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Hafnium oxide doped silica films with ordered mesostruc-
tures were produced with hafnium:silicon ratios between
1:60 and 1:6. A surfactant–hafnium alkoxide complex was
synthesized and used as a template in a sol–gel dip-coating
process. Face-centred orthorhombic, 2D centred rectangular
and lamellar films were formed by evaporation-induced self-

Introduction

Hafnium dioxide is a ceramic material characterized by
high thermal and chemical stability, high dielectric con-
stant, good mechanical strength, catalytic properties and
low electrical conductivity.[1–3] Stable porous mesostruc-
tured hafnium oxide was successfully synthesized by the
groups of Sayari and Stucky by applying a surfactant tem-
plating approach[4,5] and, recently, the first mesoporous and
even mesostructured thin films of crystalline hafnia were
reported by using large nonionic block-copolymer tem-
plates as the structure-directing agent.[6,7]

The incorporation of hafnia in silica can lead to a notice-
able improvement in the properties of SiO2, for example for
catalytic applications, and at the same time the problems
related to the use of pure hafnium dioxide, such as high
cost and low specific surface area, can be overcome.
Furthermore, the binary HfO2–SiO2 system is appealing for
the development of high-κ film to overcome limitations in
the fabrication of integrated circuits.[8–10] In the past, haf-
nia–silica systems were developed by using conventional
sol–gel processing; however a homogeneous distribution of
the Hf- and Si-centres in the matrix is difficult to achieve
owing to the different reaction rates of the corresponding
alkoxide precursors that often result in phase separation.
It is well-known that the reactivity of alkoxide precursors
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assembly (EISA). The influence of subsequent heat treatment
was studied by GISAXS and TEM. The surface and in-depth
molecular composition of the films was studied by XPS.
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towards hydrolysis and condensation increases dramatically
with an increase in the atomic number of the elements with
the same valence: for example, silicon alkoxides � titanium
alkoxides � hafnium alkoxides. Several strategies were de-
veloped to overcome the problems related to these different
reactions rates, such as a modified sol–gel process based on
the reaction of organically modified hafnium oxoclusters
with organofunctional silanes,[11] the pyrolytic conversion
of single-source precursors[12] and a chemical solution de-
position approach.[13]

Highly porous, mesostructured binary HfO2–SiO2 films
have – at least to the best of our knowledge – not been
reported so far. The aim of this study is to present a syn-
thetic strategy that allows not only precise control over the
evolution of the final periodically arranged solid structure
in the mixed oxide (HfO2–SiO2) thin film, but also a homo-
geneous distribution of Hf in the silica matrix even for high
Hf:Si ratios. Our approach is based on a combination of
ligand-assisted templating methods in which the faster re-
acting alkoxide (Hf-alkoxide) is coordinated to the struc-
ture-directing agent – a nonionic surfactant – in combina-
tion with a solvent evaporation-induced self-assembly ap-
proach for rapid film formation by dip-coating.

Results and Discussion
Hafnium alkoxide/surfactant complexes were formed by

the equimolar reaction of hafnium n-butoxide with the ter-
minal hydroxyl group of the surfactant Brij-56 (C16EO10,
decaethyleneglycol hexadecyl ether) (Scheme 1). The re-
sulting complex (Hf–Brij) was analyzed by 2D-NMR spec-
troscopy.

Figure 1 shows the HSQC spectra of the product (a)
compared with the unmodified surfactant (b) and with the
pure hafnium butoxide (c). The dotted circle in Figure 1 (a-
5) highlights a new peak at δ = 4.20 ppm (1H)/69.2 ppm
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Scheme 1. Synthesis of the Hf–Brij coordination compound.

(13C) that appeared after the reaction of hafnium butoxide
with Brij-56, whereas the signal at δ = 4.05 ppm (1H)/
69.3 ppm (13C) [Figure 1 (a-4)], which was assigned to O-
CH2 of the butoxy groups, stayed unchanged. The new peak
was assigned to the CH2 group of the surfactant chain that
is coordinated to the hafnium through an oxygen bridge.
The TOCSY spectrum further shows that this signal corre-
lates only to the CH2 signal at δ = 3.57 ppm of the surfac-
tant, whereas the signal at δ = 4.05 ppm correlates to signals
at δ = 1.55, 1.36 and 0.95 ppm and can therefore be clearly
assigned to a butoxy group.

