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Abstract: The patterning and transfer of a two-dimensional graphene film without damaging its
original structure is an urgent and difficult task. For this purpose, we propose the use of the
blister-based laser-induced forward transfer (BB-LIFT), which has proven itself in the transfer of
such delicate materials. The ease of implementation of laser techniques reduces the number of
intermediate manipulations with a graphene film, increasing its safety. The work demonstrates the
promise of BB-LIFT of single-layer graphene from a metal surface to a SiO2/Si substrate. The effect
of the parameters of this method on the structure of transferred graphene islands is investigated.
The relevance of reducing the distance between irradiating and receiving substrates for the transfer
of free-lying graphene is demonstrated. The reasons for the damage to the integrity of the carbon
film observed in the experiments are discussed. The preservation of the original crystal structure of
transferred graphene is confirmed by Raman spectroscopy.

Keywords: laser-induced forward transfer; graphene; laser processing; laser ablation; Raman
spectroscopy

1. Introduction

The use of graphene in optics and electronics requires transferring the monolayer carbon
material to an arbitrary, usually dielectric, substrate and forming the necessary pattern from it; for
example, the channel of the transistor [1,2]. The standard procedure for the fabrication of a graphene
channel for a transistor is a multi-stage electron-beam lithography process [3-5]. Each of these stages
consists of several steps of covering graphene by the polymer and its further removal. Such
multistage processes lead to a significant decrease in the quality of the initially synthesized graphene
on copper foil. Laser-induced forward transfer (LIFT) is a more promising method for this purpose
due to the wide range of variable parameters (wavelength, pulse duration, energy, and focusing
spot) of modern laser systems and their stability, which allow the transfer of materials in a liquid or
solid state of aggregation [6—13]. During the LIFT procedure, the laser pulse heats the absorbing
layer covering the transparent donor substrate. Local heating leads to the partial evaporation of the
absorbing layer and an increase in pressure, which results in the ejection of material from the site of
the donor substrate facing the receiving sample—acceptor. Different variations of this technique may
be applied depending on the task and the transferred material. Moreover, this method has already
been used for graphene transferring [14]. In this case, the triazene film was used as the material
absorbing laser radiation, and the graphene film was embedded in a polymethylmethacrylate
(PMMA) matrix, which was chemically removed with the remains of the absorbing polymer after
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the transfer. Here, we propose another modification of this technique with the use of metal film
instead of the triazene for the absorption of laser radiation. Such a metal layer protects the
transferred material both from overheating and from the photo action of laser radiation and creates
the conditions for its transfer. Short-pulse laser heating causes the surface ablation of a thin metal
layer on the boundary with a transparent substrate, resulting in a pressure increase and blister
formation, the so-called blister-based LIFT (BB-LIFT) [13,15-17], which leads to the release of the
transferred material in the direction of the acceptor surface. This configuration allows the transfer of
free-lying graphene and avoids the use of a PMMA matrix. The need for the subsequent removal of
the latter greatly complicates the procedure for the transfer of graphene and leads to additional
damage to the carbon film. Recently, we used this approach for the transfer of pure single-walled
carbon nanotubes (SWCNTs) [18] and graphene film [19]. However, the generated impulse by the
blistering of the 420 nm-thick metal (Al) film used in the previous experiments was not enough to
push the light graphene film in comparison with a thick layer of SWCNTs. As a result, the graphene
film was incompletely removed from the donor surface and was transferred in the form of
individual crumpled flakes of micron and submicron size. These transfer features are associated
with a low value of the ablation threshold of the metal layer at a certain metal thickness. The
working range of the laser fluence should provide enough impulse for the ejection of the transferred
material on the one hand and should, on the other hand, not cause a rupture of the metal film and an
ablative metal spatter towards the acceptor substrate. For this reason, the thickness of the aluminum
layer should be increased.

Here, we report on the results of the BB-LIFT of the fragments of pure graphene film. The effect
of the thickness of the absorbing metal layer and the gap between the donor and acceptor substrates
on the quality of the transfer is analyzed. Possible changes in the internal structure and morphology
are controlled by Raman spectroscopy and scanning electron microscopy (SEM), respectively.

2. Materials and Methods

Experimental samples, the so-called donors, were prepared in two stages. First, to absorb the
energy of the pulsed laser radiation, an aluminum film was deposited on the surface of a polished
quartz plate. The metal film deposition was performed in a vacuum chamber at a pressure of 10
mbar by the heating aluminum foil in a molybdenum boat to 900 °C with a current passing through
it. Then, a polycrystalline graphene film grown on copper foil by chemical vapor deposition (CVD)
was transferred to the surface of the aluminum film by a standard wet method using PMMA as a
supporting polymer, which was chemically removed after the transfer [20-22]. Thus, a donor sample
was obtained, consisting of a transparent quartz substrate coated with a radiation-absorbing metal
layer with a free-lying, mainly single-layer, graphene film on its surface.

