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ABSTRACT: Ultrathin polymer nanocomposite films are gaining importance in electronic, optical,
magnetic, or sensor devices with widespread applications in the areas of electronics, information
technology, and medicine. Future developments in ultrathin nanocomposite films require the fabrication of
ever thinner films with controllable thickness, homogeneous nanoparticle distribution, and large areas. We
here demonstrate a dip-coating-delamination method to prepare ultrathin and large-area polymer
nanocomposite films on various substrates or as free-standing films. We demonstrate thickness control in
the range between 17 and 150 nm, controlled via film withdrawing speed and nanoparticle volume fraction.
Ultrathin films with magnetic, semiconductor, and down-conversion nanoparticles having spherical, rod-
like, or platelet shapes can be prepared. We show that the magnetic and optical properties of the
nanoparticles are well preserved by the fabrication method. Furthermore, we demonstrate the assembly of
ultrathin large-area hetero multilayer nanocomposite films. This method thus provides a versatile, well-
controllable, and scalable method to prepare supported or free-standing multifunctional large-area ultrathin
nanocomposite films with low material consumption.
KEYWORDS: nanoparticles, nanocomposites, PVF, self-assembly, ultrathin films, multilayers

■ INTRODUCTION
Nanocomposites combine the ease of fabrication, the mechan-
ical properties, and the scalability of polymers with the excellent
electronic, optical, and magnetic properties of nanoparticles. For
many applications, nanocomposites are applied as thin films,
e.g., in electronic, optical, magnetic, or sensor devices, with
widespread applications in the areas of optoelectronics,
information technology, and medicine.1−5 A continuous
challenge is to fabricate ever thinner films, down to single
nanoparticle layer films, e.g., for bendable and flexible devices in
related emerging application fields.4,6,7 Therefore, methods are
needed toward the fabrication of ultrathin nanocomposite films,
with controllable thickness, homogeneous nanoparticle distri-
bution, and large areas (i.e., high aspect ratio), as supported or
even free-standing films.

Thin polymer films with thicknesses below 100 nm are usually
prepared via layer-by-layer assembly,8,9 spin-coating,10,11 trans-
fer-printing,4,12 or flow-coating techniques.13 Flow-coating has
been developed by Stafford et al.13 and allows the preparation of
nanoscale thin films with constant or a gradient film thickness14

and has been applied to the preparation of nanoparticle
coatings.15,16 Recent research has also focused on innovative
strategies for thin and free-standing films, such as in situ
synthesis in liquid/liquid interfacial polymerization.17,18 These
methods generally offer precise control over the film
composition and thickness but are not very efficient for

multilayer assembly, requiring the combination of different
deposition methods, raising the number of parameters to
control. Spin-coating is a well-established thin-film fabrication
technique. It has recently been combined with a delamination
technique to prepare polymer films with thicknesses down to 8
nm.10 These ultrathin films were prepared by spin-coating onto
polydiallyldimethylammonium chloride (PDAC)-functional-
ized silicon wafers and subsequently delaminated in water.19,20

The method has been established for polystyrene and
poly(methyl methacrylate), as well as for polyvinyl formal
(PVF).10 PVF is a polymer with excellent stability21,22 and
mechanical properties,10,23 which has been used as electrical
insulation coatings and as ion-conducting membranes for Li
batteries.23,24 With the spin-coating/delamination technique,
large-area ultrathin PVF films could be fabricated for thin-film
capacitors,25 organic light-emitting diodes,20 and organic field
effect transistors.26

It has been demonstrated that PVF can be used to prepare
nanocomposites such as for PVF/TiO2 and PVF/ZnO nano-
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composites for sensors and detectors.21,27 Interestingly, PVF is
routinely used as thin support films for TEM specimen grids,
where the films are prepared by a simple dip-coating/
delamination technique using glass substrates. Therefore, it
would be highly interesting to investigate whether this method
can be adapted to fabricate ultrathin, large-area PVF nano-
composite films. Compared to spin-coating, both flow-coating
and dip-coating have a striking advantage of a low material
consumption; meanwhile, both methods allow the straightfor-
ward fabrication of multilayers. Thus, it is more economical with
respect to material consumption and versatility. If ultrathin-film
PVF nanocomposite films could be prepared via this simple dip-
coating/delamination technique, this would provide a way to the
efficient and controlled fabrication of ultrathin nanocomposite
films for widespread applications.

