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Synthesis of heteroleptic [Sr(ddemap)(tmhd)], and
its use in atomic layer deposition of low carbon SrO

Yeji Lee,1? Chanwoo Park,° Sangyeon Jeong,© Daeun Lim,?® Jonghyun Kim,?

Hyeongjun Kim, Eun A Kim,® Seong-Yong Cho,
*® and Woongkyu Lee

Teak-Mo Chung

New strontium heteroleptic complexes were synthesized by the substitution
bis(trimethylsilylamide of Sr(btsa),-2DME with aminoalkoxide and pB-diketonate ligands
1,2-dimethoxyethane). Three compounds,

bis(trimethylsilylamide, DME =

9 Hyobin Yoo,® Bo Keun Park, (2°

*ac

reaction of the
(btsa =
[Sr(ddemap)(tmhd)l, (1),

[Sr(ddemmp)(tmhd)] (2), and [Sr(ddemamb)(tmhd)]l, (3), were obtained as precursors for SrO growth

(ddemap =

(dimethylamino)-5-((2-(dimethylamino)ethyl)(methyl)amino)-3-methylpentan-3-ol,

1-(dimethylamino)-5-((2-(dimethylamino)ethyl)(methyllamino)pentan-3-ol, ddemmp = 1-

ddemamb = 1-

(dimethylamino)-2-(((2-(dimethylamino)ethyl)(methyllamino)methyl)butan-2-ol). In single crystal X-ray

crystallography, complex 1 showed dimeric structure with p,-O bonds of ddemap ligand. Complexes 1
and 2 displayed high volatility and can be sublimed under reduced pressure (0.7 torr) at 150 °C.

Accordingly, complex 1 was used as an atomic layer deposition (ALD) precursor for synthesis of SrO thin
film at a high temperature of 370 °C. With Oz as the oxygen source, typical ALD growth behavior was
obtained with controllable initial growth and uniformity. The as-deposited SrO film reacted with carbon
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in the air and formed SrCOs with high crystallinity and poor surface morphology. However, the Al,O3

capping layer induced a smooth amorphous SrO film with little carbon or nitrogen impurities, which

DOI: 10.1039/d5ra08373g

rsc.li/rsc-advances process.

1. Introduction

The alkaline-earth metals have been widely used in various
technological  applications such as thin films,**
ferroelectrics,>*” nonlinear optical materials,*® and organic
synthesis.'®'* In particular, strontium complexes play a key role
in the semiconductor industry, as it could be used to fabricate
thin films containing metal oxides."™ The SrO film plays an
important role as a passivation layer to prevent Si oxidation as
well as a barrier to silicide formation during high-k gate oxide
deposition.”»** Furthermore, SrO is a key material involved in
the growth of perovskite SrTiO;, a dielectric material with a very
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indicated the high purity of as-grown SrO film with no carbonate phase formation by the novel SrO ALD

high permittivity (~300 in bulk), for next-generation dynamic
random access memory (DRAM) capacitors.'*° Considering the
required large area uniformity and extreme three-dimensional
structure of the capacitors, atomic layer deposition (ALD)
appears to be the only feasible thin film growth technique.”*° It
can fulfill the stringent requirements of conformality in the
DRAM capacitors by the alternate supply of the precursor and
reactant. The saturation of the surface reactions could be ach-
ieved in the ALD process by a self-limited reaction mechanism.
Since the SrTiO; ALD process consists of subcycles of SrO and
TiO,, the optimization of each consisting subcycle ALD and
adopting precursors with excellent volatility and thermal
stability are crucial.

However, developing new strontium ALD precursors can be
challenging due to their tendency to form oligomeric complexes
with improper volatility, low thermal stability, and poor reac-
tivity to surface active sites, which is caused by their large
radius, small charge, and high coordination number.® As
a result, only a few Sr precursors and SrO ALD processes have
been reported with excellent physical and chemical properties
and growth behavior. Recently, Cp-based materials such as
(Sr(iPr3C5H2)2 27 and Sr(“BusCsH,),)*® have been used as most of
the available precursors in SrTiO; ALDs. But there is a problem

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Crystal structure of [Sr(ddemap)(tmhd)], (1). Thermal ellipsoids are drawn at the 30% probability level.

that strontium complexes containing Cp-based ligands are
extremely sensitive to air (oxygen) and moisture,” and SrCOj;
films were grown instead of SrO or show anomalous overgrowth
in the early growth stages of ALD.

This abnormal initial excess growth behavior is mainly due
to the high reducing power of the Cp-based Sr precursor or the
high oxidizing power of a reactant such as ozone. It caused
problems of a large amount of impurities in the film and the
degradation of the electrical characteristics of the capacitor.
The formation of SrCO; by insufficient ligand exchange reaction
during the shortened initial growth stage or by reaction with
carbon in the air is a crucial hindrance to the subsequent
crystallization of SrTiO; thin films.'***! In order to suppress
the initial overgrowth of SrO, a trial was conducted in which a 3-
nm-thick TiO, or a 1-nm-thick Al,O; was applied to prevent the
reaction with the highly reactive bottom layer. Lee et al. reported
that the SrTiO; thin film with a blocking layer exhibited
completely linear growth behavior with reduced carbonate
formation.** Additionally, the introduction of more reactive Cp-
based Ti precursors has resulted in improvement of SrTiO; thin
film growth behavior. Ti(MesCp)(OMe); served to countervail
the excessively strong reactivity of the Cp-based Sr precursor,
enabling the growth of a perovskite SrTiO; thin film with no
reaction-blocking layer.** In addition, [Sr(demamp)(tmhd)],
precursors having a lower, yet high enough, reactivity than
Sr(iPr;Cp), introduced to chemical-vapor-
deposition-like growth behavior.**

