer with a low dielectric constant after annealing. Fur-
thermore, a hump is observed at about 0.5 V in the C-V curve
of the as-deposited nanolaminate-AlO, and it disappears af-
ter annealing, whereas that of the as-deposited nanolaminate-
LaOy is not obvious and the negligible hump at about 0 V dis-
appears after annealing. The hump indicates that there many
traps in the near interface.!'*] After annealing, the hump dis-
appears which can be attributed to the decrease of defects and
dangling bonds near the interface during the annealing pro-
cess.

[ nanolaminate-AlO,
0.5} —+as-dep.
—— anneal

-2 -1 0 1 2

nanolaminate-LaO,
—— as-dep.
—~—anneal

Capacitance/10=2 F-m~2
)
o

OL L 1
—2 —1 0 1 2
Applied voltage/V

Fig. 2. The C-V characteristics of La;O3/Al,O3 nanolaminates with
different terminations (f = 100 kHz).

For the further accurate evaluation of interfacial prop-
erties, the interface trap density, Dy, is investigated by us-
ing the conductance method. Figure 3 shows the G/w—f
plots of the Lay03/Al,O3 nanolaminates with different ter-
minations. The Dj; is deduced from simplified conductance
(Gp) which is derived from equivalent circuits.!'>! As shown
in Fig. 3, the Dj; value of as-deposited nanolaminate-AlO, and
nanolaminate-LaO, is 1.698 x 1013 cm™2.eV~! and 1.349 x
10'3 cm~2.eV~!, respectively. The results indicate that the
~ 26% increase of the Dj; is obtained by choosing AlO; as the
termination compared with LaO, as the termination, which is
consistent with the C—V measurement. Unlike water can gen-
erate the hydrogen/hydroxyl sources which will further im-
prove the passivation of silicon during the H,O-based ALD
deposition, ozone as the oxidant will show a higher inter-
face trap density.['®! After annealing, the D;; of nanolaminate-
AlO, decreases from 1.698 x 103 cm2.eV~! to 8.64 x
102 cm~2.eV—!, whereas the D, value of nanolaminate-LaO,
slightly decreases from 1.349 x 10'3 cm=2-eV~! to 1.244 x
10'3 cm~2.eV~!. This may be explained by, at the beginning
of the ALD cycles, the incomplete reaction of the metal pre-
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cursor molecules and oxidant generated the defects, the dan-
gling bonds, and unpaired bonding traps in the layer. Ther-
mal annealing supplied enough thermal energy for the traps
or defects decomposition and re-composition, the traps or de-
fects decreased after annealing.[*! The interface state density

6 T T
nanolaminate-AlO,

is strongly correlated to the quality of the dielectric, and has
been used to characterize gate dielectric reliability.!!”! There-
fore, compared with LaOy as the termination, the properties of
the interface can be improved by choosing AlO; as the surface
termination because of its lower Dj; after annealing.

T T
nanolaminate-LaO,

5| as-dep. as-dep.
y ar
£ :
3 ~ 3f
~
ORI 2
= 3 2t
O 2t =
= °
1t 1r
0 Di; =1.698x10'3 cm—2.eV—! 0 l?n = 1.349>I<1013 Cm*zl-eV*l
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3 T T T T T
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anneal anneal
mo3f
T oot E
= =
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Fig. 3. Interface state density of LayO3/Al,O3 nanolaminates with different terminations.