Here, we show that it is indeed possible to fabricate ultrathin
nanocomposite films by this simple dip-coating/delamination
method, even with unfunctionalized standard glass slides. We
fabricated various PVF-based nanocomposite films with control-
lable thicknesses between 17 and 150 nm, homogeneous
nanoparticle distribution, and large areas. The large-area and
free-standing films are feasibly transferred onto various
substrates, where the presence of small particles favors the
formation and delamination of thinner films. We demonstrate
the applicability of the method by the fabrication of ultrathin
nanocomposite films with magnetic, luminescent, semiconduct-
ing, and down-conversion nanoparticles having spherical, rod-
like, or platelet shapes. In addition, we demonstrate the assembly
of large-area hetero multilayer nanocomposite films. This
method thus provides a controllable, versatile, and scalable
method to prepare multifunctional large-area and ultrathin
nanocomposite films with low materials consumption.

■ RESULTS AND DISCUSSION
Supported and Free-Standing Nanocomposite Ultra-

thin Film Preparation. For full details on the nanocomposite
films, see the Experimental Section in the Supporting
Information. To prepare the nanocomposite solutions, a PVF
stock solution was mixed with certain amounts of nanoparticles
dispersed in chloroform and diluted until the PVF concentration
was reduced down to 0.5 wt % (7.5 mg/mL).

For the initial series of nanocomposites, oleic acid-coated iron
oxide nanoparticles (OA-FeOx) were used as nanoparticles. If
not specified, the dip-coating parameters, i.e., immersion speed,
dwell time, and withdrawal speed, were 20, 10, and 0.5 mm/s,
respectively. At these conditions, a 2.5 × 2.5 cm2 film can be
deposited in 1 min. After a drying time of 10−15 min, the films
can be delaminated onto the air/water interface (see Figure
S1a,b). The free-floating films can subsequently be collected
with the target substrate (e.g., Si), as represented in the scheme
in Figure 1a. The nanoparticle density in the thin films prepared
by dip-coating is proportional to the nanoparticle concentration
in solution and depends on the deposition conditions. The films
are therefore labeled as the np concentration in the solutions in
mg/mL.

We note that the oleic acid shell results from the nanoparticle
synthesis, where oleic acid stabilizes the nanoparticles against
aggregation during the nucleation and growth phases and in
their final state. The oleic acid shell remains on the nanoparticles
to keep them well dispersed in organic solvents. The oleic acid
shell does not play a role during the delamination and
transferring process other than stabilizing the nanoparticles.

Figure 1b shows a series of as-deposited nanocomposite films
on glass slides (parent substrates) with increasing nanoparticle
concentrations from 0.5 to 8 mg/mL. The increased particle
density in the films is noticeable by the progressive darkening
with increasing nanoparticle concentration. It is important to
highlight the great homogeneity achieved even for np
concentrations of 6 or 8 mg/mL (see also Figure S1c), which
correspond to approximately 1:1 weight ratio of PVF/nano-
particle in the nanocomposite solution. In addition, the method
allows to transfer the ultrathin nanocomposite films onto flat
rigid substrates such as a Si wafer, as shown in Figure 1c, onto a
thinner and bendable TEM grid (shown later), or even to a more
unconventional substrate such as simply an aluminum O-ring to
prepare a large-area free-standing film, as shown in Figure 1d.
Thickness Control. The thickness of the nanocomposite

films can be controlled by the withdrawal speed of the glass
substrate during the final dip-coating step. The thickness of the
films transferred onto the Si substrates was measured by X-ray
reflectometry (XRR). The XRR intensity curves depicted in
Figure 2a were measured for pure PVF films dip-coated at
withdrawal speeds from 0.03 up to 10 mm/s. The measured
XRR intensities show well-defined interference oscillations
(Kiessig fringes)28 from which the thickness can be determined.
For a full quantitative analysis, the XRR intensities were
simulated assuming refined substrate/film density profiles.29 For
the PVF layers on Si substrates, we assumed a thin native SiO2

