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ABSTRACT: Nanostructure incorporation into devices plays a
key role in improving performance, yet processes for preparing
two-dimensional (2D) arrays of colloidal nanoparticles tend not to
be universally applicable, particularly for soft and oxygen-sensitive
substrates for organic and perovskite-based electronics. Here, we
show a method of transferring reverse micelle-deposited (RMD)
nanoparticles (perovskite and metal oxide) on top of an organic
layer, using a functionalized graphene carrier layer for transfer
printing. As the technique can be applied universally to RMD
nanoparticles, we used magnetic (γ-Fe2O3) and luminescent
(methylammonium lead bromide (MAPbBr3)) nanoparticles to validate the transfer-printing methodology. The strong
photoluminescence from the MAPbBr3 under UV illumination and high intrinsic field of the γ-Fe2O3 as measured by magnetic
force microscopy (MFM), coupled with Raman measurements of the graphene layer, confirm that all components survive the
transfer-printing process with little loss of properties. Such an approach to introducing uniform 2D arrays of nanoparticles onto
sensitive substrates opens up new avenues to tune the device interfacial properties.
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1. INTRODUCTION

Incorporation of nanostructures into devices has been applied
in a variety of advanced technological fields, including organic
photovoltaics, displays, sensors, photonics, micromechanical
systems, microfluidics, and microelectronics.1−5 Nanostruc-
tures for nanopatterning used to enhance device performance
can be from a wide variety of materials, including noble metals,
metal alloys, metal oxides, and dielectric salts.2,3,6−8

Size monodispersity and control of two-dimensional (2D)
order are particularly important when incorporating nano-
particles in optoelectronic devices, as heterogeneity is a key
roadblock in the development of nanoparticle-based applica-
tions.9 Uniformity is essential particularly in controlling the
electrical properties such as charge transport and interfacial
work function.2,3,6,8 Reverse micelle templates formed by
diblock copolymers offer a high degree of nanoparticle size
control with 2D dispersion tuning, for a wide variety of
materials.10−13 However, processes for preparing such arrays of
colloidal nanoparticles tend not to be universally suitable
across the variety of substrates used in electronic devices. In
particular, there is a need to use an oxygen or inert gas plasma
to remove the polymer shell from around the nanoparticle.
This poses a challenge for the integration of precise planar
arrangements of colloidal nanoparticles into the device
fabrication process of organic and perovskite electronics.

Nanotransfer printing methods using elastomer stamps have
been successfully applied to move nanoparticles from a donor
substrate to a soft target substrate.1,14−18 Successful stamping
transfer between the substrates depends strongly on the
intrinsic surface energy differences between the stamp and the
donor substrates,19 surface roughness,20 peeling velocity,21,22

stamp mechanical properties,23 and temperature and humid-
ity.17 Many approaches suffer from process-specific drawbacks,
such as additional chemical treatments,24−27 elevated temper-
atures,28−30 or functionalization,31 to successfully move
nanoscale objects, hence no universal stamp method has yet
been identified. Additionally, the introduction of surface
discontinuities and/or contamination that can greatly hinder
the properties and functions of the transferred materials is
common with soft stamping.18 A related approach is to use a
sacrificial carrier layer with high mechanical strength. As
defect-free, monolayer graphene is considered to be among the
strongest materials tested,32−34 it could be the ideal material
for such an approach. Though transfer methods have been
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used to transfer large-area chemical vapor deposition (CVD)-
grown graphene for graphene-based organic photovoltaics,
field-effect transistors and resonators,35−41 these approaches
also generally suffer from polymer residue contamination from
the stamp, or tears and wrinkles in the graphene layer, limiting
their use.37,40,41 Recently, Feng et al. reported a direct transfer
method for CVD graphene on Cu using the target organic
layer as the holder substrate, which avoids the process of
having unnecessary organic contaminants.42

In this contribution, we discuss our modification of Feng’s
approach to successfully transfer reverse micelle-deposited
(RMD) nanoparticles using functionalized graphene as a
mechanical support. By treating CVD graphene with low-
temperature annealing, we have created a universal carrier to
transfer nanoparticles onto organic surfaces. The reduced
graphene oxide (rGO)-like layer that results from plasma
etching provides a mechanical and environmental barrier
suitable to transfer a variety of nanoparticle types. To validate
our transfer-printing methodology, two types of nanoparticles
were used: magnetic γ-Fe2O3 nanoparticles and luminescent
perovskite nanoparticles of methylammonium lead bromide
(MAPbBr3). Raman spectroscopy, photoluminescence spec-
troscopy, and magnetic force microscopy (MFM) confirmed
the successful transfer and stabilization of the nanoparticles on
an organic surface using the modified graphene.