Figure 1. 2D NMR (HSQC) spectra of (a) Hf–Brij-56, (b) Brij-56
and (c) Hf(OBu)4.

The Hf–Brij complex was used as the structure-directing
agent in an evaporation-induced self-assembly process
(EISA) to form mesostructured thin films (Figure 2).[14] The
modified surfactant was added to a prehydrolyzed solution
of tetraethoxysilane to form an opalescent sol. Direct ad-
dition of hafnium butoxide to such a sol would result in
immediate precipitation of hafnia. This shows that the sur-
factant does not only serve as a structure-directing agent
but also acts as an agent to control and slow down the
hydrolysis and condensation rate of the alkoxide. Films
were prepared by dip-coating from solutions containing dif-
ferent molar ratios (M) of the modified surfactant/tetra-
ethoxysilane in otherwise constant composition. The result-
ant films were labelled Hf–Brij (M).
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Figure 2. Schematic description of the synthetic strategy towards
mesostructured hafnium oxide doped silica films.

The phase diagram of the surfactant Brij-56 shows cubic-
spherical micellar, hexagonal, cubic-bicontinuous, lamellar
and reversed-cubic-bicontinuous mesophases in surfactant/
water mixtures with increasing concentrations of the am-
phiphile.[15] During the sol–gel process, the silica species re-
place the position of the water molecules in the hydrophilic
regions of the mesophases and the volume fraction ratio of
silica to amphiphile can be used to roughly predict the aris-
ing mesophases.[16] However, the systems become more
complicated when mixed oxide precursors are in use, and
the phase diagrams can only be used as a first guideline for
the prediction of the accessible structures. When the modi-
fied surfactant is removed by calcination, it leaves the tran-
sition-metal oxide in the matrix. In this way, a silica film
doped with hafnium oxide in periodically arranged meso-
pores is produced (Figure 2). EXAFS analysis in previous
studies showed that this approach yields a molecular disper-
sion of the transition-metal oxide (titanium or iron) within
the silica matrix without the agglomeration to nanopar-
ticles.[17]

In the present study, a sequence of Hf oxide doped films
that were prepared with different ratios (M) of Hf–Brij/
tetraethoxysilane was analyzed by GISAXS (Figure 3). The
predominant feature of the diffraction patterns is the for-
mation of diffraction spots rather than rings, which indi-
cates that the films are highly textured. Evaporation-in-
duced self-assembly usually results in films with the densest
crystallographic plane of the mesostructure aligned parallel
to the substrate.[18] From the phase diagram of Brij-56, mi-
cellar cubic and hexagonal mesostructures are expected at
low concentrations of the surfactant. During the drying and
calcination processes of the films, shrinkage occurred pref-
erentially along the direction normal to the surface plane.
Because the mesostructure is aligned with respect to the
substrate, this shrinkage is anisotropic and results in distor-
tion of the mesostructure. Body-centred cubic (Im3m) struc-
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tures transform to face-centred orthorhombic (Fmmm) and
2D-hexagonal (P6m) to 2D centred rectangular mesostruc-
tures (C2mm).[19–21] In agreement to that, the GISAXS
analysis showed that with increasing surfactant concentra-
tions, face-centred orthorhombic (0.03 � M � 0.06), 2D-
centered rectangular (M = 0.10) and lamellar films (M =
0.17) were obtained. At a ratio M = 0.12, a biphasic film
was obtained that consists of 2D-centered rectangular and
lamellar mesostructures. We also found biphasic films con-
sisting of face-centred orthorhombic as well as 2D-centered
rectangular domains in the concentration range 0.06 � M
� 0.10. The existence of two phases in the same film can be
attributed to a concentration gradient and inhomogeneity
during EISA or to the presence of two interfaces: solid–
liquid and liquid–air.

Figure 3. GISAXS pattern for Hf–Brij(0.034), Hf–Brij(0.102), Hf–
Brij(0.12) and Hf–Brij(0.17) in the as-deposited state.

