
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 3
:3

8:
01

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Atomic layer dep
aGraduate School of Chemical Sciences and E

Kita-ku, Sapporo 060-8628, Japan. E-mail: n
bSemiconductor Materials Department, Elect

ADEKA CORPORATION, 7-2-34 Higashiogu

E-mail: a.nishida@adeka.co.jp
cResearch Institute for Electronic Science

Sapporo 001-0021, Japan
dJST-PRESTO, Kawaguchi, Saitama 332-001

† Electronic supplementary informa
https://doi.org/10.1039/d3ra05217f

Cite this: RSC Adv., 2023, 13, 27255

Received 2nd August 2023
Accepted 5th September 2023

DOI: 10.1039/d3ra05217f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
osition of Y2O3 films using a novel
liquid homoleptic yttrium precursor tris(sec-
butylcyclopentadienyl)yttrium [Y(sBuCp)3] and
water†

Akihiro Nishida, *ab Tsukasa Katayamacd and Yasutaka Matsuoc

Atomic layer deposition (ALD) of Y2O3 thin films was studied using a novel homoleptic yttrium ALD

precursor: tris(sec-butylcyclopentadienyl)yttrium [Y(sBuCp)3]. Y(sBuCp)3 is a liquid at room

temperature. The thermogravimetry curve for Y(sBuCp)3 is clean, with no indication of decomposition

or residue formation. Thermogravimetry–differential thermal analysis measurements showed that

Y(sBuCp)3 is stable for 18 weeks at 190 °C. Y(sBuCp)3 has a homoleptic structure. Thus, a reduction in

manufacturing costs is expected compared to those associated with heteroleptic precursors because

additional chemical synthesis steps are usually necessary to produce heteroleptic compounds. In

addition, ALD of Y2O3 was demonstrated using Y(sBuCp)3 and water as a co-reactant. The deposition

temperature was varied from 200 to 350 °C. The growth rate was 1.7 Å per cycle. In addition, neither

carbon nor nitrogen contamination was detected in the Y2O3 films by X-ray photoelectron

spectroscopy. Furthermore, smooth films were confirmed by X-ray secondary-electron microscopy.

The root-mean-square roughness was measured to be 0.660 nm by atomic force microscopy. Metal–

insulator–semiconductor (MIS) Pt/Y2O3/p-Si devices were fabricated to evaluate the electrical

properties of the Y2O3 films. An electric breakdown field of −6.5 MV cm−1 and a leakage current

density of ∼3.2 × 10−3 A cm−2 at 1 MV cm−1 were determined. The permittivity of Y2O3 was estimated

to be 11.5 at 100 kHz. Therefore, compared with conventional solid precursors, Y(sBuCp)3 is suitable

for use in ALD manufacturing processes.
Introduction

Yttrium oxide (Y2O3) is well known to exhibit attractive prop-
erties, including a high melting point (∼2410 °C), high dielec-
tric constant (∼15), wide bandgap (∼5.5 eV), and high refractive
index.1 It has been used in several industrial applications such
as ceramics, dielectric insulators, superconductors, optical
lms,2 protective lms,3 and buffer layers. In the energy eld,
thin-lm solid oxide fuel cells (TF-SOFCs) are promising as next-
generation high-efficiency energy sources.4,5 To fabricate TF-
SOFCs, defect-free yttria-stabilized zirconia (YSZ) and yttria-
doped ceria (YDC) electrolyte lms with thicknesses less than
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100 nm are required.6–8 In microelectronics, Y2O3 is promising
as a next-generation gate insulating lm material. Recent
studies have revealed that the dielectric constant (k) and crystal
stability of materials such as ZrO2, HfO2, and La2O3 are
improved by doping with Y2O3.9–12 These Y2O3-containing thin
lms are mainly deposited by physical vapor deposition
(PVD),2,11,12 chemical vapor deposition (CVD),3 or atomic layer
deposition (ALD)4,6–9,13 processes.