Due to conductive AFM able to characterize the gate di-
electric on a nanometer/micrometer scale, showing properties
to which the standard electrical characterization techniques are
blind.['81°) Figure 4 shows the current images obtained with
the CAFM at a conductive tip voltage of 2 V for LayO3/ Al,O3
nanolaminates with different terminations on Si substrate. The
spatial distribution of conductivity for La;03/Al,O3 nanolam-
inates can be derived from the current images. As shown
in Figs. 4(a) and 4(b), the density of leakage spot in the as-
deposited nanolaminate-AlO, is very low in a 5 pmXx5 pum
area and the leakage spots decreases after annealing. For the
as-deposited nanolaminate-LaO,, the density of the leakage
spot is smaller compared with the as-deposited nanolaminate-
AlO,. However, the density of leakage spots increases signif-
icantly after annealing, as shown in Figs. 4(c) and 4(d). It can
be concluded that the conductive paths in the nanolaminate-
LaO, increased significantly after annealing depending on the
increase in the number of leakage current spots. It may be
caused by the local fluctuations in composition and/or struc-
tures, and/or by defects in the nanolaminates which is re-
lated to the formation of a low dielectric constant silicate
layer.[*?% The results suggest that LayO3/Al,03 nanolami-
nates with AlO, termination shows less conductive feature
compared to the Lap03/Al,O3 nanolaminates with LaO, ter-
mination after annealing, which is consistent with the standard

electrical characterization methods results.

1.0 nA
0
CAFM signal 1.0 um CAFM signal 1.0 pm
(c)
1.0 nA 1.0 nA
0 0

CAFM signal 1.0 pm

Fig. 4. The CAFM images of (a) as-deposited nanolaminate-AlOy, (b)
annealed nanolaminate-AlO,, (c) as-deposited nanolaminate-LaO,, and
(d) annealed nanolaminate-LaO, measured by conductive AFM with a
conductive tip.

CAFM signal 1.0 pm

More

La;03/Al,0O3 nanolaminates with different terminations can

detailed information on conduction for

be obtained from further data analysis of the /-V curves mea-

sured on fixed locations. Figure 5 shows the I-V curves of
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La;03/Al,03 nanolaminates measured by the CAFM using a
Pt-coated tip at the room temperature. As shown in the Fig. 5,
The breakdown voltage of the as-deposited nanolaminate-
AlO, is 8.22 V at the leakage current of 1 nA while that
of the as-deposited nanolaminate-LaO, is 7.95 V. After an-
nealing, the breakdown voltage of the nanolaminate-AlO,
increases to 8.41 V and that of nanolaminate-LaO, decreases
to 6.59 V. The decrease of the breakdown voltage for the
nanolaminate-LaO, may be caused by that the formation of
the interfacial layer leads to the deterioration of interface and

nanolaminates. 2!

12

—&— nanolaminate-AlO,
—e— nanolaminate-AlO,

as-dep.)
anneal) |

10

—a—nanolaminate-LaO, (as-dep.)

—_~ o~

—w—nanolaminate-LaO, (anneal)

Leakage current/nA
o

0 2 4 6 8 10
Voltage/V

Fig. 5. The I-V curves of the La;03/Al, 03 nanolaminates measured at
the positions of conductive spots in the CAFM images.

The leakage current is governed by the emission of elec-
trons via trap state into a continuum of states associated with
the presence of conductive dislocations.?”! The forward I—
V curves have been analyzed in terms of various conduction
mechanisms to find that the data can be fitted best to the
Frenkel-Poole mechanism.[!”! The current density associated

with the Frenkel-Poole mechanism is given by!?3!

a9 , \/q3E/7r80£s> 0

J= AExexp< T

where J, q, E, T, ¢, A, k, &, and & are the current density,
the electron charge, the electric field over the energy barrier at
the tip-semiconductor interface, the absolute temperature, the
barrier height for electron emission from the trapped state, a
constant, the Boltzmann constant, the vacuum dielectric per-
mittivity, and the relative dielectric permittivity of the semi-
conductor, respectively. Figure 6 shows the plot of In(J/E)
as a function of E'/2 obtained from the /-V curves of Fig. 5.
As shown in Fig. 6, the plot of In(J/E) as a function of E'/?
follows a trend of the linear relationship. It suggests that the
conduction through La;O3/Al,03 nanolaminates with differ-
ent terminations is consistent with the Frenkel-Poole mecha-

nism.

