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Non-Invasive High-Throughput Metrology

of Functionalized Graphene Sheets

Maziar Ghazinejad, Jennifer Reiber Kyle, Shirui Guo, Dennis Pleskot, Duoduo Bao,
Valentine I. Vullev, Mihrimah Ozkan,* and Cengiz S. Ozkan*

The utilization of fluorescence quenching microscopy (FQM) for quick visualiza-
tion of chemical functionalization in relatively large regions of graphene, grown
via chemical vapor deposition (CVD), is discussed. Through reactive ion plasma
etching, patterns of p-type CVD-grown graphene functionalized with fluorine
are generated. 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-
4H-pyran (DCM) is used as the fluorescent agent. The emission of DCM is
quenched to a different extent by fluorinated and pristine graphene, which
provides the fluorescence-imaging contrast essential for this metrology. To
probe the functionalized surface patterns with DCM, the dye is dispersed in
polymethylmethacrylate (PMMA) then the graphene surface is coated, forming
a 30-nm-thick DCM-PMMA layer. Fluorescence images of dye-coated graphene
distinctly reveal the difference between the chemically treated and as-grown
regions. The pristine graphene quenches the DCM emission more efficiently
than the fluorinated graphene. Therefore, the regions with pristine graphene
appear darker on the fluorescence images than the regions with fluorinated
graphene, enabling large-scale mapping of the functionalized regions in CVD
grown graphene sheets Due to its simplicity and consistent results, FQM is
now poised for widespread adoption by graphene manufacturers as a basis for
facile and high throughput metrology of large-scale graphene sheets.

such trend, fabrication and implementation
of new devices relied heavily on innovative
materials solutions. Successful develop-
ment of such solutions often calls for new
metrology techniques to provide feedback
to the fabrication process and, accordingly,
improve targeted performance of the new
materials. Graphene is a carbon allotrope
that has been hailed as the latest prodigy
of nanotechnology, and eventually claimed
a Noble prize in Physics.[!! This sensation
is primarily due to graphene’s fascinating
and versatile properties, such as high
charge carrier mobility, unique band struc-
ture, mechanical robustness, high thermal
transport, and chemical stability.?®l As a
result, a considerable amount of theoret-
ical and experimental research has focused
on investigating potential applications of
graphene nanostructures in field-effect
transistors, actuators, solar cells, batteries,
and sensors./*12 For graphene, however, to
successfully transition from a gifted child

1. Introduction

Development of novel materials offers unique technical solu-
tions that occasionally change the very nature of an industrial
field. In the semiconductor technology, a standard example of
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into an accomplished adult that delivers
its promises, it still needs to become rel-
evant at industrially-usable scales. Recent
experimental studies on graphene synthesis point to promising
approaches, such as CVD, for fabricating large-area graphene
sheets.'317] So far, the electronic attributes of graphene stand
out as one of its greatest selling points and have been the sub-
ject of most of graphene research efforts. Such attractive fea-
tures include high charge carrier mobility,'¥! unique band
structure,l'” and unconventional quantum hall effect.*2%
Recently, graphene-based field-effect transistors (GFETs) have
been introduced as a prospect for post-silicon electronics.?!:?2
For fabrication of devices and interconnects, however, the elec-
trical properties of graphene need to be modulated. Chemical
doping, a major approach for tuning electronic properties, has
been consistently applied in semiconductor materials to control
the type and density of charge carriers.[>2l A variety of chemical
methods have been reported for functionalizing graphene to
n- and p-type, which are required for complementary metal oxide
semiconductor (CMOS) materials and, accordingly, logic cir-
cuits.”! As the graphene processing methods develop, the need
for high-throughput metrology techniques, capable of mapping
functionalized areas on a large scale, keeps recurring.[232+26.27]
Characterization techniques such as electron microscopy,
scanning probe microscopy, Raman spectroscopy, and X-ray
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photoemission spectroscopy allow measurement of specific
properties against metrics of interest, including defects, uni-
formity, and Fermi level. While these techniques provide valu-
able information about electronic and structural properties of
graphene at an atomic-level, they are often slow and encompass
only small regions. For example, mapping a lcm? graphene
sheet with a coarse mesh of 1 point per 100 um requires 10 000
measurements. Because each collection point requires about
30-60 s, such a measurement would take around 150 h.

