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Abstract

We demonstrate that predepositing on the dielectric surface a nanometrically thin nickel film is
sufficient to transform amorphous pyrolyzed photoresist film (PPF) into a graphitic film (GRF)
enriched with nickel particles. The GRF shows three orders of magnitude higher carrier mobility
than that of amorphous PPF, while its electrical conductivity doubles after etching away the nickel
remains. The pronounced 2D peak in the Raman spectrum, almost dispersionless absorbance in
the spectral range of 750 — 2000 nm, and saturable absorption coefficient indicate that GRF
possesses graphene-like band structure. The proposed cost-efficient and scalable synthesis route
opens avenues towards fabrication of micron size patterned graphitic structures of any shape
directly on a dielectric substrate. Having graphene-like transport and electrical properties at the 20
times higher absorbance than the single layer graphene, GRF is attractive for fabrication of fast
modulators of optical radiation, bolometers and other photonics and optoelectronic devices that

require an enhanced optical absorption.

1. Introduction

The dispersionless absorption coefficient of graphene in the VIS-NIR spectral range! > makes
this 2D material attractive for a number of optoelectronic applications. However, being atomically
thin, an isolated graphene sheet absorbs only 2.3% of the incident electromagnetic radiation that
is not enough for using it in photodetectors or modulators that require materials with higher optical
absorption ability. There exist several techniques that enable the enhancement of the graphene
absorption whilst preserving high carriers mobility and mean free path, e.g. by organizing
graphene nanosheets into vertically oriented array made by plasma-enhanced chemical vapor
deposition (see® and Ref* for comprehensive review), by modifying the substrate® or patterning

the graphene®. However, replacing graphene with a graphitic film (GRF) comprising of several



graphene layers may be a simpler solution, because its absorbance is solely determined by the
number of graphene sheets. It has already been demonstrated’ that GRF may be attractive for a
number of photonic and optoelectronic applications. For instance, the saturable absorption in the
GRF deposited on a dielectric substrate enables mode locking and generation of ultrashort pulses
in the fiber and solid state lasers®. Nonetheless the deposition of a thin layer of crystalline graphite
(or multilayer graphene) on a dielectric substrate is still challenging task. This is because the
fabrication of GRF is conventionally based on the chemical vapor deposition (CVD) on metallic

(e.g. nickel or copper) transient substrates® '°

, while photonic and optoelectronic applications
usually require dielectric ones. The necessity to transfer GRF from metal to dielectric substrate
significantly hampers their use in practice. Although recently a substantial progress has been made
in transferring graphene!!, the most appealing would be to grow GRF directly on dielectric support.

The direct growth of continuous graphene on the insulating support has been demonstrated on
the molten glass that enables a highly uniform graphene nucleation!?. Another approach suggests
using a dielectric substrate with a pre-deposited few hundred nanometers thick sacrificial copper
layer'3-15. However, this technique allows one to obtain a monolayer or a very few graphene sheets
deposited on the dielectric substrate, whereas the problem of the thicker GRF deposition on
dielectric support still remains unresolved.

The eagerly awaited by photonic and optoelectronic community solution of this problem implies
finding a feasible alternative to CVD technique. In this respect recently proposed!'® pyrolysis of
the photoresist film in presence of a nanometrically thin nickel layer deserves attention.
Specifically, it has been shown that pyrolysis at the temperature of 800 °C transforms several
hundred nanometers thick photoresist layer into tens of nanometers thick GRF embedded with Ni
nanoparticles'®. Such an ultra-thin GRFs have already exhibited an impressive performance in the
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surface enhanced Raman spectroscopy and nonlinear optics , although relationship between

their properties and synthesis conditions are still unclear.



