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ABSTRACT: A recent report proved that polymer residues
become grafted to graphene despite the efforts to clean the
surface by thermal annealing [Lin, Y.-C,, et al. Nano Lett. 2012,
12, 414]. Such residues inevitably originate from the
photoresist (e.g, poly(methyl methacrylate) (PMMA)) used
for graphene transfer and device processing. Here, through
spatially resolved transient absorption spectroscopy and
transient photoluminescence spectroscopy, we investigate the
effects of such polymer-grafted residues on the carrier
dynamics of CVD graphene. The presence of these polymer-
grafted residues is validated by both X-ray photoelectron
spectroscopy and micro-Raman spectroscopy. Unlike the
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ultrafast nonradiative recombination at the pristine graphene, these regions exhibit distinct long-lived carrier dynamics that
undergo radiative recombination, which is characteristic of the opening of the graphene bandgap. Understanding the influence of
such defects on the carrier dynamics and relaxation pathways is key to modifying the optoelectronic properties of graphene-based

devices.

B INTRODUCTION

Graphene is a new class of nanomaterials comprising a single
two-dimensional atomic layer of carbon atoms arranged in a
hexagonal lattice." Graphene’s unique band structure endows it
with a linear dispersion relationship near the K point of the
Brillion zone. This gives rise to its exceptional properties of
high electronic velocity (~10° m/s) and mobility (~15000
cm?/ (Vs)), that are particularly attractive for optoelectronic
applications.” This novel material has attracted substantial
research efforts for applications ranging from nanoscale
optoelectronic devices,*® single layer transistors, biosensors,
and energy storage devices. The key to optimizing and tailoring
graphene’s optoelectronic properties for practical applications is
through a clear understanding of its carrier interactions and
recombination dynamics. Although there are extensive studies
on the carrier dynamics and relaxation mechanisms in high
quality, pristine graphene lattices,”'® reports focusing on the
influence of defects on the carrier dynamics in graphene are few
and far between. In particular, there are no reports on the
effects of grafted polymer residues on the carrier dynamics in
graphene.

Presently, the established method for transferring a large area
graphene sheet involves the use of poly(methyl methacrylate)
(PMMA) as a temporary support film during the etching of
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metal foil to prevent folding and rippling of the graphene
sheet.' 12 Annealing is then employed for the removal of the
residual PMMA, but a recent report casts doubts on the
cleanliness of the resultant graphene surface.'® In that work,
high-resolution transmission electron microscopy revealed that
the polymer residues remain on the graphene despite the
annealing efforts. The reconstruction of the carbon atoms from
sp> to sp’ at these locations has a pronounced impact on the
intrinsic properties of graphene. From the standpoint of
fundamental scientific interest and for practical applications, it
is therefore imperative to gain a deep insight into the influence
of such residual polymer-induced defects on the carrier
dynamics and relaxation pathways. Elucidating the dynamical
carrier interaction signatures and the relaxation mechanisms at
these defect sites is the main focus of this paper.

Herein, spatially resolved transient optical spectroscopies
(ie., transient absorption spectroscopy (TAS) and time-
resolved photoluminescence (TRPL)) were employed to
investigate the effects of residual polymer-induced defects in
CVD graphene on the ultrafast carrier dynamics. Spatially
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resolved transient optical spectroscopy’*~'” provides research-
ers with a powerful characterization tool to investigate the
carrier dynamics of such defects in their locality. We wish to
empbhasize that the spatially resolved transient optical spectros-
copy performed on the order of several micrometers is still very
much an ensemble average. Nevertheless, in the time domain,
these techniques are extremely sensitive to the presence of the
defects on graphene sheet, which manifest in the ensuing carrier
dynamics. The presence of such residuals is verified using
complementary techniques of X-ray photoelectron spectrosco-
py (XPS) and micro-Raman spectroscopy. Our findings
revealed the presence of an additional long decay lifetime at
these defect sites—attributed to the opening of the graphene
bandgap as a consequence of the grafting of the polymer
molecules. Our work provides clear experimental evidence of
modulated fast electron—hole recombination dynamics in
graphene by residual polymer-grafted defects. Potentially, this
simple approach of modulating the electronic band structure of
graphene with organic residuals may find practical use in
tailoring the optoelectronic properties of graphene for light
harvesting and spin manipulation, and so forth.

B EXPERIMENTAL SECTION

CVD Graphene Samples. Commercial samples of single
layer graphene thin films (as-grown on Cu foils and transferred
on quartz) were purchased from Graphene Supermarket.
Briefly, their fabrication is based on a low pressure chemical
vapor deposition method reported before'® on a flat Cu foil in a
three-zone vacuum (107> Torr) furnace at temperatures of
950—1050 °C.