Fluorescence quenching microscopy (FQM) has been suc-
cessfully utilized in biomedical and materials research.l?$2°]
Recent advances in FQM have demonstrated its promising
potential for characterization of graphene materials.?”3%31 Rec-
ognizing the benefit of a high-throughput optical metrology,
a few studies focused on exploiting graphene’s photophysical
properties to visualize it.[?-32-34

Treossi et al. utilized fluorescence quenching to visualize
graphene on surfaces functionalized with quaterthiophene.l*3l
Considering the electron-donating properties of quaterthi-
ophene,®! and the Fermi energy of graphenel’® the authors
ascribed the observed quenching to photo-induced charge
transfer,?3] which is a short-range process requiring electronic
coupling between the graphene and the fluorescent thiophene
dye.

Concurrently, Kim et al. developed a FQM technique,
which allows for visualization of sheets of exfoliated graphene,
graphene oxide and reduced graphene oxide deposited on arbi-
trary substrates.l?” The authors applied polymer layers doped
with fluorescent dyes, over the graphene sheets.’’] The dye
selection was governed by the overlap between their emission
spectra and the absorption of graphene materials, allowing for
quenching induced by resonance energy transfer with consid-
erable efficiency at distances exceeding 10 nm. The long-range
quenching mechanism of this FQM approach allows for using
multilayers of dye molecules (doped in the polymer matrix),
and hence for attaining high-contrast discernibility between the
different graphene substrates that were imaged.[?3*)

Sun et al. employed the FQM method developed by Kim
et al. for imaging the graphane/graphene patterns.’!l The dif-
ference between the quenching propensity of graphene and
graphane yielded a pronounced FQM contrast.?!

Recently, we extended FQM to a graphene-metrology tech-
nique by automatically quantifying the extent of fluorescence
quenching via image processing. The automated determination
of quenching allowed us to achieve centimeter-scale metrology
of layer thickness and uniformity of entire CVD-grown
graphene sheets.’’] In contrast to the current sequential charac-
terization techniques that record one data point at a time, FQM
technique provides high-throughput identification of graphene,
up to diffraction limit, at a single recording.[?”-]

Herein, we demonstrate the capability of our FQM metrology
to visually differentiate regions of chemically functionalized and
pristine graphene. Through analysis of the fluorescence image
histograms, we calculate distinctive intensity ranges that corre-
spond to functionalized and as-grown graphene. Spectroscopic
studies of photo-physical properties of the dye revealed that an
increase in non-radiative decay rates in the presence of graphene
were the principal reason for the observed emission quenching.
We also improve upon the FQM image segmentation algorithm
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by implementing Gaussian curve fitting to dynamically deter-
mine the contrast ranges corresponding to graphene regions.
This work represents a significant augmentation for FQM; since
in addition to its ability to determine layers and homogeneity of
large-scale graphene, it can now visualize and map chemically
functionalized regions in CVD-grown graphene sheets.

2. Results and Discussion

Chemical functionalization of graphene often results in dis-
ruption of sp?hybridization of carbon atoms, change in
Fermi level, and accordingly, change in the excitation energy
of graphene.”>383% Therefore, we expect FQM to allow iden-
tification of chemically treated graphene through reduced
quenching.

We performed chemical functionalization through fluorina-
tion of graphene via reactive ion plasma etching since it allows
generation of complex functionalization patterns through
lithography techniques. Fluorination of graphene offers a prac-
tical route for the optical and electronic modifications needed
for a number of graphene device applications.?®*° Following
the procedure outlined in*!l, we fluorinated selected areas of
CVD-grown graphene sheets with CF, plasma and striped pro-
tective masks. The graphene samples were then coated by a
DCM-PMMA solution, as described in our previous work.*’]

To visualize functionalized regions of CVD graphene, we col-
lected FQM images of fluorinated CVD graphene (Figure 1).
Fluorinated and pristine regions of the CVD graphene sample
were detectable in the original collected large-area fluorescence
montage; however, individual images had dark outlines due to
uneven illumination (Figure 1a). It should be noted that large-
area fluorescence montage image allows for unbounded large-
scale mapping of the graphene sample without compromising
the necessary resolution. Using a low-magnification objective
would deteriorate mapping resolution. Furthermore, there is
a limit to the area that even a very low-magnification objective
can image. Flat-field correction was used to remove the effect
of uneven illumination in the individual images, resulting in
a uniform large-area image (Figure 1b). In FQM, regions are
identified by their intensity contrast relative to the unquenched
fluorescence peak in the image histogram.l*”! Contrast between
two regions in fluorescence quenching is given by:

