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Abstract - In this work a new Single Layer Graphene (SLG) transfer technique exploiting a hot embossing
process was carried out. Flexible electrolyte gated Graphene Field Effect Transistors (G-FET) were fabricated
and tested electrically. A polymeric transparent foil suitable for optics and flexible electronics, Cyclic Olefin
Copolymer (COC) was used as flexible substrate. Raman characterization confirmed that the new Hot
Embossing Graphene Transfer (HEGT) is suitable for the deposition of SLG and the fabrication of G-FETs. A
Comparison with SLG common transfer method was carried out and proven for G-FETs fabrication. The
HEGT devices showed typical characteristics and maintained the same performances when the substrate was
bent. This demonstrated that the HEGT allows for efficient transfer of high quality SLG on large area thus

providing the opportunity for the exploitation on a large scale production process for flexible substrates.
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1. INTRODUCTION

Graphene is one of the most studied 2D material and the application fields are widespread. Graphene based Field
Effect Transistors (G-FET) are encountering a growing interest since they showed high performances as in liquid
biosensors by functionalizing single layer (SLG) or few layer graphene (FLG) to detect biomolecules as DNA or
proteins at very low concentration [1]-[3]. In recent years graphene has also been widely used in flexible electronics
due to its high flexibility for the production of a wide variety of devices (solar cells, light-emitting diodes and field
effect transistors) [4], [5], exploiting also wafer-scale processing strategies for back-gated G-FETs [6]. An integration
on flexible substrates of G-FET for in liquid biosensing is more recent [7], on the contrary EGOFET (Electrolyte Gated
Field Effect Transistors) or OECT (Organic Electro-Chemical Transistors), which are polymer based devices, have
been commonly used on Kapton™ foils [8], [9] or on Polydimethylsiloxane (PDMS) [10] [11] or on textile fibers
[12],[13]. The number of layers and defects in the SLG strongly influences the characteristics of the devices. The best
known method to produce graphene with few layers and defects is Chemical Vapor Deposition (CVD) on Cu or Ni
foils [14]; then a transfer strategy is needed to be properly deposited on the substrate containing the electrodes. The
latter step is commonly performed using Poly(methyl methacrylate) (PMMA): after spinning it on the Cu foil, Cu is

etched and graphene is deposited on the substrate; as a last step PMMA is etched and completely removed. This



transfer process is a high critical operation [15] and one of the main issues for the exploitation of graphene at industrial
level: the procedure is long and complex and cannot be automatized; moreover, at every step the graphene layer can
degrade and PMMA contamination is very common, which worsen the sensors performances due to a n-type doping
[16]. Therefore, alternative methods for the transferring process are required especially if flexible substrates are needed
and handling and processing gets more complex. Graphene transfer by hot embossing has never been attempted,
although hot embossing is a versatile and well known process for microsystem fabrication [17], [18]. In this work, a
new method for graphene transfer exploiting hot embossing system was developed. The Hot Embossing Graphene
Transfer (HEGT) consist in a molding of the copper where graphene has been growth on a Cyclic Olefin Copolymer
(COC) foil containing the electrodes. After the complete removal of the copper the Graphene layer remains on the
electrodes. By avoiding the PMMA sacrificial layer the processing steps are reduced. This paper focuses on this new
approach compared to the more common fabrication one and explores the G-FET performances for flexible electronics.

2. EXPERIMENTAL

2.1. Graphene growth and G-FET fabrication

After rinsing 2 cm x 2 cm Cu foils in HCI to remove the native oxide, SLG was grown on them with a Moorfield
NanoCVD 8G.

These SLG were transferred with two different techniques and the obtained devices were used to evaluate the
differences between them.

A COC foil 140 um thick (TOPAS 8007 X04) and a 4” SiO./Si wafer were used as substrates. 100 nm of Au were
evaporated on both of them, with 10 nm of Ti as adhesion layer (Fig. 1, step al and b1). Electrodes were patterned by
wet etching after UV photolithography with AZ 1518 positive photoresist (Fig. 1, step a2 a3 and b2 b3) with a channel

20 pm wide and 2 mm long.

The first transfer procedure employed the hot embossing technique (Fig. 1, step a4). The Cu foil with the SLG was
embossed (model HEX01 JENOPTIK Mikrotechnik) on the COC foil with the already patterned electrodes at 80 °C
with 10000 N of applied force for 120 s. Cu was removed by wet etching in a FeClssolution for 20 min and samples
were thoroughly rinsed twice in deionized (DI) water and once in HCI to remove any FeCls residue, thus leaving the
SLG on the Au electrodes (Fig. 1, step a5).