Figure 1. (a) Scheme of the thin-film preparation and transfer method.
(b) As-deposited films on glass substrates. (c) Nanocomposite film (1
mg/mL) transferred onto a Si substrate. (d) A single free-standing
nanocomposite layer (8 mg/mL) supported on an aluminum O-ring.
The thickness of the films in (c) and (d) is ∼40−50 nm.
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interlayer of 1.5 nm thickness. The XRR analysis shows that the
PVF films are smooth and uniform on large length scales,
showing interference colors (see Figure S2a), with a remarkably
small mean roughness (σ) of the order of 1 nm for films
deposited at 0.1−2.0 mm/s.

Figure 2b shows the thickness d as measured by XRR as a
function of withdrawal speed u. It shows a systematic variation of
the thickness in a range from 30 to 200 nm and a good
reproducibility of the film preparation method. The dependence
of the thickness on the withdrawal speed can be described by the
equation30

= +d k
E
L

u Dui
1 2/3i

k
jjj y

{
zzz (1)

where E is the solvent evaporation rate, L is the substrate width,
D is a global constant related to the fluid properties of the
solution, and ki is a materials constant defined by ki = ciMi/αiρi,
where c is the material concentration,M is the molar weight, α is
the volume fraction or porosity, and ρ is the materials density.
The solid line in Figure 2b shows a corresponding fit to the
equation d = C1u−1 + C2u2/3 showing good agreement with eq 1.
The V shape of the curve is due to a competition of the capillary
(dominating at slow speed) and draining regimes (dominating
at higher speed) that define the film thickness of the dip-coated
films.31,32 The optimal value of the withdrawal speed to obtain

the minimum thickness is found to be ca. 0.25 mm/s. For the
preparation of ultrathin nanocomposite films, we selected a
withdrawal speed of 0.5 mm/s to ensure that atmospheric
conditions are constant during coating, and hence guarantee
minimal effect on the film quality.31 Overall, the nano-
composites present a similar trend of the thickness as a function
of the withdrawal speed, as shown in Figure S2b−d.

For the thin nanocomposite films, there is an additional
influence of the nanoparticle concentration. The XRR intensities
depicted in Figure 2c were measured for pure PVF and for PVF/
OA-FeOx nanocomposite films with 1 and 4 mg/mL nano-
particle concentrations. The main parameters obtained from the
simulated profiles are summarized in Table 1. For the pure PVF

film, the thickness determined by XRR was 37 nm, while for the
PVF/OA-FeOx nanocomposite films, it was 46 and 58 nm for 1
and 4 mg/mL, respectively. This is in line with eq 1, where an
increase in nanoparticle concentration increases the materials
concentration c and thus the constant ki and film thickness d.
The mean roughness σ of the films increased from 0.9 nm for
pure PVF to 1.5−2.0 nm in the presence of nanoparticles. The
best fits were achieved using thin top and bottom PVF layers
with a reduced X-ray scattering length density (SLD), from 11.3
× 10−6 Å−2 for nominal PVF to 5.5 × 10−6 Å−2 for the top and
substrate/PVF interface. The thicknesses of both additional
layers are similar, but it depends on the type of sample, being
around 1 nm for the pure PVF film and increasing up to around
3−5 nm for the nanocomposites.

For the FeOx nanoparticles, and also for the ZnO, LiGdF4,
and TiO2 nanoparticles investigated in the last part of the article,
we observed a significant decrease of the film thickness as
compared to the bare PVF films deposited under similar
conditions. We also analyzed CdSe quantum dots (not included
in the manuscript) with similar results. The reason why the
presence of nanoparticles favors the formation of thinner films is
not entirely clear at the moment. Following eq 1, it likely is due
to a reduced evaporation rate E caused by the presence of the
nanoparticles, which leads to a smaller thin thickness d. It is a
phenomenon that will require more attention but was not the
aim of the present study.

