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La-based binary or ternary compounds have recently attracted a great deal of attention as a potential candidate to
replace the currently used Hf-based dielectrics in future transistor and capacitor devices for sub-22 generation. However,
the hygroscopic nature of LayO3 hampers its application as dielectrics in electron devices. To cope with this challenge,
ultraviolet (UV) ozone post treatment is proposed to suppress the moisture absorption in the HyO-based atomic layer
deposition (ALD) La; 03/Al;03 nanolaminates which is related to the residual hydroxyl/hydrogen groups after annealing.
The x-ray photoelectron spectroscopy (XPS) and conductive atomic force microscopy (AFM) results indicate that the
moisture absorption of the HyO-based ALD Lay03/Al,O3 nanolaminates is efficiently suppressed after 600 °C annealing,

and the electrical characteristics are greatly improved.
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1. Introduction

Recently, rare earth oxides, such as La-based binary or
ternary compounds, are receiving a lot of attention for their
potential use as the second generation high dielectric constant
materials instead of the currently used Hf-based dielectrics in
future transistor and capacitor devices.[!3] These materials
show interesting properties such as a high permittivity, large
band gap, and high crystallization temperature.*° To obtain
the thin films, atomic layer deposition (ALD) is the preferred
deposition technique because of its low deposition tempera-
ture, excellent thickness and composition control, and confor-
mal growth.!”] For high-x oxide ALD deposition, H,O is a
more commonly used oxidant than O3 because Oj3 is not sta-
ble and the expensive production equipment is always needed.
However, due to the well-known hygroscopic nature of La; O3,
exposure to ambient moisture can potentially deteriorate its di-
electric properties such as roughness enhancement, large leak-
age current, and low dielectric constant. 1891 Therefore, the di-
electric properties should include the resistance to the mois-
ture absorption. Mixing with a less hygroscopic oxide such as
Al,O3 has been proved to stabilize the lanthanide oxide. ']
Furthermore, it combines the advantages of the high-x of
LayO3 and the chemical and thermal stability of Al,O3. How-
ever, the La;O3/Al,03 nanolaminates may still suffer from
the moisture absorption because H,O tends to physisorb on
the surface strongly and contributes to a high concentration of
hydroxyl/hydrogen groups in the nanolaminates although the
purge time is sufficient.

The ultraviolet (UV) ozone post treatment has been pro-

DOI: 10.1088/1674-1056/26/5/057702

posed as an effective method for suppressing the moisture ab-
sorption of LayO3 films in the air.!'!! Furthermore, the UV
ozone treatment can be used at low temperatures, preventing
thick interface layer formation compared with oxygen ambient
annealing at high temperature.!'?) Since this topic can be cru-
cial for the successful inclusion of high-k dielectrics in elec-
tron devices, its potential application in the thin Lay03/Al,03
nanolaminates is investigated in this paper. The La;03/Al,03
nanolaminates treated with or without an UV ozone post treat-
ment are investigated by x-ray photoelectron spectroscopy
(XPS), conductive atomic force microscopy (AFM), and elec-
trical measurements. The results indicate that Lay03/Al,03
nanolaminates treated with the UV ozone post treatment sup-
press the moisture absorption and improve the C-V character-
istics.

2. Experiment

Prior to the deposition, 8-12 Q-cm P-type Si(100) wafers
were RCA cleaned and a 30 s dip in diluted HF solution
was used to remove the native oxide, followed by a 60 s
rinse in deionized water. Tris(isopropylcyclopentadienyl) lan-
thanum [La(iPGC)3] was used as the lanthanum precursor and
trimethylaluminum (TMA) was used as the aluminum precur-
sor. The container of the lanthanum precursor was heated to
180 °C and the aluminum precursor was at room tempera-
ture, corresponding to the vapor pressure of 10 hPa to 15 hPa.
When H,O was used as the oxidant, the container was set at
the room temperature, corresponding to a vapor pressure of
7 hPa. La;O3/Al;03 nanolaminates were formed by the pe-
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riodic stacking of bilayer structures to form thicker multilay-
ers. Different thickness LayO3/Al,O3 nanolaminates were de-
posited on the Si substrates by ALD at 300 °C. Some samples
were treated with UV ozone post treatment by an UV ozone
ProCleaner plus system for 25 min at room temperature. After
all the nanolaminates were annealed in nitrogen at 600 °C for
60 s, the XPS, AFM, and electrical measurements were car-
ried out to investigate the characteristics of the La;O3/Al,03
nanolaminates. The XPS measurements were carried out by
using monochromatic Al Ko x-ray (hv = 1486.7 eV). The
AFM and CAFM measurements were carried out by a Bruker
Dimension Edge system. The electrical measurements were
carried out using a Keithley 590 C-V meter.