The BB-LIFT procedure applied to the donor sample containing a graphene film is illustrated in
Figure 1. The radiation of the KrF excimer laser CL-7100 (Optosystems Ltd., Troitsk, Moscow,
Russia, wavelength 248 nm, pulse duration 20 ns) was directed vertically downward and focused on
the surface of the aluminum absorber layer through a square mask (1200 x 1200 mm?) to cut out the
central homogeneous part of the laser beam. In such a projection scheme, the image of the mask was
reduced 20 times into a 60 x 60 pum? spot. In our experiments, the laser fluence in the irradiated spot
was varied discretely from 1.2 to 3 J/cm?2.
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Figure 1. Sketch of the BB-LIFT technique applied to transfer the graphene film.

acceptor SiO2/Si |
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Silicon substrates with a 90 nm-thick silicon dioxide (SiO2) surface layer were chosen as
receiving substrates, the so-called acceptor, which made it possible to control the transfer of the
graphene film on the substrate surface by optical methods [23]. The acceptor substrate was placed at
a distance of 50 or 0 um from the donor in two sets of experiments. In the case of zero distance, the
acceptor was placed in contact with the donor, but due to the imperfect flatness of the two samples a
small gap appeared between them.

Single-layer polycrystalline graphene films of high quality were selected for the experiments.
The quality of the films before and after laser irradiation, both on the initial and receiving substrates,
was controlled using Raman spectroscopy (Horiba, Paris, France, LabRAM HR Evolution
spectrometer with A = 532 nm) and SEM (TESCAN Mira 3, Brno, Czech Republic). The surface
morphology was also analyzed using an Axiotech 25HD optical microscope (Carl Zeiss, Jena GmbH,
Germany).

3. Results and Discussion

In this work, we increase the thickness of absorbing aluminum film from 420 to 1900 nm, which
leads to an increase in its ablation threshold from 0.8 + 0.1 to 2.8 + 0.2 J/cm?. In this case, the graphene
film starts to transfer after the irradiation with a laser fluence exceeding the value of 1.2 + 0.1 J/cm?2.
Therefore, the working range of the laser fluence changes from 0.2 + 0.8 to 1.2 + 2.8 J/cm?2. The
distance between the donor and acceptor substrates remains the same as in previous experiments
[19] and amounts to 50 um. The result of BB-LIFT of single-layer graphene film is shown in Figure 2.
Optical images of the donor substrate in the transmission and reflection modes after the irradiation
with different laser fluences are presented in Figure 2a,b, respectively. Optical images of the acceptor
substrate surface are shown in Figure 2c in a mirror image for an easy comparison of the resulting
print on the acceptor with the donor. A noticeable amount of the transferred material is observed on
the acceptor surface (dark islands in Figure 2c) at all laser fluencies. It is seen that after the laser
exposure and transfer, the polycrystalline graphene film breaks into separate micron-sized flakes.
With an increasing fluence, the transfer area spreads over the surface of the acceptor substrate
beyond the irradiation zone indicated by the dashed red line. This result correlates with the
dependence of the scattering angle on the laser fluence observed after the break-up of the diamond
layer into micrometer-scale clusters during its BB-LIFT process [13]. When the laser fluence reaches
the value of 3 J/cm? a noticeable change in the amount of transferred material onto the acceptor
surface is observed, which is associated with the beginning of the ablative metal transfer. It is
indicated by the metal rupture that can be observed in Figure 2a, as well as the presence of relatively
large metal areas and drops on the receiving substrate (Figure 2c), which clearly differ from the
islands of the transferred carbon film.