Based on our previous studies, further research on hetero-
leptic Sr ALD precursors using aminoalkoxide and B-diketonate
ligands was conducted in this work. Highly coordinating ami-
noalkoxide ligands, such as those in [Sr(tmtad)(btsa)],* and
[Sr(tmtad)(tmhd)],,** often contain non-coordinated donor
groups, which reduce volatility and destabilize the ALD process.
In contrast, precursors with lower coordination numbers,
including [Sr(bdeamp)(hfac)];,* [Sr(dadamb)(hfac)],*® and [Sr;(-
dadamb),(tmhd),],? tend to form oligomeric species, leading to

were restrict

low vapor pressure and limited ALD performance. In this work,
a heteroleptic Sr ALD precursor was designed using a four-

© 2026 The Author(s). Published by the Royal Society of Chemistry

coordinate aminoalkoxide ligand together with a B-diketonate
ligand. This design forms a fully saturated Sr center without non-
bonding groups or oligomerization. The complex
[Sr(ddemap)(tmhd)], (Fig. 1) was synthesized via an in situ reac-
tion of strontium bis(trimethylsilyl)Jamide [Sr(btsa),-2DME] and
showed good volatility and stable ALD behavior for SrO thin-film
deposition and this complex was used as an ALD precursor for
SrO thin films. With O; as an oxygen source, smooth and
amorphous SrO thin films with low impurity concentration and
uniform morphology was successfully deposited by the novel Sr
precursor. In addition, the formation and suppression of SrCO;
phase were investigated by comparing the surface and bulk
regions, and by adopting Al,O; capping layer.

2. Experimental
2.1 General remarks

Nuclear magnetic resonance (NMR) spectra were recorded with
a Bruker 500 MHz spectrometer (*H) and a Bruker 500 MHz
spectrometer (**C) with C¢Ds as the solvent and reference.
Infrared (IR) spectra were obtained using a Nicolet Nexus FTIR
spectrophotometer. Elemental analyses were carried out using
a Thermo Scientific OEA Flash 2000 Analyzer. Thermogravi-
metric analyses (TGA) were conducted using a SETARAM 92-18
TG-DTA instrument with a constant flow of nitrogen (500
mL min~") throughout the experiment in inert condition.

Sr[N(SiMe;)],-2DME was prepared following previously re-
ported methods. All reactions were carried out under inert dry
conditions in an argon-filled glovebox. Hexane was purified using
an Innovative Technology PS-MD-4 solvent purification system.
All other chemicals were purchased from Aldrich and Alfa Aesar
without further purification. The melting point was measured the
Stuart™ SMP40 automatic melting point apparatus.

2.2 General procedure for the synthesis of [Sr(L;_;)(tmhd)],

A hexane solution (10 mL) of the aminoalcohol ligand L, 3 (L, =
ddemapH, L, = ddemmpH, and L; = ddemambH) was added

RSC Adv, 2026, 16, 4740-4749 | 4741
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dropwise to a solution of Sr{(btsa)],-2DME in hexane (20 mL) at
room temperature with constant stirring. After stirring for
20 min at room temperature, 2,2,6,6-tetramethyl-3,5-
heptadione (tmhdH) was added to the reaction mixture,
which was then stirred for another 15 h at room temperature.
Subsequently, it was filtered and the volatiles were removed in
vacuo to obtain the product as a white solid. X-ray-quality crys-
tals were grown from a saturated solution in toluene at —30 °C.

2.2.1 [Sr(ddemap)(tmhd)], (1). Sr(btsa),-2DME (0.59 g, 1.0
mmol) and ddemapH (0.20 g, 1.0 mmol) were used. Yield: 0.38 g
(82%). "H NMR (500 MHz, C¢Dg): 6 = 1.33 (s, 18H), 1.84-2.14 (m,
br, 4H), 2.22-2.83 (m, br, 4H), 2.12 (s, 3H), 2.17 (s, 6H), 2.41 (s,
6H), 4.21 (m, 1H), 5.81 (m, 1H) ppm. *C NMR (125 MHz, C¢D):
6 =129.2,41.1, 45.7, 51.9, 58.2, 67.8, 70.1, 87.5, 197.4 ppm. FT-IR
(KBr, em™") = 2949 (s), 2898 (m), 2820 (s), 2790 (s), 1602 (s),
1576 (m), 1473 (m), 1455 (s), 1419 (s), 1356 (m), 1182 (m), 1144
(m), 1039 (W), 863 (W). C4,HggNgOgST, (946.40) caled.: C, 53.30;
H, 9.16; N, 8.88. Found: C, 52.73; H, 9.22; N, 8.96.

2.2.2 [Sr(ddemmp)(tmhd)], (2). Sr(btsa),-2DME (0.59 g, 1.0
mmol) and ddemmpH (0.22 g, 1.0 mmol) were used. Yield:
0.41 g (85%). M. P. > 200 °C. "H NMR (500 MHz, C¢Dg): 6 = 1.32
(s, 18H), 2.04-2.40 (m, br, 8H), 2.23 (s, 3H), 2.24 (s, 6H), 2.50 (s,
6H), 5.81 (s, 1H) ppm. *C NMR (125 MHz, C¢Dg): 6 = 29.2, 34.6,
41.1, 46.5, 46.6, 48.9, 58.0, 58.6, 71.4, 73.9, 74.6, 87.8,
197.4 ppm. FT-IR (KBr, cm ') = 2949 (s), 2898 (m), 2861 (m),
2820 (m), 2790 (m), 1602 (s), 1576 (m), 1505 (m), 1473 (m), 1455
(s), 1419 (s), 1356 (m), 1182 (m), 1144 (m), 1039 (w), 960 (W), 863
(W). C44HooNgOgGST, (974.46) caled.: C, 53.77; H, 9.23; N, 8.75.
Found: C, 53.98; H, 9.68; N, 8.58.