In the second transfer procedure, traditional PMMA-assisted transfer process was used to check the quality of the
HEGT. A layer of PMMA (1.35% in anisole) was spin coated on the Cu foil side with the SLG. The Cu was then
etched in a FeClsz solution. The Graphene/PMMA foil was cautiously rinsed as in the previous procedure and placed on
the substrate (either COC or SiO/Si) (Fig. 1, step b4). Samples were dried under vacuum at room temperature to allow
a better PMMA removal [19]. PMMA was then etched in acetone, leaving only the electrodes covered by the SLG
(Fig. 1, step b5).



In both cases, by photolithography with AZ 1518 as positive photoresist, graphene was patterned by oxygen plasma

for 30 s to remain only in the channel between source and drain.

For the passivation, polyamide (Asahi Kasei AM 271) was employed to avoid short circuits due to the electrolyte

gating (Fig. 1, step a6 and b6). The final COC devices are reported in Fig. 2.
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Figure 1: G-FET fabrication process flow via hot embossing (al-a6) and common PMMA assisted transfer (b1-b6).

Figure 2: G-FET devices fabricated via hot embossing process of SLG on COC. In the inset: electrical

characterization layout with PDMS well, source, drain and gate (Ag/AgCl leak free reference electrode) contacts.

2.2. Raman, Electrical and Atomic Force Characterization

In order to have a first evaluation of the quality of the graphene after the transfer processes, a Raman spectroscopy
was performed on the final devices for graphene transferred via hot embossing on COC and via PMMA support on
COC and on SiO,/Si wafer.

Raman characterization has been performed with a Renishaw inVia Raman microscope (Renishaw plc, Wotton-
under-Edge, UK) equipped with a Leica DMLM microscope with a 50x objective. The excitation was obtained with a
514.5 nm Ar laser with an output power of 50 mW (5 mW at the sample). All spectra were recorded using 5
accumulations (2 s exposure). To avoid photodegradation, the laser power density at the sample was decreased by

increasing the diameter of the laser spot. To get the spectrum of SLG, a spectroscopy has been performed also onto



the COC alone. Both the spectra were normalized with respect to the laser and then subtracted to get the specific

graphene contribution.

The electrical characterization has been performed on three sets of devices, in order to analyze the influence of the
transfer process and of the substrate. The characterized G-FETs were fabricated via PMMA assisted transfer on
Si/SiO; substrate and on COC foil and fabricated via hot embossing on COC foil.

Electrical characterizations have been performed with a Keysight B2912A Source/Measure unit. The devices were
tested with a probe station; to hold the electrolyte a PDMS well with a capacity of 50 ul was used, simply placed on
the transistors. As a gate an Ag/AgCI leak free reference electrode was adopted, placing it in the well with the

electrolyte.

The gate voltage was swept from -1 V to +1 V keeping the drain voltage fixed at different levels (20 mV, 70 mV,
120 mV, 170 mV, 220 mV) to measure in DI water the device trans-characteristics (drain current vs gate voltage). To
make sure there was no leakage through the gate, the leakage current was measured in parallel and it was always more
than 4 order of magnitude lower than the drain current.

Tests were then performed to study the response of the G-FETSs made via hot embossing as flexible devices: the
electrodes were folded upwards keeping the channel down with a curvature radius of 8 mm, and measurements were
taken as previously described.

The AFM characterization was performed in tapping mode with Bruker Atomic Force Microscope, with probes

with nominal resonance frequency of 300 KHz and elastic constant of 40 N/m.

3. RESULTS AND DISCUSSION

The novel HEGT was implemented and tested to obtain the final G-FETs on COC foil. The first fundamental result
is the preserving of the SLG under the molding pressure necessary to the transfer (25 MPa). To obtain this, the HEGT
should avoid any residual mechanical stress on the substrates. The low temperature and time selected in the process
conditions induce a negligible polymer chains re-arrangement and hence no defects are transferred on the electrodes
and SLG. The Raman spectrum of the graphene embossed on the COC (Fig. 3a) shows 3 main peaks: the D peak at
1343 cm?, the G one at 1572 cm™ and the 2D at 2678 cm™ and the l.p/lg ratio is 1,94. The ratio and the shapes of the
2D and G peaks demonstrate that the graphene is monolayer, while the presence of a small D peak means that few
defects are present in the planar structure [20], [21]. As a comparison, the Raman spectrum of graphene PMMA
transferred on COC (Fig. 3b) has the same peaks (D at 1346 cm™, G at 1576 cm™ and 2D at 2687 cm™) as well as the
one transferred on SiO2/Si (Fig. 3c) (D at 1340 cm™, G at 1576 cm™ and 2D at 2671 cm?).

