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32 Abstract

34 Graphene is not intrinsically luminescent, due to a lack of bandgap, and methods
36 for its creation are tricky for device fabrication. In this study, we create luminescent
38 graphene patterns by a simple direct laser writing method. We analyze the graphene
using Raman spectroscopy and find that the laser writing leads to generation of line
defects after initial formation of point defects. This Raman data enables us to create
43 a model that explains the luminescence by a formation of small domains due to con-
45 finement of graphene by line defects, which is conceptually similar to the mechanism

47 of luminescence in graphene quantum dots.

] Introduction
Pristine graphene is not luminescent due to the absence of band gap and the rapid nonra-
diative relaxation of electrons and holes.'* However, there are methods to obtain broad-
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band luminescence from graphene. For instance, the luminescence can arise from graphene
under high doping conditions®, from graphene oxide,® and from graphene quantum dots
(GQDs).? 2 While the luminescence can be obtained by these means, their implementation
to devices is not straightforward. Therefore, it would be highly beneficial to find other, more
practical means to locally modify graphene to achieve luminescent properties.

Fortunately, the properties of graphene can be modified by laser irradiation.® " Laser
modification is simple, it omits chemicals, and it enables writing patterns. For example,
femtosecond laser irradiation can be used to oxidize graphene without losing the integrity
of the carbon network.!® When irradiation is carried out under inert gas atmosphere, three-
dimensional structures are formed in a process termed “optical forging”.'® The primary pro-
cess responsible for optical forging is known to be the generation of defects, although the
understanding of the process still remains incomplete.

In this work, we report that optically forged graphene exhibits unexpected strong photo-
luminescence. We study the origin of this irradiation-induced photoluminescence in graphene
using Raman spectroscopy. It gives insight into the pulsed laser patterning process since it

525732 and strain,33 3% and with

is sensitive to graphene’s lattice defects,?°2* doping levels
careful analysis it is possible to differentiate these contributions from each other.3”*' By
combining the Raman measurements with theoretical modeling, we are able to develop a
convincing model for the luminescence: it can be explained by formation of small domains

due to confinement of graphene by line defects, which is conceptually similar to mechanism

of luminescence of graphene quantum dots.

Experimental section

The graphene was synthesized with chemical vapor deposition (CVD) on copper thin film
and transferred onto a Si/SiO, substrate using a normal PMMA transfer method.*? The

graphene was then patterned with a tightly focused femtosecond laser in nitrogen atmosphere

2
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by raster scanning the sample over the pulsed laser beam with a piezo stage. After the direct
laser writing, the processed areas were characterized by atomic force microscope imaging
and by Raman mapping. For details of the fabrication process, direct laser writing and

characterizations, see Supporting Information (SI).

Results and discussion

Experimental observation of luminescence

The result of the pulsed laser patterning is shown in Figure la. Each square pattern in
the figure has a different exposure time per spot, and the heights of the patterns increase
with increasing exposure time, as reported before.!® Raman spectra from the middle of each
square are shown in Figure 1b. The irradiation dose is an experimental parameter defined by
multiplying the pulse energy with irradiation time per spot. This definition helps to compare
results obtained with different pulse energies and/or exposure times. There are three notable
developments in these Raman spectra as irradiation dose increases. First, the 2D graphene
Raman band intensity decreases, diminishing almost completely at the highest dose. Second,
the D and G bands both broaden and increase in intensity. Third, there is an appearance
of a wide photoluminescence signal. The intensity of the signal increases consistently with
increasing irradiation dose (Figures 1b and 1c¢). For example, at the highest dose in Figure
1b, the integrated intensity of the photoluminescence is over 400 times stronger than the G
band intensity in unpatterned graphene. We extracted photoluminescence spectra from the
Raman data (Figure 1d). These spectra showcase that the emission is very broad, extending
nearly the entire visible range.