2.2.3 [Sr(ddemamb)(tmhd)], (3). Sr(btsa),-2DME (0.59 g,
1.0 mmol) and ddemambH (0.23 g, 1.0 mmol) were used. Yield:
0.38 g (75%). M. P. > 200 °C. "H NMR (500 MHz, C¢Dg): 6 = 1.32
(s, 18H), 1.38 (s, 3H), 1.61-1.82 (m, br, 2H), 2.05 (m, 2H), 2.10-
2.40 (m, br, 6H), 2.17 (s, 3H), 2.23 (s, 6H), 2.51 (s, 6H), 5.81 (s,
1H) ppm. C NMR (125 MHz, C¢Dg): 6 = 10.2, 29.2, 39.3, 41.1,
45.7,46.5, 48.8, 58.0, 58.5, 66.4, 71.2, 75.5, 87.8, 197.3 ppm. FT-
IR (KBr, cm ') = 2961 (s), 2947 (s), 2862 (m), 2826 (m), 2786 (m),
1600 (s), 1503 (m), 1455 (m), 1419 (s), 1354 (m), 1183 (w), 1128
(w), 1023 (W), 969 (W), 861 (W). C46HosNgO6ST, (1002.51) calcd.:
C, 55.11; H, 9.45; N, 8.38. Found: C, 54.24; H, 9.75; N, 8.23.

2.3 Crystallography of single crystals

Single crystal of 1 was grown from a saturated solution in
toluene at —30 °C. Specimens of suitable size and quality were
coated with Paratone oil and mounted onto a glass capillary.
Reflection data were collected on a Bruker Apex II-CCD area
detector diffractometer with graphite monochromatized Mo-Kao
radiation (A = 0.71073 A). The cell parameters were determined
and refined by the SMART program, and data reduction was
performed using the SAINT software. The data were corrected
for Lorentz and polarization effects, and an empirical absorp-
tion correction was applied using the SADABS program. The
structures were solved by direct methods, and all non-hydrogen
atoms were subjected to anisotropic refinement by full-matrix
least-squares on F> using the SHELXTL/PC package. Hydrogen
atoms were placed at their geometrically calculated positions
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and refined based on the corresponding carbon atoms with
isotropic thermal parameters. The supplementary crystallo-
graphic data for this paper can be found in the Cambridge
Crystallographic Data Centre (CCDC): 2239663 (complex 1).
These data can be obtained free of charge from the CCDC.

2.4 Thin film growth

The SrO thin films were deposited in a traveling wave-type ALD
reactor (CN-1 Co., Atomic Basic) for a 6-inch diameter single
wafer. The newly developed [Sr(ddemap)(tmhd)], and high
density (200 g m ™) O; were used as the Sr-precursor and oxygen
source, respectively. The working pressure was 1.2 torr. The
deposition temperature was set at 370 °C. The typical SrO ALD
sequence consisted of Sr-precursor injection, Ar purge, O3
injection, and Ar purge. Al,O; was employed as a capping layer
to protect the deposited SrO film. Al,O; ALD process used tri-
methylaluminum (TMA) and O; as Al-precursor and oxygen
source, respectively, consisting of TMA injection (0.1 s), Ar
purge (30 s), O3 injection (0.5 s), and Ar purge (30 s).

2.5 Thin film characterization

The physical thickness of the SrO and Al,O; thin films was
measured by ellipsometry (Gaertner Scientific Corporation,
L116D). The carbon incorporation in the film and the depth
profile of the films were confirmed by time-of-flight secondary
ion mass spectrometry (ToF-SIMS, ION-TOF, TOFSIMS.5). The
chemical binding states of the thin films were determined by X-
ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific,
NEXSA). A cross-section transmission electron microscopy
(TEM) specimen was prepared using a focused ion beam (Helios
G4, Thermo Scientific) technique for the crystallinity and
interface analysis of Al,0;/SrO/Si. High-resolution TEM
(HRTEM) lattice imaging was conducted using a 200 kV field-
emission TEM (JEM 2100F, Jeol) equipped with a CMOS
detector (OneView, Gatan). Crystallinity was investigated by
glancing angle mode X-ray diffraction (GAXRD, Rigaku, D/
MAX2500). The film surface morphology and root-mean-
square (RMS) roughness were investigated using field-
emission scanning electron microscopy (FE-SEM, Hitachi, S-
4800) and atomic force microscopy (AFM, PSIA, XE150).

3. Results and discussion

The volatile heteroleptic complex [Sr(tmtad)(tmhd)], which has
tmtad and tmhd as coordinating bulky ligands to saturate the
metal center has been recently reported. In the previous study,
these complexes showed a dimeric structure with non-bonding
amine groups in the crystal structure and their volatile prop-
erties which encouraged further research toward development
of strontium precursor with improved properties. The simple
preparation of [Sr(L;_3)(tmhd)], complexes was conducted by
controlled substitution reaction using strontium bi-
s(trimethylsilyl)Jamide [Sr(btsa),-2DME] and appropriate
ligands (tmhdH and L, ;) to yield the desired product
[Sr(ddemap)(tmhd)], (1), [Sr(ddemmp)(tmhd)], (2), and
[Sr(ddemamb)(tmhd)], (3) as shown in Fig. 1. The L,_; ligands

© 2026 The Author(s). Published by the Royal Society of Chemistry
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were originally intended to fully saturate the metal center
without a non-coordinating amine group.

