
Boron Carbon Nitride Thin Films: From Disordered to Ordered
Conjugated Ternary Materials
Paolo Giusto,* Hiroki Arazoe, Daniel Cruz, Paola Lova, Tobias Heil, Takuzo Aida,
and Markus Antonietti

Cite This: J. Am. Chem. Soc. 2020, 142, 20883−20891 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We present an innovative method for the synthesis
of boron carbon nitride thin film materials in a simple furnace
setup, using commonly available solid precursors and relatively low
temperature compared to previous attempts. The as-prepared
structural and optical properties of thin films are tuned via the
precursor content, leading to a sp2-conjugated boron nitride−
carbon nitride mixed material, instead of the commonly reported
boron nitride−graphene phase segregation, with tunable optical
properties such as band gap and fluorescence.

■ INTRODUCTION

Carbon is the sixth element of the periodic table and presumably
the most important element of chemistry. The versatility of
carbon is reflected in the countless numbers of molecules and
materials based on this element reported to date. Elemental
carbon is commonly found as graphite or diamond, and further
tuning of the properties of these is achieved by elemental doping,
introducing elements of similar size, like nitrogen and boron.
The simultaneous introduction of boron and nitrogen atoms
into carbon lattices opens a wide range of possibilities in terms of
chemical structure and electronic and optical properties.
In the 20th century, with the development of modern

analytical techniques, carbon chemistry has attracted even more
and more attention. Many different carbon allotropes with
different hybridizations (sp, sp2, and sp3) have been prepared
and studied. These include HOPG (highly oriented pyrolytic
graphite), fullerenes, carbon nanotubes, glassy carbons, and last
but not least isolated 2D graphenes, which have attracted much
interest because of their exceptional electronic, mechanical, and
thermal properties.1

Substitutional doping with heteroatoms into various carbon
materials to replace carbon positions has been reported to even
expand the property space. Among others, graphene, graphite,
porous carbon, carbon nanotubes, and fullerenes were modified
by substituting carbon with other nonmetallic elements such as
boron, nitrogen, phosphorus, and sulfur, and many reports also
describe codoping.2,3 Nitrogen doping seems to be remarkably
simple and was proven to increase electrical conductivity by
modification of the electronic structure.4−6 With appropriate
nitrogen insertion in the carbon structure, the electron density at

the Fermi level can be increased, the valence band lowered
(more positive with respect to the standard hydrogen electrode),
so thematerial becomesmore stable upon oxidation.7 Increasing
further the nitrogen content allows for creating a wide range of
carbon- and nitrogen-based organic frameworks with tunable
properties, of great interest for a wide range of applications, such
as electrochemical energy storage and photoelectrocatalysis.8

The extreme of nitrogen introduction in a graphitic structure
leads to carbon nitride (CN), a mid band gap semiconductor
with the ideal formula C3N4, which has attracted much attention
in the past decade, especially for photocatalysis and very recently
also for optical and optoelectronic applications.9−15

Boron nitride (BN) is isomorphous to graphene but very
different from a physical and chemical properties point of view.
For instance, the electronegativity difference between boron and
nitrogen atoms leads to a localization of π electrons on nitrogen
atoms, thus creating an insulating material, with a band gap
larger than 5 eV.16 The combination of boron, carbon, and
nitrogen therefore can lead to a countless number of different
materials and properties, from CN and BN to boron carbide
(BC) and ternary boron carbon nitride (BCN) compounds and
from insulators to semiconductors and conductors.17,18
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Many attempts on the synthesis of BCN thin films have been
reported, employing techniques such as ion-beam-assisted,
pulsed laser deposition, radio frequency (RF)/direct current
(DC) sputtering, and chemical vapor deposition (CVD)
techniques, with a single-source precursor or different boron-,
carbon-, and nitrogen-containing precursors.19 One of the first
attempts to synthesize BCN thin films by chemical methods was
reported by Kaner et al. in 1987. They used a mixture of three
gaseous precursors, that is, boron trichloride, acetylene, and
ammonia in the temperature range of 400−700 °C.20 They
found that boron, carbon, and nitrogen were successfully
incorporated in the final material structure, showing XPS spectra
different than the spectra of a mixture of graphite and BN,
proving in that way that all the elements were effectively
incorporated into the material. More recently, inspired by
synthetic methods of graphene, Ci et al. used a thermal catalytic
method to deposit BCN thin film on a copper substrate from
methane and ammonia−borane as gaseous coprecursors at
900−1000 °C, leading to a demixed-island graphene−boron
nitride composite with tunable band gap.21

We present here an innovative method for the synthesis of
ternary BCN materials using melamine and boric acid as low-
hazard solid precursors via vapor deposition polymerization on
target substrates.