There are several reports of photoluminescence arising from different graphene-based
materials. One of such materials is graphene oxide.®® However, we have previously deter-
mined, based on X-ray photoelectron spectroscopy, that our laser written patterns contain

only carbon.'® Chen et al. observed photoluminescence signal from graphene under high

3
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Figure 1: Characterization of the photoluminescent graphene patterns. a) An atomic force
microscope image of a pattern set made with 160 pJ pulse energy. Exposure dose increases
from up to down and right to left. Height of the patterns increase with the exposure dose. b)
Raman spectra from the middle of each pattern measured with 532 nm excitation wavelength.
c¢) A photoluminescence map of the same patterns as in panel a. The intensity is integrated
between 1800 — 2500 cm™! (588 — 614 nm). d) Normalized PL spectra extracted from the
Raman spectra in panel b and Figure Slc. The spectra are baselines from asymmetric least
squares smoothing process. The shorter wavelength part is extracted from Raman spectra
measured with 532 nm laser excitation and the long wavelength tail from 633 nm excitation

(Figure Slc).
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p-type doping, which empties states in the valence band and enables a broadband emission.®

Heller et al. assigned this photoluminescence to electronic Raman scattering.*3 We analyzed
doping and strain of our samples from the shifts of G and 2D bands in Raman spectra (for
details, see SI). The analysis revealed that the doping levels in our samples are too low to
create emission in the visible region via this mechanism.

Photoluminescence could arise also from graphene quantum dots. The spectral char-
acteristics of some GQDs in literature are at least qualitatively similar to the spectra in
Figure 1d.%'? Should the cause of the photoluminescence in our samples be the formation
of structures akin to quantum dots, the pulsed laser irradiation would have to form isolated
graphene islands. We have determined previously that the pulsed laser irradiation does form
lattice defects in graphene,'® but here the point- and line-type character of the defects are

analyzed for the first time.

From point to line defects

In order to get a more complete picture about the defect formation during the irradiation,
we prepared four additional sets with pulse energies of 140 pJ, 120 pJ, 70 pJ and 30 pJ, in
addition to the pattern set made with 160 pJ pulse energy. Raman spectra measured from
these patterns (presented in SI) show that the above-mentioned changes in the graphene
Raman bands happen with all pulse energies, as well as the increase of the broad photolumi-
nescence. The photoluminescence intensities versus irradiation dose is presented in Figure
2a. The trend of intensity increase is similar with all the pulse energies, except with 30 pJ
where the increase is more conservative. Also, the Raman peaks from these patterns show
that there is a difference between lightly and heavily irradiated patterns. The intensity of
the D band increases initially with low irradiation dose, forming a sharp D peak. The sharp-
ness of the D peak with low irradiation dose suggests that the irradiation initially creates
point defects.?* As the irradiation dose increases and the broad background signal starts
to develop, the D band transforms to a wider and less intensive peak compared to the G

5
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peak. This indicates that the patterns made with higher dose have higher amount of line
defects. 2324

To better understand the defect character, we estimated the amounts of point defects
and line defects in pulsed laser patterned graphene following a model developed by Cangado
et al.?* (for details, see SI). This model is based on point and line defects having different
effects on the Raman spectra. The main difference is that, in general, the point defects
increase the integrated intensity ratio of the D and G bands (Ap/Ag),* while line defects
increase the full width at half maximum of the G band (I'¢)(Figure 2b).?? The experimental
values for Ap/Ag and T'g were acquired from fitting parameters and the defect densities
were calculated from equations S1 and S. Details about the fitting and defect calculations
are presented in SI.

Experimental data shows that the Ap/Ag ratio increases with all pulse energies, while the
I' increases further with higher pulse energies. Cangado’s model enables calculating point
defect densities and the crystallite sizes from the experimental data (Figures 2c and 2d). In

2

unirradiated graphene, the point defect density is approximately 10'* cm~2, as is common

for CVD graphene. The point defect density increases sharply during the early stages of the

2

irradiation to 1 — 5-10'2 cm~2 range and starts to decrease with higher doses. An outlier

here is the 70 pJ case, where the density with low doses saturates to about 2 — 3- 10 cm—2.
The reason for this behavior is not clear. However, since every data point in Figure 2 is
from a different individual pattern, it is possible that there could be differences in the initial
conditions of the graphene, such as defect or residue amounts, that would affect the defect
formation process. For the three highest pulse energies the points with highest doses are
omitted. This omission is because they fall under the black solid line in Figure 2b, which
produces unphysical results (point defect density falls below zero).