No structures that are derived from a bicontinuous cubic
mesophase were obtained. Under certain reaction condi-
tions (i.e. aging temperature of 45 °C), the formation of
films with this mesostructure was described in the litera-
ture.[22]

In contrast, films that were prepared under the same con-
ditions with unmodified Brij-56 did not result in the forma-
tion of an orthorhombic mesostructure. The obtained films
were disordered (M � 0.05), 2D-centered rectangular (0.05
� M � 0.21) and lamellar (0.21 � M � 0.42). The fact
that an additional mesostructure was formed under the
same conditions with the hafnium alkoxide/Brij-56 complex
can be explained by the larger head group volume of the
modified surfactant, which increases the stability of meso-
structures with a higher curvature.

The films were successively heat-treated at different tem-
peratures and a GISAXS pattern was recorded after each
step (Figure 4). The orthorhombic mesostructure had unit
cell parameters of a = 9.1, b = 10.2 and c = 12.8 nm in the
as-deposited state. After calcination at 700 °C, shrinkage
was observed exclusively along the b direction of the unit
cell (perpendicular to the substrate) to give a = 9.1, b = 6.9
and c = 12.9 nm.

TEM analysis (Figure 5) of the calcined (500 °C) sample
of Hf–Brij(0.034) confirmed the face-centred orthorhombic
mesostructure.

The 2D-centered rectangular GISAXS pattern of Hf–
Brij(0.10) (Figure 6) showed unit cell parameters of a = 6.9
and b = 9.6 nm at 25 °C. After heat treatment to 500 °C,
the unit cell parameters are a = 6.7 and b = 6.5. The shrink-
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Figure 4. GISAXS series of Hf–Brij(0.034) as-deposited and suc-
cessively calcined at the indicated temperatures.

Figure 5. TEM analysis of Hf-Brij(0.034) after calcination at
450 °C; scale bar = 100 nm.

age (30%) occurred as expected and almost exclusively
along the direction perpendicular to the substrate plane.
Further heat treatment to 700 °C resulted in the destruction
of the mesostructure as indicated by a strong decrease in the
intensity of the 02 diffraction spot and the disappearance of
the –11 and –20 spots, respectively.

Figure 6. GISAXS series of Hf–Brij(0.10) successively calcined at
the indicated temperatures.

TEM analysis of Hf–Brij(0.10) after calcination at
500 °C shows the cylindrical pores of the 2D-centered rec-
tangular mesostructure (Figure 7).

Wide angle XRD (Figure 8) shows an amorphous net-
work below 900 °C. Above that temperature crystallization
of tetragonal hafnia occurred and the crystallite size
reached approximately 10 nm at 1200 °C.[12]

The surface and in-depth composition of the Hf–
Brij(0.12) sample after calcination at 450 °C was analyzed
by XPS. The atomic percentages of the different elements
of interest (O, Hf, C, Si) were evaluated as a function of the
sputtering time, which can in turn be related to the depth
of the sample.

In Figure 9 the survey spectra of the Hf–Brij(0.12) sam-
ples at the outer surface (a) and after 60 min sputtering (b)
are superimposed. As it can be seen, on the surface the
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Figure 7. TEM image of Hf–Brij(0.10) after calcination at 500 °C
viewed perpendicular to the unit cell b axis; scale bar = 100 nm.

Figure 8. Temperature-dependent X-ray diffraction patterns for
Hf–Brij(0.10) calcined at different temperatures. Asterisks indicate
the diffraction peaks of the tetragonal hafnia phase.

peaks corresponding to silicon, carbon and oxygen are dis-
tinctly evident, whereas after sputtering the peaks of haf-
nium could also be detected. Additionally, upon sputtering,
a noticeable reduction in the carbon contamination was de-
tected, but carbon was also still present in the inner layers
of the film. In addition to the survey spectra, selected spec-
tra of the regions of interest were also acquired. The bind-
ing energies (BE) in the annealed samples were corrected
for charging effects by assuming for the C1s transition a
value typical for adventitious carbon (284.6 eV).[23] As it
can be seen in Figure 10, the O1s peak is asymmetric and
consists of two components, which could be evidenced after
deconvolution. The major contribution whose value is, after
charge correction, 532.9 eV, was ascribed to silica, whereas
a further component at 530.6 eV (after charge correction),
could be ascribed to hafnia, in agreement with the value
reported in the literature.[23] Accordingly, the area intensity
ratio of the two components is about 11, which is also the
detected Si/Hf molar ratio.