In this paper, we report an extensive investigation of the optical and transport properties of GRF
synthetized on SiO2 by using a nanometrically thin sacrificial nickel layer. We demonstrate that
by pre-depositing 10 nm thick layer of Ni catalyst on the silica substrate one can transform
amorphous pyrolyzed photoresist film (PPF) into GRF embedded with Ni nanoparticles, which
can be readily etched away after the synthesis. Such a drastic impact of the Ni film on the pyrolysis
of the photoresist opens avenues towards new approach for the synthesis of graphitic films and
their application in photonic and optoelectronic devices. We report here an extensive comparative
study of physical properties of GRFs with and without Ni particles, and show that removal of Ni
nanoparticles does not affect crystallinity of the film. Thus, we propose an appealing route to
produce micron size graphitic structures that can be utilized for scalable fabrication of graphitic

circuits on a dielectric substrate.

2. Samples fabrication

We fabricated GRF on silica substrate by nickel catalyst-assisted pyrolysis of photoresist at
elevated temperature. A part of a silica substrate was coated by ten nanometers thick Ni catalyst
layer, which was thermally evaporated on a substrate (by Leybold Univex 300). After that the
sample was spin coated with 350 nm thick resist layer (AZ 2070 nLOF diluted with AZ EBR in

the ratio 1:4). The spin coated resist film was pre-baked for 1 min at 110 °C.
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Figure 1: A schematic illustration of the process flow to synthetize GRF on a dielectric substrate.
(a) A layer of GRF was synthetized by covering a dielectric substrate with a thin Ni film and (b)
with a nLOF resist film. (c) Annealing the sample in elevated temperature activate the catalysis
resulting GRF with Ni particles (GRF(Ni+)). Areas without Ni film were coated with amorphous
pyrolyzed photoresist film (PPF). (d) Nickel remains can be then removed by wet etching, which
results graphitic film without Ni particles (GRF(Ni-)). (e) An image of a two-inch fused silica

substrate; one-half covered with GRF(Ni+) and second half with GRF(Ni-).

The substrate with sacrificial Ni nanolayer and spin-coated resist film was then annealed in a
CVD chamber at 800 °C in H, atmosphere (20 sccm / 1 mbar) for 10 minutes (see'® for further
details). By performing pyrolysis at different thicknesses of the Ni layer we revealed that in our
experimental conditions, the optimal thickness of the Ni layer is 10 nm. At this thickness, the
synthesized GRF film resembles the multilayered graphene in terms of crystallinity, thickness and
surface conductivity yet showing mechanical robustness and a good adhesion to the dielectric
support.

Although the pyrolysis of the photoresist film takes place already after 600 °C'® '3 the Ni-

assisted transformation of the PPF into GRF is activated once the temperature reaches 700 — 800



°C range. We observed evaporation of the solvent from the resist layer at temperature of 700 °C.
At the same temperature the Ni film recedes forming sub-micron size Ni islands (see Fig. 1).

We believe that in presence of Ni nanolayer, the converting of a resist film to GRF is governed
by the same mechanism as the chemical vapor deposition of the multilayer graphene on nickel

foil "

. Namely, at the temperature above 700 °C, the 10 nm thick nickel layer recedes forming
particles of several hundred to several tens of nm, while the solubility of carbon in nickel sharply
increases?’ leading to the saturation of the Ni islands with carbon atoms. Cooling nickel particles
saturated with carbon atoms leads to the precipitation of graphene layers at the Ni surface?!
forming a homogeneous graphitic film with Ni particles embedded.

We perform comparative study of the photoresist films pyrolyzed without and with predeposited
Ni catalyst at the same process conditions. The former are conventional PPFs, while the latter,
which will be referred to as GRF(Ni+), are GRFs embedded with Ni nanoparticles (see Fig.1c).
From one of the GRF samples we removed Ni particles by applying a brief oxygen plasma
treatment (15 s / 20 scem / 100 W) followed by the wet etching in CuSO4:HCI:H>O solution (10
2:50 ml:50 ml). The GRF without Ni is denoted as GRF(Ni-)).

