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Abstract Hfj, sZr( 50, thin films were prepared on silicon
substrates by sol-gel method. The crystallization temper-
ature, thickness, density, surface morphology, crystalline
structure, and chemical bonding features of the films were
investigated using TGA, DSC, XRR, AFM, GIXRD, and
XPS techniques. The results showed that the crystallization
temperature was 496 °C, the film surfaces were smooth and
flat, and no pores and micro-cracks were discernable. The
density increased significantly from 5.1 to 8.0 g/cm® after
annealing at 700 °C. The crystalline structure depends
strongly on the film thickness. The tetragonal phase could
be stabilized in Hfj, sZr( 50, films thinner than 12.9 nm. An
increase in the thickness led to a gradual appearance of the
monoclinic phase, which ultimately became the dominant
phase for films thicker than 46.1 nm. The results could be
explained by the surface energy effect. Measured at 1 MV/
cm, the leakage current density was about 3.5 x 107° A/
cm?, further indicating high quality of the thin films
derived from aqueous solution precursor.
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1 Introduction

The transition metal oxides HfO,- and ZrO,-based high-
permittivity (high-k) dielectric materials have been inten-
sively studied and practically implemented in microelec-
tronics [1, 2]. Pure HfO, transforms from monoclinic into
tetragonal and cubic structures as temperature increases at
ambient pressure. The application of HfO, with monoclinic
phase has been limited since its dielectric constant is sig-
nificantly lower than those of the cubic or tetragonal
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phases. Therefore, making the high-permittivity phase to
be stable at room temperature would be highly desirable.
Efforts have been made to improve the properties of HfO,
by adding different elements such as N, Si, Al, and La [3—
6]. Addition of these elements helps to increase the crys-
tallization temperature of HfO, and stability of the tetrag-
onal or cubic phases, but sacrifices the k value due to the
low permittivity of the dopants. ZrO, and HfO, have very
similar crystal chemistry, and they are completely miscible.
It has been shown that adding ZrO, into HfO, could sta-
bilize the atomic layer deposition (ALD) process at high
temperatures without lowering the dielectric constant,
which was attributed to an increase in the tetragonal phase
fraction in the crystalline films [7].

Pure and doped HfO, thin films can be prepared by
various advanced vapor methods: atomic layer deposition
[8, 9], chemical vapor deposition [10-12], and physical
vapor deposition [13, 14]. In contrast to these techniques
requiring sophisticated vacuum system, deposition of thin
films by sol-gel method can enable the ease of composition
control, high purity, large area coverage, as well as low
cost. These advantages are especially preferred in funda-
mental study of material properties. Recently, Jiang et al.
[15] reported a unique solution approach to depositing
high-quality pure HfO, thin films using inorganic aqueous
precursors. In comparison with conventional sol-gel routes
using organic precursors [16—18], the coating can simply
be operated in atmosphere condition, and especially, the
very small size of sol particles (no larger than 2 nm) allow
controllable growth of ultra-thin nano-films. In this paper,
we extended this approach to preparing pure ZrO, and
Hf( 5Zr( 50, thin films, and the thickness-dependent phase
evolution and dielectric properties have been investigated
in detail.
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Fig. 1 TGA/DSC scans of Hfy 5Zry 50, precursor

2 Experimental
2.1 Precursor and film preparation

HfOCI,-8H,0 (0.0048 mol) and ZrOCl,-8H,0 (0.0048 mol)
were dissolved in H,O (40 mL) to ensure the Hf*":zr**
molar ratio of 1:1, followed by the addition of ammonia
(0.0268 mol) to precipitate. The precipitate acquired was
centrifuged and then washed with deionized water to remove
CI” and ammonia. Finally, H,O, (0.2 mol) and HNO;
(0.0112 mol) were added into the precipitate and stirred to
obtain a clear precursor solution. Hfj sZrysO, films were
prepared by spin-coating the solution on 2 x 2 cm? p-type
(100) silicon substrates with a low resistivity of 10—
107° Q cm. All substrates received a modified RCA clean-
ing process with the native oxide layer being removed as the
last step using diluted HF solution. After drying, the sub-
strate surface was treated in air plasma for 10 min to make
the contact angle of the solution of about 3° [19]. The
solution was spin-coated at 3000 rpm for 30 s, followed by
an immediate hot-plate polymerization at 150 °C for 30 s.
Before the next coating, a 3-min air plasma treatment was
carried out to improve the wettability of the film surface.
This procedure was repeated until the desired thickness was
obtained. Crystallization of the films was performed by 30-s
rapid thermal annealing at 700 °C in a N, atmosphere.