2. EXPERIMENTAL SECTION
2.1. Synthesis. Graphene was synthesized by CVD on

commercially available 25 μm copper foils (Alfa Aesar). The foils
were first chemically treated with acetic acid and annealed for 4 h at
1078 °C under a flow of 8 sccm hydrogen gas to clean the copper
surface. The growth temperature was maintained at 1078 °C during a
4 min CVD growth phase where gas flows of 1.2 sccm methane were
introduced. To ensure the same aging of all samples, the graphene
samples were taken from the same master, which was stored in a
desiccator in vacuum. The samples were annealed on a hotplate
(Barnstead Thermolye Super-Nuova) at 180 °C for 60 min. The
samples were allowed to cool before further processing.
Reverse micelles were prepared by dissolving various molecular

weight poly(styrene-b-2-vinyl pyridine) diblock copolymers (Polymer
Source), in reagent grade nonpolar solvents such as toluene and o-
xylene, with a concentration of 3 g/L under continuous stirring. After
confirmation of reverse micelle formation by atomic force microscopy
(AFM), precursor salts and reactants were added to the reverse
micelle solutions, with a time interval of 24 h to allow thorough
infiltration of each precursor. Methylammonium lead bromide
(MAPbBr3) was formed by mixing 0.5 M precursor solutions of
methylammonium bromide (MABr) in isopropanol (IPA) (Caledon,
reagent grade) and PbBr2 in N,N-dimethylformamide (DMF) (Sigma-
Aldrich, 99.8%) sequentially in the micelle solution. Iron oxide was
formed by loading anhydrous FeCl3 (sublimed grade, >99.9%; Sigma-
Aldrich) to the micelles and oxygen plasma etching to form γ-Fe2O3.

43

The final loaded reverse micelle solution was centrifuged to remove
excess, noninfiltrated salt and stirred further to prevent coagulation.
The solution was spin-coated onto annealed graphene samples or
cleaned substrates for characterization and transfer.
Poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid

methyl ester (PCBM) solution was prepared by dissolving 0.0281 g
of P3HT and 0.0169 g of PCBM in 2.66 cm3 of chlorobenzene to
achieve a 1:0.6 weight ratio of P3HT and PCBM. This solution was
stirred for 6 h at 55 °C to achieve a clear solution. Twenty microlitres
of the solution was spin-coated on indium tin oxide (ITO) and on top
of the nanoparticles/modified graphene/Cu stack and annealed on
the hotplate at 120 °C for 5 min to achieve a uniform P3HT/PCBM
spin-coated layer. For PMMA samples, a 10 μL solution of
poly(methyl methacrylate) (PMMA) was spin-coated directly on
the top of nanoparticles/modified graphene stack/Cu.

Plasma etching was performed in a Harrick Plasma PDC-001
plasma cleaner system with a 13.56 MHz R.F. generator at 29.6 W.
The plasma chamber was held at a base pressure of 70 mTorr prior to
target gas filling. During etching, a gas flow rate of 30 sccm was
maintained.

2.2. Characterization. Raman spectroscopy was performed by a
Renishaw inVia spectrometer at 514 nm laser excitation. The laser
power was set to 1 mW to minimize laser heating effects (see
Supporting Information, Figure SI-1), and a 1800 lines per mm
grating was used. The surface was visualized using a 20× objective on
the integrated microscope. The baseline of the spectra was created
and then subtracted to highlight the peaks of interest if necessary. In
addition, the spectra were smoothed by a Savitzky−Golay function.
The spectrum features were deconvoluted using Lorentzian line shape
profiles to highlight the characteristic peaks of interest.

