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Abstract: New Zr(IV) and Hf(IV) complexes were synthesized and applied as molecular 

precursors for chemical vapor deposition (CVD) of Zirconium-, Hafnium-, and mixed Hafnium-

Zirconium-Oxide (HZO) coatings. Reaction of tetrakis(diethylamido)metal(IV) complexes (M = 

Zr, Hf) with the fluorinated β-ketoenamine ligand (Z)-4-(tert-butylamino)-1,1,1-trifluorobut-3-

en-2-one (H-TFB-tBuA) and tert-butyl alcohol produced new heteroleptic [M(TFB-

tBuA)2(OtBu)2] zirconium (Zr-1, M = Zr) and hafnium (Hf-1, M = Hf) complexes. Both 

compounds possess excellent thermal stability up to 250 °C and exhibit volatility suitable for 

chemical vapor deposition of ZrO2 and HfO2 thin films in a low-pressure (10-2 mbar) chemical 

vapor deposition reactor. The vapor pressure and thermal stabilities of both Zr-1 and Hf-1 are 

compatible for the co-deposition of individual metal oxides, enabling direct synthesis of phase-

pure HZO films with a tunable Zr:Hf ratio. The co-evaporation without preferential 

decomposition of either precursor was attributed to the matched decomposition profiles of Zr-

1 and Hf-1, enabling the single-step deposition of mixed-metal HZO films.

Keywords: Fluorinated β-ketoeamine ligands; MOCVD precursors; ZrO2/HfO2 thin films; 

HfxZr1-xO2 (HZO).
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1. Introduction

Hafnium-Zirconium-Oxide (HZO), HfxZr1-xO2 (with x = 0 > x > 1), has emerged as an 

important material for semiconductor technologies due to its robust ferroelectric properties, 

high dielectric constant, and excellent thermal stability [1, 2]. In contrast to conventional 

ferroelectrics, HZO is fully compatible with standard complementary metal-oxide-

semiconductor (CMOS) fabrication processes, making it particularly attractive for integration 

into advanced CMOS devices [3]. The distinctive combination of its switchable polarization 

and scalability supports a wide range of applications, including low-power non-volatile 

memories, ferroelectric field-effect transistors (FeFETs), and next-generation logic and 

neuromorphic computing devices [4, 5]. The electrical properties of HZO can be finely tuned 

through compositional variations and processing parameters, further enhancing its versatility 

as an important electronic material. Achieving high-quality HZO thin films with precise control 

over both composition and thickness often relies on atomic layer deposition (ALD) [6].

Atomic layer deposition (ALD) of ZrO2 and HfO2 thin films is commonly performed using 

metal–organic precursors such as tetrakis(dimethylamido)zirconium (TDMAZr) [7], 

tetrakis(ethylmethylamido)zirconium (TEMAZr) [8-10], Zr[Cp(NMe2)3] [11, 12], and their 

hafnium analogues TDMAHf [13], TEMAHf [14], and Hf[Cp(NMe2)3] [15], in combination with 

oxidizing co-reactants including O2, O3, or H2O. Beyond amide-based chemistries, metal 

alkoxides serve as attractive precursors to high-purity oxides due to their well-defined 

molecular structures and relatively high volatility, which facilitate efficient gas-phase transport 

and controlled surface reactions rendering them well suited for both CVD and ALD processes 

[16]. For instance, pure MgAl2O4 thin films can be obtained through gas-phase transformation 

of [MgAl(OR)8] molecular precursors (R = OtBu or OiPr), followed by their transport to the 

substrate surface, where deposition and subsequent thermal decomposition lead to the 

formation of the MgAl2O4 thin films [17].

These precursor//co-reactant systems enable sequential, self-limiting surface reactions, 

providing precise control over growth rate, film composition, density, and interfacial quality, as 

well as excellent conformality on complex substrates. Consequently, ALD has been widely 
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employed to produce high-quality ZrO2 and HfO2 thin films for nanoelectronics and gate 

dielectric applications. However, most ALD studies to date have focused on the individual 

deposition of ZrO2 and HfO2, while reports on the direct ALD growth of mixed HfxZr1-xO2 (HZO) 

thin films remain limited.

More recently, Nishida et al. reported the development of a novel liquid ALD precursor 

system composed of an equimolar mixture of Hf(dmap)4 and Zr(dmap)4, used together with 

O3 as the oxidizing coreactant, for the deposition of high-quality HZO thin films targeted for 

ferroelectric memory applications. This mixed-precursor approach exhibits enhanced thermal 

stability, with decomposition temperatures reaching approximately 371 °C, as well as closely 

matched vapor pressures for the hafnium and zirconium components. These characteristics 

enable improved compositional control and uniform incorporation of Hf and Zr during the ALD 

process, resulting in films with superior structural integrity and functional performance [18]. 

Despite the demonstrated advantages of ALD in achieving excellent thickness uniformity, 

conformality, and reproducibility in HZO thin films, the technique remains subject to several 

inherent limitations. In particular, relatively low growth rates, high capital and operational costs 

associated with ALD equipment, and stringent requirements on precursor volatility, thermal 

stability, and reactivity can pose significant challenges for process throughput and scalability. 

These factors may ultimately constrain the adoption of ALD for large-area or high-volume 

manufacturing of ferroelectric HZO-based devices [19, 20].

Metal-organic chemical vapor deposition (MOCVD) is an industrially relevant and 

adaptable method for producing high-quality thin films from volatile metal-organic precursors. 

In comparison to ALD, MOCVD achieves substantially higher deposition rates and lower 

operational costs while accommodating a broader range of materials, making it particularly 

suitable for large-scale manufacturing. While ALD excels in atomic-level precision, thickness 

control, and conformity, MOCVD provides an optimal balance of throughput, compositional 

flexibility, and film quality [21]. Realizing the processing benefits of MOCVD requires 

chemically engineered precursors with high vapor pressure and adequate thermal stability. 

Recent advances in precursor chemistry have demonstrated enhanced volatility and thermal 
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stability with fluorinated N^O chelating ligands [22-30]. For instance, the fluorinated 

bis(pyridylalkenolato)palladium(II) complex, Pd[PyCHC(CF3)O]2, shows higher volatility and 

thermal stability than its non-fluorinated analogue, Pd[PyCHC(CH3)O]2, as indicated by EI-MS 

and TG/DTA analyses. This improvement is attributed to the steric effect of the –CF3 group, 

which increases intermolecular distances. EI-MS results also show that Pd–ligand bond 

cleavage occurs earlier in Pd[PyCHC(CH3)O]2, whereas Pd[PyCHC(CF3)O]2 first undergoes –

CF3 loss, with metal–ligand bond cleavage occurring at higher energies. Despite this, π–π 

stacking from the aromatic ligand may enhance intermolecular interactions in 

Pd[PyCHC(CF3)O]2 [27].