As far as the Hf4f peak is concerned, the detected values
range in the interval 17.6–18.0 and are higher than the value
reported for bulk hafnia (16.7).[23] This finding is in agree-
ment with the data reported in literature, which accounts
for the shift to a higher binding energy for hafnium in a
Hf–O–Si environment with respect to pure HfO2.[24] Ac-
cordingly, the values detected for the Hf4d5/2 peak, in the
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Figure 9. Superimposed survey spectra of the sample before (a) and
after (b) 60 min sputtering.

Figure 10. Deconvoluted O1s peak after 20 min sputtering.

range 214.0–214.6 eV, are also higher than the value re-
ported in literature (213.2 eV).[11,24]

The in-depth composition of the films, performed by
sputtering analysis cycles, reveals an even distribution of the
hafnium guest species in the silica host matrix. As shown in
Figure 11, where the Si/Hf atomic ratios are plotted versus
the sputtering time, the hafnium signal displays a uniform
profile along the investigated thickness. In the outer layers,
an enrichment of silicon was detected, whereas after about
20 min of sputtering the amount of hafnium gradually
started to increase and the experimental Si/Hf atomic ratio
ranged from 5 to 9.5, with a mean value of about 8, which
is in good agreement with the nominal ratio in the starting
solution (7.2). After 480 min of sputtering, the boundary
between the film and the silicon substrate was reached, as
the silicon peak displays two fully distinguishable compo-
nents: the first at 103.9 eV, which is ascribable to the silica
film, and the second at about 99.5 eV, which is attributable
to the metallic silicon of the wafer substrate.

From the carbon signal, a considerable reduction in the
contamination was observed after sputtering, but a signifi-
cant presence of carbon (about 10% atomic) was detected
along the whole film thickness, which can be ascribed to
incomplete decomposition of organics upon annealing.
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Figure 11. XPS in-depth distribution of the Si/Hf ratio.

Conclusions

We demonstrated an effective, direct synthetic method
for the preparation of mesostructured hafnium oxide doped
silica films by the use of a decaethyleneglycol hexadecyl
ether/hafnium butoxide complex as a structure-directing
agent. By variation of the ratio between the modified sur-
factant:silica precursor, face-centred orthorhombic, 2D-
centered rectangular and lamellar films were obtained. The
influence of heat treatment on the mesostructure was inves-
tigated by GISAXS and TEM measurements. The face-
centred orthorhombic mesostructure was stable at tempera-
tures above 700 °C. The 2D-centered rectangular structure
showed a somewhat lower heat stability and was already
affected at that temperature. The lamellar structure was de-
stroyed at 300 °C. The in-depth chemical composition of
the film was analyzed by XPS. The measurements showed
that there is a uniform distribution of the hafnium species
in the silica host matrix with a concentration close to the
nominal value in the starting solution.

Experimental Section
Materials: Hafnium n-butoxide was supplied from Aldrich and
used without further purification. Tetraethyl orthosilicate and Brij-
56 (C16EO10) were purchased from Fluka and used as received.
Toluene (99%) was obtained from Merck and distilled from cal-
cium hydride prior to use. Ethanol (96%) was supplied by Merck.

