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Soft-Chemistry–Based Routes to
Epitaxial a-Quartz Thin Films
with Tunable Textures
A. Carretero-Genevrier,1 M. Gich,2 L. Picas,3 J. Gazquez,2 G. L. Drisko,1 C. Boissiere,1 D. Grosso,1

J. Rodriguez-Carvajal,4 C. Sanchez1*

Piezoelectric nanostructured quartz films of high resonance frequencies are needed for microelectronic
devices; however, synthesis methods have been frustrated by the inhomogeneous crystal growth,
crystal twinning, and loss of nanofeatures upon crystallization. We report the epitaxial growth of
nanostructured polycrystalline quartz films on silicon [Si(100)] substrates via the solution deposition
and gelation of amorphous silica thin films, followed by thermal treatment. Key to the process is the
combined use of either a strontium (Sr2+) or barium (Ba2+) catalyst with an amphiphilic molecular
template. The silica nanostructure constructed by cooperative self-assembly permits homogeneous
distribution of the cations, which are responsible for the crystallization of quartz. The low mismatch between
the silicon and a-quartz cell parameters selects this particular polymorph, inducing epitaxial growth.

Quartz, the second most abundant mineral
in Earth’s crust after feldspar, is massive-
ly mined for industrial use in the form
of sands and gravels for glassmaking,

abrasion, foundry, and hydraulic fracturing. Highly
processed monocrystalline quartz plates are de-
sired for a range of high-value applications such
as microelectronics and telecommunications.

Owing to its piezoelectricity with a high quality
factor, quartz is the material of choice for oscil-
lators in electronic devices and transducers for
mass sensorswidely used in chemistry and biology
(1–7). Quartz has other appealing properties, in-
cluding optical activity, birefringence, high hard-
ness, a remarkable chemical durability, and light
transparency from the vacuum ultraviolet to near-
infrared and in the THz regions of the electro-
magnetic spectrum (8, 9). Electronic-grade quartz
is currently synthesized by a multistep top-down
approach through the accurate cutting and polish-
ing of large crystals grown in autoclaves via a
long hydrothermal process developed by Spezia
more than 100 years ago (10). To obtain thinner
oscillators with higher resonance frequencies, an
additional cumbersome process of shaping and
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Fig. 1. Representative images showing the heteroepitaxial growth of
a-quartz thin films on Si(100) via sol-gel chemistry. FEG-SEM images
highlighting the different pore size obtained on amorphous silica films: mac-
roporous (A) ~600 nm and mesoporous with an average pore of (D) ~40 nm
and (G) ~3 nm. AFM images (center) display the crystallized nanostructured
quartz thin films with different pore sizes: (B) macroporous (one-pot synthetic
route), (E) mesoporous, and (H) dense film (two-step synthetic route). The right

panel presents schematic diagrams showing a 3D model of the different nano-
structured quartz films obtained: the (C) macroporous, (F) mesoporous, and (I)
dense films. Brown indicates the upper face of the porous quartz film, yellow
the side face, blue the nucleation points for the quartz, and gray the silicon
substrate. In the case of large mesoporous quartz film, a dense quartz layer is
beneath the initial mesoporous (40-nm pore size) sol-gel layer (see fig. S3 for
more details). Sr2+ and Ba2+ deposits were removed by chemical etching.
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integration is performed. This is needed to get
faster device operation, higher frequency filtering,
and transducers with lower detection levels and
improved sensitivity (11).

To overcome the complex and expensive pro-
cedures described above, sol-gel chemistry with an
adapted processing technique (microfabrica-
tion, chemical solution deposition, spraying, etc.)
appears as a straightforward approach to design
advanced functional materials with perfect con-
trol over their structures and textures (12–16).
Despite numerous efforts, monodispersed quartz
nanoparticles have only very recently been syn-
thesized in high yield from the crystallization of
amorphous silica colloids prepared by the Stöber
method under hydrothermal conditions (17, 18).
Earlier publications reported the importance of
precise control over synthesis conditions (choice
of precursors, catalysts, thermal treatment, humid-
ity, and processing technique) for the preparation of
single-silica polymorph from amorphous silica
(19–23). In another approach, epitaxial dense quartz
films were achieved, but on nonsilicon substrates,
by chemical vapor deposition (24), and by thermal
evaporation in ultrahigh vacuum (25–27). A direct
and simple fabrication of quartz nanomaterials on
silicon substrates has not yet been developed,
and efforts have mostly focused on exploring
bottom-up routes (28, 29).