■ RESULTS AND DISCUSSION

As previously reported by Roy et al., melamine forms a cocrystal
with boric acid by forming hydrogen-bonding network structure
in the monoclinic system P21/c, thus making it a possible single-
source precursor for ternary boron carbon nitride thin films
deposition.22,23 Indeed, when a solution of boric acid is added to
a melamine dispersion in water at 100 °C, gelation takes place by
forming a cocrystal (Figure 1a). As shown in Fourier-transform
infrared (FT-IR) spectra (Figure 1b), a broad absorption in the

−OH and −NH2 range (3700−2700 cm−1) shows that
supramolecular hydrogen-bonded network formation has
taken place. Furthermore, two new peaks at 3510 and 3490
cm−1 are attributed to −NH2 and −OH stretching. The
activation of symmetric bending of the triazine ring at 1492
cm−1 and an appearance of new peaks of B−OH bending in
melamine diborate at 1231 and 1258 cm−1 is found after
cocrystallization, indicating that melamine formed a hydrogen-
bonded network structure with boric acid.24,25 To deposit
ternary BCN thin films, we used the vapor deposition
polymerization method previously reported for the synthesis
of carbon nitride materials.23,24 Briefly, the melamine-boric acid
(MM-B) precursor, prepared with different molar ratios (i.e., 1-
0, 1-1 and 1-2), is placed at the bottom of a glass test tube, with a
target substrate toward the end and capped with holed
aluminum foil (Figure 1c), and placed horizontally in a furnace.
For the sake of clarity, the reference, which was synthesized
without boric acid, that is, MM-B 1-0, will be named CN in the
following. Indeed, melamine is an effective precursor for the
deposition of CN thin films via chemical vapor deposition.9,26

The thin film deposition occurs via thermal degradation of the
precursors and leads to very homogeneous ternary thin film
coatings, with high transparency in the visible range (Figure 1d).
The method allows for deposition of homogeneous crack-free
thin films over large surfaces, above 2 cm2, with low surface
roughness (<10 nm Rq, over areas >100 μm2), thus very close to
the one of the bare glass substrate, as confirmed by atomic force
microscopy (AFM) (Figure S1, Supporting Information). The
low surface roughness is an important parameter for optical
applications to avoid undesired scattering effects and keep high
transparency in the visible range.
The surface homogeneity is also confirmed by scanning

electron microscopy (SEM). The films appear quite homoge-
neous with only minor defects, thus making it difficult to say if
the film is indeed deposited (Figure S2). To prove the presence
of the ternary thin films, we analyzed the samples by energy-
dispersive X-ray analysis (EDX) over different surface areas,
which show the presence of carbon and nitrogen, for all samples,
and boron, for BCN 1-1 and 1-2, as well as the signal coming
from the substrate (Figure S2).
Transmission electron microscopy (TEM) provides addi-

tional information on the material nanostructure. The image
from the CN (Figure 2a) shows the presence of a hexagonal
diffraction pattern typical of carbon nitride materials, as
previously reported.27 By introduction of boron into the
precursor mixture, the nanostructure significantly changes to
amorphous for BCN 1-1 (Figure 2b), whereas a crystalline
structure occurs for BCN 1-2 (Figure 2c). The latter, in
particular, after masking the hexagonal spots from a selected
area, reveals a diffraction pattern with an organized hexagonal
structure (Figure 2d) with a periodic distance of about 0.208 nm
(Figure S3), analogous to graphene (0.214 nm).28,29 Fur-
thermore, the fast Fourier transform (FFT) (Figure 2d, inset) of
the magnified area shows that the layers are slightly displaced
with a tilt of 13° between the stacked planes, suggesting either a
different composition in the Z-direction of the film or the
involvement of non van der Waals interactions between the
layers.21 This effect is currently analyzed in more detail. The
distortions are attributed to a slight lattice mismatch between
two phases, which we can speculate are constituted of B−N-rich
and C-rich (or C−N-rich) areas.28 It is worth pointing out that,
in the present case, a highly organized ternary BCN structure has
been obtained at relatively low temperature (550 °C) and