=T 1)

When region 1 is the bare glass substrate, which does not
quench the dye layer fluorescence emission, contrast is equal to
the fluorescence quenching factor of graphene in region 2. The
original FQM image segmentation algorithm applied fixed con-
trast ranges to all FQM images for identifying graphene layers.
These contrast ranges were experimentally determined. In this
work, we improve upon the FQM image segmentation algo-
rithm by implementing Gaussian curve fitting to automatically
and dynamically determine the contrast ranges corresponding
to graphene regions. To perform Gaussian curve fitting, the user
enters the rough location of the image histogram peaks and the
height, width, and location parameters of the histogram-fitted
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published previously.?”! Contrast between

fluorinated graphene and the substrate is
reduced to 32% and contrast between fluori-
nated graphene and pristine graphene is
23%.

In FQM, not all of the fluorophores in the
dye layer are quenched by graphene. There-
fore, the measured fluorescence emission
is a combination of signals from quenched
and unquenched fluorophores. As quenching
increases, the ratio of quenched fluorophores
to unquenched fluorophores increases. The
emission peak height attenuation indicates
this ratio. Comparing peak heights in fluo-
rescence emission spectra of the dye layer
over the bare substrate, fluorinated graphene,
and pristine graphene, we find that peak
height attenuation by fluorinated graphene is
approximately 25% of attenuation by pristine
graphene (Figure 2a). Therefore, while both
fluorinated and pristine graphene quench

100

150
Intensity

Figure 1. Fluorescence images of CVD graphene fluorinated using a striped mask a) before and
b) after flat-field correction. c) Fluorescence quenching metrology segmented image showing
the pristine graphene regions (dark blue) and fluorinated graphene regions (light blue). d) The
fluorescence image histogram and fitted Gaussian peaks corresponding to the substrate (grey),

fluorescence emission, quenching potency
of fluorinated graphene has been notice-
ably reduced. Upon fluorination the absorp-
tivity of graphene, and thus the spectral
overlap with emission of DCM, decreased
(Figure 2b).When quenching occurs due to

fluorinated graphene (light blue), and pristine graphene (dark blue).

Gaussian curves are automatically determined. Our algorithm
utilizes the “fminsearch” function provided by MATLAB to fit
the Gaussian curves to the histogram peaks. The fminsearch
function implements the Nelder-Mead simplex method.[*>#3l
The Nelder-Mead algorithm is an iterative function-minimiza-
tion method, in our case employed to minimize the error func-
tion measured between the Gaussian curve to be fitted and the
image histogram.

Our segmentation algorithm segments the FQM image
by mapping pixels within the image to regions according to
their intensity contrast relative to the background signal, taken
as the location of the Gaussian curve fitted to the substrate
fluorescence intensity peak in the image histogram. Contrast
ranges corresponding to segmented regions are bounded at the
intensity values where the fitted Gaussian curves overlap. This
algorithm successfully segments the corrected FQM image into
pristine graphene, fluorinated graphene, glass
substrate, and contamination (black) regions

charge transfer mechanism, its efficiency

and FQM image would strongly depend on
change in Fermi level and type of chemical doping. Conversely,
when the quenching occurs due to energy transfer mechanism
its efficiency is primarily affected by absorptivity.[*4]

To demonstrate the efficacy of FQM for visualizing complex
chemical functionalization patterns, we used a high-resolution
circular photolithography mask to fluorinate a CVD graphene
sample and collected FQM images of the fluorinated sample.
The fluorinatation pattern is readily visible in the original fluo-
rescence image (Figure 3a) and segmentation (preceded by flat-
field correction) accurately maps functionalized and pristine
regions (Figure 3b). In this sample, contrast between fluori-
nated graphene and pristine graphene (determined from fitted
Gaussian curve locations) is only 17%, which is smaller than
the 23% contrast observed in the sample fluorinated using the
simple striped mask (Figure 1). This reduced contrast between
the fluorinated and pristine regions indicates reduced chemical