The importance of the ALD process has recently increased
because of its ability to prepare thin lms with a uniform
smooth surface.13,14 However, almost all conventional yttrium
ALD precursors are poorly suited for industrial use because they
are solids at room temperature. As an example, tris(2,2,6,6,-
tetramethyl-3,5-heptanedione)yttrium [Y(thd)3] is the most
commonly used yttrium ALD precursor. However, Y(thd)3 is
difficult to use in mass production processes because it is
a solid and has a high melting point of 176 °C. The ALD growth
rate [i.e., growth per cycle (GPC)] for Y(thd)3 is 0.2 Å per cycle.15

As an example, a lm thickness greater than 100 nm is typically
required for protective lms; thus, a higher GPC is desirable.3

When Y(thd)3 is used in the ALD process, its GPC is low; hence,
productivity is too low for thicker lms to be obtained.
RSC Adv., 2023, 13, 27255–27261 | 27255
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Several yttrium ALD precursors have been studied thus far.
One such example is tris(N,N′-diisopropylacetamidinate)
[Y(iPr2amd)3].16 It exhibits a relatively high ALD growth rate of
0.8 Å per cycle; however, its melting point is greater than 220 °C.
Cyclopentadienyl-type ALD precursors have also been reported.
Tris(cyclopentadienyl) yttrium [Y(Cp)3] and tris(methylcyclo-
pentadienyl) yttrium [Y(MeCp)3] have high ALD growth rates of
1.5–1.8 and 1.2–1.3 Å per cycle, respectively.17 However, their
melting points are 296 and 124 °C, respectively.

Ideally, the melting point of yttrium ALD precursors
should be lowered to overcome several problems, including
clogging of supply lines, particle formation, and complex
purication processes. Alkyl-Cp-type yttrium precursors
[Y(RCp)3], which have comparatively low melting points, have
also been recently developed.18–20 Tris(ethylcyclopentadienyl)
yttrium [Y(EtCp)3], tris(n-propylcyclopentadienyl) yttrium
[Y(nPrCp)3], and tris(isopropylcyclopentadienyl) yttrium
[Y(iPrCp)3] have melting points of 48, 66, and 55 °C, respec-
tively. Tris(n-butylcyclopentadienyl) yttrium [Y(nBuCp)3] is
a liquid precursor at room temperature, and a crystalline Y2O3

lm has been prepared by ALD using [Y(nBuCp)3].21 However,
with increasing alkyl chain lengths, the vapor pressure was
found to worsen compared with that for precursors with
shorter chain lengths.

Another approach to improving several precursor properties
is to develop heteroleptic precursors. The liquid yttrium ALD
precursor (iPrCp)2Y(

iPr-amd), which has a high vapor pressure
and a growth rate of 0.6 Å per cycle, has been reported.22

However, the synthetic routes for producing such heteroleptic
precursors are usually complicated. In addition, the dispro-
portionation reaction of the precursors must be suppressed. As
a result, the cost of heteroleptic precursors is greater than that
of homoleptic precursors.

Given the above considerations, from the perspectives of
manufacturing cost, disproportionation reaction, melting
point, and vapor pressure, we expected homoleptic alkyl-Cp-
type yttrium precursors [Y(RCp)3] to be promising as a basic
structure; we therefore modied its alkyl chain structure. In the
present study, the yttrium precursor tris(sec-butylcyclopenta-
dienyl)yttrium(III) [Y(sBuCp)3] (Table 1), which is a liquid at
room temperature, was developed as an industrially preferred
precursor. We carried out ALD testing using the [Y(sBuCp)3]
precursor with water as a co-reactant.
Table 1 Comparison of ALD precursors for yttrium oxide film

Name Y(thd)3 Y(iPr-amd)3 Y(M

Reference 15 16 17

Structure

State Solid Solid Sol
Ligand Homoleptic Homoleptic Ho

27256 | RSC Adv., 2023, 13, 27255–27261
Experimental
Characterization of Y(sBuCp)3 precursor

The 1H-NMR data for Y(sBuCp)3 were obtained using a JEOL ECA-
400. Thermogravimetric analysis (TGA) was carried out at 10 Torr
in an Ar-lled glovebox using a Rigaku ThermoPlus2 TG8120.
Thermal decomposition temperature was measured by differen-
tial scanning calorimetry (DSC) with a Bruker AXS DSC 3100.