PPF, GRF(Ni+) and GRF(Ni-) were characterized by scanning electron microscopy (SEM - LEO
1550 Gemini), energy dispersive X-ray spectroscopy (EDX) analysis (SEM S-4800 Hitachi)
equipped with an EDX detector Quantex 200, Bruker), atomic force microscopy (AFM - Thermo
Microscopes Explorer 4400—11), Raman spectroscopy (Renishaw InVia Spectroscope with 532
nm excitation wavelength), a spectrophotometer (Perkin Elmer Lambda 1050 with integrating

sphere), femtosecond multicolor pump-probe spectroscopy at near infra-red spectral range and by

Van der Pauw method.



3. Experimental

3.1 Morphological characterization

Figure 2 shows the scanning electron microscope (SEM) images of the fabricated carbon films.
From Fig. 2a one can see that the PPF surface is homogeneous. This observation is consistent with
results published in Refs.!® 22, The high-resolution SEM images shown in Figs 2b,c reveal that the
films pyrolyzed with Ni catalyst layer have either embedded sub-micron size Ni particles (Fig. 2b,
GRF(Ni+t)) or holes of the same size (Fig. 2c, GRF (Ni-)). That is the melted Ni catalyst film
recedes and forms micron and sub-micron size Ni particles. After removal of the Ni, by the wet
etching, there is appearance of holes in the GRF where Ni particles were located. It is worth noting
that both nickel particles and holes may increase the surface roughness of GRF (Ni+) and GRF

(Ni-) in comparison with the PPF.
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Figure 2. Scanning electron microscope images of synthetized carbon films. The PPF (a) is very
homogeneous throughout the sample. The GRF(Ni+) (b) and GRF(Ni-) (¢) have defects that

originate from melted Ni film. (d-e) The EDX spectra of GRF(Ni+) and GRF(Ni-).

In the EDX spectra of GRF(Ni+) and GRF(Ni-) shown in Fig 2(d) and (e), respectively, one can

see the peaks corresponding to C, O, Si (~0.28 eV, ~ 0.52 ¢V and ~1,74 eV). The absence of the
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Ni peak (at 0.82 eV) in the EDX spectra of the GRF(Ni-) is consistent with results of the SEM
characterization (see Fig 2¢) showing that Ni particles have been mostly removed by wet etching.
Moreover, it is worth noticing that the amount of oxygen in GRF(Ni-) sample is increased of about
10 %, indicating additional oxidation of GRF in the course of the oxygen plasma treatment.

The results of AFM mapping are presented in Fig. 3. In Fig. 3a one may observe vertical lines
in the PPF AFM map that may originate from the spin-coating process. The thickness of the
obtained PPF films is 55 nm (£2 nm). The average surface roughness (R.) and peak-to-peak surface
roughness (Ryp) for the PPF were about 6.5 nm and 3.3 nm, respectively, which correspond to
highly smooth surface (compare with'®).

On the contrary, surfaces of the GRF(Ni+) and GRF(Ni-) are rather rough. In the GRF(Ni+)
sample, R, and R,, were 16 nm and 32 nm, respectively. The GRF(Ni-) sample had highest
roughness with R, and R,, of 48 nm and 78 nm, respectively. In Fig. 3b, yellow round shapes
correspond to the Ni particles resembling the SEM images in Fig. 2b. Furthermore, in Fig. 3c, one
can observe flat areas, which are roughly 40 nm lower than the rest of the film. These flat areas
correspond to the underlying fused silica substrate indicating that Ni particles goes fully through
the GRF during the synthesis. Due to roughness, the exact thickness of GRF is difficult to define.
The estimated average thicknesses for GRF(Ni+) and GRF(Ni-) were 50 nm (£ 5 nm) and 40 nm
(= 5 nm). For GRF(Ni+) the thickness was almost the same as for PPF while for GRF(Ni-)

thickness is reduced due to brief oxygen etching before Ni wet etching.



a)z

y {prm)
y {am)
y (um)

C) 2+
Substrate :5 7
- ‘
’ Q rY i
— 7 r
.