The "H-NMR spectra of complexes 1-3 in the benzene-dg
solution showed a downfield shift of the two amino groups (-
N(CH3),) compared to the free ligands (CCH,N(CHj),) and the
absence of -btsa peak (Fig. S1-6). FT-IR spectra of all complexes
displayed the absence of Si-CHj; rocking vibration and -NH
peaks from btsa group but showed peaks for C=0 stretching in
coordinated P-diketones at 1602 cm™', 1602 cm ', and
1600 cm ™', respectively, showing that the reaction proceeded
successfully (Fig. S7-9).

All complexes were obtained as white crystalline powder,
where complexes 1-3 showed very good yields and were purified
by recrystallization from saturated solution. The single crystal
X-ray study reveals that complex 1 crystallizes in the monoclinic
space group and exists as dimers where each of the strontium
metal centers is bonded to one ddemap and one B-diketonate
ligand (Fig. 2(a)). The crystal structure of 1 displayed a fully
saturated metal center with three nitrogen atoms from two
tmtad ligands and four oxygen atoms from two tmtad and one
tmhd ligands where the crystal structure showed distorted
capped trigonal prismatic structure. This complex was formed
by p,-O bridging where the distance between the two metal
centers in 1 (3.888(3) A) is longer than those of the previously
reported oxygen-bridged complexes [Sr(demamp)(tmhd)], and
[Sr(etmtad)(tmhd)], (Sr---Sr = 3.7119(6) and 3.842(4)).** The
bridging angles (Sr-O-Sr) in 1 were 106.47° which is compa-
rable to [Sr(etmtad)(tmhd)], (110.81°). The bond lengths of Sr-N
ranged from 2.790-2.844 A and those of Sr to O ranged from
2.419-2.496 A (Tables S1 and S2).

TGA of compounds 1 to 3 were conducted from 25 °C to 500 ©
C. Prior to analysis, samplings were carried out in an Ar-filled
glove box and data were collected under a constant flow of N,
to avoid any possible contamination by air. Complexes 1-3 di-
splayed clean one-step curves with 99.25%, 96.44%, and 95.01%
mass losses and 2.75%, 3.56%, and 4.99% residual mass,
respectively, in the 200-350 °C region where the increase in
molecular weight should influence the thermal volatility

l |
(@ s s

[
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7N |
—Si Si—
I |
(ddemapH) (R = H)
Sr(btsa), 2DME (ddemmpH) (R = Me) tmhdH
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R
/ /
SN
N o T
hexane, 18 hr, r.t. ! AN O
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Fig. 2 (a) Synthetic scheme and (b) TGA plots of complexes 1-3.
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(Fig. 2(b)). All complexes showed high volatility and a low
amount of the non-volatile residues indicating that they have
high potential as ALD or CVD precursors for fabricating metal
oxide thin film. In order to confirm the volatility of complexes 1-
3, sublimation tests were carried out under 0.7 torr.
Compounds 1 and 2 exhibited good volatile character and
sublimed at 150 °C whereas compound 3 was decomposed at
this condition. Among these complexes, compound 1,
[Sr(ddemap)(tmhd)],, with the lower residual mass and higher
volatility than other compounds was adopted as ALD precursor
for the fabrication of SrO film.

ALD deposition process of a SrO thin film on Si substrate was
developed at 370 °C when [Sr(ddemap)(tmhd)], and O; were
employed as the Sr precursor and oxygen source, respectively.
Fig. 3(a—d) shows the typical ALD saturation growth behavior for
SrO thin film at 370 °C on Si substrate. Each of Sr-precursor
injection, purge, O; injection, and purge step time was
increased while other steps were fixed to 0.5, 10, 3, or 10 s in
Fig. 3(a-d), respectively. The optimized step times were set to
0.1 s-5 s-3 s-10 s in this study. Fig. 3(a-d) indicates
[Sr(ddemap)(tmhd)], precursor shows self-limited surface
reactions with O; in film growth of ALD at 370 °C. Despite the
complex dimer structure and solid phase of the novel Sr
precursor, the required Sr precursor injection time for the SrO
film to reach the ALD saturation level was only 0.1 s. 5 s of Sr
purge time using the inert Ar gas was sufficient for the removal
of the excessive Sr precursors and byproducts. Fig. 3(e) shows
the variations in the film thickness as a function of the depo-
sition cycle number under optimized ALD conditions of
injection/purge times. As the number of deposition cycles
increased, the deposition amount of SrO thin film increased
linearly, resulting in a thin film growth per cycle (GPC) of 0.33 A
per cycle. The slight overgrowth observed during the initial ~40
cycles is attributed to a higher reactivity of the substrate surface
toward the Sr precursor compared to that of the subsequently
grown SrO surface. As the substrate becomes progressively
covered, the surface reactions transition to film-precursor
interactions, and the growth rate converges to the steady-state

(b)
100
80
S
2 60
o
5§ 40
[
=
20 —— [Sr(ddemap)(tmhd)], (1)
—— [Sr(ddemmp)(tmhd)], (2)
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Fig. 3

(a—d) Typical saturation behavior of ALD process forming SrO films. The unit process during a cycle is sequential stages of precursor (Sr)

injection-Ar (Sr) purge-reactant (Os) injection-Ar (O3z) purge, 40 cycles of ALD process on a silicon substrate at 370 °C. (e) Plot of the thickness
change as a function of the cycle, the ALD process times for each step were fixed to 0.1 s-10 s-3 s—-10 s. (f) The thickness variation within 4-in

wafer.