Figure 1. BCN thin film preparation. Melamine boric acid adduct (a)
and FT-IR of the precursors and their mixture in different ratios (b);
yellow bands highlight the major differences in the gel with respect to
the precursors. Time lapse of the precursor preparation: boric acid
dissolved in water at 100 °C (c), melamine dispersed in water at 100 °C
(d), and the melamine−boric acid adduct (e−f). Test tube for the
preparation of the thin films, with the dried precursor at the bottom and
the substrate at the top (g). From left to right: CN, BCN 1-1, and BCN
1-2 thin films on a glass substrate (h).
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without any catalytically active substrate, but on simple glass
slides, in a test tube setup placed horizontally in a muffle furnace.
The boron concentration in the precursor strongly affects the

structural properties, and thus also the optical properties, like
optical band gap and photoluminescence, as it will be shown in
the following. Nevertheless, increasing the amount of boron in
the precursor leads also to different chemical composition and
bonding, as quantified by electron energy loss spectroscopy
(EELS) and X-ray photoelectron spectroscopy (XPS). EELS
spectra (Figure 3a) confirm that themethod successfully leads to
deposition of the ternary boron-, carbon-, and nitrogen-
containing thin film, both for BCN 1-1 and BCN 1-2, and
only carbon and nitrogen for CN. The CN thin films reveals also
the presence of a conjugated system, with similar 1s→ π* and 1s
→ σ* peak intensity, both for carbon (287 eV) and nitrogen
(400 eV) elements. Similar to that, the core-level EELS
spectrum of the BCNs (1-1 and 1-2) thin film reveals that
boron (at 193.5 and 193.75 eV), carbon (at 285 and 285.75 eV),
and nitrogen (at 397.25 and 399.5 eV) K-edges show the
presence of 1s→ π*, confirming that sp2 conjugation is achieved
throughout the sample, with only a minor contribution from

oxygen at about 532 eV. The significant energy loss shift in the
nitrogen (2.25 eV) speaks for a higher level of oxidation of
nitrogen in BCN 1-2 with respect to BCN 1-1, which can be
attributed to better electron transfer to the boron via a more
perfect aromatic condensation achieved.30 The degree of
conjugation indeed increases for BCN 1-2, as reflected by the
very prominent, extremely sharp 1s → π* peaks, which are for
boron, carbon, and nitrogen more intense than the respective σ*
peak. (Figure 3a, red line). In all cases, the nearly identical K-
edge structures of the atoms indicate a similar electronic
environment of the constituting elements in the BCN and CN
thin films.
To evaluate chemical bindings and relative composition

occurring in CN and BCNmaterials, we analyzed the samples by
XPS. The CN film shows the typical features of carbon nitride
materials, with a major contribution from−CN−C− triazinic
groups and a C/N of 0.71, close to the ideal g-C3N4 (0.75) and
in good agreement with previous results (Figure 3b,c).10 Spectra
of BCN 1-1 and 1-2 confirm once more the presence of the three
elements in the sample (Figure 3d−i). In both cases, the
deconvolution of C 1s and N 1s reveals a major contribution

Figure 2. TEM images with FFT patterns as inserts of CN (a), BCN 1-1 (b), and BCN 1-2 (c) thin films. (d) shows a magnified area of (c) (FFT-
filtered to emphasize the hexagonal structure).
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Figure 3. Elemental characterization of CN and BCN thin films. (a) EELS spectra of CN (blue line), BCN1-1 (black line), and BCN1-2 (red line); the
inset shows the background-corrected EELS spectrum in the boron energy loss range for BCN 1-1. XPS spectra of the following: C 1s (b) and N 1s (c)
of CN films; B 1s (d), C 1s (e), and N 1s (f) of BCN 1-1 films; B 1s (g), C 1s (h), and N 1s (i) of BCN 1-2 films.