ALD testing of Y(sBuCp)3 precursor with water

Y2O3 lms were deposited using a commercial ALD apparatus
(NCD Lucida D100) equipped with a cross-ow ALD reactor;
water was used as the co-reactant. Prior to deposition, Si(100)
substrates were cut to 25 mm × 25 mm and subsequently
cleaned with 0.5% HF solution for 1 min to remove the native
oxide layer. The cleaned wafers were dried using N2 gas and
immediately loaded into the ALD chamber. Before the ALD
process, the wafer was heated for 30 min to stabilize its
temperature. The Y(sBuCp)3 was provided by ADEKA (CAS no.
847153-22-4, product name: Y-5000). The Y(sBuCp)3 precursor
was added to a stainless steel canister and heated at 175 °C. The
precursor supply method was vapor drawing using Ar carrier gas
at 50 sccm. The chamber pressure was controlled at ∼0.75 Torr
by Ar process gas.

Characterization of deposited Y2O3 lms

Yttrium deposition was measured by X-ray uorescence (XRF)
analysis using a Rigaku ZSX Primus IVi. The stoichiometry and
elemental bonding states in the lms were characterized by X-ray
photoelectron spectroscopy (XPS) using a Thermo Fisher Scien-
tic K-Alpha. The lmmorphology and thickness were studied by
eld-emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM) with a Hitachi High-Tech S-4800
and a Bruker Multimode 8, respectively. The scanning mode in
AFM measurement is “Peak Force Tapping”. The tip for AFM is
Bruker SCANASYST-AIR. The lm thickness and the crystallinity
were evaluated by X-ray reectivity (XRR) and X-ray diffraction
(XRD) measurements using a Rigaku Ultima IV.

Electric characterization of Y2O3 lms

The electric properties of the obtained Y2O3 lms were evalu-
ated by preparing metal–insulator–semiconductor (MIS)
eCp)3 Y(iPrCp)2(
iPr-amd) Y(sBuCp)3

22 This work

id Liquid Liquid
moleptic Heteroleptic Homoleptic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structures of Pt/Y2O3/p-Si. The deposition temperature of the
Y2O3 layer was 300 °C. The Pt electrodes were deposited onto the
Y2O3 lms through a shadow mask at room temperature by DC
magnetron sputtering using a Sanyu Electron SC-701MC. The
thicknesses of the Pt electrode, Y2O3 layer, and p-Si substrate
were 100 nm, 19.4 nm and 0.5 mm, respectively. Capacitance–
voltage (C–V) curves for the MIS structure were recorded using
a precision LCR meter (Agilent, 4980A). The current–voltage (I–
V) curves were also acquired (Keithley, Sourcemeter 2450). The
probe station was coaxial probe.

Results and discussion
Chemical identication of Y(sBuCp)3 precursor

The synthesized Y(sBuCp)3 was conrmed by 1H-NMR
measurement. Fig. 1 shows the 1H-NMR spectrum of
Y(sBuCp)3. The signal of each proton on the cyclopentadienyl
ring appeared at 6.011 and 5.866 ppm as a multiplet. The
coupling to the proton on the tertiary carbon atom showed as
a hexaplet at 2.489 ppm. The methyl group on the sec-butyl
group showed as a multiplet at 0.982 ppm. The ethyl group on
the sec-butyl group showed as a multiplet at 1.391 ppm (2H) and
a triplet at 0.819 ppm (3H). Each peak was overlapped or
a multiplet because the sec-butyl Cp ligand has a stereocenter
on the alpha carbon. On the basis of the 1H NMR analysis
results, Y(sBuCp)3 was considered a chiral compound.
Fig. 2 Vapor pressure variations of Y(sBuCp)3 with temperature.