w
o
1

(Figure 1c). The contrast (C) ranges, deter-
mined from Gaussian curve fitting of the
fluorescence image histogram (Figure 1d),
are: 0.2 < C < 0.217-substrate, 0.217 < C <
0.391-fluorinated single-layer graphene, 0.391
< C < 0.58-pristine single-layer graphene,
and C < -0.2, C > 0.58—contamination.
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the substrate, measured between the peaks
of the fitted Gaussian curves, is 48%. This

value is in agreement with the results from
the original FQM segmentation algorithm,
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Figure 2. a) Fluorescence spectra of the 30-nm DCM-PMMA (1% w/w) layer over bare glass,
fluorinated graphene, and pristine graphene (A., = 460 nm). b) Overlap of the emission spec-
trum of DCM-PMMA film with the absorption spectra of pristine and fluorinated graphene.
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Figure 3. a) Original fluorescence and b) fluorescence quenching
metrology-segmented images of CVD graphene fluorinated using a circle
mask.

treatment efficacy with the complex circular pattern. Unlike
graphene layers, which always have the same quenching con-
trast, fluorinated regions have variable quenching contrast due
to variations in the fluorination intensity. Therefore, a segmen-
tation algorithm cannot identify chemically modified regions
using fixed contrast ranges. However, because our segmenta-
tion algorithm uses Gaussian curve fitting to automatically
determine dynamic contrast ranges, the fluorinated regions
are accurately identified and mapped in the segmented image
(Figure 3b).

To investigate the change in graphene structure due to
chemical functionalization we employed Raman spectroscopy
technique.*) Raman spectroscopy allows for resolving bonding
patterns in graphene sheets and offers insight on the changes
in electronic state and structure of graphene due to chemical
and electrical doping.[*6-#8]

A typical Raman spectrum collected from our CVD-grown
graphene sheet is shown in Figure 4. The G band, centered on
1580 cm™, is the first-order Raman mode induced by in-plane
vibration of carbon atoms in sp?-hybridized graphene sheets.
As a result, the intensity and sharpness of G band signify the
presence of crystalline graphitic phase in the synthesized mate-
rial. The D band at 1335c m™ is the defect-originated second-
order Raman band which indicates the level of disorder in
graphitic sp? structures. The nature of this band is related to

1200 T T T T I
Fluorinated Graphene
Pristine Graphene o

1000

IS =N 3
= S S
S S S

Reletive Intensity

3]
=2
=

0

! I |
1200 1400 1600 1800 2600 2800

Raman Shift (cm™!)

3000

Figure 4. Raman spectra of pristine (bottom) and fluorinated (top)
graphene (A, = 532 nm).
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one-phonon elastic scattering and it is interpreted as a measure
of the quantity of sp® or dangling sp? bonds that are causing
structural disorders. The 2D-band at 2600 cm™!, on the other
hand, is originated by an inelastic scattering processes that
involve phonons. This band is sensitive to the number of layers
and is more pronounced in single- to few-layer graphene. Thus,
a 2D/G intensity ratio has been consistently used to determine
the thickness of graphene sheets. The collected Raman spectra
verify that the CVD-grown graphene sheet has a very low defect
level and is primarily single- to bi-layer.

Several studies on carbon nanotubes and carbon bulk mate-
rials showed that formation of sp? bonds, which are produced
from breaking of the sp? network in graphene, contributes to
an increase in the D peak intensity.?®*48 As a result, any type
of chemical doping, or process in general, that yields such a
distortion in hybridization of carbon atoms would affect the
ratio of D band to G band peak intensities, Ip/I;. We observed
that the intensity of the D peak of fluorinated graphene was
much larger than that of the G and 2D peaks, and therefore
Ip/I¢ ratio increased considerably. Because the D peak repre-
sents transitions between vibrational states associated with the
sp® defects, its presence indicates an increase in the degree of
disorder. The ratio of 2D band and G band peak, I,p/I¢, is also
susceptible to chemical doping, as it generally reduces 2D band
intensity.304748 Thus, while chemical doping usually escalates
Ip/I¢, it reduces I,p/1¢.2%* Such behavior was echoed by the
Raman spectra that we collected from the fluorinated graphene
sample (Figure 4).