Fluorinated β-ketoenamine ligands are particularly attractive for metal-organic precursors 

due to their aliphatic backbone, which contrasts with the aromatic frameworks typically found 

in related ligand systems. The absence of aromatic rings lowers molecular weight and 

prevents π–π stacking interactions, reducing intermolecular interactions that hinder volatility 

and thermal characteristics. Heteroleptic metal complexes with fluorinated β-ketoenamine 

ligands have shown to possess high thermal stability, adequate volatility, and intramolecular 

ligand elimination mechanisms [31, 32]. For example, the fluorinated β-ketoenamine ligand 

(Z)-1,1,1-trifluoro-4-((2,2,2-trifluoroethyl)amino)but-3-en-2-one (H-TFB-TFEA) has been 

utilized to synthesize copper- and iridium-containing heteroleptic complexes, which served as 

efficient low-pressure MOCVD precursors to grow CuOx [33] and IrOx [34] thin films. Similarly, 

(Z)-1,1,1-trifluoro-4-((2-methoxyethyl)amino)but-3-en-2-one (H-TFB-MEA) has enabled the 

preparation of volatile thorium complexes [Th(OR)2(TFB-MEA)2] (R = iPr, tBu) suitable for ThO2 

thin film deposition via low-pressure MOCVD [35]. Besides, fluorinated β-ketoenamine ligands 

have shown to possess the ability to act as a clean leaving agent during the thin film deposition 

process [31-35], unlike fluorinated aminoalcohol ligands [36].
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Figure 1. General chemical structures of octahedral metal complexes containing fluorinated 

β-ketoenamine ligands (Z)-4-(tert-butylamino)-1,1,1-trifluorobut-3-en-2-one (H-TFB-tBuA) 

[37, 38], (Z)-1,1,1-trifluoro-4-((2,2,2-trifluoroethyl)amino)but-3-en-2-one (H-TFB-TFEA) [33], 

(Z)-4-((2-(dimethylamino)ethyl)amino)-1,1,1-trifluorobut-3-en-2-one (H-TFB-DMEDA) [31], 

(Z)-4-((3-(dimethylamino)propyl)amino)-1,1,1-trifluorobut-3-en-2-one (H-TFB-DMPDA) [32], 

and (Z)-1,1,1-trifluoro-4-((2-methoxyethyl)amino)but-3-en-2-one (H-TFB-MEA) [35] (M = 

metal center).

Notably, the fluorinated β-ketoenamine ligand (Z)-4-(tert-butylamino)-1,1,1-trifluorobut-3-

en-2-one (H-TFB-tBuA) has previously been investigated in uranium(IV) coordination 

chemistry, where it afforded a seven-coordinate heteroleptic complex, [UCl2(TFB-

tBuA)2(THF)]. However, this uranium-based complex was found to be unsuitable for low-

pressure MOCVD applications due to its low volatility and air sensitivity [37]. Building on these 

earlier observations and motivated by the need to overcome such limitations through 

alternative metal–ligand combinations, we herein report two novel zirconium- and hafnium-

alkoxide derivatives incorporating the same fluorinated β-ketoenamine ligand and describe 
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their application as precursors for the chemical vapor deposition (CVD) of ZrO2, HfO2, and 

HZO thin films.

2. Materials and Methods

2.1.Reagents, Precursor Syntheses, and Characterization

Chemicals were obtained from commercial suppliers (Sigma-Aldrich Co., Ltd., Thermo 

Fisher Scientific Inc., USA; Tokyo Chemical Industry Co., Ltd., Japan) and used without further 

purification unless stated otherwise. The fluorinated β-ketoenamine ligand H-TFB-tBuA was 

synthesized following a reported procedure [38] and purified by vacuum sublimation (1 mbar) 

on a cold finger. Zirconium and hafnium complexes were prepared under an inert nitrogen 

atmosphere using Schlenk techniques. Solvents were distilled over sodium prior to use: 

toluene and THF were stored over sodium wire, while n-pentane and n-heptane were stored 

over 4 Å molecular sieves, all under nitrogen. The precursors [Zr(NEt2)4] and [Hf(NEt2)4] were 

synthesized according to modified literature procedures [39] and purified by vacuum distillation 

(1 mbar). Nuclear magnetic resonance (NMR) spectra were recorded at room temperature on 

a Bruker Avance NEO 400 spectrometer using C6D6: 1H NMR at 400 MHz, 13C {1H, 19F} NMR 

at 101 MHz, and 19F NMR at 376 MHz. Spectra were analyzed with MestReNova 15.0.1. 

Elemental analyses were performed using a HEKAtech CHNS Euro EA 3000, with samples 

prepared under argon in a glovebox (H2O, O2 < 0.1 ppm). Thermal analysis was carried out 

on a Seiko TGA/DTA 6300S11 instrument with ~10 mg samples in aluminum crucibles sealed 

with vented lids (1.5 mm2), heated at 5 °C/min under a 300 mL/min flow of high-purity nitrogen. 

Vapor pressure measurement was carried out using Vapor Pressure Analyzer. The 

measurements were performed using a Knudsen cell and under vacuum conditions (7×10-4 

Torr). Each temperature step is measured for 180 minutes. For Zr-1, the sample was 

measured from 60 °C to 180 °C with measurements every 10 °C and a sample mass of 

20.7309 mg. For Hf-1, the sample was measured from 60 °C to 160 °C with measurements 

every 10 °C and a sample mass of 11.4722 mg. Single-crystal X-ray diffraction (SC-XRD) data 

were collected on a Bruker D8 Venture instrument and processed with APEX2. Structure 
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solutions and refinement were performed using ShelXT and ShelXL [40], and CIF editing, bond 

visualization, and structural analysis were conducted with PLATON, Olex2 [41], and VESTA 

[42].

2.1.1. Synthesis of Bis((Z)-tert-butyl(4,4,4-trifluoro-3-oxobut-1-en-1-yl)amido)bis(tert-

butoxo)zirconium(IV) (Zr-1)

[Zr(NEt2)4] (2.00 g, 5.27 mmol) was dissolved in n-heptane (25 mL) and stirred at room 

temperature. Tert-butyl alcohol (0.78 g, 10.53 mmol) was then added dropwise to the 

[Zr(NEt2)4] solution, when an exothermic reaction occurred. The resulting reaction mixture was 

stirred for 1 hour. Following this, a solution of the ligand (Z)-4-(tert-butylamino)-1,1,1-

trifluorobut-3-en-2-one (H-TFB-tBuA) (2.06 g, 10.53 mmol) in toluene (25 mL) was prepared 

and added slowly to the reaction mixture. The solution turned yellowish, indicating complex 

formation, and was stirred overnight at room temperature. The solvent was removed under 

reduced pressure (1 mbar) to obtain a yellow powder that was purified by sublimation at 130-

135 °C, yielding [Zr(TFB-tBuA)2(OtBu)2] (Zr-1) in form of a colorless crystalline sublimate with 

a mass of 2,97 g (90.06% yield).

1H NMR (400 MHz, C6D6) δ 7.23 (H6, d, 2H), 5.45 (H5, d, 2H), 1.31 (H2, s, 18H), 1.08 (H8, s, 

18H).