Figure 4.Chemical and electronic structure of BCN thin films. Proposed structure of the BCNsmaterials (a); energy levels of the thin films referred to
vacuum and SHE (b).
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from −N−CN− groups with a minor contribution from
hydrogenated, terminal amino groups (401 eV) and the π−π*
shake-up satellite signal (404.3 eV) (Figure 3e,f,h,i). The
deconvolution of the B 1s spectra shows for BCN 1-1 (Figure
3d) two main contributions, attributed to H−N−B−N2
(191.9−192.1 eV) and sp2 B−N (191.5 eV) groups, and a
minor contribution in the case of BCN1-2 (Figure 3g) of N−B−
C (189.6 eV) bondings.31,32 Surprisingly, no B−O bonds were
detected in the XPS spectra, which usually occurs at >193
eV.31,33 Indeed, the deconvolution of O 1s peaks reveals in all
cases the presence of a single peak at 532.2 eV that can be
attributed to Si−O (or C−O) bonds (Figure S4).33 The
nitrogen peak is deconvoluted into four peaks corresponding to
conjugated −B−N− (398.6−398.8 eV), −C−NC− (399.4−
399.7 eV), and −N−H terminal groups (400.2−400.5 eV)
(Figure 3f,i).34 As previously shown for CN, also in BCNs a
shake-up satellite appears at 404.3 eV. The C 1s deconvolution
shows a major contribution of −N−CN− groups (288.5 eV)
and only a minor signal related to terminal groups (286.4 eV)
(Figure 3e,h). XPS in general indicates more B−C−N mixed
species than those in previously reported B−N/graphene
composites, and we relate that to the much lower synthesis
temperature, stabilizing more sensitive phases.

Furthermore, from the analysis of the XPS spectra, we could
derive the relative elemental composition BC3.6N6 for BCN 1-1
(B/C/N ratio 9.4:34.0:56.6) and BC4N6.3 for BCN 1-2 (B/C/N
ratio 8.9:35.3:55.8). The latter is of particular interest as it can be
read as a BN structure surrounded by four C3N4 units
(3(BC4N6.3) = B3C12N19 = B3N3 + 4C3N4), supporting the
previous assumption of a structure constituted of B−N units in a
C−N environment. This is also in good agreement with the XPS
peak attribution. The model structures depicted below present
possible chemical structures of the BCNs materials constituted
of triazine and borazine units, cross-linked by hydrogen bonds
(Figure 4a). We however believe that the present findings are
only marked examples of a potentially very rich phase diagram of
ternary BCN materials, which have been largely unexplored so
far. These were chosen analogous to carbon nitride materials
previously reported.35

The good optical quality of the BCN and CN thin films allow
for application in optical and optoelectronic devices. In these
regards, the tunability of the optical properties is of paramount
importance. For instance, changing the band gap energy and the
related strong optical absorption allows material with high
transparency over the visible range. The elaboration of the
absorption spectrum allows for defining optical band gap by the

Figure 5.Optical properties of BCN materials. Optical band gap of the prepared thin films (a); fluorescence color of the thin films in CIE 1931 color
scale (b); the inset shows the picture of the thin films under environmental light (a) and under UV illumination (b). Table listing the quantum yields
(EQE and IQE) and photoluminescence (PL) lifetimes (c).
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Tauc plot (Figure S5) of CN, BCN 1-1, and BCN 1-2, and
HOMO−LUMO energy levels (Figure 4b) are accessible by
means of ultraviolet photoelectron spectroscopy (Figure S5). At
first glance, increasing the amount of boron widens the optical
band gap from 2.78 for CN to 2.89 and 3.41 eV for BCN 1-1 and
BCN 1-2, respectively. Contrary to doping, which introduces
defect states within the band gap, the introduction of a
significant amount of BN units into the CN lattice causes a
widening of the band gap due to charge localization at the BN
units, resulting in a redistribution of the π-states charges in the
lattice.36,37 Furthermore, the introduction of boron in the
structure reduces the conduction band values with respect to
CN (SHE, in V). This is also in good agreement with XPS
spectra that show a larger amount of hydrogenated groups for
BCN 1-1 with respect to BCN 1-2. The introduction of boron
affects as such significantly the energy levels of the materials,
which become more and more stable against oxidation in good
agreement with previous results on BCN materials.38 Potential
control of the HOMO/LUMO energy positions and the related
possible band alignment in heterostructures is of paramount
importance for implementing these materials in new generation
carbon-based devices, here obtained from commonly available
compounds and at relatively low temperature. For instance, the
high transparency and the position of the LUMO levels of the
BCNs make these materials of high interest as buffer/protection
layers in solar cell devices.39

Other cases where the tunability of BCNmaterials could be of
high interest is as photoelectro-catalysts,36,40,41 as well as in
supercapacitors42−44 or for fluorescence. Recently, BCN
dispersions of another type were embedded into a polymer
matrix and used as phosphors with tunable luminescence
spectra.19,34,45 However, for many applications, a homogeneous
and insoluble thin film material is required, like in solar energy
transducers, photoactive membranes, transistors and more.22,46