Photoluminescence (PL) measurements were performed using a
405 nm diode laser with laser power in the range of 11 mW (spot
diameter 1−2 mm). The sample emission is collected with a lens and
guided to the detection unit with an optical fiber. A long-pass filter
(550 nm) removes the excitation light before the collected radiation is
fed into a monochromator (Andor, Shamrock 303i, grating 500 nm
blaze, 150 lines/mm) and detected with an intensified charge-coupled
device (Andor, iStar A-DH320T-18U-73). The sample was
introduced to the laser with an exposure time of 0.0237 s and a slit
opening of 50 μm. The detection range is from 500 to 900 nm. The
measurement was taken in a darkened environment to prevent stray
light.

Scanning electron microscopy (SEM) micrographs were obtained
with a FEI VERSA 3D using an accelerating voltage of 5 kV and a
probe current of 12 pA. Atomic force microscopy (AFM) micro-
graphs were collected using an Asylum MFP-3D instrument (Oxford
Instruments, Asylum Research) in the alternating current (AC) mode
under ambient environment. AFM probes (Oxford Instruments
Asylum Research) with a spring constant of 26 N/m and a resonant
frequency at 300 kHz were engaged in tapping mode for topography
scan. The dispersion of the nanoparticles was analyzed using the
disLocate package in Mathematica.10

Aperture-type scanning near field optical microscopy (SNOM)
measurements were recorded using Witec Alpha 300S to acquire
SNOM and AFM topography simultaneously at 532 nm excitation.
Hollow AFM cantilevers (SNOM-C, NT-MDT Inc.) with the 90 nm
tip aperture diameter were utilized to scan the sample in transmission
mode, and topographical (AFM) and optical SNOM images were
acquired simultaneously. The optical signal is collected by an inverted
microscope and detected with a photomultiplier tube (Hamamatsu
U64000) in photon counting mode.

Two-pass tapping-mode magnetic force microscopy (MFM) was
acquired using a magnetic-coated silicon cantilever (budget sensors
Multi75M-G). The sample is first scanned with the cantilever
demagnetized at the interface of rGO: γ-Fe2O3 and bare P3HT/
PCBM. After the first scan, the tip is removed and exposed to an
external constant magnetic field and scanned over the same area on
the sample to acquire amplitude and phase images for comparison.

3. RESULTS AND DISCUSSION

Diblock copolymers, due to their amphiphilic nature,
spontaneously form core−corona micelles in selective solvents.
Using these micelles as “nanoreactors” allows the formation of
highly size controllable nanoparticles, with less than 2%
deviation in the average particle diameter.2,6,12,43,44 The other
advantage of reverse micelle deposition (RMD) is the control
over the 2D dispersion: highly ordered periodic arrays with
varying spacing and organization are achieved with the simple
tuning of deposition parameters.10,12 To produce RMD
nanoparticles, poly(styrene-b-2-vinyl pyridine) (PS-b-P2VP)
diblock copolymer reverse micelles are formed in a nonpolar
solvent. To introduce these nanoparticles on to the organic
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surface, we utilized a transfer method based on a modified
graphene layer acting as a mechanical support.
A schematic flow of the transfer-printing procedure,

modified from Feng’s study,42 is shown in Figure 1. After

the CVD graphene on Cu is annealed at 180 °C for 60 min, the
reverse micelles loaded with precursors are spin-coated onto
the graphene. The micelles together with CVD graphene are
plasma-etched in oxygen to remove the polymeric shell, with
the graphene transformed into a reduced graphene oxide
(rGO)-like structure, as we have described previously.45−47 For
certain nanoparticles, the plasma is also used to convert the
precursor into the desired material (e.g., iron chloride oxidizes
to iron oxide). At this point, the target organic layer can be
introduced by spin coating onto the composite layer, with
thickness controlled by the spin-coating speed and concen-
tration of the cast polymer.

After the target organic layer is cured according to the
manufacturer’s instructions, the whole stack of material will be
floated onto a Cu etchant solution of 5 g/L ammonium
peroxydisulfate to dissolve the copper foil. As CVD deposits
graphene on both sides of the copper foil, the graphene layer
grown at the bottom side of Cu needs to be removed. This
happens spontaneously with our process because the etchant
will also detach the graphene layer as Cu dissolves. Therefore,
only the modified graphene is in contact with the Cu etchant,
protecting the rest of the stack, including the organic
deposit.42,48