13C {1H, 19F} NMR (101 MHz, C6D6) δ 158.48 (C6), 156.47 (C4), 120.66 (C3), 97.28 (C5), 78.11 

(C1), 62.41 (C7), 32.11 (C2), 30.53 (C8).

19F NMR (376 MHz, C6D6) δ -74.48 (CF3 of C3).

Anal. Calcd. for ZrC24H40O4N2F6: C, 46.06; H, 6.46; N, 4.48. Found: C, 45.98; H, 6.67; N, 4.51.

2.1.2. Synthesis of Bis((Z)-tert-butyl(4,4,4-trifluoro-3-oxobut-1-en-1-yl)amido)bis(tert-

butoxo)hafnium(IV) (Hf-1)

The synthesis of Hf-1 was carried out following the same procedure used for Zr-1. In this 

case, the hafnium precursor [Hf(NEt2)4] (3.00 g, 6.42 mmol) was used in place of [Zr(NEt2)4], 

the tert-butyl alcohol (0.95 g, 12.85 mmol) was used, and the fluorinated β-ketoenamine ligand 

H-TFB-tBuA (2.50 g, 12.85 mmol) was employed accordingly, yielding a yellow powder that 
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was purified by sublimation at 135-139 °C to afford [Hf(TFB-tBuA)2(OtBu)2] (Hf-1) in form of a 

colorless crystalline sublimate with a mass of 3.80 g (82.96% yield).

1H NMR (400 MHz, C6D6) δ 7.22 (H6, d, 2H), 5.43 (H5, d, 2H), 1.33 (H2, s, 18H), 1.07 (H8, s, 

18H).

13C {1H, 19F} NMR (101 MHz, C6D6) δ 159.23 (C6), 156.70 (C4), 120.75 (C3), 97.99 (C5), 77.11 

(C1), 62.69 (C7), 32.36 (C2), 30.61 (C8).

19F NMR (376 MHz, C6D6) δ -74.58 (CF3 of C3).

Anal. Calcd for HfC24H40O4N2F6: C, 40.40; H, 5.67; N, 3.93. Found: C, 40.74; H, 5.79; N, 4.02.

2.2.FTO Substrate Preparation

Fluorine-doped tin oxide (FTO) coated glass substrates (TEC 8, 300 mm × 300 mm × 3.2 

mm, surface resistivity ~8 Ω/sq, Sigma-Aldrich, USA) were used to evaluate the optical 

transparency of the deposited films. FTO substrates were cut into uniform sizes (1.0 cm × 1.5 

cm). The substrates were cleaned sequentially by ultrasonication for 15 minutes each in 

deionized water, acetone, ethyl acetate, and isopropyl alcohol to remove surface 

contaminants. Following the cleaning process, the substrates were dried using a nitrogen 

stream.

2.3.MOCVD of ZrO2, HfO2, and HZO Films

The film depositions were conducted in a horizontally configured cold-wall chemical vapor 

deposition (CVD) reactor equipped with a glass tube, as illustrated in Figure 2 and described 

in our previous work [24, 31, 33, 35, 43-48]. The thin films were deposited onto FTO-coated 

glass substrates at 600 °C. The deposition process lasted approximately two hours, during 

which the precursor was maintained at a sublimation temperature of 125 °C, corresponding to 

the sublimation onset of Zr-1 and Hf-1 under the specified low-pressure condition (10-2 mbar).
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Figure 2. Cold-wall, low-pressure metal-organic chemical vapor deposition (MOCVD) reactor 

consisting of (1) water-cooled RF-amplifier, (2) pressure sensor, (3) oven, (4) inert gas supply, 

(5) overpressure valve, (6) induction coil, (7) substrate, (8) thermocouple, (9) quartz glass 

reactor tube, (10) bypass valve, (11) main vacuum valve, (12) graphite susceptor, (13) 

precursor, (14) pressure sensor, (15) exhaust valve, (16) gas exhaust, (17) pre-vacuum pump, 

(18) high-vacuum pump, (19) liquid nitrogen cooled trap, (20) vacuum controller, (21) 

temperature controller, (22) RF-generator, (23) cooling water supply.

2.4.Characterization of ZrO2, HfO2, and HZO Films

Qualitative analyses of metal constituents in films obtained from the decomposition of 

individual Zr-1, Hf-1 precursors, and their equimolar mixture was performed using X-ray 

fluorescence (XRF) spectroscopy with a Fischerscope X-ray XDL 240 instrument. The 

resulting spectra were analyzed with WinFTM EDXRF software. Phase composition and 

crystallinity of the resulting ZrO2, HfO2, and HZO films were performed using X-ray diffraction 

(XRD) using a STOE-STADI MP (vertical) diffractometer in reflection mode, set up in Bragg-

Brentano geometry, and using molybdenum (Mo) Kα radiation with a wavelength of 0.70930 

Å. Fourier transform infrared (FTIR) spectroscopy was performed to characterize the 

vibrational features of the thin films using a PerkinElmer Spectrum 400 spectrometer. Surface 

Page 9 of 38 RSC Applied Interfaces

R
S

C
A

pp
lie

d
In

te
rf

ac
es

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 4
:3

6:
37

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5LF00360A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lf00360a


morphology and elemental distribution were analyzed by field emission scanning electron 

microscopy (FESEM; Zeiss Sigma 300 VP RISE) coupled with an energy-dispersive X-ray 

spectrometer (EDX; Oxford Instruments Xplore 30). Transmission electron microscopy (TEM) 

was performed on a FEG-type JEOL JEM2200FS instrument equipped with a UHR pole piece 

and operated at 200 kV, allowing nanoscale characterization of the samples’ morphology and 

dimensions. The TEM pictures were analyzed using Fiji (ImageJ) software [49], while the 

selected area electron diffraction (SAED) patterns were analyzed using CrysTBox software 

[50]. X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 

5600 spectrometer equipped with a monochromatic Al Kα source (200 W). Survey and high-

resolution spectra were acquired at a pass energy of 29.35 eV using a 7 mm X-ray beam 

(aperture 4, spot size 0.8 mm) and an emission angle of 45°, with charge neutralization applied 

(settings 18/5) and all spectra charge-corrected by referencing the C 1s peak to 284.8 eV.