Fig. 1 1H-NMR spectrum of Y(sBuCp)3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 2 shows the vapor pressure variations with temperature
of the Y(sBuCp)3 precursor. The vapor pressure of Y(

sBuCp)3 was
0.1 Torr at 149 °C. The vapor pressure of Y(nBuCp)3 has been
reported to be 0.1 Torr at 150 °C.20 Thus, the introduction of
a branched alkyl structure slightly improved the vapor pressure.

Fig. 3(a) shows the TGA curves for Y(sBuCp)3 and conven-
tional precursors such as the solid precursor Y(EtCp)3 and the
liquid precursor Y(nBuCp)3. The curve for Y(sBuCp)3 is clean,
with no indication of decomposition or residue formation at 10
Torr. The 50% volatile temperature (TG1/2) was 197 °C. The TG1/

2 for Y(EtCp)3 was 186 °C; it thus exhibits greater volatility than
Y(sBuCp)3 even though it is a solid. Compared with Y(nBuCp)3,
Y(sBuCp)3 exhibits greater volatility. The TG1/2 for Y(nBuCp)3
was 219 °C because of its linear and alkyl chain structure. For
hydrocarbon molecules with the same molecular weight,
a compound with a branched structure will exhibit a lower
boiling point than one with a linear structure.23 A branched
alkyl chain of the precursor is critical for achieving greater
volatility. With the introduction of a sec-butyl group, the vola-
tility of the Y(sBuCp)3 precursor was improved and became
similar to that of the Y(EtCp)3 precursor.

Fig. 3(b) shows DSC thermograms for the Y(sBuCp)3 and
conventional precursors. A thermal decomposition peak was
not observed at a temperature less than 400 °C for any of the
precursors. These results indicate that the Y(RCp)3 base struc-
ture exhibits high thermal stability. Y(sBuCp)3 and Y(nBuCp)3
were liquid precursors; melting was therefore not observed in
the investigated temperature range. Y(sBuCp)3 has three chiral
Fig. 3 (a) TGA curves for Y(sBuCp)3 and conventional precursors
Y(EtCp)3 and Y(nBuCp)3 (b) DSC thermograms of Y(sBuCp)3 and
conventional precursors Y(EtCp)3 and Y(nBuCp)3.

RSC Adv., 2023, 13, 27255–27261 | 27257
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centers; thus, four types of diastereomers are possible,
excluding enantiomers, because it contains eight stereoisomer
structures (i.e., RRR, SRR, RRS, SRS, RSR, SSR, RSS, and SSS). In
general, stereoisomer mixtures have lower melting points than
single-structure compounds because of poor crystallization of
the molecule.24 Y(sBuCp)3 is expected to have a lower melting
point than Y(nBuCp)3. That is, Y(

sBuCp)3 is expected to remain
a liquid over a wide temperature range.
Long-term thermal stability of Y(sBuCp)3 precursor

An ALD precursor is heated to a high temperature during the
ALD process. Long-term thermal stability at the vaporization
temperature for more than a few months is critical for ALDs
used industrially, where long-life precursors enable lms to be
continuously produced without stopping the production line.
Fig. 5 (a) Growth rate for Y2O3 films as function of water purge time at 2
supply time at 250 °C. (c) Y2O3 film growth rate as function of the Y(sBuCp
cycles at 250. (e) Growth rate for Y2O3 films as function of deposition te

Fig. 4 TG residue recorded during long-term thermal stability test of
Y(sBuCp)3 at 190 °C for 18 weeks.