The process is followed by displacing the Cu etchant with
deionized water so that any Cu etchant residue can be washed
away. The stack is subsequently retrieved, by lowering an ITO-
coated-glass substrate on top of the stack and allowing the
organic layer to attach. Finally, the stack is flipped to achieve
the configuration of modified graphene/nanoparticles/organic
layer/ITO and is allowed to dry in a N2-filled glovebox
environment. In this way, the nanoparticles should be trapped
under the modified graphene layer. The post-transferred
conditions of the graphene, nanoparticles, and target organic
layers can be gauged either optically or spectroscopically As
our printing process can be applied universally to nanoparticles
produced by RMD, we were able to transfer the nanoparticles
with properties that could be measured by various analytical
techniques to confirm that all components are able to survive
the transfer process.
The reverse micelle deposition (RMD) process requires

sustained plasma etching to produce monodisperse nano-
particles with a high degree of two-dimensional order, as
shown in Figure 2. Here, MAPbBr3 nanoparticles are shown,
but RMD is able to produce similar nanoparticle dispersions of
a wide variety of materials under similar etching con-
ditions2,6,12,43,44 (see Figure SI-2 for AFM of γ-Fe2O3
nanoparticles produced under similar conditions as MAPbBr3).
However, this level of etching is typically destructive to

organic surfaces (see Supporting Information, Figure SI-3),
preventing direct deposition on the organic surface. This same
plasma dosage is also typically destructive to graphene.46,49,50

We have recently shown that CVD graphene on Cu behaves
very differently under plasma compared to free-standing
graphene and graphene supported on other substrates,46

forming rGO-like structures under direct oxygen plasma
bombardment. Due to the synergistic oxidation mechanism
between graphene and the underlying Cu, the degree of oxygen
functionalization of the activated graphene can be tuned with
the oxygen plasma dose.46

The high plasma dose required to fully etch the nano-
particles will also completely etch as-deposited CVD
graphene.46 From our mechanistic insight on the interaction
between plasma and graphene, we have found that it is possible
to prevent the complete destruction of CVD graphene under
plasma by preannealing at a low temperature (180 °C) to
eliminate volatile surface contaminants.45−47 A minimum of 4
min annealing is sufficient for a monolayer CVD graphene on
Cu to withstand 25 min of plasma etching (ET25).47 As
prolonged low-temperature annealing does not introduce
defects on the graphene, but does help to preserve a greater
degree of intact sp2 hybridization upon plasma exposure,45,46

we chose an annealing time of 60 min (AT60), as shown in
Figure 2a.
Before exposure to plasma, our CVD graphene shows the

characteristic G and 2D peaks with the strong 2D signal

Figure 1. Schematic flow of the transfer-printing process: direct
graphene transfer with the nanoparticles using a polymer holder. (i)
Anneal CVD full graphene on Cu in air at 180 °C for 60 min. (ii)
Spin-coat nanoparticle-loaded-micelle solutions on the annealed CVD
full graphene on Cu. (iii) Plasma etch the whole stack in oxygen for
25 min to expose the nanoparticles from the micelles. (iv) Spin-coat
polymer on the stack and cure. (v) Float the stack on Cu etchant
solution to etch away the Cu layer, mildly agitated by sonication. (vi)
Float the stack on deionized (DI) water three times to rinse off any
Cu etchant residue. Displace water carefully with a syringe to avoid
tearing of the stack from water surface tension. (vii) Scoop up the
stack from the solution by lowering the substrate (ITO) on top of the
stack. (viii) Flip the stack up-side-down and let it dry in a N2
environment overnight. Final configuration of the stack: Reduced
graphene oxide/nanoparticles/polymer/ITO.
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roughly twice that of the G peak, indicating high-quality defect-
free monolayer graphene51 (see Supporting Information, Table
SI-1). The G peak at 1580 cm−1 corresponds to the first-order
degenerate phonon energy, E2g mode, at the G point. The 2D
mode at 2690 cm−1 comes from the G mode overtone and is
indicative of sp2 hybridization. After etching (dotted line
bottom row, Figure 2a), a defect D mode (at 1354 cm−1) and a
broadened G mode with peak maxima at 1603 cm−1 can be
identified. The D mode is the defect-activated intervalley two-
phonon mode for sp3 defects.51,52 The latter peak, also known
as the Gapp mode resulting from the merging of the G mode
and D′ mode,53 can be deconvoluted into G at 1590 cm−1 and
D′ at 1606 cm−1. The D′ is a defect-activated intravalley one-
phonon mode associated with the CH sp3 hybridization defect
and the overtone of the D mode.52 For defected graphene, the
peak position difference of D′ to Gapp can be used to determine
the nature of the graphene layer.45,46 The peak position
difference of 3 cm−1 between Gapp and D′ mode indicates that
the CVD graphene is oxygen-doped by the plasma to become
rGO-like46 (see Supporting Information, Figure SI-4 for peak
fitting). The 2D mode (at 2790 cm−1) is still visible after this
etching step, implying a good degree of sp2 hybridization.45,46