The topography scan of Figure 2d measured by atomic force
microscopy (AFM) corresponds to a region near the film edge of
a sample deposited from a 1 mg/mL solution. In this case, the
smoothness and uniformity of the film is directly apparent from
the AFM image and the corresponding line-scan profile of Figure
2e, complementing the information obtained by XRR. The root-
mean-square roughness index (Rq) calculated from the scanned
regions was Rq ∼0.5−1.0 nm, in very good agreement with the
roughness parameter estimated by XRR simulations. The XRR
and AFM results show that large-area, homogeneous nano-
particle films with remarkably small mean roughness below 2 nm
can be prepared.

Figure 2. (a) Experimental and simulated X-ray reflectometry (XRR)
profiles for pure PVF films deposited and transferred at different
withdrawal speeds. (b) The calculated thicknesses and curve fit to eq 1.
(c) Experimental and simulated XRR profiles for pure PVF and
nanocomposites with different concentrations of OA-coated FeOx
nanoparticles deposited at 0.5 mm/s withdrawal speed. (d) AFM
topography scan from the film edge of a film from 0.5 wt % PVF and 1.0
mg/mL nanoparticle concentration. (e) Line-scan profile across the
edge marked by the line in (d).

Table 1. Parameters d (Total Film Thickness), σ (Film
Roughness), and ρ (PVF Density, Set Constant) Calculated
from the XRR-Simulated Profiles for Pure PVF and PVF/
FeOx Nanocomposite Films with Different Nanoparticle
Concentration

np concentration (mg/mL) d (nm) σ (nm) ρ (g/cm3)

0.0 37.4 ± 0.5 0.9 ± 0.1 1.20
1.0 45.8 ± 0.6 1.5 ± 0.5 1.20
4.0 58.2 ± 1.0 2.0 ± 0.6 1.20
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Thin-Film Nanoscale Homogeneity. The prepared large-
area thin nanocomposite films are homogeneous on length
scales from centimeters down to μm (see Figure S1c). We also
investigated the nanoscale homogeneity, in particular the lateral
and vertical distribution of nanoparticles within the thin films, by
using AFM and SEM. Figure 3a−c shows AFM topography
scans of the nanocomposite films with nanoparticle concen-
trations from 0.5, 1.0 to 2.0 mg/mL. In general, the PVF/OA-
FeOx films are very uniform. Sporadically, small 10 nm-deep
pores are observed, which is not uncommon for PVF films25 as,
e.g., in Figure 3c.

Using SEM, the distribution of the nanoparticles within the
thin films can be characterized. The corresponding SEM
micrographs are presented in Figure 3d−f and Figure S4a−d.
With SEM, the average nanoparticle diameter can be
determined as 8.0 ± 0.5 nm, which includes both the FeOx
core and the OA ligand shell. We observe that at concentrations
of 0.5 and 1 mg/mL, the distribution of the nanoparticles is
homogeneous, with a tendency to form 2D-nanoparticle clusters
for higher concentrations, such as at 2 mg/mL, and in Figures S3
and S4 for larger concentrations. With the cluster domains, the
nanoparticles form ordered 2D hexagonal-close packed (hcp)
arrays.

The ∼100 nm cluster assemblies of nanoparticles are
observed as mesa structures in the AFM images (Figure 3a−
c), or as white nanoparticle multiplets in the SEM images
(Figure 3d−f; small white dots are individual particles).
Nanoparticles in polymer matrices have a general tendency to
form multiplets and clusters with increasing concentration.
Figures S10 and S11 show SEM images of nanoparticles with a
matrix-compatible PEG-coating where the distribution of the
nanoparticles is much more homogeneous, showing the
potential of the method to fabricate very homogeneous films.

The presence of cluster domains is in accordance with the
increased mean roughness and the need of additional layers with
reduced electron density to refine the XRR profile simulations.30

The nanoparticle area density, which is proportional to the
interparticle distance and estimated from large scanned regions,
increases linearly with the nanoparticle concentration, as shown
in Figure S4e.