To characterize the quenching of the DCM fluorescence by
graphene, we employed UV}visible spectroscopy. Comparison
between the steady-state emission spectra of PMMA-DCM
films coated on bare glass and on glass-immobilized graphene
showed a decrease in the fluorescence intensity of the dye in
the presence of the carbon allotrope (Figure 2a). Correcting for
the amount of light absorbed, as estimated from the absorbance
of the dye in the polymer films, revealed that pristine graphene
caused almost two fold decrease in the emission quantum yield
of DCM, @, in comparison with the samples on bare glass
(Table 1). Concurrently, the emission quantum yield of DCM
dispersed in a polymer film coated over fluorinated graphene
was larger than @y in presence of pristine graphene but still
smaller than @y for the films on bare glass (Table 1). Thus, the
fluorinated graphene did not quench the DCM emission as
efficiently as the pristine graphene, which was consistent with
our observations with the fluorescence microscopy (Figure 1,
Figure 3).

To quantify the DCM excited-state kinetics and elucidate the
processes responsible for the observed fluorescence quenching,
we resorted to time-resolved emission spectroscopy. The lack of
linearity in the decays of the intensity of the DCM emission,
when plotted against logarithmic ordinate (Figure 5), indi-
cated that the deactivation of the emissive excited state of the
dye did not have a mono-exponential character. This observa-
tion was consistent with the heterogeneity of the solid samples,
requiring multi-exponential analysis. As previously reported
in,P% bi-exponential functions provided the simplest mathemat-
ical expression that could successfully fit the emission decays
of DCM (Table 1). The average lifetimes, (1), obtained from the
bi-exponential fits, manifested a similar trend as the emission

Adv. Funct. Mater. 2012, 22, 4519-4525
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Table 1. Photophysical properties of DCM coatings of glass and graphene samples.?

sample @ b 7, ()9 kx 10789 ko< 1078 kgx 10789
Ins (A)] [ns (£)] [ns] [s7] [s7] [s7]
Bare Glass 0.72 1.82 (0.69) 3.65 (0.31) 2.69 2.7 1.0 0
Fluorinated Graphene 0.57 1.33 (0.66) 3.40 (0.34) 2.49 2.1 1.9 0.9
Pristine Graphene 0.39 1.13 (0.74) 2.90 (0.26) 1.96 2.0 3.1 2.1

ADCM was dispersed in PMMA, and the dye-doped polymer was deposited as 30—nm thick films on bare glass, and on glass-immobilized single-sheet graphene samples;

b)From exponential fits of TCSPC-measured emission decays: A, = 406 nm (pulse half-height width = 195 ps); A, = 566 nm; 9YAverage lifetime: (1) = (1.2 + L) /(AT

+ f,7,); YApparent radiative-decay rate constant: k, = ®y/(1); 9 Apparent non-radiative-decay rate constant: k,, = (1-®) /(t); ?Apparent emission-quenching rate constant:
pp y ] pp Y ) pp q g

kQ = km_km(bare g\ass).

quantum yields (Table 1). While (1) of DCM deposited over
bare glass was 2.69 ns, (1) of DCM in the presence of pristine
graphene was 1.96 ns (Table 1).

From @ and (1) we estimated the rate constants of the radia-
tive, k; and non-radiative, k,,, processes responsible for the
deactivation of the DCM excited state (Table 1). Graphene had
a relatively small effect on ki For samples with and without
graphene, the values of ky varied within about 30%, from
2.0 x 108 s71t0 2.7 X 108 s7! (Table 1), which was expected since
graphene should not affect the electronic structure of the DCM
molecules in order to alter its radiative decay rates. The carbon
allotropes, however, considerably affected the non-radiative
decay rates. The presence of pristine graphene caused a three-
fold increase in k,, in comparison with the sample of dye-pol-
ymer films deposited on bare glass (Table 1). These findings
allowed us to estimate the apparent pseudo-monomolecular
quenching rate constants, kg: 2.0 X 10® s7! and 8.4 x 108 s™ for
pristine and fluorinated graphene, respectively (Table 1).