Substrate Transfer. Single layer graphene thin film was
transferred to a quartz substrate using the PMMA coating
technique.'" After this wet etching process, the transferred
graphene was annealed at 250 °C in an Ar atmosphere for 2 h.
Typically, samples with low defect density have been obtained
using this transfer process. Based on this transfer method, Lin
et al. proposed a mechanism for the chain scission and grafting
of the macroradicals with graphene defect sites that leads to the
rehybridization of carbon from sp* to sp>."

Characterization of the Transferred CVD Graphene
Thin Film. XPS measurements were performed using a VG
ESCALAB 220i-XL system with a monochromatic Al K,
(1486.6 €V) X-ray source. Micro-Raman measurements were
performed using a LabRAM HR (Horiba) Raman microscope
system.

Spatially Resolved Optical Spectroscopy. Fluorescence
lifetime imaging microscopy (FLIM) was performed using a
time-resolved confocal microscope (MicroTime 200, Pico-
Quant). A 405 nm pulsed laser (pulse width <300 ps) with
repetition rate of ~20 MHz and energy ~0.15 yW was used to
excite the samples and the fluorescence was detected by a
single-photon avalanche diode (SPAD, SPCM-AQR-15, Perkin-
Elmer) after passing through an emission filter (HQ 430 LP,
Chroma). Spatially resolved femtosecond TAS was performed
using a home-built pump—probe setup equipped with micro-
scope objectives (see Supporting Information for schematic
S1). Frequency doubled pulses (400 nm) from a 1 kHz
regenerative amplifier (150 fs) were used as the pump, while
the probe comprises a weaker fundamental 800 nm pulse. Both
the pump and probe beam were overlapped and aligned
coaxially to pass through a 100X objective lens (N.A. 0.7),
slightly defocused to a ~5—10 pm spot. After passing through
the sample, the pump beam was subsequently filtered by a 495
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nm long pass filter, while the probe beam was collected by a
50X objective lens (N.A. 0.55) to a silicon photodetector.
Pump-induced changes of transmission (AT/T) of the probe
beam were monitored using a monochromator/photomultiplier
tube (PMT) configuration with lock-in detection. The pump
beam was chopped at 83 Hz and this was used as the reference
frequency for the lock-in amplifier. The pump fluence was kept
below 20 J/cm? per pulse in order to avoid any photodamage
to the samples.

B RESULTS AND DISCUSSION

The presence of residual polymer grafting in pristine graphene
lattice was experimentally verified using XPS. Figure la shows a
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Figure 1. (a) Schematic of a PMMA macroradical grafting onto a
pristine sheet of graphene. (b) XPS spectra of monolayer CVD
graphene thin film on Cu foil before the transfer. (c) XPS spectra of
monolayer CVD graphene thin film on quartz substrate after the
transfer. Inset of (b) and (c) gives an illustration of the surface of the
graphene sample.

schematic of a typical macroradical following the scission of
PMMA. Figure 1b,c shows the XPS spectra of a single layer
graphene thin film before and after transfer, respectively. The
main peak in Figure 1b (284.7 eV — red line) arises from
carbon sp® hybridization in pristine graphene.”® Following the
transfer, several new peaks appear in Figure lc due to the
presence of the polymer residues. From the analysis of peak
fitting, the main peak (284.7 and 286.0 eV — black and pink
peak) in Figure lc originates from the rehybridization of the
carbon—carbon sp* and sp® bonds arising from the grafting of
the polymer residues with graphene. Within these peaks, the
286.0 eV peak comes from carbon—carbon bonds in PMMA
(see Supporting Information S2). The presence of two other
peaks (located at 287.1 and 288.9 eV) in Figure lc provides
further validation of the grafting of the polymer residues to
graphene. They arise from the carbon—oxygen single bond
(C—0) and the carboxylic group in the macroradicals,
respectively. The ratio of their peak intensity is approximately
1:1, which is consistent with the chemical composition of the
macroradical (Figure 1 a).