3. Results and Discussion

3.1.Syntheses and Characterizations of Zr-1 and Hf-1 Precursors

Heteroleptic zirconium and hafnium complexes featured six-fold coordination around the 

metal centers constituted by two monodentate dialkylamido and two bidentate β-ketoiminato 

ligands have been identified in the reaction of one equivalent of zirconium (or hafnium) 

tetrakis(dialkylamide), [M(NR2)4] (M = Zr or Hf; R = Me and/or Et), with two equivalents of β-

ketoimine ligands [51-53]. This reactivity prompted exploration of analogous reactions 

involving a fluorinated β-ketoenamine ligand H-TFB-tBuA with [M(NEt2)4] (M = Zr or Hf) in a 

2:1 mole ratio. Additionally, zirconium complexes containing bis-dialkylamido ligands often 

exhibit poor thermal stability [53, 55], rendering them of limited application for vapor-phase 

deposition processes. Therefore, reactions between zirconium (or hafnium) 

tetrakis(dialkylamide) precursors, [M(NR2)4] (M = Zr or Hf; R = Me and/or Et), and H-TFB-tBuA 

in the presence of an additional monodentate ligand, such as an alcohol, were necessary to 

fully replace the dialkylamide ligands. This ligand exchange strategy was employed to improve 

the volatility and thermal stability of the resulting zirconium and hafnium complexes.
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The reaction of one equivalent of [M(NEt2)4] (M = Zr or Hf) with two equivalents each of 

tert-butyl alcohol and the H-TFB-tBuA ligand at room temperature resulted in the formation of 

colorless crystalline compounds, Zr-1 and Hf-1 (Scheme 1), which could be purified by 

sublimation at 130-135 °C and 135-139 °C (p = 1 mbar), respectively. The diethylamido 

ligands of [M(NEt₂)₄] (M = Zr or Hf) were replaced with tert-butoxo ligands via proton transfer 

from tert-butyl alcohol, releasing diethylamine. Subsequent addition of two equivalents of H-

TFB-tBuA ligands to the intermediate bis(diethylamido)bis(tert-butoxo)metal complex led to 

further substitution of the remaining diethylamido ligands. The substitution of all four 

diethylamido ligands was driven by the strong oxophilicity of zirconium and hafnium and their 

propensity to increase the coordination number, forming thermodynamically more stable 

complexes with strongly coordinating tert-butoxo and chelating TFB-tBuA ligands. 

Scheme 1. General reaction scheme for the syntheses of [M(TFB-tBuA)2(OtBu)2], Zr-1 

(M = Zr) and Hf-1 (M = Hf) complexes.

Although [M(NEt2)4] (M = Zr or Hf) can serve as precursors for ZrO2 and HfO2 in MOCVD, 

these compounds are liquids at room temperature, which makes handling difficult, particularly 

for accurate mass measurement, and leads to material losses during sample preparation. In 

contrast, Zr-1 and Hf-1 are solid, crystalline materials with sufficient volatility to allow 

sublimation, enabling accurate weighing, convenient handling, and reproducible deposition. 

Overall, the designed precursors demonstrate that rational ligand modification can produce 

thermally robust, easy-to-handle metal complexes suitable for controlled thin-film deposition.

Single-crystal X-ray diffraction (SC-XRD) analyses revealed that both Zr-1 and Hf-1 

crystallize in the monoclinic space group P21/n (Table S1), confirming that they are 
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isostructural and exhibit a similar coordination environment around the metal centers (Figure 

3a and b). In both complexes, the metal atom adopts a distorted octahedral geometry, with 

two axial oxygen atoms defining nearly linear O–M–O angles of 166.70(13)° for Zr (Figure 

S1a) and 167.47(7)° for Hf (Figure S1b). The equatorial plane in each complex is composed 

of two nitrogen atoms from the chelating TFB-tBuA ligands and two oxygen atoms from tert-

butoxo ligands, resulting in a well-balanced coordination sphere.

Figure 3. The single crystal X-ray crystal structures of (a) Zr-1 and (b) Hf-1 possessing C2 

symmetry. Hydrogen atoms are omitted for clarity.

The Zr–O and Hf–O bond lengths involving the TFB-tBuA ligands fall within the ranges of 

2.0728(17)–2.097(3) Å (Table 1), while the corresponding Zr–N and Hf–N bond distances are 

between 2.460(2) and 2.496(4) Å (Table 1). These values are consistent with those reported 

for related heteroleptic group 4 metal complexes, indicating similar bonding characteristics 

and comparable ligand–metal interactions [51-53]. In addition, the M–O bonds associated with 

the tert-butoxo ligands are slightly shorter, ranging from 1.9022(17) to 1.916(3) Å (Table 1), 

reflecting the stronger σ-donor nature of the alkoxide group. The close structural resemblance 

between Zr-1 and Hf-1 demonstrates that the replacement of Zr by Hf does not significantly 

alter the overall geometry or bonding environment, which is expected to be given the nearly 
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identical ionic radii and electronic configurations of the two metals. This structural equivalence 

highlights the stability and predictability of such heteroleptic architectures across the group 4 

metal series.

The solution behavior of Zr-1 and Hf-1 was characterized using 1H nuclear magnetic 

resonance (NMR) spectroscopy. For Zr-1 (Figure S2), a singlet (s) at 1.08 ppm, integrating for 

eighteen protons, was attributed to the six methyl groups of two TFB-tBuA ligands. Two 

doublets (d) at 5.44-5.46 ppm and 7.22-7.24 ppm were assigned to four protons at C5 and C6 

of two TFB-tBuA ligands, respectively, with a 2:2 proton ratio. Additionally, two tert-butoxo 

ligands exhibited a singlet (s) at 1.31 ppm, corresponding to eighteen protons from their six 

methyl groups. The 1H NMR spectra of Hf-1 (Figure S5) showed similarities to those of Zr-1. 

The six methyl groups in the TFB-tBuA ligands were identified by a singlet (s) at 1.07 ppm, 

which integrated to eighteen protons. Two different doublets (d) with a 2:2 ratio, at 5.42-5.43 

ppm and 7.21-7.22 ppm, respectively, represented four protons at C5 and C6 of two TFB-tBuA 

ligands. The six methyl groups of two tert-butoxo ligands were also linked to a singlet (s) at 

1.33 ppm, which integrated for eighteen protons. Although complexes of this type may, in 

principle, exist as enantiomeric or diastereoisomeric forms depending on ligand arrangement 

around the metal center, the observation of single, well-defined resonances for each ligand 

environment indicates that any such stereoisomers are either NMR-equivalent or undergo 

rapid interconversion on the NMR timescale. Likewise, potential fluxional processes involving 

ligand rearrangement appear to be fast at room temperature, resulting in time-averaged NMR 

signals. Consequently, the spectra are consistent with an effective C2-symmetric solution 

structure, in agreement with the solid-state molecular symmetry.

The 13C {1H, 19F} nuclear magnetic resonance (NMR) spectra of Zr-1 (Figure S3) and Hf-

1 (Figure S6) each exhibited eight distinct resonances, consistent with the carbon 

environments in the molecular structures, allowing unambiguous assignment of all carbon 

atoms. The 19F NMR spectra confirmed the presence of the trifluoromethyl group, showing 

characteristic singlets at -74.48 ppm for Zr-1 (Figure S4) and -74.61 ppm for Hf-1 (Figure S7). 

CHNS elemental analysis further corroborated the molecular compositions, with experimental 
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values closely matching theoretical calculations based on the molecular formulas. These 

combined spectroscopic and elemental data validate the structural integrity and purity of both 

precursors.