7
o ™
4

M

s

30
0s
]

Figure 3. Height mapping done by an atomic force microscope and surface profiles. (a) The

X (pm)

surface roughness of the PPF sample is very low in comparison with that of (b) GRF(Ni+) and (¢)
GRF(Ni-). (b) The height map of GRF(Ni+) sample shows peaks corresponding to Ni particles
shown in SEM image. (c) After Ni etching process, the roughness of GRF(Ni-) is greatly increased
due to the voids on those areas where Ni has been removed. Surface profile bellow a height map

corresponds white line in the map.

3.2. Raman characterization

The fundamental D (“disorder”) and G (“graphitic’’) peaks in Raman spectra contain information
on the crystallinity of the carbon material®® ?*. For undoped graphite, the D- and the G-peak are
located at ~1350 cm™ and 1582 cm™!, respectively. The D peak is activated in presence of a defect
in graphite and vanishes in a defect-free graphite lattice>*2*. Therefore, the ratio of D- and G-peak
intensities, I(D)/I(G), is used as a measure of crystalline quality of the GRF?*. Furthermore, 2D-
peak at ~2700 cm™, is a good indicator of the presence of the graphitic material since in amorphous
pyrolytic carbon films this peak is strongly suppressed?: 2. Therefore, measurement of the
I(D)/I(G) ratio and I(2D) provide information on the crystallinity of the GRF.

Figure 4 shows Raman maps of I(D)/I(G) ratio and 1(2D) for PPF, GRF(Ni+) and GRF(Ni-).
The I(D)/I(G) ratio of PPF is close to one inherent for strongly disordered material?®?. D- and G-

peaks are rather wide, while full-width half maximums (FWHMs) are ~100 cm™ and ~60 cm™,
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respectively, and 2D peak is hardly observable. These experimental finding indicates that PPF is
highly disordered, amorphous carbon film as expected?®.

On the contrary, D, G and 2D peaks of GRF are narrow (FWHMs are about 60cm!, 35 cm™! and
55 cm! respectively). For GRF(Ni+) and GRF(Ni-) the I(D)/I(G) ratio is approximately 0.4 and
0.55, respectively, which indicate that the former possesses lower disorder. Interestingly, 2D peak
in both GRF(Ni+) and GRF(Ni-) is about of the same order of magnitude. Therefore the measured
Raman spectra indicate that the thin Ni catalyst film greatly improves crystallinity of the pyrolyzed

resist. Ni removal from the film may introduce some structural damages of the GRF though.
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Figure 4. Raman characterization of PPF, GRF(Ni+) and GRF(Ni-). (a,b) The intensity ratio of D
and G peaks is lower in GRF(Ni+) than that in GRF(Ni-). (c,d) The 2D peak intensity is almost
equal in GRF before and after Ni removal. (e) PPF-1 and PPF-2 denote PPF before and after Ni
removal, respectively, and shows that there is practically no difference in Raman spectra. (f)

Raman spectra of GRF(Ni+) and GRF(Ni-) are almost identical but differ greatly from PPF.

3.3 Optical characterization
In order to access the band structure of the synthesized films and thus brings the insights to the
electrical properties of the material we measured the transmittance, reflectance and absorbance

spectra of the synthesized films at the range of 250 to 2000 nm. Because of gapless and linear band
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structure in the vicinity of the K-point of the Brillouin zone, graphene has a constant (~2.3 %)
absorptance over VIS-NIR spectral range and shows an absorption peak at around 260 nm due to
M-saddle point absorption®® 2. In a multilayered graphene, the dependence of the electron energy

on the quasimomentum is not entirely linear at the Dirac point®’

. However, when moving further
from the Dirac point toward higher photon energies (e.g. ~0.5 eV to 2.5 eV) the electron energy
becomes almost linear function of the quasimomentum giving rise to the nearly dispersionless
absorption coefficient of the multilayered graphene?®: .