2.2 Structural and chemical characterization

Thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) of the precursor were performed
separately using Mettler-Toledo TGA/SDTAS851e and
Mettler-Toledo DSC822e in the temperature range of
25-630 °C under flowing argon. The heating rate was set
as 10 K/min.

The surface morphology of the thin films was charac-
terized by tapping mode atomic force microscopy (AFM,
Bruker Innova) in area of 3 x 3 pm?.

Grazing incidence X-ray diffraction (GIXRD) and X-ray
reflectivity (XRR) data of HfjsZrysO, thin films were
measured on Bruker D8 Discover diffractometer with Cu
K-alpha radiation (40 kV, 40 mA). For GIXRD, the inci-
dent beam was conditioned by using a 0.2-mm divergence
slit. The exit beam was conditioned with a Soller slit. The
incident angle was set to 0.5°. For XRR, the incident beam
was conditioned by using a 0.2-mm divergence slit and the
exit beam was conditioned with a 0.1-mm detector slit,
respectively. The data were collected from 0.2° to 5° (20),
with a step size of 0.002° and 0.5 s/step. Simulations and
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Fig. 2 AFM images for as-
deposited (a) and 700 °C
annealed (b—d) Hf( 5Zry 50,
thin films illustrating the surface
morphology affected by the
annealing process and film
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Fig. 3 XRR patterns for Hf sZr, 5O, films with one coating cycle on
Si (100) substrates before and after annealing at 700 °C

fitting of the XRR spectra were conducted by using

DIFFRAC?™ LEPTOS analytical software to reveal the
thickness, surface roughness, and density of the films.
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Table 1 Model-fitting results for thickness, density, and roughness of
Hf( 571y 50, films before and after annealing at 700 °C

Anneal (°C) Thickness (nm) Density (g/cm3) Roughness (nm)

Without 21.4 5.1 0.34
700 12.2 8.0 0.52

X-ray photoelectron spectroscopy (XPS) measurements
were carried out using Thermo ESCALAB 250 X-ray
photoelectron spectroscopy with an Al Ka X-ray source to
probe the atomic ratio of hafnium and zirconium as well as
the bonding features. XPS PEAKSs 4.1 software was used to
decompose and fit spectrum peaks.

For electrical characterization, TiN dots (100 pwm radius)
were deposited onto the crystallized films by DC reactive
magnetron sputtering. The thickness of the TiN electrode
was ~ 100 nm, and the resistivity was measured as about
75 pQ cm. The polarization—electric field (P-E) and leak-
age current density—electric field (J-E) measurements were
performed using the Multiferroic 100 V Test System (Ra-
diant Technologies, USA) at room temperature. The TiN



J Sol-Gel Sci Technol (2016) 77:430-436

433

(110)

m: monoclinic
t: tetragonal

ain,
14.7nm HfO,

46.1nm Hf Zr O,

0505 2

29.5nm Hf Zr O

0505 2

Intensity (a.u.)

12.9nm Hf Zr O

05705 2

29.5nm ZrO,

25 26 27 28 29 30 31 32 33 34 35
2 Theta (degree)

Fig. 4 GIXRD patterns of 700 °C annealed HfO,, ZrO,, and
Hf,, sZry 50, films with various thicknesses

dots were electrically stressed in measurements, and the
low-resistivity Si substrate was grounded.

3 Results and discussion
3.1 TGA and DSC measurements

TGA and DSC data were recorded to gain insights into the
decomposition chemistry of the Hf(, sZry 5O, precursor. To
improve the resolution of the analysis, the precursor solu-
tion was preheated at 80 °C to volatilize most of the water.
As seen from Fig. 1, several endotherm and exotherm
peaks can be observed in the DSC curve, and each corre-
sponds to a rapidest weight loss rate recorded by TGA.
Referring to the decomposition chemistry analysis for pure
HfO, aqueous precursor prepared using the same method
[15], we attribute the first endotherm peak at 110 °C to a
combined loss of the water and decomposition of the per-
oxo-groups from the solution. The second endotherm peak
at 297 °C connects with nitrate decomposition. The exo-
therm peak at 496 °C should be attributed to the decom-
position of tightly bounded hydroxyl species accompanied
by crystallization.