This suggests that the rGO-like layer is quite intact and should
be strong enough to transfer the nanoparticles onto the target
organic layer.
This can be seen in Figure 2e,f, showing the films transferred

onto poly(methyl methacrylate) (PMMA) and poly(3-
hexylthiophene)/[6,6]-phenyl-C61-butyric acid methyl ester
blend (P3HT/PCBM). As a proof of concept, partially
grown CVD graphene on Cu (PG) was used with PMMA,
as PG has a refractive index (n = 2), which can provide an
optical contrast from the background PMMA (n = 1.49).54,55

In such a way, one can optically identify spots where PG is
transferred. In Figure 2e, the star-shaped rGO-like flakes are
clearly visible and intact against the PMMA background. The
annealing and plasma processing steps are able to form
activated graphene without producing all of the material
amorphization associated with conventional wet methods for
GO and rGO syntheses.
Ideally, the nanoparticles should be sandwiched between the

activated graphene layer and the target organic layer using this
transfer method; however, as the nanoparticles formed by
RMD are small, roughly 5−10 nm in size for the MAPbBr3 and
γ-Fe2O3 discussed here, and beneath the rGO-like structures,
they are not optically resolvable. We used SNOM to try to
visualize the particles, as it has both spatial and sub-superficial
sensitivity.56 In Figure 2f, the edge of the intact activated
graphene flake is also observed in the SNOM micrograph for
the transferred stack atop P3HT/PCBM. The SNOM signal in
the flake region is modulated by light scattered due to the
presence of clusters of nanoparticles beneath the rGO-like
layer, whereas an rGO layer would be expected to be constant
over the flake region (see Supporting Information, Figure SI-
5).
Though the nonuniformity suggests that the nanoparticles

exist beneath the rGO, it was not possible to spatially resolve
the particles. Hence, it is still difficult to confirm a successful
transfer using a direct imaging technique. As our transfer
process can be applied universally to nanoparticles produced
by RMD, we were able to transfer nanoparticles with
properties that could be measured by various techniques to
confirm that all components are able to survive the transfer
process intact.
Raman spectroscopy is highly sensitive to graphene, but a

monolayer (ML) of the nanoparticles or loaded micelles are
normally not visible under Raman.45,57 We have recently
observed that the FeCl3-loaded micelles show three distinctive
peaks due to the complexation of Fe with the nitrogen in the
vinyl pyridine moieties of 2VP.43 On the metal substrates, it is
possible due to surface enhancement to observe a monolayer
of such micelles.
Figure 2a shows a ML of the FeCl3-loaded micelles on

annealed graphene, showing the expected complexation peaks
around 1306, 1440, and 1591 cm−1 (indicated by the dotted
vertical lines and the dotted green spectrum for the loaded
micelles on Al).43 As there is only about a 10 cm−1 difference
between the Fe-2VP peak and the G peak of graphene, the
graphene peak is buried as a shoulder in the spectrum due to
the surface enhancement from the Cu substrate of the
complexated micelle peaks (see Supporting Information,
Figure SI-4 for peak deconvolution). However, the 2D peak
from graphene is visible, showing the coexistence of both
micelles and graphene after spin coating.
To measure the Raman spectrum of the transferred stack,