In the experiment, we measured transmission and reflectance spectra of pyrolyzed films at the
range from 250 to 2000 nm. Figure 5 shows transmittance (7)), reflectance (R) and absorptance
(A=1-T-R) spectra of PPF, GRF(Ni+) and GRF(Ni-). One can observe that PPF transmittance
changes drastically over the measured spectral range, while that of GRF(Ni+) and GRF(Ni-) stays
on almost constant at 18 % and 35%, respectively. The transmittance minimum for both GRF
samples is located at ~260 nm, which well corresponds to the M-saddle point absorption in
graphene. There exists an absorption maximum at around 325 nm in GRF, while the PPF
absorption spectrum is featureless at this wavelength.

Furthermore, the GRF(Ni+) has lower transmittance and higher reflectance in comparison to
those of the GRF(Ni-). This is because Ni particles reflect and scatter incident light thus increasing
the extinction. Interestingly however, the absorptance spectra of GRF(Ni+) and GRF(Ni-) are
similar having about only 5 % difference in the NIR range and being nearly the same at 325 nm.

Spectrophotometry shows that optical absorption of the GRF is about 20 times higher than that

in graphene. However, it is even more important that the transmittance of GRF(Ni+) and GRF(Ni-

) is almost constant over very wide spectral range resembling that of graphene.
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Figure 5. (a) Transmittance, (b) reflectance and (c) absorptance of PPF, GRF (Ni+) and GRF

(Ni-). Spectra of GRF samples synthetized with Ni catalyst shows very clear different from the

amorphous PPF.

We may conclude that Raman spectroscopy and spectrophotometry indicate that synthetized

GRFs are well-ordered graphitic material possessing an electron band structure similar to that of

graphite and graphene.

3.4. Pump-probe experiment

We performed a pump-probe experiment with synthesized carbon films to characterize their
excited states and to obtain information on the kinetics of the photoexcited carriers in the time and
frequency domains®! *2. In time-resolved pump-probe measurements, femtosecond pulses with a
central wavelength of 780 nm and a femtosecond continuum were employed as a pump and
broadband probe, respectively. The pump pulses were delivered by a Ti:sapphire regenerative
femtosecond amplifier (central wavelength of 780 nm, pulse duration 160 fs, repetition rate 1 kHz).
The probe continuum pulses were generated by focusing the beam at the wavelength of 780 nm
and with the average power of 100 mW in a sapphire crystal. The femtosecond continuum was
used to probe the differential transmission (AT/T) in a spectral range spanning from 1150 nm to
1400 nm. The pump and probe beams were collinearly polarized. In the experiment, we used 1
kHz repetition rate and fluence of about 100 pJ/cm? at the peak irradiance of 625 MW/cm?. It is
one order of magnitude below of the level when the two-photon absorption can be observed and

two orders of magnitudes lower the optical damage threshold of the GRF!”. The time delay
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between the probe and pump pulses was controlled by a rapid motorized delay line. The pump-
induced change of the probe transmission was detected with an IR-spectrometer. All
measurements were performed at room temperature.

The two-dimensional plots on Fig. 6 represent the differential transmittance (AT/T) spectra of
GRF(Ni+) and GRF(Ni-) samples at the 780 nm excitation as functions of pump-probe delay time.
The positive AT/T indicates the presence of saturating absorption. Under pump fluence of 625
MW/cm? we observed about 1.5 % change in transmittance in both GRF(Ni+) and GRF (Ni-)
samples. No pronounced AT/T signal was obtained from PPF in agreement with our earlier studies
of amorphous carbon films'”> 3. The biexponential fitting of normalized AT/T kinetics taken at
1300 nm probe wavelength revealed fast and slow components associated with intra- (T1) and
interband (T2) relaxation: T1N® = (450 + 60) fs , T\™9 = (320 + 50) fs and 2N = (2500 + 150)
fs, T;NY = (1850 + 120) fs for GRF(Ni+) and GRF(Ni-), respectively. The total relaxation (T+T2)
time is order of 2-3 picoseconds, which is similar to that of graphene!:32. The obtained ultrafast
relaxation rates agree with transient absorption dynamics obtained under similar excitation