Here, by taking advantage of all the benefits of
soft chemistry, we report a procedure to prepare mac-
roporous, mesoporous, and dense epitaxial a-quartz
thin films on silicon wafers. Thermally activated
crystallization of structured amorphous silica films
was assisted by Sr2+- or Ba2+-mediated heteroge-
neous catalysis under atmospheric conditions. Sr2+

andBa2+ depress the silicamelting point, promoting
devitrification at lower temperatures, and thus fa-
cilitate oxygen diffusion, as previously observed for
bulk alkaline earth-doped glassy materials (21–23).
The crystallographic orientation of the silicon sub-
strate selects only the a-quartz polymorph and con-
trols individual crystallites size, morphology, and
orientation. Evaporation-induced phase separation
and template agents self-assembly were used to
generate controlled porosities in the initial amor-
phous films that were retained upon crystallization.
The combination of soft chemistry and epitaxial
growth opens opportunities for the controlled
design of textured crystalline solids attractive for
further integration of functional oxides on the Si
(100) substrate (30).

Experimental Approach
Two protocols were used for generating a-quartz
thin films with controlled textures. A prerequisite
is the homogeneous distribution of the catalyst-
melting agent within the amorphous silica films
before thermal treatment. A one-pot approach
used a hydro-alcoholic solution containing cetyl-
trimethylammonium bromide (CTAB) surfactant,
tetraethoxysilane silica precursor, and Sr2+ salt
(31). Dip-coating deposition on a (100) silicon
wafer produces a film presenting a periodical
two-dimensional (2D) array of homogeneously

sizedmacrodomains, promoted by an evaporation-
induced phase separation, tuned by the surface
active agent, and accompanied by the precip-
itation of the strontium salt (32, 33). Because of
the fast evaporation kinetics, a proportion of the
catalyst is trapped within the silica-CTAB meso-
phase. The macrostructure characteristics were
faithfully retained in the final a-quartz. Scanning
electron microscopy (SEM) images display cir-
cular macropores of around 700-nm diameter in a
close-packaged distribution (Fig. 1 and fig. S2),
which exist both before and after heating between
900° and 1000°C. In a second two-step approach,
Sr2+ was incorporated by simple infiltration into
previously prepared mesoporous silica layers.
Matrix templating was engineered through the
evaporation induced self-assembled method (34)
using poly(butadiene-ethylene oxide) (PB-PEO)
diblock copolymer and Brij-56 surfactants for
obtaining mesopores of 40 and 3.5 nm, respec-
tively, as evidenced by field emission gun–SEM
(FEG-SEM) images in Fig. 1 and fig. S2.Whereas
large mesopores are retained upon crystallization,
the small ones collapse, leading to dense a-quartz
films. Although in the case of 40-nm porous films,
the size and shape are maintained, the global mor-
phology is slightly modified. The partial structural
collapse is due to quartz nucleation and growth
followed by diffusive sintering of the crystalline
domains. Both results confirm that a minimum
curvature of close to 40 nm can be accommodated
by the a-quartz crystals, which are themselves on
the order of a few tens of nanometers in lateral
dimensions. The presence of mesopores has been

verified by ellipsometry: A refractive index of
1.38 T 0.02 (l = 700 nm) was measured for the
PB-PEO–based film (porosity of 23 volume %).
On the other hand, the high density of the Brij-
templated a-quartz film was confirmed by its
refractive index of 1.52 T 0.02 (l = 700 nm)
(close to the refractive index of a-quartz single
crystal, 1.54). At this point, one must bear in mind
that porous a-quartz films lie on a dense bed of
a-quartz [evidenced by ellipsometry and FEG-
SEM (Fig. 1, C and F; Fig. 3; and figs. S3 and
S6)], whose origin will be explained below.