Figure 2. Optical images of the donor substrate covered by the graphene film in the (a) transmission
and (b) reflection modes, and the (c) acceptor substrate after the BB-LIFT procedure with a 50 um
gap between substrates. Numbers correspond to the laser fluence in J/cm? used for the transfer.
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The Raman spectroscopy analysis of islands of the transferred material shows that graphene is
transferred by separate micron-sized flakes to the acceptor substrate with the preservation of the
initial crystal structure (sp? hybridization) of single-layer graphene if the laser fluence exceeds the
value of 1.2 £ 0.1 J/cm2 Figure 3 shows the Raman spectrum of the initial graphene film (black line)
on the aluminum surface of the donor substrate and the spectra of material on the acceptor surface
transferred with three values of the laser fluence (green lines in Figure 3). The signal-to-noise ratio is
higher for the original film because the spectrum was recorded from the graphene on the aluminum
film on the donor surface in contrast to the spectra recorded from the silicon acceptor substrate.
Distinctive graphene peaks at a Raman shift of 1580 cm™ (peak G) and 2670 cm™ (peak 2D) are
detected for the original film and transferred flakes. The width of the 2D peak is about 32 cm™' in
almost all regions, which indicates the transfer of single-layer graphene [24]. In the spectra of the
transferred graphene flakes, a noticeable shift of the 2D peak towards a lower wavenumber is
observed, which indicates an increase in stress in the transferred material [25]. The increase in the
laser fluence leads to a stronger shift of the 2D peak and, therefore, to an increase in stress in
graphene flakes on the acceptor substrate. The observed decrease in the intensity of the 2D peak
relative to the G peak and its broadening with an increase in the laser fluence can indicate the partial
oxidation of the carbon film [26]. The appearance of the D peak at 1345 cm™ corresponds to the
presence of defects in the carbon material. To analyze the defect formation in the transferred
graphene material, we calculate the Id/Ig ratio of the intensities of the D and G peaks in the initial
film and transferred graphene fragments. After the transfer, the Id/Ig ratio increases from 0.07 to a
maximum of 0.18, which corresponds to a change in the distance between defects from 38 to 24 nm
[27].

original graphene

acceptor at distance 50 um
——3.0 Jlcm®
—— 2.1 Jiem®
1.2 Jicm?

Intensity (a.u.)

1300 1400 150 1600 2600 2700
Raman shift (cm™)

Figure 3. Raman spectra of the graphene films, recorded from the initial film on the donor substrate
and areas on the acceptor substrate placed at a distance of 50 um from the donor.

The Raman spectroscopy analysis of the donor surface in the irradiated areas after the transfer
shows a complete absence of graphene in them at a laser fluence higher than 1.6 + 0.1 J/cm?, which
was not previously observed in experiments with a thin metal film at a fluence value reaching the
threshold of metal ablation [19]. Thus, an increase in the thickness of the metal layer allowed us to
increase the efficiency of removal of transferred graphene from the donor to acceptor surfaces
without signs of the metal transfer. However, the nature of the transfer remains the same. Multiple
break-ups of the original film, the transfer of micrometer-scale islands of the graphene film, and its
crumpling after the transfer is observed. A possible cause of the film crumpling is the free flight of
graphene from the donor to the silicon substrate. It is known that a two-dimensional film in a free
state tends to reduce the surface energy, which leads to the appearance of bends and the transition to
a 3D structure. Therefore, the air gap of 50 um between the donor and acceptor substrates was
removed; and the acceptor was placed in contact with the donor. Besides, by reducing the distance to
the receiving substrate, the lateral spread of the transferred material should be reduced. Figure 4
shows optical images of the surfaces of the donor and acceptor after a laser transfer performed with
no gap between them. Despite the obvious similarity of the optical images of the donor surfaces in
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Figure 2a,b and Figure 4a,b after the laser irradiation, the absence of an air gap between the
substrates leads to a noticeable change in the morphology of the obtained patterns on the silicon
acceptor substrate. The patterns, shown in Figure 4c, demonstrate the absence of a noticeable lateral
spread of the transferred material at all laser fluencies used in the experiments. The imprint area on
the silicon substrate corresponds to the laser irradiation spot. However, the continuity of the original
film is not maintained, as in the case of the first configuration with an air gap. It should be also
mentioned that the character of the metal transfer has noticeably changed; the position and size of
the transferred large metal fragments are in good agreement with the damage to the metal on the
donor surface (see Figure 4a,c). Furthermore, there are noticeably fewer small metal droplets
compared to the previous experiments with a gap (Figure 2c). The fluence range for successful
graphene transferring remains the same.

Figure 4. Optical images of the donor substrate covered by the graphene film in the (a) transmission
and (b) reflection modes, and the (c) acceptor substrate after the BB-LIFT procedure with no gap
between substrates. Numbers correspond to the laser fluence in J/cm? used for the transfer.