Table 1. Bond lengths [Å] and angles [°] for Zr-1 and Hf-1

Zr-1 Hf-1
M–O1 [Å] 2.091(2) 2.0816(17)
M–O1’ [Å] 2.098(2) 2.0728(17)
M–O2 [Å] 1.913(2) 1.9022(17)
M–O2’ [Å] 1.910(2) 1.9069(18)
M–N1 [Å] 2.499(3) 2.460(2)
M–N1’ [Å] 2.489(3) 2.465(2)

O1–M–N1 [°] 79.02(9) 79.71(7)
O1–M–N1’ [°] 90.80(9) 92.23(7)
O1’–M–O1 [°] 166.68(10) 167.47(7)
O1’–M–N1 [°] 92.43(9) 90.59(7)
O1’–M–N1’ [°] 79.03(9) 79.85(7)
O2–M–O1 [°] 96.37(11) 94.72(7)
O2–M–O1’ [°] 92.85(11) 92.20(7)
O2–M–O2’ [°] 101.43(11) 101.91(8)
O2–M–N1 [°] 84.18(10) 84.55(7)
O2–M–N1’ [°] 170.29(10) 170.61(7)
O2’–M–O1 [°] 92.77(10) 92.47(8)
O2’–M–O1’ [°] 94.79(10) 96.31(8)
O2’–M–N1 [°] 170.60(10) 170.32(7)
O2’–M–N1’ [°] 84.69(10) 84.06(7)
N1–M–N1’ [°] 90.81(9) 90.51(7)

3.2.Thermal Analyses of Zr-1 and Hf-1 Precursors

Preliminary thermal analysis of Zr-1 and Hf-1 was performed via sublimation under 

reduced pressure (p = 1 mbar) using a Schlenk line. Both precursors sublimed above 130 °C, 

depositing colorless crystalline material on the cold finger, which confirmed adequate thermal 

stability (>100 °C) and volatility for low-pressure MOCVD. Thermogravimetric (TG) analyses 

under nitrogen atmosphere were performed to assess the potential decomposition products. 

The TG data revealed a multistep decomposition process, with initial weight losses at ~115 °C 

for Zr-1 and 118 °C for Hf-1. A major decomposition occurred near 250 °C, resulting in ~66% 

mass loss, accompanied by pronounced endothermic peaks in differential thermal analysis 

(DTA), consistent with ligand breakdown and volatilization. Residual masses at this stage were 
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23% for Zr-1 and 28% for Hf-1, in reasonable agreement with theoretical oxide contents (ZrO2: 

19.68%; HfO2: 29.52%), with slight deviations attributed to incomplete ligand degradation or 

volatilization of metal intermediates. Final residues at 547.5 °C were 17.7% (Zr-1) and 24.4% 

(Hf-1), which are lower than the theoretical oxide yields, likely due to partial volatilization of 

the samples. These results confirm that both Zr-1 and Hf-1 exhibit sufficient thermal stability 

and volatility for MOCVD deposition of ZrO2 and HfO2 films. Their analogous decomposition 

behavior and structural similarity further support the use of equimolar mixtures for co-

deposition of HfxZr1-xO2 films, offering a reliable route to engineer mixed-metal oxide films with 

controlled composition and microstructure.

Figure 4. TG (black) and DTA (red) profiles of (a) Zr-1 and (b) Hf-1 under N2 flow at 

atmospheric pressure from 20-550 °C.

3.3. Vapor Pressure Analyses of Zr-1 and Hf-1 Precursors

Considering that Zr-1 and Hf-1 exhibit different sublimation onset temperatures (p = 1 

mbar) despite their closely related molecular structures, a detailed vapor pressure analysis 

was carried out to better understand the sublimation and transport behavior of the two 

precursors. Vapor pressure measurements for both Zr-1 and Hf-1 were performed starting 

from 80 °C, with temperature increments of 10 °C for each measurement step. As summarized 

in Table 2, the results clearly show that at the same temperature, Hf-1 consistently exhibits a 

higher vapor pressure than Zr-1 over the entire investigated temperature range. This 

observation is directly supported by the mass loss rate data, which show systematically higher 
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mass loss values for Hf-1 compared to Zr-1 at equivalent temperatures, indicating that a larger 

amount of Hf-1 is transferred into the gas phase once sublimation is active.

Table 2. Vapor pressure measurement results of Zr-1 and Hf-1.

Vapor Pressure [Pa] Mass Loss [mg min-1] Consumption Time 
[min]

Temperature 
[°C]

Zr-1 Hf-1 Zr-1 Hf-1 Zr-1 Hf-1
80 - 0.3877 - 6.6021 × 10-4 - 80
90 0.82787 1.2419 1.3024 × 10-3 2.0855 × 10-3 50 110

100 2.2948 4.2623 3.5614 × 10-3 7.0611 × 10-3 80 120
110 6.0932 11.043 9.3322 × 10-3 1.8054 × 10-2 70 90
120 15.072 24.955 2.2789 × 10-2 4.0276 × 10-2 70 50
130 35.145 - 5.2475 × 10-2 - 60 -

However, further insight is obtained by analyzing the vapor pressure data using the Clausius-

Clapeyron relationship, ln(P) = A - B/T, as shown in Figure 5a and b. From the slopes of the 

ln(P) versus 1/T plots, the sublimation enthalpy of Hf-1 (ΔHsub = 121.607 kJ mol-1) is found to 

be significantly higher than that of Zr-1 (ΔHsub = 114.237 kJ mol-1), indicating stronger solid-

state interactions and a greater energetic barrier for molecular desorption in the case of Hf-1. 

As a consequence, although Hf-1 exhibits higher equilibrium vapor pressure and higher mass 

loss rates at a given temperature once sublimation is established, a higher thermal energy 

input is required to initiate efficient sublimation of Hf-1 under practical conditions. This explains 

the experimentally observed higher sublimation onset temperature of Hf-1 compared to Zr-1 

at 1 mbar and demonstrates that precursor sublimation behavior cannot be described by vapor 

pressure alone, but rather results from the combined effects of equilibrium volatility, 

sublimation enthalpy, and surface desorption kinetics.
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Figure 5. Vapor pressure integration analyses of (a) Zr-1 and (b) Hf-1 based on Clausius-

Clapeyron relationship, ln(P) = A - B/T.

3.4. Syntheses of ZrO2, HfO2, and HZO Films through MOCVD using Zr-1 and Hf-1 

precursors

Zr-1 and Hf-1 (without co-reactant gas such as O2) were employed as precursors for the 

deposition of ZrO2, HfO2, and HfxZr1-xO2 (HZO) films by low-pressure MOCVD (p ≈ 1.4 × 10-2 
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mbar) with the precursor reservoirs maintained at 125 °C. Individual depositions of ZrO2 and 

HfO2 conducted for 2 h resulted in precursor consumptions of 0.80 g for Zr-1 and 0.66 g for 

Hf-1, respectively. For the co-deposition of HZO, an equimolar mixture of Zr-1 and Hf-1 was 

used to target a composition of Hf0.5Zr0.5O2, with a total precursor consumption of 

approximately 0.88 g, indicating comparable volatility and efficient co-delivery of both 

precursors under identical conditions.