Yet the most interesting analysis is the one of crystallite sizes (Figure 2d). Since CVD

graphene typically has crystallites with size distribution from tens to hundreds of microme-

ters, the initial areas are large (Figure 2d). In fact, the crystallites are larger than the spot
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Figure 2: Defect development during pulsed laser irradiation. a) Integrated photolumines-
cence intensity between 1800 — 2400 cm ™! divided by integrated intensity of the G band
versus pulsed irradiation dose. b) Experimental (Ap/A¢g) E7 as a function of I'g (lines with
markers). The solid black line represents the case where graphene has only line defects and
no point defects, and the dashed black line represents the opposite. ¢) Point defect density
versus irradiation dose. d) Average crystallite area versus irradiation dose.
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size of our Raman laser, making it impossible to estimate the crystallite sizes at low irra-
diation doses. The starting point of the crystallite sizes were therefore set to 2.5 - 10° nm?,
the estimated spot size of our Raman lasers. The crystallite size decreases sharply initially
and continues to decrease with higher doses. The exception here is the 30 pJ pattern set,
where the crystallite size is too large to be measurable in Raman. This pattern set is also the
only one where the photoluminescence does not increase significantly during the irradiation.
Interestingly, as the crystallite sizes decreases, the point defect densities saturate and even
start to decrease with higher doses (Figure 2c¢), suggesting a gradual conversion of point

defects to line defects.

Insights for defect growth from a mesoscopic model

The implications from the analysis of Raman spectra trigger several questions. What is the
microscopic structure of the defects? How are point- and line defects related? What is the
origin of the crystallites and their connection to luminescence?

To address these questions, we developed a model that is coherent and builds upon a
plausible microscopic origin. We assume that the elementary event in the process is laser-
induced creation of Stone-Wales (SW) defects, as proposed earlier.!® The SW defect is a
ninety-degree C-C bond rotation that transforms four hexagons into pairs of pentagons and
heptagons (Figure S8a). The formation energy of a single SW defect in pristine graphene
is around 4.6 eV, given by density-functional theory.#> This energy coincides well with a
two-photon process (2hv = 4.8 eV). While not directly indicated by our data, the notion of
a two-photon process is plausible as it conforms with observations from similar experimental
settings.*® However, for our interests the most important feature in SW defects is their
strong attractive and highly anisotropic interaction. The interaction of two SW defects
depends strongly on their exact orientation and separation. In particular, defects separated
precisely by two lattice constants (4.9 A) are bound almost by 1.5 ¢V (SI), which implies
that laser irradiation presumably prefers creating new SW defects that conform to this

8
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favorable arrangement. This interaction motivated us to develop a kinetic defect growth
model involving the formation of new SW defects (for model details, see SI).

The only parameter in the model, x, is the ratio between the probability for forming
new SW defect into any site in pristine graphene and the probability for forming new SW
defects in the favorable sites. The energetics of SW interaction imply xy < 1, but otherwise
X is a free parameter; a smaller y implies small density of long defects, larger y implies high
density of short defects.

Using the model, the defect growth kinematics was straightforward to simulate (for de-
tails, see SI). Based on parameter values from earlier similar models!®, we used a tentative
parameter y = 107> and propagated time onward, observing point defects appearing, then
growing into line defects, gradually percolating across the entire area, and ultimately filling
the area with ever thickening network of line defects (Figure 3). These observations align
well with the experimental results: i) Defects are initially point-like, but gradually turn into
line defects. While existing defects keep growing, new defects keep appearing at a constant
rate, resulting in rapid increase in point-defect density (Figure 2c). i) Consequently, as
soon as point-defect density increases sufficiently, the Raman spectra becomes governed by
line defects. Moreover, once the line defects start to dominate, the area of pristine graphene
starts to decrease notably, causing a reduction in the density of point defects (Figures 2c
and 3c). i) When line defects percolate across the entire area, they define semi-enclosed
regions with electron-scattering boundaries—crystallites that can function as graphene quan-
tum dots. iv) The crystallites have a broad size distribution, which implies the emission of
optical wavelengths over a wide range—the luminescence of white light. In summary, the
model provides reasonable explanations to all of the central experimental observations.