Crystal Growth Mechanism
Irrespective of the synthetic approach, all systems
exhibit mono-oriented a-quartz crystals. The
homogeneous dispersion of the Sr2+ catalyst
within the amorphous silica matrix and the low
mismatch between the (100)Q quartz plane and
the crystalline (100)S Si substrate induce the nu-
cleation of a-quartz crystals at the silicon-silica
interface (Fig. 2). Other polymorphs of silica do
not show a comparable mismatch, so the forma-
tion of a-quartz is epitaxially selected by the sub-
strate. The active influence of the silicon substrate
mediates the preferential orientation of crystal
nuclei, yielding typical competitive growth and
producing a columnar microstructure with pref-
erential crystallographic orientation (35) (Fig. 2).
In a competitive growth process, crystal aggregates
normally grow from randomly oriented seeds that
compete for the available space. Only those with
the fastest growth perpendicular to the substrate
are selected and contribute to the outer surface (36).

Fig. 2. Scheme of the stages of the crystallization process. 1. Cross section of the original mesoporous
film showing homogeneous Ba2+/Sr2+ distributionwithin the amorphous silicamatrix. 2. Nucleation above 800°C
of a-quartz crystals at the silicon-silica interface during the devitrification of the original amorphous mesoporous
film. 3.Oriented columnar quartz crystallite growthwithin the original (100) silicon substrate, where crystallization
is limited by the oxygen diffusion. Catalyst agents (Sr2+or Ba2+, blue spheres), used for the devitrification of silica
films, migrate to the surface and remain trapped at the crystal boundaries (see fig. S10 for more details).
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In our case, we have epitaxially induced nucleation.
Quartz crystals with the orientation imposed by
the (100)S silicon substrate, which is parallel to
the [100]Q* reciprocal direction, or equivalently the
[210]Q direction of a-quartz crystals in real space,
will succeed over those that do not have such orien-
tation. Minimum thickness of amorphous silica is
needed for nucleation and growth. In the case of
dense layers, single crystals with atomically flat ter-
races and trapezoidal habits are observed in the
atomic forcemicroscopy (AFM) image of Fig. 1H.

For dense films, silicon oxidation and, conse-
quently, quartz film growth is limited by oxygen
diffusion, as nicely illustrated by the parabolic de-
pendence observed in the thickness increment of
quartz films as a function of the duration of thermal
treatments (fig. S5). Quartz film thickness can thus
be precisely controlled by engineering the original
thickness of the SiO2 sol-gel layer. This oxidation
process is responsible for the growth of a dense
sublayer under the mesoporous and macroporous
a-quartz, as shown in figs. S3 and S6 and illustrated

in Fig. 1, C and F, and Fig. 3. This suggests that the
growth of a-quartz takes place at the silicon/quartz
interface.Moreover, the analysis of quartz films by
backscattered electrons SEM, z-contrast trans-
mission electron microscopy (TEM), and energy
electron-loss spectroscopy (fig. S10) revealed that
the crystallization process brings about a Sr2+/Ba2+

depletion that is expelled to the surface of the
film, where it forms hemispherical droplets lodged
at the crystal boundaries. The rounded shape of these
surface deposits suggests a solid dewetting (Fig. 2).
The catalyst can be removed using chemical etch-
ing with concentrated nitric acid (Fig. 1, E and H).

All final films contain thinner euhedral macro
domains of several tens of microns with defined
edges, as observed by FEG-SEM and AFM im-
ages in Fig. 3, A to C, and figs. S3 and S4. Their
long axis is parallel to either the [100]S or to the
[010]S direction of the silicon substrate. The for-
mation mechanism of the macro domains sche-
matized in the lower panel of Fig. 3 and fig. S3 is
related to a break in the continuity of polycrystal-

line quartz films. This break results from the
difference of thermal expansion coefficients and
the relatively higher mismatch along the [010]Q
crystallographic direction between the quartz film
and the silicon substrate.Upon filmgrowth, stresses
eventually reach a critical value that cannot be
counterbalanced by the adhesion. The formation
of cracks relaxes internal stresses in the film, as
observed in step 2 (Fig. 3 and fig. S4). Thickness
variations observed in AFM profile analysis (Fig.
3, C and E) and cross-sectional FEG-SEM im-
ages (fig. S6) of euhedral macro domains reveal
that the center of the domains is at the same level
as the surrounding continuous layer, which then
progressively decreases toward the edge of the
domain. The differences in height suggest a lower
growth rate at the fracture boundaries than at the
center of the euhedral domains. This observation
could be explained by stress-dependent oxygen
diffusion rates associated with local stress relax-
ation at Si/quartz interfaces, where the reaction
takes place (Fig. 3 and fig. S6). Local stresses are