The nanoparticle distribution in free-standing thin films was
characterized by transmission small-angle X-ray scattering
(SAXS). SAXS provides a large-area average of the nanoparticle
diameters and homogeneity of the nanoparticle distribution.
Figure 3g shows the SAXS intensity curves measured for free-
standing films transferred to aluminum O-rings, similar to the
sample shown in Figure 1d. The nanoparticle radius determined
from the SAXS curves by fitting to a polydisperse sphere model33

is 6.3 nm. The estimated radius is in agreement with the particles
observed by transmission electron microscopy (TEM), shown
in the inset of Figure 3g, but smaller compared to the particle
radius observed by a 2 keV e-beam in a SEM (8.0 nm). It is
because X-ray scattering (and transmission electron microscopy
with high energy electrons of 200 kV) is more sensitive to the
inorganic FeOx core rather than the organic shell,34 with the
advantage of averaging a very large number of particles as
compared to electron microscopy. The difference of 1.7 nm is in
agreement with the thickness of the oleic ligand shell, which is
nearly equal to the contour length of the oleic acid molecule.35

At concentrations equal and larger than 2 mg/mL, we observe a
peak in the SAXS-curves at q∼ 0.4 nm−1 due to the formation of
ordered nanoparticle arrays within the clusters, corresponding to
∼16 nm interparticle distance, in agreement with our
observations by SEM (with low energy electrons of about 3
kV) and also confirming that the particle cores remain separated
by the OA ligand.

The lateral and vertical distribution of the nanoparticles in
thin films on Si substrates can be measured by grazing-incidence
small-angle X-ray scattering (GISAXS) (see the GISAXS
sections in the Supporting Information). The GISAXS-intensity
patterns show the formation of single nanocomposite layers on
Si, as shown in the Figure S6, confirming the 2D-nanoparticle
ordering within the thin film.34 These results not only are in
agreement with the observations obtained from electron
microscopy but also reveal the great long-range uniformity
since the probing areas for SAXS and GISAXS experiments are
of the order from hundreds of micrometers to millimeters.

The tendency to form 2D-nanoparticle clusters can be
suppressed by compatibilization of the nanoparticles with the
PVF matrix. Figure S9 shows TEM images of iron oxide
nanoparticles, which were coated with poly(ethylene oxide)

Figure 3. AFM topography scans for thin films from 0.5 wt % PVF solutions and nanoparticle concentrations of (a) 0.5, (b) 1.0, and (c) 2.0 mg/mL.
Their corresponding SEM micrographs are depicted in (d), (e), and (f), respectively. (g) 1D-SAXS patterns from single-layer nanocomposites with
different nanoparticle concentrations. The inset in (g) shows a TEM image of the assembled particles.
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(PEO) for better compatibility with the PVF matrix. Addition-
ally, Figure S11 shows a 3D reconstuction via electron
tomography from a PEO-FeOx/PVF film and Video S1 displays
the resultant reconstruction virtually rotating the film 180°
(starting from the side view) where the particles are distributed
along the vertical direction. We observe that this considerably
reduces 2D-cluster formation but not completely suppresses it
since PEO and PVF are only partially miscible.
Thin-Film Multilayer Structures. To prove the versatility

of the dip-coating/delamination technique, hetero multilayer
structures were fabricated by repeating the transferring process
multiple times using alternating nanocomposite (1 mg/mL) and
pure PVF films. We note that we refer to multilayers as stacks
consisting of multiple delaminated polymer nanocomposite
layers and not direct stacks of nanoparticle layers. We note that
homomultilayers without PVF can be prepared as well. The
uniform interference color exhibited by the multilayers with
three and five layers indicates an exceptional thickness control
and smoothness, as can be observed in Figure 4a. Figure 4b and c
shows the AFM topography scans of the surface of the multilayer
structures with three and five layers, respectively. Schematic
diagrams of the heterostructures fabricated are also included in
the figures together with the calculated Rq of the scanned area
(20 × 20 μm2). The results show that large multilayer films can
be prepared with a roughness of the order of 1 nm, similar to that

calculated for a single nanocomposite layer with equivalent
nanoparticle concentrations (Figure 2c). These observations are
confirmed by the XRR measurements, revealing a long-range
film uniformity and moderate roughness. The multilayer
thickness estimated from the Kiessig fringes28 are 117 and 180
nm for three and five layers, respectively. This shows that
multilayer preparation is an alternative route to adjust the film
thickness over a wide range.