Next, micro-Raman measurements were performed to
establish the location of the defects on the graphene sample
(on quartz). Figure 2 (inset) shows a representative micro-
Raman map (based on D peak 1324 cm™') of a typical
polymer-grafted-graphene region. As the distribution of the
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Figure 2. Raman characterization of a region of pristine graphene
(Region @) and a region with residual polymer (Region ®). Inset
shows the Raman map of the D peak (1350 cm™) of this 30 ym X 30
pum region where ® and @ give the approximate location where the
Raman spectra are extracted.

polymer residues is not uniform on the graphene sheet, we had
selected region @ that is relatively defect-free and region @ with
the polymer residue present. The Raman spectra at both
regions are overlaid for comparison. In region ©, the Raman
profile is characteristic of typical monolayer graphene lattice
with a sharp G peak (1581 cm™) and 2D peak (2708 cm™).
The low-intensity D peak (1324 cm™") indicates a complete sp*
lattice structure. The absence of any PMMA-related peaks
(typically located at 1460 cm™" and 1648 cm™" following 632
nm excitation'>*") indicates that there is no residual PMMA in
region @. On the other hand, the Raman profile in region @
shows a more pronounced D peak that is typically associated
with the presence of defects.”>~** In addition, the I,/ ratio is
also reduced which is characteristic of doping in graphene.*>*®
The graphene D and G peaks are broadened due to the
presence of overlapping contributions from the PMMA peaks.

FLIM maps in Figure 3a—e show a weak photoluminescence
(PL) emission from the polymer grafted region (with an
excitation power of ~0.15 yW). The PL signatures on the same
sample location over the various spectral regions were collected
using a set of long pass filters. A spectrometer was not used to
disperse the emission as the losses from the gratings were too
significant. Control experiments were also performed to
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Figure 3. (a)—(e) FLIM images of region @ collected with different
long pass filters. These images indicate the presence of a broad
emission peak. (f) Transient PL decay from region @ collected with a
430 nm long pass filter.
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eliminate any possibility that the emission is from the quartz
slide, PMMA film, and any interaction between the deposited
PMMA film and graphene (no annealing)—see Supporting
Information S3. The PL emission is uniformly distributed over
the polymer residue (region @). As for the regions of pristine
graphene (ie., the dark parts around the polymer residue—
region @), no emission is observed as expected from its conical
band structure. The PL emission from region @ becomes
weaker as the filter cutoff wavelength becomes redder. This
shows that polymer residue gives a broad PL emission spanning
from the visible range to NIR. DFT calculations of the MMA—
graphene complexes with local density approximations revealed
that the polymer-grafted defects modify the band structure near
the Fermi level and significantly reduce the Femi velocity.'?
Furthermore, an energy gap appears due to the local
rehybridization of carbon atoms from sp* to sp®. Observations
of such PL emission from Region @ strongly suggest the
opening of the bandgap and the introduction of localized states
in pristine graphene. Strictly, there are important differences in
the details of the electronic structure modification through the
grafting of the polymer residue in CVD graphene sheet and the
insertion of the oxygen functional group in GO,” but the
common effects of bandgap opening and the presence of
localized states would nonetheless affect the carrier dynamics in
a similar and consistent manner.

The PL dynamics (as shown in Figure 3f) are well-fitted with
a biexponential decay function with lifetime components 7,
(~265 ps) and 7, (~2.89 ns). The shorter lifetime 7, is
attributed to arise from electron—hole (e—h) recombination
between the localized states in the conduction band (CB) with
those in the valence band (VB), while the longer ns lifetime is
attributed to e—h recombination from the bottom of the CB to
states in the VB. This assignment is consistent with the ﬁndingi{s
from graphene oxide (an equivalent system with a bandgap).™
Further validation of this recombination mechanism can be
obtained from TAS.

Figure 4 shows the differential transmittance (DT) transients
at regions @ and @ that are fitted using a monoexponential and
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Figure 4. Spatially resolved DT transients of Region @ (blue circles)
and Region @ (black pentagons) following 400 nm pump/800 nm
probe at a pump fluence of ~11 yJ/cm? Inset shows the DT transient
of Region @ over a longer delay time of 1 ns.

biexponential function, respectively. Both regions exhibit
photobleaching (PB) signatures (i.e., AT/T > 0) with a rapid
rise in AT/T due to state-filling and is followed by the recovery
of DT profile to equilibrium through relaxation processes. In
fact, there is also a very long-lived few nanoseconds lifetime
component in region @ that is only evident on a longer time
scale (see Figure 4 inset). Due to the limitations of our micro-
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TA setup, the relaxation dynamics of the electron and phonon
interactions within the first few hundred femtoseconds of the
PB signature in region @ are convolved (i.e., 7'; = 0.5 + 0.1 ps
— see Table 1). Control experiments involving PMMA only

Table 1. TA Lifetimes of Region® (Pristine Graphene) and
Region®@ (Polymer Grafted Graphene) Following 400 nm
Pump/800 nm Probe”

short lifetime Ay long lifetime A,

component (ps) (%) component (ps) (%)
Region ® 77=05+01 - - -
Region @ 7", =04+ 0.1 94 7", =390 + 50 6

“Pump fluence is ~11 uJ/cm?

films yielded null DT signals, while those involving PMMA
films spin-coated on pristine graphene (and with no thermal
annealing) yielded DT signatures similar to those of region @.
This shows that PMMA physically deposited on graphene
would not yield the signatures observed from region @.