3. Results and discussion

Figure 1 shows the thickness and dielectric constant of
the LayO3/Al, 03 nanolaminates. The thickness of all sam-
ples is measured by a Woollam M2000D spectroscopic el-
As shown in Fig. 1(a), the thickness of the
La;03/Al,03 nanolaminates without UV ozone post treatment

lipsometer.

increases from 5.27 nm to 8.49 nm after annealing. This may
be attributed to the absorption of moisture in the nanolam-
inates after annealing.”! Furthermore, the thickness of the
La;03/Al,03 nanolaminates with UV ozone post treatment
decreases from 4.93 nm to 4.67 nm after annealing. This
may be explained by the densification of the films after ther-
mal annealing. The extracted dielectric constant € is given in
Fig. 1(b). The dielectric constant is determined as follows:

€0€sio
EOTota = A T;(z, (1)
EOThigh—« = EOTota1 — Tsio, 5 (2)
Thigh—k
Ehigh—k = ﬁwsﬁop (3)

where A is the area, Cpx is the accumulation capacitance of
the LayO3/Al>,03 nanolaminates, and &n ¢ and &sjo, are the
permittivities of the La;O3/Al,O3 nanolaminate and SiO», re-
spectively. The dielectric constant obtained for as-deposited
La;03/Al,03 nanolaminates without UV ozone post treatment
is 9.6 and it decreases to 6.7 after annealing. However, the di-
electric constant for the Lay; O3/Al, O3 nanolaminates with UV
ozone post treatment increases from 12.6 to 15.8 after anneal-
ing. The results indicate that the La;O3/Al,O3 nanolaminate
with UV ozone post treatment has good thermal stability and
relatively high dielectric constant.

Figure 2 shows the surface images of the La;O3/Al,03
nanolaminates with and without UV ozone post treatment be-
fore and after annealing. As shown in Fig. 2, a smoother
surface of Lay03/Al,O3 nanolaminate is observed and root
mean square (RMS) roughness decreases after the UV ozone
post treatment. Furthermore, the RMS roughness of the
La;03/Al,03 nanolaminate without UV ozone post treatment

increases sharply from 0.337 nm to 1.831 nm after anneal-
ing, whereas that of the Lay03/Al,O3 nanolaminate with UV
ozone post treatment decreases from 0.267 nm to 0.060 nm.
The RMS value of the La;03/Al, 03 nanolaminate without UV
ozone post treatment increases nearly 5.4 times after anneal-
ing possibly due to the formation of low density hexagonal
La(OH)3.[131 Due to the densification of the nanolaminate af-
ter annealing, the RMS value of the UV ozone post treated
nanolaminate decreases nearly 4.5 times. The results sug-
gest that, without UV ozone post treatment, the Lay 03/Al,03
nanolaminates deposited by ALD using H,O as oxidant are
still suffering from moisture absorption of La;O3 due to the
residual hydroxyl/hydrogen groups, which is harmful to ob-
tain good properties of La;O03/Al,O3 nanolaminate after an-

nealing.
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Fig. 1. (color online) (a) Thickness and (b) dielectric constant of the
Lay03/Al,03 nanolaminates before and after annealing.