ALD growth regime. Fig. 3(f) depicts the uniformity character-
istics according to various positions within the 4-inch-diameter
Si wafer. The thickness of SrO films was ~4 nm, showing a good
uniformity of 94%.

The ToF-SIMS depth profiles of a 19 nm SrO film and a 17 nm
Al,05/14 nm SrO film grown on Si were shown in Fig. 4(a) and (b),
respectively. For both samples, the ToF-SIMS depth profile of the
SrO film showed a uniform Sr and O composition, and no
nitrogen was detected, which is a possible impurity from N
containing Sr precursor. In Fig. 4(a), the carbon impurity was
concentrated at the top of the SrO film, which is explained by the
carbon adsorption by air exposure before chemical analysis.
Since SrO is a basic oxide, it has a strong tendency to chemisorb
carbon dioxide and water vapor. Comparing the Gibbs free
energy at a given temperature, the SrCO; state is

0 50 100 150 200
Sputter Time [s]

(b) 108 ' .

?105 o

Intensity [count

thermodynamically more stable than the SrO state.'” Therefore, it
is inferred that the adsorbed carbon atoms easily react with SrO
and form SrCO;. The carbon impurity value of the SrO film
gradually decreased from the surface of the thin film to the
substrate. As will be explained later in Fig. 5, however, despite the
reduced carbon impurity in the SrO film, XPS analysis revealed
the slight involvement of the SrCO; component in the SrO film.
Accordingly, Al,O; coating without vacuum break after SrO
deposition successfully restricted the air exposure of SrO films
and suppressed the carbon concentration in SrCO; in Fig. 4(b).
Al,O; layer is a well-known capping layer against the penetration
of oxygen and moisture. As more than 10 nm Al,O; was adopted,
the C intensity in ToF-SIMS obviously decreased by ~10 times.
These observations indicate that the dominant source of
carbonate formation is associated with post-deposition air

Al,0,/STO/SI] 8
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Fig. 4 ToF-SIMS depth profiles of (a) 19.0 nm SrO/Si and (b) 16.5 nm Al,03/14.4 nm SrO/Si.
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exposure. While minor contributions from the ALD process itself
cannot be fully excluded, the experimental evidence suggests that
carbonate incorporation is primarily surface-driven rather than
bulk-induced by precursor chemistry. The ligand exchange
reaction successfully took place and carbon or nitrogen in the
precursor completely purged out as they were included in the
byproducts. Regarding the relatively high carbon contamination
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at the Al,O,/SrO interface in Fig. 4(b), another possible cause for
the carbon incorporation is TMA adopted for Al,O; capping layer
ALD. Three -CH; ligands from TMA may contribute to residual
carbon at oxide interfaces or within the growing film, particularly
during the initial stages of deposition.*” Therefore, when the
Al,O; layer is deposited, the SrO film surface faces methyl groups.
The —-CH; ligand of the TMA precursor reacts with the surface of
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* raw
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Fig.5 (a—d) XPS spectra of 19 nm SrO film. (a) C 1s and (b) O 1s before the surface etching. (c) C 1s and (d) O 1s after the surface etching. (e and f)
XPS spectra of 16.5 nm Al,03/14.4 nm SrO after Al,Oz etching. (e) Sr 3p and (f) O 1s of the interfacial region of Al,O3/SrO.
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the SrO thin film, and carbon impurities may be included at the
Al,O; and SrO interface. Nevertheless, comparing the SrO film
with and without Al,O; capping layer, the carbon intensity of the
Al,O5/SrO film decreased, which indicates the carbon contami-
nation by TMA is much lower than by air. Whether the carbon
contamination by TMA is severe or not, the developed StO ALD
process itself with [Sr(ddemap)(tmhd)], and O; offers SrO thin
films with high purity.

The chemical status of the single SrO film and Al,05/SrO film
was examined by XPS. For binding energy calibration of various
spectra of XPS data, C-C bonding energy located at 284.5 eV was
used as a reference.**** Fig. 5(a) is the C 1s spectra before
etching the surface of the SrO film in XPS. The C-C bonding
(284.5 eV) at the surface region is due to air exposure as
mentioned in ToF-SIMS analysis. Owing to the diffusion of
carbon, the peak of SrCOj; (289.4 eV) appeared strongly in the C
1s spectrum. In the lower energy region corresponding to Sr 3p
spectrum, the presence of the Sr 3p;, peak of SrCO; was
obvious at 279.4 eV, and the Sr 3p;/, peak (278.5 eV) of SrO
binding energy also appeared. In the O 1s spectrum of Fig. 5(b),
the surface of SrO film showed both the SrCO; peak (531 eV) and
the SrO peak (530.2 eV).* As in the C 1s spectrum, the O 1s

(a),

200 nm

—
x200k

Plan-view

19.0 nm
“

200 nm

Cross-section

X200k (Y
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spectrum before surface etching was dominated by the SrCO;
component, which accounted for 87.43% of the total O 1s peak
area, while the SrO component contributed 12.57%, indicating
severe carbonate formation at the air-exposed surface.