Our photophysical findings, considered along with the struc-
tural properties of the samples, suggested that the observed emis-
sion quenching resulted predominantly from resonance energy
transfer.’'->3 Processes requiring at least adequate electronic
coupling between the dye and the graphene, such as charge
transfer and electron-exchange energy transfer, are inefficient
at donor-acceptor distances exceeding about two nanometers.>*l
Considering the 30-nm-thick coated polymer-dye layer, meas-
ured by a surface profilometer, such electron-transfer processes
would be unfeasible for more than 90% of the DCM molecules

A Pristine Graphene
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Figure 5. Fluorescence decays of 30-nm DCM-PMMA layer (1% w/w)
over bare glass, fluorinated graphene, and pristine graphene. A, =
406 nm (pulse half-height width = 195 ps); A.,, = 566 nm.
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in the polymer film, and hence could not explain the observed
46% decrease in ®f in the presence of graphene (Table 1).
Conversely, the donor-acceptor distances at which Férster reso-
nance energy transfer (FRET) is efficient are comparable with
the thickness of the dye-doped polymer films that we used. Fur-
thermore, fluorination of the pristine graphene decreases its
absorptivity in the spectral region where DCM emits. Concur-
rently, kg for fluorinated graphene was more than twice smaller
than kg, for pristine graphene (Table 1), which was consistent
with a decrease in the FRET rate as a result lowering the molar
extinction coefficient upon fluorination of the graphene, which
was the energy acceptor.

3. Conclusions

After the first development of fluorescence quenching micro-
scopy for metrology of centimeter-scale CVD-grown graphene
sheets, we are still exploring different capabilities of the method.
Given that our approach is based on quenching phenomena,
investigating the parameters involved in graphene quenching
enables us to methodically realize versatile potentials of this
new promising metrology technique. Herein, we demonstrate
the aptitude of FQM for accurately visualizing chemically func-
tionalized regions in graphene sheets. Our inspiration for this
work was the modifications that functionalization processes
cause on the chemical and electronic state of their subject mate-
rials. This, in turn, alters the fluorescence quenching condition
of chemically modified graphene, compared to that of pristine
graphene. Such variation would visually differentiate function-
alized and pristine areas of graphene when viewed under a flu-
orescence microscope.

In this work, first we successfully show the functionality of
large-scale FQM in mapping of fluorinated regions in graphene
sheets. To determine the method’s resolution and scalability
strength, we increased the complexity of the fluorination pat-
tern and successfully reproduced the mapping results. Upon
that, we conducted a comparative investigation on steady-state
and time-resolved fluorescence parameters of dye-coated pris-
tine graphene and fluorinated graphene, using bare glass as the
control sample. The fluorometry results support the increasing
trend observed in the quenching level of DCM dye, from con-
trol sample to fluorinated graphene to pristine graphene. The
variation in fluorescence quenching by graphene after it is flu-
orine treated is also predicted by theory, as discussed in this
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report. Finally, we improved our image processing technique by
employing Gaussian fitting to determine the contrast regions
corresponding to graphene regions. This is a valuable improve-
ment since it facilitates the automation of the technique for
production-line metrology of graphene.

The presented results imply that FQM metrologies is indeed
beyond a simple fluorescence imaging technique and can visu-
ally distinguish between pristine and chemically processed
regions in a very same CVD-grown sheet. This work also sug-
gests that, with premeditated choice of dye, the interaction
between fluorophores and graphene provides advantages for
probing the chemical structure of functionalized graphene over
large areas. Due to its simplicity, high speed, and small foot-
print, segmented FQM can be employed to address the chronic
need for a microscopy based graphene metrology capable of
“seeing” the features that are processed.

4. Experimental Section

Graphene Growth: 2 5 um-thick copper foils (from Alfa Aesar, cut into
1cm?) were chosen as the catalyst substrate. The copper foil was etched
with acetic acid at 35 °C for 10 min to remove any copper oxide on the
foil's surface. After washing the foils completely with deionized (DI)
water, they were loaded into a CVD chamber and heated them to 1000 °C
under 5-Torr pressure. Once the temperature was stabilized at 1000 °C,
the catalyst substrates (foils) were annealed for 30 min under a 100/100
sccm flow of hydrogen and argon gas. Next, the argon feed was stopped
and a methane gas flow of 100 sccm was introduced into the tube for
20 minutes to begin the chemical vapor deposition of graphene
on copper. All flow rates were precisely controlled using mass flow
controllers. Upon completion of the CVD growth, methane gas feed
were stopped and the furnace was cooled to room temperature under
the protection of argon gas flow. Graphene sheets, grown on copper
foils, were removed from the CVD chamber, covered with PMMA by spin
coating, and heated at 100 °C for 10 min to bake the PMMA layer. Next,
the graphene sheets were removed from the copper film by etching in
a 0.3 M aqueous FeCl; solution, followed by rinsing with an aqueous
HCl (4%) and DI water solution. Graphene samples were then allowed
to relax on the glass substrates overnight before they were dipped in
acetone to remove the PMMA layer.’]

