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In this article we report a new laser processing method, combining
the in situ graphitization of polyimide with simultaneous transfer
of the graphene patterns to arbitrary substrates. The synthesis con-
ditions are similar to those normally used for the well-known
laser-induced graphene method. The approach is based on the
enclosure of polyimide sheets between microscope glass slides.
Graphene patterns have been successfully generated on glass and
on PDMS, as well as graphene decorated with metals and oxides.
In order to illustrate the usefulness of the proposed approach, the
method was applied to the fabrication of hybrid supercapacitors,
which exhibited very good electrochemical performance.

Introduction

In the context of materials science and engineering, graphene
and its various derivatives are undoubtedly among the biggest
discoveries of our age,' being an extremely versatile family of
materials with unique properties. However, in spite of their
vast potential, graphene-based devices have not yet become as
conspicuous as first expected.” Some of the biggest bottlenecks
for accelerated adoption of graphene are encountered in the
synthesis and subsequent processing and transfer methods,
which are time-consuming and not easily automated or inte-
grated with existing silicon technologies.*> Laser-based
methods,®” and laser-induced graphene (LIG) in particular,®™°
have recently shown great potential for achieving cheaper,
faster, and simpler in situ fabrication of graphene-based
devices (including flexible and wearable devices). The major
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outstanding problems of the LIG approach are: (a) the limited
range of polymers (used in the method as both precursors and
as substrates) that can be successfully graphitized by laser
irradiation, and (b) the difficult integration of LIG into current
semiconducting devices.

The aim of this article is to present a new laser processing
method, which can be regarded as derived from LIG and from
LIBT/LIFT (laser-induced backward/forward transfer, respect-
ively)."" The method has been discovered by chance (a
common occurrence, which is not so commonly acknowl-
edged), and its huge potential became immediately apparent.
Therefore we considered it appropriate, at this point, to dis-
close preliminary results which should interest many research-
ers, since the method allows the simultaneous synthesis,
modification and transfer of graphene patterns to almost any
type of substrate, including flexible polymers.

Results and discussion

During a study of the effect of laser processing conditions on
the structure and properties of micro-supercapacitors (MSCs)
made by laser-treating polyimide (PI) sheets, we decided to
enclose the PI sheet between two microscope slides, in order
to avoid the pronounced wrinkling of the polymer upon laser
carbonization, which can induce changes in the laser spot size
due to random defocusing episodes. By keeping the PI sheets
flat, the “sandwich” setup indeed solved the problem, as
expected, but this was not the only consequence. Later, when
we increased the laser fluence as part of our studies, we
noticed that the interdigitated MSC patterns had been repli-
cated in the upper glass slide (the one crossed by the laser).
Fig. 1a shows a schematic drawing of the experimental con-
figuration (a glass/Pl/glass sandwich) and the simple oper-
ations resulting in simultaneous direct laser writing and trans-
fer. Fig. 1b shows a photograph of a real sample assembly, as
well as an example of the LIG electrodes sharply defined in the
PI, with a good resolution (individual scan lines ~25 pm
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Fig. 1 (a) Illustration of the local arrangement for simultaneous LIG and LIBT of graphene patterns; (b) photograph of the setup after writing interdi-
gitated capacitor test patterns, with the paper clips used for keeping the layers of the “sandwich” in contact. The lower image shows an individual
LIG electrode written with good resolution (lines ~25 um thick); (c) an example of LIG electrode patterns transferred to a glass slide, with the pres-
ence of graphene confirmed by the graph exhibiting the characteristic Raman peaks from graphene; and (d) LIG patterns written in Pl and the
corresponding replication in a PDMS sheet.