Low-pressure MOCVD of Zr-1 at a substrate temperature of 600 °C yielded films, 

analyzed by X-ray fluorescence (XRF) spectroscopy, which confirmed the presence of 

zirconium through characteristic signals (Figure S8b). The X-ray diffraction (XRD) pattern of 

as-deposited films showed no peaks (Figure 6), indicating amorphous or poorly crystalline 

CVD deposits. ZrO2 films were calcined and annealed in air at 450, 550, and 600 °C for 8 h to 

improve crystallinity (Figure S9). XRD analysis showed that films calcined at 450 °C 

crystallized in the tetragonal ZrO2 phase (JCPDS no. 50-1089), dominated by the (011) facet, 

whereas those treated at 550-600 °C exhibited phase transition to tetragonal and monoclinic 

modifications (JCPDS no. 37-1484) with prominent XRD peaks corresponding to (-111) and 

(111) facets (Figure 6). This evolution reflects the tetragonal-to-monoclinic transition typical of 

ZrO2, where nanoscale grains stabilize the tetragonal phase at lower temperatures. In 

comparison, grain growth at higher temperatures favors the thermodynamically stable 

monoclinic phase [55-60].
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Figure 6. The XRD pattern of ZrO2 films obtained from Zr-1 via MOCVD.

Scanned electron microscope (SEM) images and energy-dispersive X-ray (EDX) analyses 

(Figure 7) revealed that as-deposited films consisted primarily of Zr and O in an approximate 

1:2 ratio, consistent with ZrO2, along with minor C and F impurities originating from 

undecomposed precursor residues. Post-annealing at 550 °C preserved the overall 

morphology but induced small surface cracks. Importantly, EDX confirmed the complete 

removal of F and a substantial reduction of C, while maintaining the expected Zr:O 

stoichiometry. The residual carbon impurities observed in the films were attributed to 

amorphous carbon originating from incomplete decomposition of the organic ligands in the Zr-

1 precursor, rather than from the formation of carbonized phases such as zirconium carbide. 

This finding was supported by XRD analysis, which showed no diffraction features 

corresponding to zirconium carbide (c-ZrC, JCPDS no. 35-0784) in the deposited films (Figure 

5). In addition, Fourier transform infrared (FTIR) spectroscopy further confirmed the absence 

of Zr–C bonding, as no characteristic Zr–C vibrational modes, typically observed in the range 

of 1010 and 1383 cm-1 [61, 62], were detected in the spectra (Figure S10).
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ZrO2 films calcined at 600 °C (Figure 7c) exhibited surface features similar to films treated 

at 550 °C, while showing a flatter and more consolidated morphology compared to both the 

as-deposited film and the film calcined at 550 °C. This increased surface smoothness was 

likely associated with enhanced atomic diffusion and structural rearrangement at elevated 

temperatures. In comparison with the as-deposited film, the film calcined at 600 °C displayed 

a higher density of surface cracks, which were attributed to the removal and oxidation of 

residual organic species during the calcination and annealing processes. The resulting film 

densification, volume shrinkage, and associated thermal and mechanical stresses are 

considered the primary factors responsible for crack formation at higher calcination 

temperatures. EDX analyses confirmed complete removal of organic contaminants following 

calcination and annealing, demonstrating thorough purification of the films. These 

observations are consistent with previous reports [59, 60] and highlight the effectiveness of 

thermal treatment in eliminating residual impurities from low-pressure MOCVD-derived metal 

oxide films [35].

Figure 7. Top-view SEM and EDX images of (a) as-deposited, (b) calcined (Tcalcination = 550 °C), 

and (c) calcined ZrO2 films (Tcalcination = 600 °C) synthesized from Zr-1 via MOCVD.
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The films deposited via low-pressure MOCVD from Hf-1 were confirmed to contain 

hafnium by X-ray fluorescence (XRF) analysis (Figure S11b). As-deposited films were poorly 

crystalline or amorphous according to X-ray diffraction (XRD) analysis. Calcination and 

annealing in air at 450, 550, and 600 °C for 8 h induced a visual color change from black to 

colorless and improved crystallinity (Figure S12). XRF confirmed hafnium retention (Figure 

S11c), while XRD revealed the formation of monoclinic HfO2 (JCPDS no. 43-1017), with the 

(111) facet as the preferred orientation (Figure 8).

Figure 8. XRD pattern of HfO2 films obtained from Hf-1 via MOCVD.

A scanned electron microscope (SEM) image showed that HfO2 films deposited via low-

pressure MOCVD from Hf-1 were uniformly distributed on the FTO substrate. Energy-

dispersive X-ray (EDX) analysis confirmed an Hf:O atomic ratio of approximately 1:2, 

consistent with HfO2 stoichiometry, with residual C, F, and N from incomplete precursor 

decomposition in the as-deposited films (Figure 9a). After calcination and annealing at 550 

°C, the overall morphology remained largely unchanged, though the surface appeared slightly 

rougher. EDX revealed complete removal of F and a significant reduction of C (Figure 9b), 

demonstrating effective elimination of ligand-derived impurities during thermal treatment. In 
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the case of the HfO2 films, the detected carbon residues are most reasonably assigned to 

amorphous carbon produced by partial decomposition of the organic ligands associated with 

the Hf-1 precursor, rather than to the formation of carbide phases such as hafnium carbide. 

This conclusion was supported by XRD measurements, which did not show any reflections 

attributable to hafnium carbide (c-HfC, JCPDS no. 73-0475) in the deposited films (Figure 8). 

To date, there are no reported infrared spectral assignments for Hf–C bonding. The FTIR 

spectrum of the HfO2 film calcined at 550 °C (Figure S13) exhibited features that closely 

resemble those observed for the ZrO2 film treated under the same conditions. This similarity, 

together with the absence of any additional absorption bands that could be attributed to metal–

carbon interactions, indicates that hafnium carbide is not present in the calcined HfO2 film.

Upon calcination at 600 °C (Figure 9c), the HfO2 films developed a surface morphology 

closely resembling that of films treated at 550 °C, consistent with trends observed for ZrO2. 

However, the surface appeared noticeably smoother and more compact than in the as-

deposited or calcined films at 550 °C. The improved uniformity was likely the result of 

enhanced atomic diffusion and structural reorganization during high-temperature treatment. 

Additionally, the 600 °C calcined films displayed an increased number of surface cracks 

compared with the as-deposited material, which can be attributed to densification and the 

buildup of thermal stresses as residual organic species were removed and oxidized. EDX 

analysis confirmed that all organic contaminants were removed after calcination and 

annealing, yielding fully purified films. The observed monoclinic HfO2 morphology agrees with 

previously reported results [63, 64].
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Figure 9. Top-view SEM images of (a) as-deposited, (b) calcined (Tcalcination = 550 °C), and (c) 

calcined HfO2 films (Tcalcination = 600 °C) synthesized from Hf-1 via MOCVD.