27258 | RSC Adv., 2023, 13, 27255–27261
The DSC results indicate that Y(RCp)3-type complexes exhibit
high thermal stability. We therefore evaluated the long-term
thermal stability of Y(sBuCp)3 as a novel compound. The
Y(sBuCp)3 was heated at 190 °C, which is the temperature at
which it vaporizes at 1 Torr, and periodically characterized by
TGA and 1H-NMR. The results show very clean TG curves before
and aer the sample was heated at 190 °C for 18 weeks in Fig. S1
of ESI.† Fig. 4 shows TGA residue recorded during the long-term
thermal stability test. The TG residue of Y(sBuCp)3 did not
change before or aer it was heated at 190 °C for 18 weeks.
Fig. S2 of ESI† presents 1H-NMR spectra acquired during the
long-term thermal stability test. The spectrum of Y(sBuCp)3 did
not change before or aer it was heated at 190 °C for 18 weeks.
Therefore, Y(sBuCp)3 was conrmed to exhibit excellent long-
term thermal stability and volatility for at least 18 weeks.

ALD testing of Y(sBuCp)3 precursor with water

The ALD sequence involves dosing and purging steps for the
metal complex, and the use of a co-reactant. The dosing and
purging times should be optimized to enable the fabrication of
ultra-thin, conformal lms with high uniformity. Experiments
to determine the optimal dosing and purging times were carried
out for ALD of Y2O3 using the Y(

sBuCp)3 precursor with water as
a co-reactant. To remove the moisture in the ALD chamber,
various water purge times were investigated at 250 °C. Fig. 5(a)
shows that a higher growth rate was achieved at 10 and 30 s,
although a constant growth rate was observed when the purge
time was longer than 60 s. The results show that adsorption of
Y(sBuCp)3 was affected by remaining moisture when the water
purge time was shorter than 30 s in our ALD reactor. Therefore,
the deposition was carried out using a water purge time of 60 s.

Fig. 5(b) shows that saturation occurred when the Y(sBuCp)3
supply time on the Si substrate was varied at 250 °C. The results
50 °C. (b) Saturation of Y2O3 film growth rate with increasing Y(sBuCp)3
)3 purge time at 250 °C. (d) Film thickness as function of number of ALD
mperature.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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show that self-limited lm growth occurred. The Y(sBuCp)3 was
conrmed to be saturated when the supply time was 30 s or
longer. Under our experimental conditions, the saturation time
was long compared with those for conventional precur-
sors.17,18,21 Y(sBuCp)3 exhibits volatility similar to that of
Y(RCp)3; we therefore considered that this difference was
caused by our experimental conditions. To reduce the satura-
tion time, the partial pressure of Y(sBuCp)3 should be increased
in the ALD chamber to improve precursor adsorption onto the
substrate. For further improvement, a higher precursor heating
temperature and bubbling of the precursor supply are prom-
ising. The saturated lm growth rate was ∼1.7 Å per cycle at
250 °C.

The Y(sBuCp)3 purge time was also optimized. Fig. 5(c) shows
the Y(sBuCp)3 purge time dependence of the lm growth rate at
250 °C. A constant growth rate was observed when the purge time
was 15 s or longer. Small variations in the growth rate were
conrmed at shorter purge times because of incomplete purging
of the metal precursor. Because carbon contamination origi-
nating from the ligand was a concern in this range of short purge
times, a purge time of at least 15 s was considered necessary.

On the basis of the above results, the standard pulsing ALD
sequence was designed as follows: 30 s supply of metal
precursor with carrier gas, followed by 15 s Ar purge, 0.2 s pulse
of water, and nally 60 s purge with Ar gas. We used this
standard sequence to evaluate the ALD behavior of Y(sBuCp)3.