Since the carbon contamination by air exposure from the
sample surface was critical in Fig. 4, the chemical property
inside the film was examined after the surface etching until C-C
1s bonding peak almost disappeared in Fig. 5(c) and (d) for C 1s
and O 1s, respectively. The intensity of the SrCO; (289.4 eV)
peak was much weaker after surface etching in Fig. 5(c), and the
strong SrO peak was observed in the Sr 3p energy regions after
the surface etching. Although the area of SrCO; abruptly
decreased in the bulk region of the deposited film in C 1s
spectra, a sign of SrCO; binding energy in the Sr 3p still
remained as a small peak after the surface etching. As shown in
Fig. 5(d) after surface etching of the SrO film, the SrCO; peak
area fraction was markedly reduced to 26.16%, while the SrO
component became dominant, accounting for 73.84% of the O
1s peak area, demonstrating that carbonate species were largely
confined to the near-surface region. To investigate the capping
layer effect of Al,O;, the top Al,O; capping layer was etched in
XPS chamber for Al,0;/SrO film to examine the chemical

Plan-view

Cross-section

Fig. 6 Plan-view and cross-sectional SEM images (a) 19.0 nm SrO film and (b) 16.5 nm Al,03/14.4 nm SrO film structure. AFM topography images
of () 19.0 nm SrO film and (d) 16.5 nm Al,03/14.4 nm SrO film structure. The RMS roughness value decreased from 2.61 nm in the as-deposited

SrO structure to 0.32 nm with Al,Oz capping layer.
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(b) Cross-sectional HRTEM image of Al,O=/SrO structure.

properties at the interface of Al,03/SrO. After etching the Al,O;
layer, the C-C bonding of C 1s and the SrCO; peak completely
disappeared, and the SrO and SrCO; peaks were observed in Sr
3p energy region as shown in Sr 3p spectra in Fig. 5(e). As
explained in the ToF-SIMS results, SrCO; involvement might be
attributed to the reaction with the TMA precursor ligand. In the
spectrum of O 1s after Al,O; etching in Fig. 5(f), Al,O; peak was
still present indicating adequate etching until interface. In the
O 1s spectrum after Al,O; etching of the Al,03/SrO stack
(Fig. 5(f)), both SrO and SrCO; components were observed at the
interface, with SrO accounting for 55.63% of the O 1s peak area
and SrCO; for 44.37%, indicating substantial suppression of
carbonate formation compared to the air-exposed SrO surface.
Based on the quantitative XPS analysis, the dominant carbonate
contribution is associated with post-deposition air exposure,
while the bulk SrO film retains a predominantly oxide character,
although minor contributions from the ALD process of SrO (or
Al,03) itself cannot be fully excluded.

The surface morphology of the SrO film and Al,0,/SrO film
by plan-view and cross-sectional SEM image was shown in
Fig. 6(a) and (b). The as-deposited SrO film showed a quite
rough and porous surface morphology in Fig. 6(a). On the other
hand, the film of Al,03/SrO structure has a highly conformal
and smooth surface in Fig. 6(b). Fig. 6(c) and (d) show the AFM
topography images of the SrO film and Al,05/SrO film, respec-
tively. The RMS roughness of the air-exposed SrO film (2.61 nm)
is significantly higher than that of the Al,0;-capped SrO film
(0.32 nm). This difference does not simply reflect the intrinsic
smoothness of ALD-grown Al,O;, but rather highlights the
severe surface roughening induced by SrCO; crystallization
upon air exposure of SrO. The smooth morphology of the Al,O5/
SrO structure confirms that suppression of carbonate formation
is essential for maintaining the intrinsic surface quality of ALD-
grown SrO films. The high RMS roughness value of the SrO film
is consistent with the rough and porous surface morphology
observed in the SEM image.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(b)]|

(a) GAXRD of SrO with and without AlLO3z capping layer (ref. ICDD card no. 00-005-0418). The unmarked peaks correspond to substrate.

The crystallinity was investigated to find out the effect of the
involvement of carbon on the crystallinity of the SrO. Fig. 7(a)
shows the GAXRD patterns of the as-deposited SrO film and
Al,O; capped SrO film. While the as-deposited SrO film without
the capping layer exhibited a crystalline SrCO; (202) peak at
46.5°, this crystallinity does not originate from the intrinsic
ALD-grown SrO film, but rather from post-deposition chemical
conversion of SrO to SrCO; upon air exposure. In contrast, the
Al,O;3-capped SrO film showed no crystalline peaks, indicating
that the in situ Al,O; layer effectively suppresses ambient-
induced carbonate formation and preserves the amorphous
nature of the as-grown SrO. The high crystallinity and amor-
phous nature of the samples correspond well to the surface
morphologies in Fig. 6. It should be emphasized that the Al,O;
capping layer does not modify the intrinsic ALD growth mech-
anism of SrO, but rather preserves its as-deposited chemical
and structural state by preventing post-deposition environ-
mental reactions. In the cross-sectional HRTEM image of the
Al,03/SrO/Si structure in Fig. 7(b), SrO thin film exhibits an
amorphous structure with uniform thickness and sharp inter-
faces. The formation of a SiO, interfacial layer was not observed
at the interface between the SrO film and the Si substrate
although high density O; was used during the deposition.