X-ray fluorescence (XRF) analysis of as-deposited films from the thermal decomposition 

of mixed Zr-1 and Hf-1 precursors confirmed the presence of both zirconium and hafnium 

(Figure S14b), verifying successful deposition of HZO via MOCVD. X-ray diffraction (XRD) 

showed that the as-deposited films were amorphous (Figure 10). Following calcination and 

annealing at 450, 550, and 600 °C, XRF confirmed retention of both elements (Figure S14c), 

while XRD analysis revealed the formation of a single-phase monoclinic structure closely 

matching m-HfO2 (JCPDS no. 43-1017), rather than t-ZrO2. This indicates that Zr and Hf were 

incorporated into a homogeneous monoclinic lattice, consistent with their chemical similarity 

and nearly identical ionic radii, allowing formation of a solid solution. The appearance of HZO 

films has also altered from black to colorless after calcination (Figure S15).
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Figure 10. XRD pattern of HZO films obtained from Hf-1 and Zr-1 with a 1:1 mole ratio via 

MOCVD.

Scanned electron microscope (SEM) images and energy-dispersive X-ray (EDX) analysis 

of ZrO2 and HfO2 films confirmed that calcination and annealing at 600 °C effectively removed 

all organic impurities. Accordingly, only as-deposited and 600 °C-calcined HZO films were 

characterized. SEM images showed similar morphology for both, although cracks were visible 

in the calcined films (Figure 11a). EDX confirmed complete impurity removal and an (Hf, Zr):O 

atomic ratio of approximately 1:2, with an Hf:Zr ratio of approximately 0.63:0.37. Importantly, 

EDX elemental mapping demonstrates a uniform spatial distribution of Hf, Zr, and O across 

the film surface, indicating homogeneous incorporation of both metal species within the HZO 

lattice and the formation of a single-phase solid solution rather than phase-segregated 

domains (Figure 11a). Furthermore, the cross-sectional SEM image of the HZO films indicated 

a uniform film thickness of approximately 1.6 µm (Figure 11b), with a film growth rate is 

approximately 13 nm/min, demonstrating good film continuity and adhesion to the substrate.
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Figure 11. (a) Top-view SEM images of as-deposited (left) and calcined HZO films with EDX 

analysis (right), synthesized from a mixed Zr-1 and Hf-1 with a 1:1 mole ratio via MOCVD, (b) 

Cross-section SEM image of HZO films. 

Although Zr-1 and Hf-1 were introduced in a 1:1 mole ratio and exhibit comparable volatility 

under reduced pressure, the resulting HZO films display a slightly Hf-rich composition (Hf:Zr 

≈ 0.63:0.37). This deviation can be partly attributed to differences in vapor pressures between 

the two precursors. After achieving sublimation, Hf-1 evaporates at approximately twice the 

rate of Zr-1 at the same temperature, favoring its incorporation into the growing film. However, 

vapor-phase transport alone cannot fully account for the observed composition. Surface 

reaction kinetics and adsorption behavior also play a significant role in determining the final 

Hf/Zr ratio [65]. Hafnium species typically form stronger M–O bonds [66] and may possess 

higher sticking coefficients on oxide surfaces, leading to preferential incorporation during 

deposition. In addition, subtle differences in precursor decomposition pathways, ligand 

dissociation rates, and surface diffusion dynamics can further influence incorporation 

efficiency. Such effects are well documented in dual-source MOCVD processes and highlight 

the critical importance of surface chemistry, beyond simple volatility considerations, in 

controlling film composition. Taken together, these factors explain why Hf is consistently 

enriched in the HZO films, even under conditions intended to produce a 1:1 Hf:Zr ratio. 

Understanding these mechanisms provides valuable guidance for tuning precursor delivery, 
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substrate temperature, and deposition conditions to achieve precise compositional control in 

multicomponent oxide films.

A detailed examination of XRD patterns of ZrO2, HfO2, and HZO thin films calcined at 

600 °C revealed a distinct shift in the monoclinic (111) diffraction peak, as shown in Figure 12. 

The HZO thin film exhibited a 2θ value of 14.434°, which lies between those of pure HfO2 

(14.479°) and pure ZrO2 (14.314°), indicating the formation of a homogeneous solid solution 

incorporating both Hf4+ and Zr4+ cations within a single-phase lattice. This intermediate peak 

position provides strong evidence for successful cation intermixing at the atomic scale. The 

observed peak shift toward lower angles can be attributed to the partial substitution of 

larger Zr4+ ions (ionic radius = 0.72 Å for sixfold coordination) for smaller Hf4+ ions (ionic radius 

= 0.71 Å for sixfold coordination) within the HfO2 crystal lattice. This slight size mismatch, 

originating from the lanthanide contraction that causes 5d elements such as Hf to exhibit 

nearly the same ionic size as their 4d analogues [67], leads to a measurable lattice expansion. 

According to Vegard’s Law [68], such substitutional alloying results in a linear variation of 

lattice parameters with composition, which in turn increases the interplanar spacing (d) and 

shifts the diffraction peak to lower 2θ values, as observed in the HZO film.

Calculating d(111) from 2θ (Mo Kα λ = 0.70930 Å)

All FTO peaks observed are at 12.109°

HfO2 measured 2θ max = 14.479°  d(111) (HfO2) = 2.815 Å

ZrO2 measured 2θ max = 14.314°  d(111) (ZrO2) = 2.849 Å

HZO measured 2θ max = 14.434°  d(111) (HZO, measured) = 2.822 Å

Vegard interpolation for HZO thin films (with ratio of Hf:Zr in HZO = 0.63:0.37)

d(111) (HZO, Vegard) = {0.63 ×  d(111) (HfO2)} + {0.37 ×  d(111) (ZrO2)}

= (0.63 ×  2.815 Å) + (0.37 ×  2.849 Å)

= 2.828 Å  HZO Vegard 2θ = 14.416°

Strain relative to Vegard

𝜀 = {d(111) (HZO, measured) - d(111) (HZO, Vegard)} / d(111) (HZO, Vegard)

= (2.822 Å ‒ 2.828 Å) / 2.828 Å

= ‒0.00212 ≡  ‒0.212% (HZO measured 2θ is practically identical with HZO Vegard 2θ)

The negative strain (ε = –0.21%) indicates a slight lattice contraction relative to the Vegard’s law 

prediction, leading to a subtle shift of the HfxZr1-xO2 diffraction peak toward higher 2θ angles in 
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accordance with Bragg’s law. This compressive strain suggests a minor lattice distortion arising from 

cation substitution and local structural relaxation within the HfxZr1-xO2 solid solution.

Figure 12. XRD patterns of ZrO2, HfO2, and HZO thin films specific for the monoclinic (111) 

facet.

Analysis of HZO films calcined and annealed at 600 °C revealed a dense polycrystalline 

microstructure composed of closely packed, randomly oriented grains averaging just over 

10 nm (Figure 13). High-resolution transmission electron microscope (TEM) showed (111) 

lattice spacings of 0.281-0.287 nm, and selected area electron diffraction (SAED) patterns 

confirmed the monoclinic (111) facet, consistent with reported parameters for HfxZr1-xO2 thin 

films [69-72]. These results indicate that thermal treatment promotes uniform nucleation and 

crystallite growth while preserving nanoscale dimensions. The dense, randomly oriented 

grains suggest minimal porosity and high structural homogeneity, features critical for 

optimizing the dielectric and ferroelectric performance of HZO films.
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Figure 13. TEM analysis of HZO films deposited via MOCVD on FTO at 600°C from a 1:1 

mole ratio mixture of Zr-1 and Hf-1, followed by calcination and annealing at 600 °C for 8 h. 