conditions in CVD multilayer graphene?! and graphite®*.
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Figure 6. Nonlinear optical characterization of GRF(Ni+) and GRF(Ni-). (a,b) The differential
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GRF(Nit+) and GRF(Ni-). The total relaxation (T1+T>) time is order of 2-3 picoseconds, which is
similar to that of graphene. (b) Probing the sample with different wavelengths (1150 — 1250 nm)
shows that the AT/T has no frequency dependency in this regime. Two dimensional plots of
multicolour pump-probe data obtained upon excitation of (¢) GRF(Ni+) and (d) GRF(Ni-) samples

at 780 nm.

3.5 Carriers transport characterization

Followed by an extensive optical inspection of the synthetized carbon films, we measured
electrical characteristics of fabricated samples by using the standard Van der Pauw method to
obtain the carrier concentration and mobility.

Samples having area of 10x10 mm? with 1x1 mm? gold contacts at the corners were used. We
performed measurements at the magnetic field strength of 0.9 T oriented parallel and anti-parallel
to the sample normal. For all of the measurements, the magnitude of the injected current as well
as the magnetic field strength were the same. In the experiment, we measured the voltage Vi, p (Vi,
N) between i-th and j-th corners of the sample at the positive (negative) direction of the magnetic
field. The polarity of the Hall voltage indicates the type of material the sample is made of; it is
positive for p-type material, and negative for the n-type. The overall Hall voltage Vu = (V13,p —
Vis N+ Vaap— Voa N+ Var,p — Vai,n + Vao, p — Vaz, N )/8 allows us to obtain mobility as follows:
The resistivity was calculated as p = (q(nm +pm))!, where n and u, (p and u,) are the
concentration and mobility of electrons (holes), respectively. At high doping, this equation can be
reduced down to p = (qunMy)"!, where subscript “m” labels the majority carrier. By introducing
the sheet carrier density ns = n.d and sheet resistance R, = p/d, where d is the film thickness, the
majority carrier mobility can be presented as m, = (qnsR;)"!. The transport properties of PPF,

GRF(Ni+) and GRF(Ni-) are summarized in Table 1.
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Due to the amorphous nature of PPF, the carrier mobility was low as expected and in the same
range as it has been reported earlier’>. Moreover, the electrical conductivity of PPF was also
relatively low (~15 S/cm) being of the same order of magnitude as that of other amorphous carbon
materials'®, although slightly higher conductivity can be achieved by annealing PPF at elevated
temperature 18,25,

Both GRF(Ni+) and GRF(Ni-) samples show conductivity and mobility almost three orders of
magnitude higher than those of the PPF. The GRF(Ni+) has higher sheet resistance than
GRF(Ni-). That is the removal of the Ni particles embedded in the film results in the increase of
the GRF(Ni-) conductivity due to chemical unintentional doping of the film in the course of the
nickel wet etching in CuSO4:HCI:H>O solution. The similar effect of the chemical doping on
electrical properties of the roll-to-roll produced graphene was reported in*°. The doping
mechanism may involve lattice defects caused by oxygen RIE and chemical doping as a result of

Ni wet etching in CuSO4 based solution. Because of doping, the carrier density of GRF(Ni-) is

increased. This manifests itself in the lower hole mobility in comparison with GRF(Ni+) (see Table

1.

Table 1. Electrical characteristics of the synthetized carbon films.