In order to confirm that the moisture absorption occurs
in the La;O3/Al,03 nanolaminate without UV ozone post
treatment after annealing, figure 3 shows the Oj spectra of
the LayO3/Al,03 nanolaminates with and without UV ozone
post treatment before and after annealing. For the H,O-based
La;03/Al,03 nanolaminate without UV ozone post treatment,
the Opy core level spectrum consists of four fitting peaks,
which are located at binding energies of 529.18 eV, 530.28 eV,
531.03 eV, and 532.16 eV. These peaks are corresponding
to the chemical bonds of La-O-La, La-O-Al, AI-O-Al,

(141 After annealing, the percent-

and La—O-H, respectively.
age composition of La—O—H chemical bond increases from

4.73 at.% to 15.26 at.%. It can be concluded that the forma-

057702-2



Chin. Phys. B  Vol. 26, No. 5 (2017) 057702

tion of La(OH), occurs obviously due to the residue of hy-
droxyl/hydrogen groups in the layers after annealing. For the
H,0O-based Lay03/Al,O3 nanolaminate with UV ozone post
treatment, the O4 core level spectrum consists of four fitting
peaks, which are located at the binding energies of 528.99 eV,
530.01 eV, 531.21 eV, and 532.44 eV. These peaks correspond
to the chemical bonds of La—O-La, La—O-Al, Al-O-Al, and
La—O-H, respectively.!!*] After annealing, the percentage of
La—O-H chemical bond increases slightly from 3.89 at.% to
3.97 at.%. Since the UV ozone post treatment is considered to
have an effect in terms of oxygen vacancy healing or enhanc-
ing the kinetics of oxidation,[!?! it can suppress the vacancies
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reacted with water to form OH™ groups. It is reasonable to
attribute the origin of the moisture absorption suppression to
the UV ozone post treatment which heals oxygen vacancies in
the nanolaminates. Furthermore, despite the increase of the
La—O-Al peak intensity leading to the peak intensity of La—
O-La and AI-O-Al decreased obviously after annealing for
the Lay,O3/Al,O3 nanolaminates with and without UV ozone
post treatment, the significant decreasing of La—O—La peak in-
tensity for the LayO3/Al;, O3 nanolaminate without UV ozone
post treatment is also attributed to the increase of the La—O-H

peak intensity.
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Fig. 2. (color online) AFM surface images of La;03/Al,0O3 nanolaminates without and with UV ozone post treatment before and after

annealing.
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Fig. 3. (color online) Oy, spectra of La;03/Al, 03 nanolaminates without and with UV ozone post treatment before and after annealing.
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Figure 4 shows the current images of the La;03/Al,03
nanolaminates with and without UV ozone post treatment be-
fore and after annealing. The current images are measured
by conductive AFM when applying a sample bias of 3 V. The
current images provide information on the spatial conductivity
distribution of the La;O3/Al, O3 nanolaminates.

As shown in Figs. 4(a) and 4(b), the density of leakage
spots in the La;O3/Al,03 nanolaminates without UV ozone
post treatment increases obviously after annealing, and these
spots exhibit large leakage currents. They are not only at-
tributed to surface roughness, but also possibly caused by local
fluctuations in composition and/or structures, and/or by de-
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fects in the nanolaminates. After UV ozone post treatment,
as shown in Figs. 4(c) and 4(d), the density of leakage spots
in the Lap;O3/Al,O3 nanolaminates decreases and the leak-
age current is smaller after annealing. The results indicate
that, without UV ozone post treatment, the conductive paths
for the La;03/Al,03 nanolaminates increase significantly af-
ter annealing due to the absorption of moisture generated kinds
of defects and local structural changes, which correlate to the
leakage spots increasing. The UV ozone post treatment sup-
presses the moisture absorption in the La; O3/Al,O3 nanolam-

inates and a less conductive feature is observed.
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Fig. 4. (color online) CAFM images of HyO-based La;O3/Al,03 nanolaminates: (a) as-deposited, (b) annealed, (c) as-deposited
nanolaminate with UV ozone treatment, and (d) annealed nanolaminate with UV ozone treatment.

In order to evaluate the moisture absorption effect on the
properties of the La;O3/Al,03 nanolaminates before and after
annealing, the valence band offset is determined by using the
method proposed by Kraut!!!

si2
AEvgo = (EZ." — Ev)buksi

Al2p
- (ECL - EV)thick nanolaminate
Si2p Al2p
- (ECL - ECL )thin nanolaminate/Si» (4)
h ESi2p d EA12p he bindi . f the Si d
whnere CL an CL are the bin mg energies o (] 12p an