Fig. 5(d) shows the lm thickness as a function of the number
of ALD cycles. The lm thickness was measured by XRR. The
thickness increased linearly with increasing number of ALD
cycles at 250 and 300 °C. These results indicate that the lm grew
at a constant rate; thus, Y(sBuCp)3 demonstrated excellent
thickness control characteristics. The results thus far verify the
linear dependence and the saturation behavior; we therefore
concluded that Y(sBuCp)3 exhibits an ALD-type growth mode.
Fig. 6 XPS depth profiles for Y2O3 films deposited at (a) 200 °C, (b) 250 °
250 °C, and (f) 300 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
ALD behavior of Y(sBuCp)3 at 250 °C was conrmed; we
therefore next investigated the deposition temperature depen-
dence in the range 200–400 °C. Fig. 5(e) shows the growth rate at
various deposition temperatures. In this experiment, Y2O3 lms
were deposited by ALD onto Si substrates for 50 cycles. The
growth rate reached 1.5 Å per cycle at 250 °C. The maximal
growth rate at 300 °C was found to be 1.8 Å per cycle. The growth
rate was 1.3–1.8 Å per cycle in the temperature range 200–350 °
C. These values are similar to those reported for thermal ALD of
Y2O3 using cyclopentadienyl yttrium precursors such as Y(Cp)3,
Y(MeCp)3, Y(EtCp)3, Y(iPrCp)3, and Y(nBuCp)3.17,18,21,25 The
growth rate decreased with increasing deposition temperature
beyond 300 °C. The yttrium intensity detected by XRF also
decreased when the deposition temperature was greater than
300 °C because Y(sBuCp)3 was desorbed as a result of the greater
thermal energy at higher temperatures during the ALD process.
According to the DSC measurement results, the thermal
decomposition temperature of Y(sBuCp)3 is greater than 400 °C.
Thus, we deduced that the decrease in the growth rate was not
a result of thermal decomposition but rather desorption at
higher temperatures.

We compared the growth rate achieved using Y(sBuCp)3 as
a precursor with those achieved using conventional precursors.
Y(thd)3 showed a low growth rate of 0.2 Å per cycle with O3 as
a co-reactant.10 Y(iPr2amd)3 enabled Y2O3 lm growth at 0.8 Å
per cycle.11 The heteroleptic precursor (iPrCp)2Y(

iPr-amd)
showed a growth rate of 0.6 Å per cycle.16 We concluded that
Y(sBuCp)3 enables a higher growth rate than the conventional
precursors, thereby enabling greater productivity of Y2O3 lms.

Film properties of Y(sBuCp)3 precursor with water

The lm concentration and impurities in the lms were
measured by XPS analysis. Fig. 6(a–c) shows XPS depth proles
for lms deposited at (a) 200 °C, (b) 250 °C, and (c) 300 °C. The
C, and (c) 300 °C. XPS spectra of Y2O3 films deposited at (d) 200 °C, (e)

RSC Adv., 2023, 13, 27255–27261 | 27259
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Fig. 7 (a) FE-SEM image of Y2O3 film deposited onto Si substrate at
200 °C. (b) Three-dimensional AFM image of Y2O3 film deposited onto
Si substrate at 200 °C. (c) XRD pattern for Y2O3 film on Si substrate. The
reflections were indexed on the basis of PDF card no. 151761.

Fig. 8 (a) C–V and (b) leakage current density vs. electric field curves
for the Pt/Y2O3/p-Si capacitor. The deposition temperature for the
Y2O3 layer was 300 °C.
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results conrm that high-purity Y2O3 was deposited at all three
investigated temperatures. The oxygen concentration slightly
increased with increasing deposition temperature. For the
above lms, the Y/O ratio was found to be 0.74, 0.71, and 0.69,
respectively, indicating the formation of hydroxylated or
reduced Y2O3−x at low deposition temperatures.

Fig. 6(d–f) shows the Y 3d, O 1s, and C 1s regions of the XPS
spectra of the deposited lms. The Ymain peaks (d) appeared at
156.8 and 158.8 eV. The O 1s spectra (e) of the Y2O3 lms show
a Y–O peak at∼529.5 eV. The peak at 200 °C was shied to lower
energy because of an insufficient oxidation reaction due to the
low deposition temperature. No peak attributable to Y–OH was
observed in the spectra of any of the lms. In addition, neither
C (f) nor N impurities were detected in any of the lms.