again PMMA was used as the target organic surface as it

Figure 2. (a) Comparison of the Raman spectra of annealed
graphene, loaded micelles on annealed graphene, and transferred
loaded micelles on PMMA, showing characteristic peaks for graphene
and complexated P2VP. The dashed green lines indicate the expected
peak positions for the complexated P2VP peaks. Note that the peaks
of graphene are offset from those of the complexated peaks by ∼10
wavenumbers. A monolayer of the FeCl3-loaded micelles on Al, the
target PMMA substrate, and annealed graphene exposed to etching
(showing both a D and a G peak) are also shown for comparison. (b)
Atomic force micrographs of nanoparticle (MAPbBr3) dispersion on
silicon showing particle size uniformity and organization. The inset
shows the entropic force map of the first neighbor. (c) Pair
correlation function (pcf) of the nanoparticle dispersion from the
AFM image in (b) showing hexatic packing of the particles (gray
indicates pcf of simulated hexatic packing with the lattice disorder
parameter to match the experimental results). Similar (d) Voronoi
tessellation of the AFM image in (b) colored to show the number of
nearest neighbors. The relatively few defects support the high degree
of hexagonal packing. (e) Optical image of the modified graphene
flakes with γ-Fe2O3 nanoparticles transfer-printed onto PMMA after
etching. (f) Transmission SNOM image of the reduced graphene
oxide-like flakes with γ-Fe2O3 transfer-printed onto the P3HT/PCBM
layer after etching. In both cases, the flake edges are clearly visible and
intact.
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contains very few spectral features between 900 and 3000
cm−1, as shown in Figure 2a (dotted black line), unlike P3HT/
PCBM (see Supporting Information, Figure SI-6). Note that in
this case, the micelles were not etched prior to transfer printing
to observe the features from Fe complexation.
The Raman spectrum of the transferred stack (black curve,

Figure 2a) shows a clear G mode and a strong 2D mode of the
intact graphene, with only a small possible contribution from
the FeCl3-loaded micelles. The broad peak around 1400 cm−1

is likely a convolution of the micelle-related peaks and the
PMMA background. The broadband at the 1460 cm−1 Raman
shift region for PMMA is attributed to the asymmetric C−H
stretching mode in the methyl group and methoxy group.58−60

Though this is clear evidence of the successful transfer of
defect-free high-quality graphene, it is still difficult to confirm
the successful transfer of the micelles as the lack of signal from
the complexation peaks may be due either to unsuccessful
transfer or the loss of the surface-enhanced spectrum
achievable on a metal substrate. To prove that the micelles
are indeed transferred, it might be possible to produce a higher
coverage of the nanoparticles that is above the Raman
detection limit. However, as the thickness of the FeCl3 reverse

micelles is increased, the plasma etching required to
completely remove the micelles is also increased, beyond
that allowing an intact rGO layer. We have also observed that
the etching action is escalated with increased micelles such that
the graphene is severely damaged even with annealing.57

Therefore, to prove that a single monolayer of particles can be
successfully transferred, we have used luminescent organo-
halide perovskite (MAPbBr3) nanoparticles to take advantage
of their strong photoluminescence (PL) response under UV
illumination.
Figure 3a shows a comparison of the PL spectra of the

MAPbBr3 nanoparticles deposited on Si and the transferred
stack of the MAPbBr3 micelles. There is clearly an intense
emission from MAPbBr3 at around 525 nm, as expected.
Figure 3b shows a TEM image of the MAPbBr3 nanoparticles,
with the inset energy-dispersive X-ray spectrometry (EDX) line
profile showing the presence of C, Pb, and Br, confirming the
successful formation of the MAPbBr3 nanoparticles by RMD.12

The transferred nanoparticles also show a strong emission,
with a bathochromic shift of 7 nm (from 521 to 528 nm). This
shift could be due to a slight change in the particle size or it
could be the result of some interaction with water during the

Figure 3. (a) Comparison of the normalized photoluminescence spectra of the MAPbBr3 nanoparticles (black line) and MAPbBr3 nanoparticles
transferred onto PMMA (green line), measured with 405 nm laser excitation, showing the expected emission at 525 nm. (b) TEM image with the
EDX line scan showing evidence of nanoparticle formation, displaying the composition of carbon (red line), lead (blue line), and bromine (green
line) along the micelle diameter.