For this purpose, the BCN 1-1 synthesis was modified by the
addition of 10% and 30% of a doping agent in the precursor
mixture, namely, benzoguanamine (BGM), and labeled as BCN
1-1+ 0.1 BGM and BCN 1-1 + 0.3 BGM, respectively. The
introduction of benzoguanamine in the precursor allows for
controlling the thin films optical band gap. As well-known from
previous work, increasing the boron content in the precursor
leads to widening of the band gap, from 2.78 for CN up to 3.41
eV for BCN 1-2 (Figure 4a). On the other hand, the addition of
the doping agent causes a band gap shrinkage for the thin films of
BCN 1-1 from 2.89 down to 2.71 eV (Figure 5a, Tauc Plot in
Figure S6). These tools allow also fluorescence emission to be
tuned over a wider spectral range, from near UV up to the cyan
range of the visible spectrum, as exemplarily shown in the CIE
1931 color space chromaticity diagram (Figure 5b; fluorescence
spectra and CIE 1931 X, Y Figure S7). BCN 1-2 thin films
possess the lowest wavelength emission among all the films
prepared and lying in the near-UV range (386 nm), in good
agreement with the calculated band gaps, which is of particular
interest in photonics or medicine as a black light source, which
are usually made from gallium nitrides.20 On the opposite side,
the longer wavelength emission is recorded for BCN 1-1+ 0.3
BGM with a maximum at 481 nm (Figure S7). The quantum
yield and the fluorescence lifetimes (Figure 5c) reveal relatively
low quantum yields (internal quantum yield, IQE; external
quantum yield, EQE) and two fluorescence lifetimes (fluo-
rescence lifetimes plot, fitting data, and equation in Figure S8).
The fluorescence lifetimes reveal a very fast recombination
process, below 3 ns, and a second one, longer than 20 ns, usually

attributed to a long and rigid π-conjugated structure without
rotatable bonds.47 The short fluorescence lifetime of BCN 1−1
+ 0.3 BGM is attributed to charge transfer to the doping agent
functionalities introduced improving the nonradiative relaxa-
tion, as confirmed also by the very low quantum yield. This
confirms our previous assumption that the material is composed
of a distribution of different semiconducting domains with
different band gaps, forming a heterojunction at the grain
boundaries, facilitating charge transfer but spoiling lumines-
cence.48

■ CONCLUSION

In summary, we present an innovative method to prepare BCN
thin films by the test tube method from a solid-state precursor at
relatively low temperature in a simple and commonly available
setup. The precursor is composed of common and low-
hazardous chemicals boric acid and melamine. For one sample
(BCN 1-2) we found a highly organized hexagonal structure
with periodicities similar to the one of graphene. The as-
prepared thin films show energy levels and band gaps that are
widely tunable, from the near-UV up to 460 nm, with a similar
trend also for photoluminescence emission. The engineering of
the materials and optical properties allows these thin films to be
potentially used in a wide range of applications, from UV
absorbers over photochemistry up to interlayers in planar
heterojunction-solar cells and electrochemical devices.

■ MATERIALS AND METHODS
Synthesis of the BCN 1-1 Precursor (MM-B 1-1). Melamine

(1.26 g, Sigma-Aldrich, 99%) and boric acid (0.62 g, ACROS Organics,
99.5%) were placed into two different glass vessels with 4 and 3 mL of
deionized water, respectively. The two vessels were placed in an oil bath
preheated at 95−100 °C and stirred until boric acid completely
dissolved. When the boric acid was completely dissolved, to this
solution was added the warm melamine dispersion, which promptly
created a white solid precipitate. The precipitate was dried for 30−40
min in an oil bath and then it was allowed to further dry in a vacuum
oven at 40 °C, overnight.

Synthesis of the BCN 1-2 Precursor (MM-B 1-2). Melamine
(1.26 g, Sigma-Aldrich, 99%) and boric acid (1.24 g, ACROS Organics,
99.5%) were placed into two different glass vessels with 4 and 6 mL of
deionized water, respectively. The two vessels were placed in an oil bath
preheated at 95−100 °C and stirred, until boric acid completely
dissolved. When the boric acid was completely dissolved, to this
solution was added the warm melamine dispersion, which promptly
created a white solid precipitate. The precipitate was further dried for
30−40 min in an oil bath and then it was allowed to further dry in a
vacuum oven at 40 °C, overnight.