—16

I
—
®

|
N
[=}

= nanolaminate-AlO, (as-dep.)
e nanolaminate-AlO, (anneal)

In(J/E)/(A-V-l.cm1)
| |
RN

4 nanolaminate-LaO, (as-dep.)
v nanolammate LaO, (anneal)

3500 3750 4000 4250
E05/(V0-5.cm~05)

—26
3250

Fig. 6. The plot of In(J/E) versus E'/? obtained from the I-V curves
of Fig. 5.

To further confirm the changes in the electrical proper-
ties of Lay03/Al,03 nanolaminates after annealing due to the
different surface terminations, figure 7 shows the Oy XPS
spectra of LayO3/Al,O3 nanolaminates with different termi-
nations. The Cys peak from adventitious carbon at 284.80 eV
is used as an internal energy reference to correct the differ-
ential charging during the analysis. As shown in Fig. 7, for
the nanolaminate-AlO,, the O core level spectrum consists
of four fitting peaks. Three fitting peaks located at a binding
energy of 529.40 eV, 530.32 eV, and 531.12 eV, can originate
from La—O-La, La—O-Al, and Al-O-Al, respectively.?*]
The remaining peak located at 532.18 eV is indicative of a

silicate formation. 26

According to the fitting peak intensity
and surface termination, an ultra-thin aluminum silicate-like
layer should be formed at the interface between the nanolam-
inate and Si. After annealing, the peak intensity of silicate
increases slightly. For the nanolaminate-LaO,, the O core
level spectrum also consists of four fitting peaks. Three fitting
peaks located at a binding energy of 529.49 eV, 530.42 eV,
and 531.27 eV, can originate from La—O-La, La—O-Al, and
Al-O-Al, respectively.[**?3] The remaining peak located at
532.38 eV is indicative of an ultra-thin lanthanum silicate

formation. [26]

After annealing, the peak intensity of silicate
increases significantly, which indicates a large amount of in-
terfacial silicate formation caused by the intermixing of Si
and La atoms. The formation of La—O-Si can be explained
by the more favorable free energy compared with that of La—
O-Al, Al-O-Si, La-O, or Si~0.["]

the interface of the aluminum silicate layer serves as a diffu-

The result indicates that

sion barrier to suppress the diffusion of Si and other atoms,
whereas lanthanum silicate cannot serve as a diffusion barrier
at the annealing temperature. Therefore, the electrical prop-
erties of LayO3/Al,O3 nanolaminates with different termina-
tions change differently after annealing due to the different

interface formation.
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nanolaminate-AlO, nanolaminate-LaO,
O 1s (as-dep.) I (as-dep.)
i _ r W — Al
z| raoO O—Al > Al=O-Al
g Al—O—Al 2
]
- I 8
= 5
M Al-O-—Si
526 528 530 532 534 536 526 528 530 532§ 534 536
nanolaminate-AlO, anolamfrninate—LaOz
i (anneal) M (anneal)
>
5 z
iz g
= =
526 528 530 532 534 536 526 528 530 532 534 536

Binding energy/eV

Binding energy/eV

Fig. 7. The O spectra of La;03/Al,03 nanolaminates with different terminations deposited by the ALD.

4. Conclusions

Surface termination effects on the electrical characteris-
tics of Lay03/Al,03 nanolaminates are investigated after an-
nealing. It is found that with the help of the standard elec-
trical characterization methods, La,O3/Al,O3 nanolaminates
with AlO, as termination shows lower interface state density
and better C-V characteristics after annealing compared with
LaO, as termination. The conductive AFM results indicate
that compared to the La;O3/Al,O3 nanolaminates with LaO,
termination, LayO3/Al; O3 nanolaminates with AlO, termina-
tion present less conductive spots and higher breakdown volt-
age after annealing. The current conduction mechanism in
Lay03/Al, 03 nanolaminates is considered the Poole—Frenkel
conduction. The XPS results show that a clear improvement
in the interface silicate layer is observed for LayO3/Al,03
nanolaminates with AlO, as termination compared with LaO,
as termination at the same annealing condition. All results in-
dicate that AlOy is a more appropriate termination to deposit
La;03/Al,03 nanolaminates for electron devices application.
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