Figure 4e shows images of multilayers of up to 15 stacked
layers of alternating pure PVF and nanocomposite films. For this
film, the magnetic properties due to the magnetic nanoparticles
are characterized in detail in the Supporting Information. It is
surprising that even for such a large number of layers, the
interference color is still uniform, as observed in the photo-
graphs of Figure 4e, taken at different stages during the
fabrication of the multilayered structure. Such a construction
would be difficult to achieve by other methods, revealing the
ability to fabricate complex heterostructures for more specific
applications in a very short time.
Different Nanoparticle Types. To explore the wider

applicability of the dip-coating/delamination technique, we
investigated the preparation of similar nanocomposite thin films
using nanoparticles of different chemical composition and
shape. We therefore investigated ZnO spherical nanoparticles,
LiGdF4:Eu (LGF) nanoplatelets, and TiO2 nanorods (see the

Figure 4. (a) Example of nanocomposite/PVF multilayer structures on Si substrates. AFM topography scans, calculated roughness index (Rq), and
sketches of the multilayer structures for (b) three layers and (c) five layers. (d) XRR measurements from the multilayers as well as a single
nanocomposite and a PVF reference layer. (e) Example of a heterostructure with a total of 15 stacked nanocomposite/PVF layers on Si.
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Supporting Information for more details). All of the nano-
particles are stabilized with oleic acid ligand shells. These
materials have been chosen because of their application in
luminescent, optoelectronic, and sensing devices. LGF is a
phosphor material with the ability to convert a single UV photon
into multiple visible photons via a quantum cutting process
(down-conversion)36 with applications in mercury-free lamps,37

and potential in the solar-cell technology.38 TiO2 has a wide
range of applications, and the high aspect ratio of the 1D
structures makes them suitable for photocatalysts,39 solar cells,40

and sensors.21,41,42 ZnO belongs to the family of transparent
conductive oxides, with high luminescence efficiency, and
therefore it is a relevant material for optoelectronic applica-
tions.43−45 For these nanoparticles, we used a withdrawal speed
of 0.25 mm/s to aim at the minimal thickness achievable by film
delamination.
Platelets. Figure 5a corresponds to an AFM scan of a PVF

nanocomposite film filled with LiGdF4:Eu nanoplatelets. A line-
scan profile along the marked arrow is shown in Figure 5b. The
inset of Figure 5b displays a micrograph of a PVF/LGF film
transferred to a TEM grid where two particles of around 20 × 30
nm2 are partially overlapping, revealing the platelet shape. The
SEM image in Figure 5c shows that the nanoplatelets are
oriented parallel to the substrate and the film. The AFM profile
in Figure 5b shows small elevations of around 5 nm, in line with a
coplanar platelet orientation. Its parallel alignment is a
consequence of the capillary flow during the dip-coating
process.46

Nanorods. Figure 5d shows a TEM micrograph of a PVF film
with TiO2 nanorods (TiO2-nr) prepared at a concentration of 2
mg/mL. The inset shows a higher magnification of a group of

nanorods with dimensions of 30−40 nm length and 2−3 nm
diameter. TiO2-nr is well dispersed within the film covering the
entire film area, with structures lying parallel to the Si substrate.
We note that the nanocomposite transfer method is more
advantageous to deposit large areas of homogeneously
distributed nanorods as compared to direct dip-coating of
TiO2-nr on Si substrates (see Figure S8). The film thickness of
the PVF/TiO2-nr nanocomposite was measured by XRR
resulting in the profile displayed in Figure 5g. The film thickness
determined from XRR simulations is around 30 nm for the
TiO2-nr nanocomposite, demonstrating the ability to fabricate
ultrathin nanocomposite films.