From a comparison between the three spectra it can be seen that the ratio between 2D and G peaks is comparable,
while the D peak is higher in the COC PMMA-transferred, meaning that there are more defects [20], [21].
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Figure 3: Comparison between normalized Raman spectra respectively of a) graphene transferred via hot embossing
on COC, b) with PMMA on COC and c) with PMMA on SiO./Si.

In order to have more information on the graphene on COC, an AFM analysis was attempted (Fig. 4): valleys and
hills in the range of tens of nm are due to the non-planar surface of the COC, which graphene covers. This is probably
the reason of the D peak in the Raman spectrum and cause the slightly lower mobilities respect to SiO./Si samples.
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Figure 4: AFM analysis of graphene transferred on COC via hot embossing.

The tested G-FETSs (Fig. 2) were fabricated following the HEGT and PMMA assisted procedures described in 2.1
with COC and Si/SiO; as substrates to evaluate the differences between the transfer processes. The PMMA-mediated
transfer was used on both Si/SiO; and COC in order to analyze the influence of the polymer with respect to the

common wafers.

The electrolyte-gated G-FETSs fabricated via hot embossing show the typical ambipolar characteristics (Fig. 5a): the
devices have the transition from p to n-type with the classical V-shape for the trans-characteristic. The shift of the
Dirac points from the 0 V is probably due to a charging effect coming from the substrate as in the case of SiO; [22].
Improvements in the shift of the Dirac point could be achieved by using electrolytic delamination to avoid possible
contaminations due to copper etching [23]. Mobilities were calculated by models already proposed by the literature for
these kind of devices [24]-[26] with the transconductances obtained from the graphs. The results were pe = 141 cm?/Vs
and pn = 221 cm?/Vs for embossed COC, [e = 87 cm?/Vs and pn = 142 cm?/Vs for transferred COC and pe = 178
cm?/Vs and i = 233 cm?/Vs for transferred SiO/Si.
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Figure 5: a) Igs vs V4 of G-FET fabricated via hot embossing at different Vs in DI water; b) Comparison of Igs vs Vg
characteristics in DI water at fixed drain voltage of G-FET fabricated via PMMA assisted transfer on Si/SiO; and
COC and via hot embossing on COC.



The Dirac point of all three devices (PMMA-assisted transfer on COC and on Si/SiO, and via hot embossing on
COC) are comparable, meaning that there are no significant charging effects (Fig. 5b). The COC PMMA-mediated
transfer is the one showing the worst characteristics, having the lowest conductance and transconductance. This is
probably due to the difficulty in the transfer arising from the flexibility of the substrate and increasing the possibility of

fractures in the monolayer.

The embossed graphene shows a transconductance similar but slightly lower than the PMMA-assisted one on
Si/SiOz; that may be due to the physical stress that graphene has to endure during the embossing step, which may

produce some fractures in the monolayer.

To test the performances as flexible devices for electronics, G-FETs fabricated via hot embossing were measured at
first when flat and then were slightly folded and measured again. As it can be seen in Fig. 6, the device still has the

common V-shape, meaning that it shows comparable performances when bent.
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Figure 6: Comparison between the trans-characteristics of the same device with Vg = 70 mV in standard

configuration (black) and when folded (red).

4, CONCLUSION

In conclusion, a novel graphene transfer method via hot embossing at low temperatures (80 °C) has been
successfully developed. A working G-FET on a COC flexible substrate was fabricated exploiting this method and
showed valid performances also when folded with a curvature radius as low as 8 mm. Comparison between HEGT and
common PMMA-mediated transfer technique shows comparable characteristics, thus demonstrating the possibility to
efficiently transfer high quality SLG on flexible devices and to scale the production to an industrial level. Moreover,
the G-FETs on flexible substrate are of great interest for the development of portable highly sensitive sensors for

biomedical application.
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e Graphene can be successfully transferred on COC without polymer sacrificial layer
e  G-FETs show comparable characteristics to common transfer techniques
e  G-FETs are suitable for flexible electronics since they work also under bending
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