Fig. 3. Crystallization process of quartz films of macroporous silica
matrix. (A) FEG-SEM 45°-tilted image showing the macrostructure of a large area
inmacroporous quartz thin filmwith euhedral polycrystalline quartz overgrowthwith
defined edges. (D) FEG-SEM image inset displaying a cross-sectional view of the
microstructure in themacroporous quartz thin film. (B) AFM images showing a large
scan area of macroporous quartz films. (C and E) Higher magnification and profile
analysis of macrodomain facets revealing the thickness variation and a break in the

continuity of polycrystalline quartz films after 5 hours at >900°C. The lower panel
presents a schematic of the formation mechanism of quartz macro domains: the
macroporous silica matrix on a silicon substrate at room temperature (1), crys-
tallization of quartz films at 900-1000°C (t = 0) and formation of cracks that relax
internal stresses within the film (2). Green and brown colors have been used to
indicate differences in quartz depth profile. Formation of thinner euhedral macro
domains of several tens of microns with defined edges at high temperature (3).
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known to induce strong differences in oxygen
diffusion rates in metal oxides films (37).

Microstructural and Piezoelectric
Characterization
The crystallographic orientation, epitaxial re-
lationship, and microstructure of a-quartz thin
filmswere analyzed through x-ray diffraction (XRD)
scans and TEM cross-section analysis. XRD Q-2Q
scans (Fig. 4A) of the film displayed in Fig. 1B
present only representative (100) and (200) re-
flections of a-quartz. Peaks corresponding to other
quartz orientations or silica polymorphs are com-
pletely absent. The (100) film texture was further
characterized through aw scan showing a rocking
curve (Fig. 4B) with a full width at half-maximum
(FWHM) of 3°, indicating low out-of-plane mis-
orientation of nanostructured a-quartz films. Ad-
ditionally, pole figures of the Si{111} anda-quartz
{010} and {101} reflections (Fig. 4C) confirm that
the growth of a-quartz on Si(100) was epitaxial.
The Si(111) pole is found 45° apart in azimuth
from the (101)Q and (010)Q poles of a-quartz,
indicating that the in-plane epitaxial relationship
is quartz(010)//Si(010) and quartz(001)//Si(001).
The presence of additional poles at the same tilt
as the a-quartz poles for {010} and {101}, but at
90° rotation in azimuth, supports the existence of
two a-quartz domains perpendicular to each other
with identical epitaxial relationships with the sub-
strate, which is permitted by the symmetry of the
Si(100) surface. According to the (100) out-of-
plane texture and the in-plain epitaxial relation-
ships, represented in a 3D schematic model in
Fig. 4D, it can be concluded that [210]Q//[100]S is
the quartz growth direction. An identical epitaxial
relationship was confirmed for mesoporous and
dense quartz films.

Natural quartz crystals have been found to oc-
cur in a large number of habits and growth forms
that share a certain number of common character-
istics. AFM analyses of the synthetically grown
dense quartz films were performed to determine the
specific forms and habits of the crystals (Fig. 5D).
AFM evaluation of film surfaces, such as that
displayed in Fig. 1H and fig. S2L, reveal a planar
trapezohedron (100)Q crystal face of quartz. The
angles between the edges of the planar trapezoidal
(100)Q facets of a large quartz crystal are in good
agreement with the angles calculated from our ex-
perimental data (Fig. 5D).The formation of twinned
crystals during thermal treatment of samples,
which is detrimental to the piezoelectricity, was
not observed after evaluation of the pole figures.We
conclude that only the [100]Q crystalline direction
is present without detectable parasitic orientation.