Sheet Thickness Resistivity Conductivity ~ Hole mobility ~ Sheet carrier Carrier
resistance (nm) (Qcm) (S/cm) (cm2Vv-is?) density (cm)  density (cm™)
(Qfsq)
PPF ‘ 12500 55 70 x 107 14.3 0.2 2.6 x 10% 4.7 x 102
GRF(Ni+) ‘ 300 ~50 ~1.5x 103 667 160 1.3 x 10% 2.5x10%

GRF(Ni-) ‘ 175 ~40 ~0.7 x 10 1430 90 3.9 x 10 9.8 x 10%°

In spite of the fact that the carrier mobility in the GRF is about two orders of magnitude lower

than that in polycrystalline graphene?’ and single-crystal graphene films®® %

, its high conductivity,
advantageous optical properties and scalable fabrication make GRF a good candidate for THz

applications, where the high hole mobility is not the must*® 4!,
15



3.6 Micropatterning

Receding of a melted metallic thin film can be controlled by modifying the substrate surface.
Such a technique has been demonstrated earlier to synthetize self-organizing graphene structures
on dielectric substrates*> 3. This approach, however, cannot be used for pyrolyzed films because
relatively thick resist film deposited on the top of Ni catalyst layer reduces the mobility of Ni
particles during the annealing. We propose a feasible and scalable alternative technique that
enables fabrication of the graphitic circuits by pyrolysis of the pre-pattering resist layers.

Figure 7a shows a schematic illustration of the GRF microstructure fabrication. Following the
preparation steps described above, we covered a silica substrate with 10 nm thick Ni film and with
350 nm thick nLOF photoresist layer. After that, we patterned the photoresist using electron beam
lithography and annealed the sample at 800 °C (see section 2. Sample fabrication). After annealing,
we obtained GRF microstructures embedded with Ni particles, which are shown in Fig. 7b. Ni

particles are removed by dry/wet etching process (Fig. 7c) as described above.
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Figure 7. (a) A schematic illustration of GRF micropattern synthesis on a fused silica substrate.
Optical microscope image of microstructures (b) with Ni particles and (c) after Ni removal. (d) A
GRF(Ni+) structure with 3 um linewidth. (¢) Raman spectra measured from points P1 and P2. (f,g)
Raman mapping from (d) for I(D)/I(G) and for 1(2D). (h) A GRF(Ni-) structure with 3 pm
linewidth. (i) Raman spectra measured from points P3 and P4. (j,k) Raman mapping from (h) for

I[(D)/I(G) and for I(2D).

Figure 7 shows Raman mapping and Raman spectra of GRF structures with 3 um linewidth. One
can see that the patterned GRF(Ni+) and GRF(Ni-) are more disordered in comparison with
continuous film having I(D)/I(G) ratio of about 0.5-0.7 in both structures. We did not observe a
clear difference in I(D)/I(G) ratio between GRF(Ni+) and GRF(Ni-) as we did for continuous
films. Moreover, despite the increase of I(D)/I(G) ratio (i.e. increased disordering) in GRF

structures, the 2D peak was yet clearly visible in both structures. We observed that there is a very
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thin layer of amorphous carbon on the outer area of microstructures. However, this carbon film
fully disappeared because of oxygen RIE during the Ni removal process.

The patterning resolution is determined by the Ni particle size, and it is therefore at the level of
hundreds nm. It could be reduced down to tens of nm by using e.g. magnetron sputtering, which
will produce more homogeneous — in comparison with thermal evaporation - Ni layer. However,
for THz applications and for fabrication of the graphitic circuits the resolution provided by

thermally evaporated catalyst layers is sufficient.

4. Discussion and conclusions

Although the ultra-thin Ni catalyst film makes the carbon film rather rough, an extensive
electrical and optical characterization demonstrates that the GRF outperforms PPF in terms the
carrier mobility, conductivity and saturable optical absorption. A pronounced 2D peak at GRF
Raman spectra as well as almost constant optical absorption in wide spectral range indicate that
GRF has a similar electronic band structure to that of multilayered graphene®-*°. This conclusion
is also supported by the pump-probe optical experiment, which shows very clear, frequency
independent increase in transmission after high intense pump pulse.