Methods: The composition of the films at the surface and in the
bulk was investigated by XPS. Photoelectron spectra were obtained
with a Perkin–Elmer Φ5600ci spectrometer by using nonmonochro-
matized Al-Kα radiation (1486.6 eV). The spectrometer was cal-
ibrated by assuming the binding energy (BE) of the Au4f7/2 line at
83.9 with respect to the Fermi level. The standard deviation for the
BE values was 0.15. The reported BE were corrected for charging
effects by assigning the BE value of 284.6 eV to the C1s line of
carbon. Survey scans (187.85 pass energy, 1/step, 25 ms/step) were
obtained in the 0–1300 range. Detailed scans (58.7 pass energy,
0.2 eV/step, 50 ms/step) were recorded for the O1s, C1s, Hf4f, Hf4d
and Si2p regions. The atomic percentages of the different species
were determined by using the C1s, O1s, Hf4f and Si2p regions. In
particular, after each sputtering cycle, the determination of the four
atomic percentages was performed as a function of the increasing
sputtering time, which was used to obtain the in-depth profiles of
the various species. The atomic composition, after a Shirley-type
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background subtraction was evaluated by using sensitivity factors
supplied by Perkin–Elmer.[23,25] Depth profiles were carried out by
Ar+ sputtering at 3 keV with an argon partial pressure of
5�10–6 Pa. A specimen area of 2�2 mm2 was sputtered. Samples
were introduced directly by a fast entry lock system into the XPS
analytical chamber. The assignment of the peaks was carried out
by using the values reported.[23,24,26] Room-temperature grazing in-
cidence GISAXS experiments were performed at the Austrian high-
flux SAXS beam line at the synchrotron radiation centre Elettra,
Trieste, Italy.[27] Films deposited on single-side polished silicon
wafer substrates and subsequently calcined at different tempera-
tures were measured at a photon energy of 8 keV and with a graz-
ing angle α below 2° between the beam and the film surface. 2D-
diffraction patterns were recorded with a CCD detector (Photonic
Science) with a distance (L) of 107 cm from the sample. The re-
corded area is indicated by the dotted rectangle in Figure 12. The
d spacing was determined from the diffraction spots by analysis
of the CCD images with the FIT2D program (A. P. Hammersley/
ESRF). TEM images were recorded with a JEOL JEM-100CX an-
alytical transmission electron microscope. For film samples, the
surface of the film was scratched and the powder was attached to
Formvar copper grids. XRD patterns were recorded with a Philips
X’Pert diffractometer with a Philips PW 3040/60 (mppx) generator
and a Philips PW 3050/60 goniometer. NMR spectra were recorded
with a Bruker Avance 300 spectrometer equipped with a 5 mm
broadband probe head and a z gradient unit. 2D spectra, COSY
(correlated spectroscopy), TOCSY [totally correlated spectroscopy,
T(mix) = 120 ms] and HSQC (heteronuclear single quantum corre-
lation), were measured with Bruker standard pulse sequences.
CDCl3 (99.8% euriso-top) was employed as the solvent.

Figure 12.Setup of the GISAXS measurements.

Synthesis of Hf-Brij56: The reaction was carried out in a three-
necked round-bottomed flask equipped with a reflux condenser
and a distillation apparatus under an argon atmosphere. To remove
residual water, the surfactant Pluronic-P123 was dissolved in tolu-
ene and heated to 100 °C for approximately 4 h. During that time,
the toluene/water azeotrope was distilled off. The dried surfactant
was then dissolved again in fresh absolute toluene. Hf(OBu)4 was
also dissolved in absolute toluene and added dropwise to the above
prepared solution with a transition metal/surfactant molar ratio of
1:1. The mixture was stirred at 110 °C overnight. Toluene and the
formed alcohol were removed by distillation and the metal-coordi-
nated surfactants were obtained as slightly yellow or white pastes
in 95% yield. 1H NMR (300.13 MHz, CDCl3): δ = 0.82–0.95 (m,
12 H, 1-H, 14-H), 1.22–1.4 (m, 32 H, 2-H, 11-H, 12-H, 13-H), 1.55
(m, 8 H, 10-H, 3-H), 3.42 (t, J = 6.8 Hz, 2 H, 9-H), 3.61 (m, 38
H, 6-H, 7-H, 8-H), 4.05 (m, 6 H, 4-H), 4.20 (m, 2 H, 5-H) ppm.
13C NMR (75.47 MHz, CDCl3): δ = 14.2 (C-1, C-14), 19.1 (C-2),
22.8 (C-13), 26–32 (C-11, C-12), 29.5 (C-10), 36.8 (C-3), 69.3 (C-
4), 69.2 (C-5), 70.0 (C-6), 71.7 (C-9), 70–71 (C-7, C-8) ppm.
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Film Preparation: TEOS (61 mL) was prehydrolyzed in a solution
containing water (4.87 mL), dilute hydrochloric acid (0.07 , 2 mL)
and ethanol (61 mL) at 60° for 90 min. This “stock” solution
(8 mL) was mixed with ethanol (7 mL), HCl (0.07 , 0.4 mL), water
(0.4 mL) and different amounts of the metal-coordinated surfac-
tant resulting in a molar ratio of Hf–Brij/TEOS/EtOH/H2O/HCl =
x:1:42:15:0.0052. Films were prepared within one hour on single-
sided polished silicon wafers by dip-coating with a holding time of
30 s, a withdrawal speed of 4 mm/s at a relative humidity of 35–
50%. The films were aged for at least 24 h prior to calcination.
Powder samples for XRD analysis were scratched from coated glass
plates after drying for 24 h at room temperature.
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