Cross sections of several specimens of quartz
films were observed by high-resolution TEM
(HRTEM) along different zone axes. The obser-
vation of quartz-substrate interfaces confirms the
(100)Q orientation and the high-quality epitaxial
growth of quartz thin films on Si(100) substrates.
HRTEM images along [001], [011], and [010]
zone axes are displayed in Fig. 5, A and B, and
fig. S7, B and D. The corresponding fast Fourier

Fig. 4. Structural characterization of quartz films. (A to C) XRD Q-2Q scan (A), rocking curve (B),
and pole figure (C) of macroporous quartz films. (D) 3D model of the in-plane epitaxial relationship
between the quartz film (in orange) and the silicon substrate (in gray) viewed along the [011] zone axis.

Fig. 5. Fine structural characterization of quartz films. (A and B) HRTEM images of the a-quartz-Si
interface along [001] (A) and [011] (B) a-quartz zone axis. FFTs of (A) and (B) are shown in (C) and the
inset of (B), respectively. The film and substrate spots are set apart, confirming the relaxation of the film.
(D) Schematic representation of a quartz habit, displaying the macroscopic measured angles between the
planar edges of quartz crystals and crystallographic directions that define the trapezoidal (100)Q facets.
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transform (FFT) patterns corroborate the epitaxial
relationship previously established byXRD analy-
ses and show that quartz films are epitaxially
grown despite the relatively large latticemismatch
between b lattice parameters of both structures:
(bSiO2

− bSi)/bSi = –9%. Moreover, the splitting
of the film and substrate FFT spots confirms the
relaxation of the film (Fig. 5, A to C, and insert).
It is worth noting that no trace of amorphous
silica is observed at the interface; rather, HRTEM
images reveal a sharp interface.

The largest piezoelectric response of a-quartz
is observed along the [100]Q direction that, in our
films, is at 30° normal from the substrate. Thus,
we measured the piezoelectric effect by applying
either a mechanical deformation (direct effect) or
an electric field (converse effect) perpendicularly
to the film. The direct load method (38) was used
to detect the charging of a capacitor connected
between the substrate and a rod-shaped electrode,
which occurred when the latter exerted a pres-
sure and elastically deformed the films (fig. S8).
The converse piezoelectric effect was studied by
piezoresponse force microscopy (39). Figure 6
shows images of the topography (Fig. 6A) and
the cantilever oscillation amplitudes (Fig. 6, B to
E) resulting from film surface displacements at
the frequency of different AC voltages applied to
the tip. The cantilever oscillation amplitude pro-
vides information about the film deformation and,
as expected for the converse piezoelectric effect,
is proportional to the applied voltage (Fig. 6F).
From the slope of this curve, we can estimate the
piezoelectric coefficient relating the strain to the
electric field in the direction perpendicular to be

between 1.5 and 3.5 pm/V, which is in reasonable
agreement with the 2.3 pm/Vof the quartz d11.

Finally, our synthetic approach based on sol-gel
chemistry provides ready access and flexible pro-
duction of textured piezoelectric thin films of low
a-quartz, epitaxially grown on Si(100) substrates.
Heatingunder atmospheric pressure in combination
with strontium or barium (fig. S9) assists quartz nu-
cleation and growth, making this approach deploy-
able for large-scale production. Pore curvature as
low as 40 nm is accommodated by the quartz nano-
crystallites.Both the chemistry (i.e., templating agents
and precursors) and processing (combining bottom-
up and top-down nanofabrication techniques) can
be incorporated into this process to engineer mate-
rials (12, 14). Finally, our work opens new avenues
in the fields of sensors and information technologies
through the fabrication of novel resonators, strain-
coupled devices, or elements of THz optics.
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Fig. 6. Piezoelectric activity of quartz films. (A) AFM image of the topography and oscillating
amplitudes obtained for the same film region under different tip-substrate voltages: (B) 2 V , (C) 5 V, (D)
7.5 V, and (E) 10 V. (F) The graph shows the linear dependence between the applied voltage and the
mean deflection, reflecting the converse piezoelectric effect.
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