The optical absorption of GRF is approximately 20 times higher than that of graphene.
Therefore, GRF can be employed for the fabrication of modulators or detectors of bolometric type.
Moreover, the process involves metallic particles, which provide a versatile platform to study e.g.
plasmonic resonances in GRF-metal particle composite.

The pump-probe experiment shows that the total carrier relaxation time is of the order of 2-3 ps.
This value is very close to that recorded for single- and multilayer graphene®, which indicates that
the ultrafast carrier dynamics in GRF material is governed by the physics of the single graphene
sheet. Although, the relaxation time is very similar in GRF with and without Ni, the observed

interband relaxation time T2 in GRF(Ni+) is slightly (about 500 fs) longer in comparison to that in
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GRF(Ni-). This may originate from additional carrier scattering channels and charge transfer due
to the presence of Ni particles.

Intuitively one may expect that a GRF with Ni particles have higher electrical conductivity vs
GRF(Ni-). However, removing Ni particles clearly dopes the GRF leading to increasing
conductivity of GRF(Ni-). The doping is likely caused by the oxygen plasma etching, which
exposes the Ni particles and dopes GRF by adding lattice defects. This conclusion is supported by
the increase in I(D)/I(G) ratio in Raman spectrum and also by slight increase of oxygen level
shown by the EDX analysis. The unintentional doping reduces carrier mobility of the GRF(Ni-)
but increases its conductivity.

Even though the measured in-plane carrier mobility of GRF samples was about 2-3 orders of
magnitude higher than that in PPF, it is still rather low in comparison with graphene. This is
expected to originate from strong disordering of GRF that results in the scattering of carriers on
the boundaries of graphitic flakes. Moreover, although the synthetized GRF is nanometrically thin,
one may expect that graphitic flakes comprising the film are randomly oriented. It explains why
the GRF mobility is one order of magnitude less than the best values reported for graphene directly
grown on dielectric support (i.e. from 1 000 to 4 000 cm*V-'s™))!* 15 However, despite the recorded
mobility values for GRF are relatively low, the carrier mobility of GRF(Ni+) demonstrates
comparable level with that of a few-layer graphene, synthetized directly on an insulating surface
with a sacrificial Cu thin film by CVD'. It is also worth noticing that with the Van der Pauw
measurement we recorded hole mobility and thus, one may expect that the electron mobility in
GREF is slightly higher than those values shown in Table 1.

Raman characterization of GRF microstructures (see Fig. 7) with and without Ni particles shows
that the GRF has higher I(D)/I(G) ratio than that of the continuous layer of GRF(Ni+). This is an
indication of higher degree of disordering in GRF micropatterns. The reason for the higher

disordering is assumed to originate from e-beam exposure that crosslinks polymer chains in the
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resist film and thus changes the properties of the nLOF resist. To verify this assumption, we coated
two silica substrates with 10 nm of Ni and 350 nm of nLOF. One sample we processed after
coating, while the second one was left for two days exposed to UV-light. The sample that was
exposed to UV-light showed higher I(D)/I(G) ratio than that processed right after nickel and resist
coating. This supports the conclusion that exposing the resist film to the electronic or UV beam
will modify the process and results material with slightly higher disordering. Due to disordering,
physical properties of GRF ribbons may vary from the continuous GRF. Recovering physical
properties of directly deposited GRF ribbons will be our further goal.

To summarize, our results show that pre-deposited ultra-thin Ni layer has drastic impact to
physical properties of a pyrolyzed photoresist film. Their dependence on thicknesses of the Ni and
photoresist layers, and the annealing conditions provides a nice playground for searching the ways
to optimize the process and the fabrication routines. Since the synthesis technique is based on resist
precursor, it is an appealing route to produce micron size graphitic structures as we demonstrated
here. This approach can be further utilized for instance for fabrication of Ohmic contacts for
graphene*, graphitic microwires, and graphene/graphite based photonics and optoelectronic

devices that require an enhanced optical absorption.
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