An analysis of the material transferred in the scheme without a gap between the substrates by
Raman spectroscopy (Figure 5) shows the preservation of the initial structure of the graphene film.
No shift of the 2D peak to the lower wavenumber in the transferred film up to the threshold laser
fluence is observed, in contrast to the film transferred in the scheme with a gap of 50 um between the
substrates. This indicates the absence of noticeable creasing and stress in the transferred film. In this
case, optical images (see Figure 4c) demonstrate the same deposition of separate graphene flakes on
a silicon substrate as in the absence of contact between the donor and acceptor (see Figure 2c).
Additionally, a smaller change in the width and intensity ratio of the 2D and G peaks is observed in
comparison with the spectra in Figure 3. After the transfer, the Id/Ig ratio increases from 0.07 for the
initial film to 0.1 and 0.15 for the transferred graphene material with a fluence of 2.1 and 2.4 J/cm?,
respectively. The increase in ratio corresponds to a decrease in the distance between defects from 38
to 32 and 26 nm, respectively.
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Figure 5. Raman spectra of the graphene films, recorded from the initial film on the donor substrate
and areas on the acceptor substrates after the transfer procedure with zero distance between
substrates.

For a more detailed comparison and analysis of the morphology of the transferred graphene in
the two considered configurations of the laser transfer scheme, we used SEM images. Figure 6 shows
images of separately transferred graphene flakes on silicon acceptor substrates after exposure with a
fluence of 2.1 J/cm?, most promising for the imprint quality (Figure 4). For comparable areas of the
transferred graphene flakes in Figure 6, the SEM image is less clear in the case of the transfer with a
gap, which can indicate the surface charging during scanning by an electron beam. This can be
caused by noticeably larger damage to the graphene film during laser transfer with a 50 um gap
between the substrates. The spongy surface of the graphene is noteworthy, i.e., the presence of
multiple nano-ruptures of the surface, as well as a greater number of its local bends, is observed in
Figure 6a, compared to graphene transferred in the scheme with the substrates in contact. The
charge can also be drained by local oxidation of graphene during its heating and transfer, which was
also mentioned in the analysis of the Raman spectra (Figure 3). In the case of the transfer without a
gap, the transferred film oxidizes less before it comes into contact with the acceptor due to a zeroing
or decrease in the time of flight and contact with ambient air, which improves the ohmic contact
with the substrate. Another reason is the lower temperature of the transferred material in contact
mode due to an increase in thermal conductivity. Thus, the decrease in structural damage of the
transferred carbon film observed in Figure 6b explains the preservation of the initial spectral
characteristics of the transferred graphene—there is no shift of the 2D peak in Figure 5. Nevertheless,
even in the case of no gap, the transferred graphene flakes have a size of about 1 pum and are
noticeably wrinkled. A possible cause of the creasing is the insufficient adhesion of graphene to the
receiving substrate or its twisting on the donor substrate as a result of heating, before the contact
with the acceptor. Figure 6b shows the surface image taken with the tilt of the silicon substrate
relative to the electron beam. It demonstrates the absence of full contact between the transferred
graphene flake and the surface of the silicon plate. The reason for the fragmentation of the initial film
onto micron islands during the contact transfer can be the boiling of the adsorbate, which
accumulates between the graphene and the hydrophilic metal of the donor substrate during
exposure of the samples to air. The recent experiments on laser heating of graphene on SiO: [28]
have shown an important role of water adsorbate at the hydrophilic substrate/graphene interface in
this process. Pulsed-laser-induced local heating to 200-300 °C can lead to the boiling of the adsorbed
layers of water and the rupture of the polycrystalline graphene film along the boundaries. A
decrease in the effect of graphene heating during laser transfer can be achieved by further increasing
the thickness of the absorbing metal layer or by reducing the laser pulse duration. However, the
demonstrated method in its present state can be used to print the crumpled graphene for the
fabrication of arrays of electron emitters [29] or supercapacitors [30].
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(@) (b)

Figure 6. SEM images from individual flakes of single-layer graphene on the silicon substrate after
the BB-LIFT procedure with a fluence of 2.1 J/cm? (a) 50 pum gap between the donor and acceptor
substrates; (b) zero gap between the substrates. Image (b) was taken with the acceptor surface
inclined to the electron beam at 60 degrees.

4. Conclusions

The BB-LIFT of the crumpled fragments of graphene film was demonstrated. The increase in the
thickness of the absorbing metal layer allowed us to transfer the graphene material from all over the
irradiated spot of the donor onto the acceptor substrate without signs of the metal. Reducing the gap
between the substrates to a value of zero results in matching the patterns on the acceptor to the
shape of the laser spot. Raman spectroscopy indicates the preservation of the initial structure of
graphene after the LIFT, with a slight change in the distance between defects from 38 to 32 nm at the
optimal conditions of the transfer. The SEM analysis shows the transfer of crumpling
micrometer-scale islands of the graphene film. Therefore, the applied technique requires further
optimization of the transfer conditions so as to print a continuous pixel from a graphene film.
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