(a) High-magnification TEM image showing well-defined lattice planes of HfxZr1-xO2 with 

spacings of 0.281-0.287 nm corresponding to the monoclinic (111) facet. (b) SAED pattern 

confirming the polycrystalline nature and indexing to the monoclinic (111) facet (compared to 

ICSD PDF no. 01-090-5786 of Hf0.567Zr0.432O2 monoclinic (111) facet).

X-ray photoelectron spectroscopy (XPS) was employed to examine the chemical states 

and elemental composition of the HZO film. The Zr 3d core-level spectrum exhibits a single, 

well-defined spin–orbit doublet with the Zr 3d5/2 peak located at approximately 182 eV and a 

splitting of ~2.4 eV, which is characteristic of Zr4+ in zirconium oxide environments. Similarly, 

the Hf 4f spectrum shows a corresponding spin–orbit doublet with the Hf 4f7/2 peak centered 

at ~17 eV and a splitting of ~1.7 eV, indicative of Hf4+. The observed binding energies and line 

shapes of both Zr 3d and Hf 4f spectra are consistent with previously reported values for HZO 

thin films, confirming the fully oxidized states of both cations [18, 69, 71, 73-75]. No additional 

components associated with metallic Hf or Zr, or reduced suboxide species, are detected 

within the sensitivity of the measurement. The oxidation state of hafnium is further 

corroborated by the Hf 4d core-level spectrum, which displays a well-defined spin–orbit 

doublet at binding energies of ~213-215 eV and ~224-226 eV, in good agreement with 
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reported values for stoichiometric HfO2 films and providing additional confirmation of the Hf4+ 

chemical state [76]. The O 1s spectrum consists of a single broad peak centered at 

approximately 532 eV, which is attributed to overlapping contributions from lattice oxygen and 

surface-related oxygen species, such as hydroxyl groups or adsorbed oxygen, as commonly 

observed in HZO and related oxide thin films [18, 69, 71, 73-75]. Taken together, the XPS 

results indicate the formation of a chemically homogeneous HZO mixed oxide with both Hf 

and Zr present exclusively in the +4 oxidation state and no evidence of metallic phases or 

oxygen-deficient suboxides.

Figure 14. The X-ray photoelectron spectra (XPS) of (a) Hf 4f, (b) Hf 4d, (c) Zr 3d, and (d) O 

1s for calcined HZO films.

Elemental concentrations estimated from sensitivity-factor-corrected XPS peak areas confirm 

oxygen as the dominant element and indicate a Hf-rich mixed oxide composition, with an 

approximate cation ratio of Hf:Zr ≈ 0.7:0.3 as derived from the Hf 4f and Zr 3d core levels. 

Minor variations between concentrations obtained from different core levels are attributed to 

differences in photoionization cross sections, inelastic mean free paths, and surface sensitivity 
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inherent to XPS analysis. Despite these variations, the overall compositional trends are 

consistent across the analyzed regions. Taken together with the chemical-state analysis, the 

XPS results confirm the formation of a chemically homogeneous HfxZr1-xO2 solid solution, in 

which both cations are present exclusively in the +4 oxidation state and no evidence of metallic 

phases or oxygen-deficient suboxides is observed.

4. Conclusion

The transformation of molecular precursors into thin films via low-pressure MOCVD has 

attracted considerable attention due to its simplicity, scalability, and ability to produce uniform, 

high-quality films suitable for semiconductor applications. A key requirement of this process is 

the availability of precursors with both high thermal stability and sufficient volatility, as film 

growth proceeds through gas-phase transport and decomposition. Precursors lacking these 

properties often result in uncontrolled decomposition, poor coverage, or inhomogeneous films. 

In this work, we successfully synthesized two novel fluorinated β-ketoenamine-based 

precursors, Zr-1 and Hf-1, which exhibit sublimation temperatures above 130 °C (p = 1 mbar) 

and major decomposition above 250 °C (as determined from TG-DTA analyses), making them 

suitable for low-pressure MOCVD. Deposition experiments demonstrated that Hf-1 produced 

monoclinic HfO2 thin films, while Zr-1 yielded mixed-phase ZrO2 consisting of both tetragonal 

and monoclinic domains after calcination and annealing. These results are consistent with the 

well-documented crystallographic behavior of ZrO2, in which the tetragonal phase is 

metastable at the nanoscale but transforms into the thermodynamically stable monoclinic 

phase with increasing grain size and thermal treatment. Owing to the structural and thermal 

similarities of Zr-1 and Hf-1, a 1:1 mole mixture of the two precursors enabled the successful 

co-deposition of HfxZr1-xO2 films. Achieving a HZO film with a stoichiometric 1:1 Zr:Hf ratio 

requires careful control of deposition parameters to equalize the vapor pressures of Zr-1 and 

Hf-1. The necessary temperature and pressure conditions can be derived from the Clausius-

Clapeyron relationship using experimentally measured vapor pressures for each precursor. 

Maintaining these conditions necessitates a well-regulated vacuum system, as the relative 
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sublimation rates of the precursors are highly sensitive to pressure. Even minor deviations in 

temperature or ambient pressure can result in preferential evaporation of Hf-1 or Zr-1, leading 

to compositional inhomogeneity in the deposited films. Therefore, precise control over both 

vapor-phase transport and precursor delivery is critical to achieving the target film 

stoichiometry, highlighting the interplay between thermodynamic vapor pressures and kinetic 

transport phenomena in dual-source MOCVD processes. X-ray diffraction (XRD) and 

transmission electron microscope (TEM) analyses confirmed that these films crystallized 

predominantly in the monoclinic phase, with zirconium and hafnium incorporated into a single 

homogeneous lattice, consistent with the formation of a solid solution. This mixed-precursor 

approach demonstrates a versatile strategy for engineering the microstructure and phase 

composition of HZO films, providing a pathway to optimize their dielectric and ferroelectric 

properties for advanced electronic applications.

While the present study employed a dual-source precursor strategy, the synthesis of 

heterobimetallic Zr–Hf complexes containing pre-organized –Zr–(OR)–Hf– structural units 

present a promising yet unexplored strategy for achieving atomic-level mixing of both metals. 

Such molecular design could enable uniform incorporation of Zr and Hf within a single 

precursor, facilitating controlled co-decomposition and oxide network formation during 

deposition. This approach has the potential to yield compositionally homogeneous HZO thin 

films with improved phase uniformity and stoichiometric precision. Although no reports on Zr–

Hf heterobimetallic precursors have been reported for HZO materials, similar heterobimetallic 

complexes containing fluorinated ligands have been demonstrated as effective starting 

materials for the synthesis of other bimetallic oxides [77, 78], supporting the feasibility of this 

concept.

Supplementary Materials: The data underlying the results reported in this study are 

provided in the supplementary material of this article.
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Data availability

The data supporting this article have been included as part of the Supplementary Information 

and any other raw data will be available upon request.
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