Figure 4. Magnetic force micrographs at the edge of the transfer-printed modified graphene/Fe2O3 nanoparticle composite stack. (a) Amplitude
and (b) phase images before magnetizing the AFM tip. (c) Postmagnetizing topographic image and (d) postmagnetizing phase image at the
graphene edge, showing a dramatic amplitude shift in correspondence with areas including γ-Fe2O3 nanoparticles, while no significant phase shift
occurs in the area that is not rGO-Fe2O3 coated. This indicates that the nanoparticles have been magnetized, which is an important confirmation of
their distribution underneath the activated graphene layer.
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transfer process. Hydration and dehydration of the perovskite
nanoparticles have been shown to cause hypsochromic or
bathochromic shifts.61−64 Lin et al.48 recently predicted the
water permeability of rGO as a function of the oxygen
concentration. They found that below 25 atom % oxygen
content, the water permeability was diminished due to the
small pore size, with complete impermeability at around 17
atom % oxygen concentration.48 The rGO produced through
annealing and plasma etching from our earlier study has an
oxygen content of 23.1 atom %,46 so it is expected to act as a
mostly impermeable barrier to water in the ambient glovebox
environment.
Though there was some evidence of an emission shift due to

hydration and a slight loss in intensity (∼20%, see Supporting
Information, Figure SI-7), the perovskite particles were not
destroyed by the exposure to water. This is also important for
the organic active layers such as P3HT/PCBM in organic
devices. Figure SI-8 in the Supporting Information shows the
stability of the rGO-nanoparticle stack on P3HT/PCBM, with
the topography and optical characteristics unchanged over 4
months. Moisture is one of the key degradation factors for
P3HT;65,66 the rGO-like layer being able to block the direct
contact of P3HT/PCBM with water during the Cu etching
process is also an important criterion for its use in viable
devices.
Photoluminescence provides strong evidence that the

nanoparticles are sandwiched between the rGO-like layer and
the polymer and are able to survive the many steps needed for
successful transfer onto an organic surface. However, to
preserve the PL, the MAPbBr3 nanoparticles were not etched
prior to transfer (though the graphene layer was etched). To
show the coexistence of the nanoparticles and modified
graphene, we took advantage of the fact that iron oxide
nanoparticles formed from FeCl3 using the RMD method can
yield highly magnetic γ-Fe2O3 nanoparticles at room temper-
ature43,67 (see also Supporting Information, Figure SI-9 for
magnetization and structural information of the γ-Fe2O3

nanoparticles). Oxygen plasma etching simultaneously re-
moves the polymer shell and converts the precursor into iron
oxide.
Successful transfer of the γ-Fe2O3 nanoparticles to the

P3HT/PCBM active layer is confirmed by two-pass tapping-
mode MFM, which can be seen in Figure 4. This shows the
amplitude and phase micrographs collected simultaneously at
the edge of the transfer-printed rGO/Fe2O3 nanoparticle layer
with and without an applied magnetic field. Before magnet-
ization, there is a clear boundary between the P3HT/PCBM
layer and the transfer stack. The topography micrograph shows
an intact rGO-like layer on the organic surface, both in
amplitude and phase shift, though again the subsurface
nanoparticles are not visible. Upon application of a magnetic
field (Figure 4c), the amplitude map changes dramatically. The
phase image (Figure 4d) confirms that there is no change in
the real topography; therefore, the apparent change in
amplitude must be proportional to the sample magnetization.
As P3HT/PCBM and graphene are both nonmagnetic, this
effect can only be attributed to the intrinsic magnetic field (B0)
of the γ-Fe2O3 nanoparticles, as shown in the schematic.
Therefore, the particles, the rGO layer, and the polymer are all
able to actively survive the transfer process.

4. CONCLUSIONS
In summary, we show the successful transfer of reverse micelle-
templated nanoparticles using an rGO-like layer as a
mechanical support onto organic surfaces (PMMA, P3HT/
PCBM). Though no one technique was able to confirm that all
of the components of the stack survived the transfer process,
various characterization showed the unaffected performance of
the stack components. The transfer results of the activated
graphene are demonstrated by the post-transfer optical images
and Raman measurements. The rGO-like structures transferred
onto PMMA and P3HT/PCBM show a high level of
intactness, which highlights the importance of preconditioning
of graphene by low-temperature annealing. Evidence of the
transferred nanoparticles sandwiched between the modified
graphene and the organic layer is provided by the emission PL
spectrum of the MAPbBr3 nanoparticles. Intact rGO and active
nanoparticles are proven by SNOM and MFM of magnetic
iron oxide nanoparticles. By applying our approach to various
target organic layers, and using a variety of RMD-produced
nanoparticles, we show the universality of this transfer
approach to introduce uniform nanoparticles onto oxygen-
sensitive substrates.
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