Synthesis of CN Thin Films. In a typical recipe, 1 g of melamine
(Sigma-Aldrich, 99%) was placed at the bottom of an 18 cm test tube
(18 mm diameter). A glass slide (1 × 2.5 cm) was then inserted at the
top of the test tube and placed at about 3 cm from the top. Then the test
tube was capped with an aluminum foil lid with holes and placed
horizontally into a muffle furnace. Under N2 flow the temperature was
increased to 300 °C at 10 °C/min and kept for 30 min and then the
temperature was further increased to 550 °C at 2.5 °C/min and kept for
4 h. After the deposition program was finished, it was allowed to cool
down naturally and the sample was collected when it reached room
temperature.

Synthesis of BCN 1-1 Thin Films. In a typical recipe, 1.8 g of BCN
1-1 precursor was placed at the bottom of an 18 cm test tube (18 mm
diameter). A glass slide (1 × 2.5 cm) was then inserted at the top of the
test tube and placed at about 3 cm from the top. Then the test tube was
capped with an aluminum foil lid with holes and placed horizontally
into a muffle furnace. Under N2 flow the temperature was increased to
300 °C at 10 °C/min and kept for 30 min and then the temperature was
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further increased to 550 °C at 2.5 °C/min and kept for 4 h. After the
deposition program was finished, it was allowed to cool down naturally
and the sample was collected when it reached room temperature.
Synthesis of BCN 1-2 Thin Films. In a typical recipe, 2.4 g of BCN

1-2 precursor was placed at the bottom of an 18 cm test tube (18 mm
diameter). A glass slide (1 cm times 2.5 cm) was then inserted at the top
of the test tube and placed at about 3 cm from the top. Then the test
tube was capped with an aluminum foil lid with holes and placed
horizontally into a muffle furnace. Under N2 flow the temperature was
increased to 300 °C at 10 °C/min and kept for 30 min and then the
temperature was further increased to 550 °C at 2.5 °C/min and kept for
4 h. After the deposition program was finished, it was allowed to cool
down naturally and the sample was collected when it reached room
temperature.
Scanning Electron Microscopy and Energy-Dispersive X-ray

Spectroscopy. SEM imaging was performed after Au/Pd sputtering of
the sample on carbon sample holders in a Zeiss LEO 1550-Gemini
system (acceleration voltage: 3−10 kV) equipped with an Oxford
Instruments X-MAX 80 mm2 detector, which was used to collect the
SEM-EDX data.
Transmission Electron Microscopy and Electron Energy Loss

Spectroscopy. The measurements were acquired using a double-Cs-
corrected JEOL JEM-ARM200Fmicroscope, equipped with a cold field
emission gun, a Gatan GIF Quantum detector, and a JED-2300 energy-
dispersive X-ray detector. The acceleration voltage was typically set to
80−200 kV.
X-ray Photoelectron Spectroscopy and Ultraviolet Photo-

electron Spectroscopy. XPS measurements were performed using
CISSY equipment with a SPECS XR 50 X-ray gun Mg Kα radiation
(1254.6 eV) and Combined Lens Analyzer Module (CLAM) in an
ultrahigh vacuum chamber. In the same chamber were collected UPS
spectra by SPECS UVS 10/35, which was used with a He I (21.2 eV)
radiation source. The detector was a CombinedLens with an analyzer
module thermoVG (TLAM). The Fermi level of gold reference was
used to calibrate the system.
Fourier Transform Infrared Spectroscopy. FT-IR spectra were

collected in the range 4000−500 cm−1 with a Thermo Scientific Nicolet
iD5 spectrometer with an attenuated total reflection support.
Fluorescence Spectroscopy. Photoluminescence spectra were

recorded by a Horiba FluoroMax-4 equipped with a thin film sample
holder set at 60°with respect to the excitation, integration time 0.2−1 s,
and slits apertures 1. All the fluorescence spectra were recorded using
excitation at 350 nm.
Atomic Force Microscopy. AFM surface patterns were obtained

with a Dimension 3100 Atomic Force Microscopy from Veeco
Instruments.
External and Internal Fluorescence Quantum Yield. Fluo-

rescence Quantum yields were by a Jasco FP-8300 spectrofluoremeter
with excitation at 370 nm and equipped with an integration sphere by
measuring direct and indirect excitation of each sample.
Time-Correlated Single Photon Counting. The fluorescence

decays lifetimes were obtained by using a 405 nm pulsed excitation
LDH-P-C-405 laser combined with a PDL 800B driver and a
PicoQuant Time Correlated Single Photon Counting system (Time
Harp 260 PICO board, 200 ps pulse).
Absorbance Spectroscopy. Absorbance spectra were obtained by

a Shimadzu UV 2600 equipped with an integrating sphere.
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