Fig. 2 (a) Biological electrochemical sensor incorporating gold particles in the active circular region, with the corresponding SEM images showing
gold droplets uniformly dispersed in the graphene matrix. The morphology of LIG in a confined environment seems to consist of more densely
packed graphene sheets and (b) flexible graphene/Nb,Os hybrid MSCs and the corresponding high resolution TEM image showing the nanometric
scale oxide grains mixed with the graphene sheets.
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thick). Fig. 1c shows an example of electrode patterns effort-
lessly generated and transferred to a glass slide, and a Raman
spectrum with the characteristic peaks from graphene,
obtained from a LIG pattern imprinted on glass. The patterns
transferred using high fluence treatments exhibited extremely
good adherence. They could not be erased from the glass by
rubbing with the fingers, and in some cases, even by scratch-
ing with metallic tweezers. Similar results have been obtained
by placing another polydimethylsiloxane (PDMS) polymer
sheet together with the PI; Fig. 1d shows an example of LIG
patterns generated and simultaneously transferred to PDMS.
The reasons for the high adhesion of LIG to the glass and
PDMS substrates have not yet been positively determined,
although there are indications of glass melting at the surface
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in contact with the PI. For the PDMS, the picture is further
complicated by the fact that, under appropriate experimental
conditions, a 355 nm UV laser is able to carbonize the
material, even if its optical absorption is very low at this wave-
length."” The resulting carbon patterns in the PDMS are
expected to accumulate contributions from both LIG transfer
and PDMS carbonization. The electrical resistivity of the pat-
terns transferred to glass varies in a wide range, depending on
the processing conditions. Until now, the sample with the best
properties (on glass) exhibited a resistivity of 68 pQ m™", with
the corresponding twin patterns in the PI displaying a value of
32 uQm.

Alternative ways to decorate the laser-induced graphene pat-
terns have already been tested with very positive results. Gold

0.6 b)
&
I 0.4
o
ﬁ ——2.92 yAlem’
> 0.2 ———3.50 yAlem’
2z ———4.08 yAlcm’
% od —4.67 pAlcm:
o 5.84 pAlcm
& e 7.00 pAlcm’
0.2 8.75 pAlem’
——11.7 pAlcm’
-0.4 T

T L T L T L T
20 40 60 80
Time (s)

=)
N

T
]
] (@)
S0 / —— 292 yAlem?
z ———3.50 pAlcm?
T e 4.08 pAlcm’
¢ o2 / ——4.67 pAlcm?
2 / 5.84 pAlcm’
T 0.0 ——7.00 yAlcm’
s 8.75 pAlem’
— - 2
e» - e 11.7 pAlcm
0413

T ¥ T L T ¥ T x T ¥ T L4 T v
0 20 40 60 _ 80 100 120 140 160
Time (s)

30
25 ()
20
15

-
o o
1.l

0

Current (uA)

*kBs85288338383
T

0 10 20 30 40 50 60
Scan rate (mV/s)

70 80 90 100

T = -
04 -03 -02 -01 00 01 02 03 04 05 06
Potential (V vs. Hg/HgO)

Fig. 3 Electrochemical analysis of laser fabricated MSC devices. Pl-based MSCs: (a) CV curves and (b) galvanostatic charge/discharge curves. Pl/
Nb,Os-based MSCs: (c) CV curves and (d) galvanostatic charge/discharge curves. Comparison of specific capacitances of Pl and PI/Nb,Os-based
MSCs: (e) specific capacitance vs. the scan rate. (f) Capacitance retention of niobium-containing MSCs for 5000 charge/discharge cycles. Inset: CV

curves measured at regular intervals during the repetitive cycling test.
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films were deposited (by sputtering) on selected regions of the
PI sheets prior to laser processing of electrodes for biological
sensors. Fig. 2a shows a picture of one sensor, as well as SEM
images of the resulting microstructure. Uniformly distributed
gold droplets (in the 5 pm-10 pm range) embedded in a matrix
of graphene sheets can be noticed in the image. The inset
picture, showing a higher magnification, indicates that the
confined environment during polymer graphitization forced
the graphene sheets to assume a new, more compact configur-
ation, different from the normal (unrestrained) “rosebud-like”
morphology of LIG. Alternatively, the top glass in the sandwich
can be coated with thick or thin films for simultaneous syn-
thesis, doping/decoration and transfer. As an example of the
application of this method, niobium films were sputtered on
the top glass slide for direct laser fabrication of flexible hybrid
MSCs. Fig. 2b shows a set of MSCs ready for testing, and a
TEM high resolution image showing the presence of Nb,Os
grains (~3 nm) among the graphene sheets.