With the grafting of polymer molecules to graphene, two
longer lived lifetimes are observed (z”, = 390 & S0 ps and 7”5 >
1 ns — see Figure 4 inset) in addition to the short lifetime 7", =
0.4 + 0.1 ps (which is comparable to 7', in region @ within
experimental uncertainties). Given the laser spot size is ~5—10
um, 7" contains contributions from the pristine graphene as
well. The similarities in 7’; and 7" also implies that any initial
trapping of the carriers to the localized states must have
occurred in a time scale faster than or comparable to the
electron—electron/electron—phonon relaxation processes.””
Otherwise, the subsequent PL from the localized states would
not be observed. 7", is comparable with the short PL lifetime 7,
while 7”3 is comparable with the long PL lifetime 7,, which
correlates well with the above PL mechanism. These dynamical
signatures are characteristic of the modulation of the electronic
band structure from that of pristine graphene (i.e., with a Dirac
cone) to one with a bandgap.***’

Pump fluence dependent TA studies were also performed to
gain a clearer understanding of the relaxation dynamics and
mechanisms at these localized states. From Figure S5a, the
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Figure S. (a) Pump fluence dependence on the short lifetimes 7', and
7’ from TAS. (b) Pump fluence dependence on the long lifetime 7",
from TAS. The corresponding pre-exponential factors or weighting
factors in percentage from the fit of the pump-fluence dependent DT
transients in Region @ are given in (c) and (d).

shorter lifetime increases with increasing pump fluence in both
regions. In region @, this increase in 7’| is attributed to the hot
phonon bottleneck effect.’*" In region @, the localized states
will gradually be filled with increasing pump power. The state
filling of these localized states will result in 7", increasing and
eventually becoming saturated. Do note that 7", is always faster
than 7'; for all pump fluence—consistent with our earlier
interpretation of charge trapping to the localized states in
region @. The 7", in region ® on the other hand decreases with
increasing pump fluence—see Figure Sb. The weighting factor
or pre-exponential factor A”, increases with pump fluence (see
Figure Sc and d)—indicating an increasing contribution from
7", at higher pump fluence. Such behavior is typical of an Auger
type recombination®>** at the localized states.

Figure 6 shows the schematics of the carrier relaxation
mechanisms in pristine graphene and in polymer-grafted

Localized
states

& Electron

() Hole

(a) Pristine Graphene (b) Polymer-Grafted Graphene

Figure 6. Schematics of the relaxation mechanisms in (a) pristine
graphene and (b) polymer grafted graphene. Do note that the Auger
recombination process at the localized states only occurs at high pump
fluence.

graphene. In pristine graphene (Figure 6a) where there is no
band gap, the excited carriers relax through electron—electron
scattering (<10 fs) and electron—phonon scattering (i.e., with
lifetime 7’;) in the Dirac cone, without any photon emission. In
the polymer-grafted graphene, the scenario is analogous to the
cases of partially reduced GO>*** and intercalated gra-
phene.**** In addition to the opening of the bandgap, the
grafted polymer molecules are also expected to introduce
additional localized electronic states within the conduction and
valence bands. The hot carriers relax through electron—electron
scattering and electron—phonon scattering, and become
trapped at these localized states within 7”; (see Figure 6b).
These carriers in the localized states and the band edge
eventually recombine to yield radiative emissions. At higher
pump fluence, the hot phonon bottleneck and state filling
effects become more dominant, leading to an increase of both
7'y and 7”,. In addition, Auger effects at the localized states
become more dominant as reflected by the decrease of 7”,.

B CONCLUSIONS

In conclusion, we have performed a comprehensive spatially
resolved optical spectroscopy study to investigate the effects of
grafted residual polymer molecules on the carrier dynamics in
CVD graphene. Our findings revealed the occurrence of carrier
trapping to localized states and the opening of a bandgap in
graphene. Our work gives clear evidence of modulated fast
electron—hole recombination dynamics in graphene by residual
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polymer-grafted defects. Despite the negative connotations
attached to such residues, this simple approach could
potentially find practical use in tailoring the optoelectronic
properties of graphene for light harvesting and spin
manipulation.

B ASSOCIATED CONTENT
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Details of spatially resolved transient absorption setup and
results from the control experiments, Figure S1—S3. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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