Fig. 7(a) shows FE-SEM images of the Y2O3 lms deposited
onto p-type Si(100) substrates. Continuous lms with a smooth
surface and a thickness of 23.1 nm were deposited at 200 °C.
Isolated particles were not detected on the surface.
27260 | RSC Adv., 2023, 13, 27255–27261
Fig. 7(b) shows a three-dimensional AFM image of a Y2O3 lm
deposited onto a p-type Si(100) substrate at 200 °C. The lm
thickness was 23.1 nm, and the scanned area was 1.0 mm× 1.0 mm.
The imaging results indicate that the lm had a smooth surface.
The root mean square (RMS) roughness determined by AFM
measurement was 0.66 nm, which is lower than the roughness
values of Y2O3 lms deposited using conventional precursors.16,17

Fig. 7(c) shows that the 23.1 nm-thick Y2O3 lm on a Si
substrate was crystalline, as indicated by XRD measurements.
The results conrmed that the as-deposited Y2O3 lm was
crystallized without annealing. Peaks associated with (222),
(400), (332), (431), (440), and (622) planes were observed, indi-
cating that the crystal phase is mainly cubic.26,27 A monoclinic-
rich lm can be deposited at high temperatures. In addition,
the structure of the lm is affected by the oxygen partial pres-
sure, deposition pressure, and the substrate. The XRD pattern
showed no additional peaks caused by impurities.

These lm characterization results conrm that the
Y(sBuCp)3 precursor can easily provide a high-quality Y2O3 lm.
Electric properties of Y2O3 lms

Fig. 8(a) shows C–V curves for the Pt/Y2O3/p-Si MIS capacitor. The
thickness and deposition temperature of the Y2O3 layer were
19.4 nm and 300 °C, respectively, and the area of the Pt top
electrode was 0.015 mm2. The measurement was conducted at
25 °C and a frequency of 100 kHz. The voltage range was from 3 V
to−3 V. The sweep rate was 0.48 V s−1. When a negative bias was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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applied, the capacitance value was 80 pF. From these results, the
dielectric constant for the Y2O3 layer was estimated to be 11.5,
which is similar to previously reported values of ∼10 (Y(Cp)3 and
Y(MeCp)3).17,28 However, when a positive bias was applied to the
MIS capacitor, the capacitance substantially decreased because of
the formation of a depletion layer in the p-Si.

Fig. 8(b) shows leakage current density vs. electric eld
curves for the Pt/Y2O3/p-Si MIS capacitor. The voltage range was
from 0 V to −20 V. The sweep rate and compliance current were
0.48 V s−1 and 100 mA, respectively. The leakage current density
at 1 MV cm−1 and breakdown electric eld were approximately
3.2 × 10−3 A cm−2 and 6.5 MV cm−1, respectively. These values
are comparable to those for a previously reported MIS capacitor
fabricated using a Y2O3 layer prepared from solid or hetero-
leptic ALD precursors.17,29 Thus, these results indicate that
a Y2O3 layer with high electronic performance could be attained
even when a liquid homoleptic ALD precursor was used.
Conclusions

We have demonstrated ALD of Y2O3 lms using a newly devel-
oped yttrium precursor, Y(sBuCp)3. Y(

sBuCp)3 is a liquid at room
temperature and exhibits high volatility because of its branched
alkyl chain structure. In addition, a lower melting point is ex-
pected because of its stereoisomerism. This molecular design
imparted the precursor with industrially preferred properties.
Y(sBuCp)3 also exhibits high thermal stability, exhibiting a life-
time of at least 18 weeks at 190 °C. This evaluation is ongoing,
so the lifetime might be longer than 18 weeks. In addition, like
the conventional Y(RCp)3 precursor, Y(sBuCp)3 exhibits a high
growth rate and a wide ALD window. The deposited Y2O3 lms
exhibit high purity, high crystallinity, and a smooth surface. The
Y2O3 lms prepared from Y(sBuCp)3 also exhibit high electronic
performance. Therefore, we conclude that Y(sBuCp)3 is an
attractive Y2O3 precursor for industrial use.
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