For quantitative comparison between the model and the experiment, we repeated the
simulations with y in the reasonable range 1072...107% (Figure S10). The crystallite di-
mensions were characterized by sampling 10 random confinement lengths each time step

of the simulation (Figure 4a). At the percolation threshold—manifesting the instant when

9
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Figure 3: Appearance of line defect -defined crystallites. Panels show the temporal growth of
Stone-Wales line defects with y = 107> and a) ¢t = 12, b) ¢ = 24, and ¢) ¢ = 48. The middle
panel corresponds to the percolation time t,.,., when the line defects reach continuously
across the entire irradiated area.

crystallites supposedly become sufficiently enclosed to define GQDs—the median confine-
ment length for y = 1072...107¢ ranges from 3 to 25 nm (Figure 4b). The range agrees
well with the experimentally inferred crystallite size of 10 nm. The best agreement with
experiment is obtained by y ~ 107 (Figure 4b), which in retrospect motivates our tentative
value for x (Figure 3).

In addition to qualitatively explaining the Raman spectra and to quantitatively implying
~ 10 nm crystallite areas, the value around y ~ 1079 is attractive for two other reasons.

2 in reasonable

First, it suggests a maximum point defect density around np ~ 102 cm~
agreement with experiments (Figure 2c¢). Second, a similar growth model with the same pa-
rameter value of 10~° was used in a previous work to explain quantitatively the laser-induced
growth of oxidized islands on graphene.!® This conformity makes a curious connection be-
tween optical forging and laser-induced oxidation, hinting towards a similar microscopic
origin in the creation of SW defects.

Crystallite area affects strongly on the luminescence, if the patterned graphene is con-

sidered analogously to the GQDs. This is because the GQD size defines its bandgap due to

quantum confinement effect (QCE) of conjugated m-domains.*” 49 In literature, the GQDs

10
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Figure 4: Quantitative analysis of confinement. a) Sampled 10° confinement lengths for
each irradiation time (y = 107°). The cross is the median over the sampled lengths for
given irradiation time, the vertical dashed line highlights the percolation threshold, and the
blue sphere emphasizes the median length upon percolation. b) The confinement median
lengths upon percolation for y = 107%...1073. The dashed line is an analytical estimate
from Eq. (S3).

with similar spectra are in the size range of 1 — 2 nm, while our smallest crystallite size
was 10 nm. Yet it is worth noting that our value is an average value within the spot size
of our Raman laser and, based on the modelling, the crystallites within this area have a
quite wide size distribution. However, the mechanism of luminescence of GQDs is still under
debate and the spectral properties of the GQDs are not explained by the QCE alone.*® For
example, related to the other PL mechanisms, the spectra of GQDs can change depending
on chemical environment,®®®? functional groups®® and defects in the dots.??5 We currently
lack direct atomic scale information about the graphene in patterned areas, which would
reveal important details that affect the luminescence.

The peak positions of luminescence (Figure 1d) shift to longer wavelengths with higher
dose. At first this might seem contradictory, since during irradiation the crystallite size
decreases and smaller GQDs have larger bandgap. However, this can be explained just
with the shifting of the size distribution: if the peak of the distribution shifts toward small

crystallite area, the amount of larger (> 2 nm) crystallites will increase more than the smaller

(< 2 nm) crystallites if the peak of the distribution is higher than 2 nm. This is certainly

11
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the case in our sample, since the smallest average crystallite size measured was about 10 nm.

Conclusions

To summarize, we demonstrate a method to create photoluminescent patterns from graphene
using femtosecond pulsed laser irradiation. Raman analysis revealed that the pulsed laser
irradiation generates line defects in addition to point defects. To explain the luminescence,
we present a model, in which the generation of the line defects confines small graphene islands
that behave similarly to graphene quantum dots. The broad white light luminescence from
graphene is highly interesting for applications, such as displays. Our process provides an
attractive method for achieving luminescence properties from graphene, since it is local and

does not require lithography or chemical treatments.
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