Aly, shallow core levels, respectively, and Ev is the binding
energy corresponding to the valence band maximum (VBM).
The position of the VBM is determined by using the linear
method. The energy difference between these core levels and

the corresponding valence band maxima Evy in bulk Si and
thick La;O3/Al,O3 nanolaminate are determined. By mea-
suring the energy difference between two shallow core lev-
els in thin nanolaminates on Si, the VBO of the La;03/Al,03
nanolaminates can be calculated. According to the early work,
the energy difference between the Sip and VBM is 98.90 eV
for bulk clean Si sample as measured by XPS.[1¢]

Figure 5 shows the XPS core-level spectra of Siy, and
Alyy, for the Lay O3/Al,03 nanolaminates with and without UV
ozone post treatment before and after annealing. The core
level energies are obtained by curve fitting to ensure high ac-
curacy binding energy of the peak and the spectra are refer-
enced to the Cig peak at 284.8 eV. As shown in Figs. 5(a)—
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5(d), the energy difference between the core levels are calcu-
lated. Using these energy differences and Eq. (4), we obtain
VBO of 3.71 eV and 4.16 eV for the as-deposited and the an-
nealed La;03/Al,03 nanolaminates without UV ozone post
treatment, respectively. For the La;03/Al,O3 nanolaminates
with UV ozone post treatment, the VBO changes from 2.74 eV
to 2.85 eV after annealing. Compared with the negligible VBO

/L
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(a) 10 nm H2O-based Al2p
74.18 eV §

Intensity

variation for the Lay03/Al,03 nanolaminates with UV ozone
post treatment after annealing, a larger VBO variation for the
La;03/Al,03 nanolaminates without UV ozone post treatment
may be explained by the large amount of oxygen vacancies
that are generated accompanied with the absorption of mois-

ture.
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Fig. 5. (color online) The XPS core-level spectra of Siy, and Al for (a), (c) 10 nm and (b), (d) 1 nm Lay03/Al;03 nanolaminates

before annealing (as-dep.) and after annealing (annealed).
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Fig. 6. (color online) The C-V characteristics of (a) HyO-based nanolaminates and (b) HyO-based LayO3/Al,03 nanolaminates with

UV ozone post treatment before and after annealing (f = 100 kHz).

The band offset change after annealing should result in
a shift in Vg.l'"-18] Figure 6 shows the C—V characteristics of
5 nm La;03/Al,03 nanolaminates with and without UV ozone
post treatment before and after annealing (f = 100 kHz).
The gate voltage (Vi) is swept from accumulation to inver-
sion and then swept back. For the HyO-based La;03/Al,03

nanolaminates, as shown in Fig. 6(a), the hysteresis in the

C-V curves increases significantly and the capacitance of the
Lay03/Al,03 nanolaminates decreases after annealing. It can
be explained by the moisture absorption of La,O3 deteriorat-
ing the properties of the nanolaminates and generating a large
amount of defects. Furthermore, the C—V curves shift from
the positive to the negative direction after annealing, which

shows that the positive charge increases after annealing; this
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is associated with the oxygen vacancies generation. For the
La;03/Al,03 nanolaminates with UV ozone post treatment,
as shown in Fig. 6(b), due to the densification of LayO3/Al,03
nanolaminates and decrease of the impurities concentration,
the accumulation capacitance increases after annealing. The
results indicate that the UV ozone post treatment successfully
suppresses the moisture absorption and thus better electrical
characteristics are observed after annealing, which is consis-
tent with the AFM and XPS results.

4. Conclusion

The properties of H,O-based ALD
Lay03/Al,03 nanolaminates on the Si substrate can be sub-

electrical

stantially improved by UV ozone post treatment after anneal-
ing. Moisture absorption occurs obviously for the non UV
ozone post treatment samples after annealing, whereas it is
The
XPS results indicate that the UV ozone post treatment has the

suppressed in the UV ozone post treatment samples.

effect of oxygen vacancy healing and suppressing the vacan-
cies reacted with water to form OH™ groups. As a result, a
small thickness variation, a smooth roughness surface, and
negligible VBO variation are observed for the UV ozone post
treated samples compared with the non UV ozone post treated
samples after annealing. The current images measured by
CAFM and the C-V measurement results indicate that after
UV ozone post treatment, the Lay03/Al,O3 nanolaminates
present a good C-V characteristic, high permittivity, and less

conductive feature.
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