Graphene Fluorination: For patterned fluorination, a CVD graphene
sheet immobilized on a glass substrate was spin-coated with a
photoresist layer. Next, photolithography was performed using a
patterned mask having circular and stripe windows to define the areas
to be fluorine-treated. Upon development of the mask, graphene sheets
were selectively fluorinated using a reactive ion etching (RIE) machine.
The plasma treatment was carried out at room temperature with the CF,
gas pressure fixed at 10 mTorr, while the CF, flow rate was kept constant
at 50 sccm. Graphene fluorination was performed with 10 s of plasma
exposure at an RF power level of 25W.!l After dissolving the photoresist
in acetone overnight, selectively fluorinated graphene was dried and
prepared for dye coating.

Dye Preparation and Coating: The fluorescent dye mixture consisted
of 1 wt% PMMA (M,, = 120 000) and 0.0T wt% 4-(dicyanomethylene)-
2-methyl-6-(4-dimethylaminostyryl)-4H-pyran  (DCM  Sigma-Aldrich)
in toluene (>99.5% Fisher Chemical). The dye solution was stirred
and heated overnight to dissolve the polymer, then continuously
kept stirring while stored. Immediately before the solution was spun
onto the substrate it was sonicated for 15 min, and passed through a
0.22 um filter to ensure homogeneity of the dye solution and to avoid
unnecessary contamination. The polymer-dye was then spin-coated
onto the surface of the graphene at 3000 rpm for 60 s. The thickness
of coated dye-polymer layer is 30 nm, measured with Dektak 8 Surface
Profilometer. Once coated, the graphene was placed in a desiccator for at

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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least 1 h to ensure the complete evaporation of the solvent and maintain
a consistent layer thickness of the dye on different graphene samples.

Fluorescence Microscopy: A BD Pathway 855 HT confocal microscope
with an arc lamp light source was used to acquire the images. The light path
of the incident light consisted of a 470 nm bandpass filter and a 520 nm
dichroic filter. The light then passed through an Olympus 20x objective
lens with 0.75 NA and was emitted through a 542 nm bandpass filter
before being detected by a CCD camera. The final images were produced
using a montage of smaller images that captured 417 x 318 um? sections
of the sample in order to maintain high resolution over a large area. The
images were obtained with the help of BD AttoVision software.

Emission and Absorption Spectroscopy: Diffuse reflectance spectroscopy
allowed us to obtain UV/visible absorption spectra of the solid-film
samples using a JASCO V-670 spectrophotometer (Tokyo, Japan), equipped
with a 60 mm v integrating sphere equipped with an individual detector
(Model ISN-723, JASCO, Japan). Aluminum foil was used as a reflector
for the blank slides and for all the samples. The absorbance, A =—2log(R),
was determined from the reflectance, R, where the factor 2 was added to
account for the reflector on the back of the transparent substrates.

Steady-state emission spectra and time-resolved emission decays
were recorded using a FluorolLog-3 spectrofluorometer (Horiba-Jobin-
Yvon) equipped with double-grating monochromators and a TBX
single-photon-counting detector. Small-angle fluorescence spectroscopy
settings allowed for collecting the emission signal at 22-degree angle
from the incident excitation light.®®] From the steady-state absorption
and emission data we calculated the fluorescence quantum yields.>®l
Rhodamine 3B (R3B) was used as a standard: @y of R3B in ethanol is
0.45.57

For recording the emission decays, we used the time-correlated single-
photon counting (TCSPC) setup of the spectrofluorometer, employing
pulsed diode laser for excitation source (406 nm, half-height pulse
width = 195 ps). Bi-exponential data fits, involving deconvolution of the
emission decay data, yielded the lifetimes, 7, and the corresponding
weighing pre-exponential coefficients, f; (Table 1).5%

Image Processing: All image processing was performed using custom
scripts in MATLAB v7.4. For flat-field correction, the following flat-field
correction algorithm was applied to each individual image in the large-
area fluorescence montage:

Ioriginal(xy Y)

Iﬂat(xa Y) = ) X Icorrection (2)

Icorrection (X> Y

The correction image used in this algorithm has the same dimensions
as the original individual images to be corrected and was taken of the
bare substrate using the same optical settings used to collect the large-
area montage.l’)
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