The electrochemical performances of the laser fabricated
MSCs were evaluated using a two-electrode setup (in 1 M
KOH), which is a commonly used electrolyte for practical appli-
cations in energy related devices. Fig. 3(a and b) show the
results of cyclic voltammetry (CV) and galvanostatic charge/dis-
charge (GCD) tests performed on PI-based MSCs, while Fig. 3(c
and d) present the corresponding results for PI/Nb,Os MSCs.
The CV curves for PI/Nb,Os MSCs have larger enclosed areas,
as well as more symmetrical shapes when compared to the PI-
based MSCs. Fig. 3e shows the areal capacitance versus scan
rate curves for the laser-processed PI and the niobium-contain-
ing devices. Once again, the electrochemical charge storage
performance of the MSCs was significantly improved by Nb,O5
incorporation. Fig. 3f shows the capacitance retention of a PI/
Nb,Os MSC device during repetitive CV cycles. The device
exhibited outstanding cycling performance at a scan rate of
75 mV s~'. The capacitance retention decreased slightly up to
300 cycles, and after that it remained as high as ~99% over
5000 cycles. The inset in Fig. 3f shows the shapes of typical CV
curves without any significant deterioration, indicating a long
cycle life.

Forward transfer of the graphene patterns to the underlying
glass has also been successfully accomplished, using higher
fluences and thinner PI sheets. The method is very straight-
forward, opening the possibility for simultaneous synthesis,
doping/decoration and transfer of graphene patterns to arbi-
trary substrates at room temperature and pressure. The
extreme local conditions during the confined induction of gra-
phitization can probably help chemical reactions, doping and
the intercalation of compounds in the multilayer graphene
sheets.

Most researchers use CO, laser cutters/engravers for photo-
thermal LIG processing. This is probably the main reason for
the technique to remain undiscovered until now, since the
long infrared wavelengths cannot cross soda-lime-silica (or
borosilicate) glass slides. In our experiments we used a fre-
quency tripled NdYVO, laser (Spectra Physics Pulseo 355-20),
but the method could most probably be performed with other
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near UV, visible or near infrared lasers. The range of experi-
mental conditions for successful LIG transfer to the glass and
PDMS substrates was relatively wide (laser powers between 0.5
W and 9 W, pulse repetition rates 500 Hz-50 kHz, and laser
spot sizes between 10 pm and 500 pm).

Conclusions

At this early stage in the research, there are still some out-
standing practical problems that need to be solved (or, at least,
circumvented). The more troublesome is the generation of
liquid by-products during the carbonization process. Due to
the confined environment, the liquid may gradually accumu-
late, interfering with the cooling rate of the treated material
and the optical path of the laser (due to bubble formation).
Depending on the processing conditions, the thickness of the
PI layer and the design and dimensions of the laser-treated
device, the writing/transfer processes might not be affected,
with very good final results. On the other hand, under extre-
mely unfavourable conditions, the written device may be
riddled with defective regions due to the irregular attachment
of the graphene flakes upon separation of the sandwich.

The methodology for laser processing reported in this com-
munication ultimately allows the growth/deposition of gra-
phene patterns on a wide variety of substrates. Besides being
simple, convenient and inexpensive, the approach is very flex-
ible, providing several ways to simultaneously perform mul-
tiple modifications to the material. By using an experimental
arrangement which can be described as “contact LIFT” (or
“contact LIBT”, for backward transfer of the synthesized gra-
phene), other parameters related to the confined nature of the
synthesis environment are open to study and exploitation.
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