3.2 AFM characterization

Figure 2 displays the AFM images for as-deposited and
700 °C annealed Hf 5Zr( 5O, thin films grown on Si sub-
strate. In general, the film surfaces are smooth and flat, and
no pores and micro-cracks are discernable. The root-mean-
square (RMS) surface roughness is only about 0.13 nm for
as-deposited film. Annealing process leads to an increase in

surface roughness, which are 0.40, 0.48, and 0.70 nm for
films with thickness of 12.9, 29.5, and 46.1 nm. Addi-
tionally very smooth surface morphologies of all samples
were also confirmed by scanning electron microscopy (data
not shown here), and no noticeable grain and defects have
been observed in SEM images of different magnification.

3.3 XRR studies

Figure 3 shows the XRR patterns for Hfj sZrgsO, films
with one coating cycle before and after annealing at
700 °C. By fitting the measured curves, their thickness,
density, and surface roughness data were obtained and
compared in Table 1. Annealing causes shrinkage and
densification of the as-deposited thin films, resulting in a
reduction in the thickness from 21.4 to 12.2 nm and an
increase in the density from 5.1 to 8.0 g/cm’. In addition,
the observation of increasing surface roughness after
annealing is consistent with the results from AFM
measurement.

3.4 GIXRD determinations

GIXRD patterns of 700 °C annealed HfO,, ZrO,, and
Hf( 5Zry 50, thin films with various thicknesses are shown
in Fig. 4. The 29.5-nm-thick ZrO, and 14.7-nm-thick HfO,
films were crystallized into pure tetragonal (t-) and pure
monoclinic (m-) phases, respectively. An addition of ZrO,
into HfO, helps to stabilize the t-phase; however, the
t-phase stability at room temperature depends strongly on
the film thickness. The 46.1-nm-thick HfysZry 50, film
was crystallized mainly into m-phase, indicated by the
m-(—111) and weak m-(111) peaks. When the thickness is
reduced to 29.5 nm, the appearance of the t-(011) peak and
weakening of the m-(—111) peak imply the film is com-
posed by a mixture of the tetragonal and monoclinic pha-
ses. For the 12.9-nm-thick Hf(5ZrysO, film, only the
t-(011) peak at 30.5° exists, indicating that the film is
crystallized mainly into t-phase. In Hf5Zrgs0, films
prepared by ALD, the monoclinic phase fraction was
determined to be about 10 % [19].

Our result of film thickness-dependent monoclinic to
tetragonal phase transition is in accordance with previous
studies for HfO,, ZrO,, and HfO,-ZrO, solid solution
nano-films [7, 20-23], and the underlying mechanism
should be attributed to the surface energy effect suggested
firstly by Garvie [24]. For thin films with a large value of
the molar surface, the thickness-dependent monoclinic to
tetragonal phase transition temperature AT,,_,(f) can be

derived as:
200- Ay,
ATm—»t(t) = Tbulkm~>r + %;
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Fig. 5 a Low-resolution XPS spectrum of sol-gel-derived Hfj 5Zry 50, thin films annealed at 700 °C and b—d high-resolution XPS spectra of Hf

4f, Zr 3d and O 1s regions

where Ty, m—, 1S monoclinic to tetragonal phase transi-
tion temperature of the bulk, o is a positive constant, 7 is the
film thickness, Ay,_,, is the change of surface energy,
and b is the molar density. Parameters for ZrO,:
Tbulk, m—t = 1430 K, HfO2Z Tbulk, m—t = 2066 K [25]
Garvie [24] stated that the tetragonal ZrO, has a lower
surface free energy than monoclinic ZrO,, so Ay, _,, is
negative. b is positive. Thus, the monoclinic to tetragonal
phase transition temperature AT, () decreases with a
reduction in film thickness ¢. At a critical thickness, the
tetragonal phase can be stabilized even at room tempera-
ture. Theoretical calculations give the critical thickness of
approximate 15 nm for ZrO, and less than 2 nm for HfO,
[26]. Note that ZrO, and HfO, have very similar crystal
chemistry and are miscible completely. Therefore, the