ZnO Spheres. Figure 5e and f shows TEM micrographs of
PVF/ZnO nanocomposite films prepared at 0.5 and 2.0 mg/mL,
respectively. The ZnO nanoparticles have a spherical shape and
a diameter of 5 nm. Compared to the FeOx nanoparticles, the
ZnO nanoparticles have a stronger tendency to form 2D clusters
of self-assembled hcp nanoparticle monolayers. The film
thickness measured by XRR is only 17 nm, as shown in Figure
5g, reflecting the small diameter of the nanoparticles. Addition-
ally, a thicker centimeter-size film, prepared by drop casting the
PVF/ZnO solution, shows both high visible-light transmittance
and fluorescence under UV irradiation, as shown in Figure S9.
Here, it is important to mention that no luminescence
quenching was observed, revealing the exceptional stability
and compatibility of the nanocomposite.

It has been reported that delamination of such ultrathin ∼10
nm films is not possible or very difficult using untreated
substrates or bare PVF;10 thus, the presence of nanoparticles,
even at low densities, favors the conditions required to
delaminate the film through the film−water interface (e.g.,

Figure 5. (a) AFM topography scan of a PVF/LiGdF4:Eu nanocomposite. (b) Height profile along the line marked in (a). The inset in (b) shows a
TEM micrograph of the platelike particles. (c) SEM image of the nanocomposite with platelets oriented parallel to the substrate. (d) TEM micrograph
of the PVF/TiO2 nanocomposite with 2 mg/mL concentration. The inset in (d) shows a magnification of the rod-like nanostructures. (e) TEM
micrograph of the PVF/ZnO nanocomposite with 0.5 and (f) 2.0 mg/mL concentration. (g) Experimental and simulated XRR profiles measured from
PVF/TiO2 (2 mg/mL) and PVF/ZnO (0.5 mg/mL) nanocomposites.
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film strain, adhesion, and interface energy), easing the
fabrication of ultrathin PVF-based films.10,47

With respect to magnetic materials, the proposed method is
an interesting alternative TEM sample preparation method to
prevent magnetic materials from escaping into the electron
microscope column during irradiation by the electron beam.48

Due to the ease to produce monolayers of particles with
medium to long interparticle distance, it means that similar films
can be used as anisotropic conductive films49 with an
appropriate filler material. Also, absorbing layers, UV-protective
films, or downconverting layers for solar cells can be readily
tested without influencing the fabrication process of the devices.
Similar to both novel mild acid-assisted transfer-printing
method and dipping-embedded-transfer method proposed by
Fan et al.,12,50,51 the compatibility of this approach with the
commonly used PEDOT:PSS materials would be of interest for
flexible and conformable electronics.

■ CONCLUSIONS AND OUTLOOK
In conclusion, a versatile, well-controllable, and scalable
methodology to fabricate ultrathin nanocomposite films on
different types of substrates and shapes is proposed, with a
roughness of the order of few nanometers and great film
uniformity. For the standard 2.5 × 2.5 cm2 ultrathin films, aspect
ratios of up to 106 can be achieved. The method has been used to
fabricate uniform multilayer structures as well as nano-
composites with other material fillers relevant because of their
magnetic and optoelectronic properties such as FeOx nano-
particles, down-conversion LiGdF4:Eu platelets, photocatalytic
TiO2 nanorods, or luminescent ZnO spherical nanoparticles.
We show that the magnetic and optical properties of the
nanoparticles are well preserved by the fabrication method. The
simplicity of the method and quality of the fabricated films allow
for a rapid fabrication of functional devices. One of the
advantages of the method proposed here is the simplicity to
prepare solutions and films with no special atmosphere
conditions, in simple steps, very quickly, and with minimal
material waste.
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Martin Dulle− Jülich Centre for Neutron Science (JCNS-1/IBI-
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