4. Conclusions

A new heteroleptic strontium complexes, [Sr(ddemap)(tmhd)],
(1), [Sr(ddemmp)(tmhd)], (2), and [Sr(ddemamb)(tmhd)], (3)
were synthesized and characterized. All complexes were ob-
tained as white crystalline powders, where complex 1 displayed
a dimeric structure with the distorted capped trigonal prismatic
geometry in single-crystal X-ray crystallography. These
compounds showed a clean one-step TG curve and low non-
volatile residue, where compounds 1 and 2 sublimed at 0.7
torr (150 °C). Especially, complex 1 was used to fabricate SrO
thin films with O;. Typical ALD saturation behaviors were
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achieved at 370 °C on Si substrates. The as-deposited SrO films
reacted with adsorbed carbon by air exposure and resulted in
SrCO; crystalline phase with voids and cracks in the film.
However, with the aid of Al,O; capping layer, it was revealed
that smooth amorphous SrO film with little impurity was
achievable with the novel Sr-precursor, [Sr(ddemap)(tmhd)],
and O; by ALD. This indicates that when the developed SrO ALD
is used at inner part of the device or is used as a sub-ALD
process for multicomponent thin film such as SrTiO;, STRuO;,
or (Ba,Sr)TiOz;, the grown film could have preferable film
property of SrO with Al,O; capping layer in this study.

Author contributions

Yeji Lee: investigation, data curation, formal analysis, concep-
tualization, visualization, writing - original draft, Chanwoo
Park: investigation, data curation, formal analysis, writing -
original draft, Sangyeon Jeong: validation, formal analysis,
writing - review and editing, Daeun Lim: visualization, valida-
tion, Jonghyun Kim: data curation, Hyeongjun Kim: validation,
visualization, Eun A Kim: investigation, Seong-Yong Cho:
resource, writing - review and editing, Hyobin Yoo: investiga-
tion, data curation, Bo Keun Park: methodology, conceptuali-
zation, Teak-Mo Chung: methodology, writing - review and
editing, funding acquisition, supervision, resources, Woongkyu
Lee: conceptualization, methodology, writing - review & editing,
supervision, project administration, funding acquisition,
resources.

Conflicts of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

All relevant data supporting this article are included within the
manuscript and supplementary information (SI). Supplemen-
tary information: detailed experimental characterization data
for the synthesized strontium complexes, including 'H and **C
NMR spectra, FT-IR spectra, and single-crystal X-ray diffraction
data (tables of crystallographic parameters, bond lengths, and
bond angles). See DOI: https://doi.org/10.1039/d5ra08373g.

CCDC 2239663 contains the supplementary crystallographic
data for this paper.*

Acknowledgements

This work was supported by K-CHIPS (Korea Collaborative &
High-tech Initiative for Prospective Semiconductor Research)
(RS-2025-02220654) funded by the Ministry of Trade, Industry &
Energy (MOTIE, Korea). This research was also supported by
a grant from the Development of Smart Chemical Material
Technology for the IoT Devices Project through the Korea
Research Institute of Chemical Technology (KRICT) (KS2521-10)
and by the Nano & Material Technology Development Program

4748 | RSC Adv, 2026, 16, 4740-4749

View Article Online

Paper

through the National Research Foundation of Korea (NRF)
funded by Ministry of Science and ICT (RS-2025-25442614). We
are grateful to the Center for Chemical Analysis at the KRICT for
allowing the use of their facilities and Bruker SMARTAPEX 1I for
solving the crystal structures.

References

1 N. Zurauskiené, S. Balevi¢ius, V. Stankevi¢, J. Parselianas,
S. Kersulis, A. Abrutis and V. Plausinaitiené, Acta Phys. Pol.
A, 2009, 115, 1136-1138.

2 0O.Y. Gorbenko, A. A. Bosak, A. R. Kaul, N. A. Babushkina and
L. M. Belova, MRS Proc., 1997, 495, 333-338.

3 S. Regnery, P. Ehrhart, F. Fitsilis, R. Waser, Y. Ding, C. L. Jia,
M. Schumacher, F. Schienle and H. Juergensen, J. Eur.
Ceram. Soc., 2004, 24, 271-276.

4 J. S. Matthews and W. S. Rees Jr, Adv. Inorg. Chem., 2000, 50,
173-192.

5 S. Pignard, K. Yu-Zhang, Y. Leprince-Wang, K. Han,
H. Vincent and J. P. Sénateur, Thin Solid Films, 2001, 391,
21-27.

6 Y. Sakabe, Y. Takeshima and K. Tanaka, J. Electroceram.,
1999, 3, 115-121.

7 W. A. Wojtczak, P. F. Fleig and M. J. Hampden-Smith, Adv.
Organomet. Chem., 1996, 40, 215-340.

8 Yu. S. Oseledchik, A. L. Prosvirnin, A. I. Pisarevskiy,
V. V. Starshenko, V. V. Osadchuk, S. P. Belokrys,
N. V. Svitanko, A. S. Korol, S. A.
A. F. Selevich, Opt. Mater., 1995, 4, 669-674.

9 S. M. George, B. K. Park, C. G. Kim and T.-M. Chung, Eur. J.
Inorg. Chem., 2014, 11, 2002-2010.

10 F. Buch and S. Harder, Z. Naturforsch., B, 2008, 63, 169-177.

11 J. Spielmann and S. Harder, Eur. J. Inorg. Chem., 2008, 2008,
1480-1486.

12 M. M. Frank, C. Marchiori, J. Bruley, J. Fompeyrine and
V. Narayanan, Microelectron. Eng., 2011, 88, 1312-1316.

13 C. Marchiori, M. M. Frank, J. Bruley, V. Narayanan and
J. Fompeyrine, Appl. Phys. Lett., 2011, 98, 052908.

14 M. ]J. Chung, W. Jeon, C. H. An, S. H. Kim, Y. K. Lee, W. Lee
and C. S. Hwang, ACS Appl. Mater. Interfaces, 2018, 10, 8836-
8844.