@ Springer

aforementioned surface energy effect discussion is also
applicable for HfO,—ZrO, solid solution thin films, and an
intermediate critical thickness is expected. For our Hf s
Zro 50, films, the critical thickness for t-phase stabilized at
room temperature is around 12.9 nm, agreeing well with
the expectation. It is worthy to mention that the crystal
polymorph of the films is influenced strongly by many
factors such as composition homogeneity, crystallization
dynamics, defect type and density. They are acting either
simultaneously or individually under different conditions.
Thus, different film deposition methods and even the same
preparation technique using different tools may cause
inevitable variations in experimental critical thickness. For
instance, the critical thickness of tetragonal Hfj sZr( 50,
films formed by ALD is less than 10 nm [7, 20, 21].
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Fig. 6 Polarization—electric field curves measured at 4 V (a) and current density—electric field curves measured at 3 V (b) for HfO,,

Hfy 5Zry 50,, and ZrO, films with various thicknesses

3.5 XPS analysis

Figure 5 shows low-resolution XPS spectrum of sol-gel-
derived Hfy5Zrys0O, thin films annealed at 700 °C and
high-resolution XPS spectra of Hf 4f, Zr 3d, and O 1s re-
gions. For all the thin films analyzed, the binding energies
were calibrated by setting carbon peak at 284.6 eV. In
Fig. 5a, only peaks corresponding to Hf, Zr, and O ele-
ments are observed, but no other impurities (e.g., chloride
ions) are involved. As shown in Fig. 5b, the Hf 4f spectrum
consists of two components, i.e., the 4f7,, part at 17.7 eV
and the 4fs,, part at 19.4 eV, which are in good agreement
with the results of pure HfO, thin films derived also by sol-
gel method [27]. Similarly, Fig. 5c shows that Zr 3d spec-
trum consists of two components, i.e., the 3ds, part at
182.1 eV and the 4f;/, part at 184.4 eV, which agree well
with those reported by Shimizu [28], whose films were
derived by sol—-gel as well. The O s spectrum is located at
530.6 eV (Fig. 5d). Accordingly, it can be concluded that
the XPS analyses confirm the formation of Hf-O and Zr-O
bonds in our films. In addition, the Hf and Zr contents were
determined as 15.7 and 19.4 at.%, respectively, which is
very close to the designed composition of Hfy sZr 50,.

3.6 Electrical characterization

Figure 6 shows the electrical characterization results of
HfO,, ZrO,, and Hf(sZry 50O, thin films. Note that an
application of the same 4 and 3 V potentials across the
films with different thicknesses results in different electric
fields. From the average gradient of polarization—electric
field (P-E) curves in Fig. 6a, the relative dielectric per-
mittivity (e,) can be calculated for three film samples, and

the results are found to relate closely to their polymorphs.
The monoclinic HfO, film has the lowest ¢, of 13.6, while
the tetragonal ZrO, film has the highest ¢, of 42.1. For
Hfy 571y 50,, the ¢, is determined as 27.8, which is com-
parable to the same composition film prepared by ALD [7].
The intermediate permittivity of HfysZrys0O, implies the
existence of a small fraction of monoclinic phase in addi-
tion to the main tetragonal phase. Our experimental results
agree well with theoretical prediction for HfO, that the
dielectric constant increases with increasing crystal struc-
ture symmetry [29]. The reason of small hysteresis
observed in P-E curves is still unclear, and perhaps there
exist mobile ions and re-orientable vacancy defect dipoles
in the film.

As shown in Fig. 6b, the leakage current densities of
HfO,, Hf,s7Zry50,, and ZrO, films are 2.4, 3.5, and
2.2 x 107® A/em? measured at 1 MV/cm. The leakage
current density is lower than HfO, thin films spin-coated
using metal-organic reagent [30, 31], indicating high
quality of our thin films derived from aqueous solution
precursor.

4 Conclusions

In this work, stoichiometric Hfj sZry 50, thin films have
been prepared on highly doped Si (100) substrates using
inorganic aqueous precursor, followed by deposition of
TiN electrode dots on top to measure the electrical prop-
erties. Rather smooth and dense Hf( 5Zr; 5O, thin films can
be obtained after annealing at 700 °C. The XPS analyses
confirm the formation of Hf~O and Zr-O bonds as well as
atomic ratio of Hf and Zr approximating 1:1. The addition
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of ZrO, helps to stabilize the tetragonal phase in HfO,, and
the stability depends strongly on film thickness. When the
film thickness is below 12.9 nm, the Hfj sZry 5O, films are
crystallized mainly into tetragonal phase with a relative
dielectric permittivity of 27.8 and leakage current density
3.5 x 107° A/em® measured at 1 MV/cm.
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