15 H. K. Chung, J. Jeon, S. Ye, S.-C. Kim, S. O. Won, T. J. Park
and S. K. Kim, J. Mater. Chem. C, 2025, 13, 6851-6858.

16 M. N. K. Bhuiyan, H. Kimura, T. Tambo and C. Tatsuyama,
Appl. Surf. Sci., 2005, 249, 419-424.

17 S. W. Lee, J. H. Han, S. Han, W. Lee, ]J. H. Jang, M. Seo,
S. K. Kim, C. Dussarrat, J. Gatineau, Y.-S. Min and
C. S. Hwang, Chem. Mater., 2011, 23, 2227-2236.

18 H. K. Chung, J. Jeon, H. Kim, M. Jang, S.-C. Kim, S. O. Won,
I.-H. Baek, Y. J. Chung, J. H. Han, S. H. Cho, T. J. Park and
S. K. Kim, Appl. Surf. Sci., 2024, 664, 160243.

19 J.-H. Ahn, J.-Y. Kim, S.-W. Kang, J.-H. Kim and J.-S. Roh, Appl.
Phys. Lett., 2007, 91, 062910.

20 J.-Y. Kim, J.-H. Ahn, S.-W. Kang, J.-H. Kim and J.-S. Roh, AppL
Phys. Lett., 2007, 91, 092910.

21 S. W. Lee, J. H. Han, S. K. Kim, S. Han, W. Lee and
C. S. Hwang, Chem. Mater., 2011, 23, 976-983.

Krikunov and

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d5ra08373g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08373g

Open Access Article. Published on 21 January 2026. Downloaded on 6/12/2026 5:40:31 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

22 W. Jeon, J. Mater. Res., 2020, 35, 775-794.

23 M. Gutsche, H. Seidl, T. Hecht, S. Kudelka, U. Schroeder,
Atomic layer deposition for advanced DRAM applications,
Future Fab Int., 2003, iss. 15.

24 S. E. Kim, J. Y. Sung, Y. Yun, B. Jeon, S. M. Moon, H. B. Lee,
C. H. Lee, H. J. Jung, ].-U. Lee and S. W. Lee, Curr. Appl. Phys.,
2024, 64, 8-15.

25 S. K. Kim, S. W. Lee, J. H. Han, B. Lee, S. Han and
C. S. Hwang, Adv. Funct. Mater., 2010, 20, 2989-3003.

26 S. K. Kim, G.-J. Choi, S. Y. Lee, M. Seo, S. W. Lee, J. H. Han,
H.-S. Ahn, S. Han and C. S. Hwang, Adv. Funct. Mater., 2008,
20, 1429-1435.

27 R. A. Andersen, R. Blom, J. M. Boncella, C. J. Burns and
H. V. Volden, Acta Chem. Scand., 1987, 41a, 24-35.

28 C. J. Burns and R. A. Andersen, J. Organomet. Chem., 1987,
325, 31-37.

29 T. Hatanpad, M. Ritala and M. Leskela, Coord. Chem. Rev.,
2013, 257, 3297-3322.

30 H. Paik, J. Lim, H. Seo, T. K. Kim, J. Shin, H. Song, D. G. Kim,
W. Lee, D. S. Kwon and C. S. Hwang, Mater. Horiz., 2025, 12,
7305-7317.

31 A. Kosola, M. Putkonen, L.-S. Johansson and L. Niinisto,
Appl. Surf. Sci., 2003, 211, 102-112.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

32 W. Lee, J. H. Han, S. W. Lee, S. Han, W. J. Jeon and
C. S. Hwang, J. Mater. Chem., 2012, 22, 15037-15044.

33 W. Lee, J. H. Han, W. Jeon, Y. W. Yoo, S. W. Lee, S. K. Kim,
C.-H. Ko, C. Lansalot-Matras and C. S. Hwang, Chem. Mater.,
2013, 25, 953-961.

34 W. Lee, W. Jeon, C. H. An, M. J. Chung, H. J. Kim, T. Eom,
S. M. George, B. K. Park, J. H. Han, C. G. Kim,
T.-M. Chung, S. W. Lee and C. S. Hwang, Chem. Mater.,
2015, 27, 3881-3891.

35 C. Park, C.-M. Cho, B. K. Park, C. S. Hong and T.-M. Chung,
ChemistrySelect, 2022, 7, €202104606.

36 C. Park, J. M. Hwang, Y. Go, H. Choi, B. K. Park, C. G. Kim,
J. Y. Ryu, C. S. Hong and T.-M. Chung, ACS Omega, 2021, 6,
15948-15956.

37 J. Kwon, M. Dai, M. D. Halls and Y. J. Chabal, Chem. Mater.,
2008, 20, 3248-3250.

38 J. H. Han, S. Han, W. Lee, S. W. Lee, S. K. Kim, J. Gatineau,
C. Dussarrat and C. S. Hwang, Appl. Phys. Lett., 2011, 99,
022901.

39 NIST X-ray Photoelectron Spectroscopy Database, https://
srdata.nist.gov/xps/, accessed August 25, 2025.

40 CCDC  2239663:  Experimental  Crystal  Structure
Determination, 2026, DOI: 10.5517/ccdc.csd.cc2f5kéd.

RSC Adv, 2026, 16, 4740-4749 | 4749


https://srdata.nist.gov/xps/
https://srdata.nist.gov/xps/
https://doi.org/10.5517/ccdc.csd.cc2f5k6d
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra08373g

	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films

	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films
	Synthesis of heteroleptic [Sr(ddemap)(tmhd)]2 and its use in atomic layer deposition of low carbon SrO thin films


