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A B S T R A C T

We propose and demonstrate a scalable technique to grow a thin polycrystalline graphitic film directly onto a
fused silica substrate. The technique is based on the pyrolysis of a photoresist in the presence of a sacrificial
10 nm thick nickel catalyst layer. The synthesized graphitic film with a thickness of about 50 nm possesses
almost constant 40% absorptance over visual and near infrared spectral regions. By using Raman character-
ization, third harmonic generation spectroscopy, and the Z-scan technique we perform a comparative study of
the films pyrolyzed with and without a Ni catalyst. We show that the amorphous carbon dominates the linear
and nonlinear optical properties of the resist film pyrolyzed without the Ni catalyst. In contrast, in presence of a
Ni catalyst layer, the pyrolysis leads to a graphitic film that demonstrates a strong saturable absorption behavior
at 1550 nm wavelength and has a nonlinear refractive index comparable with that of graphene. Thus, the de-
veloped, transfer-free synthesis technique provides an alternative route towards the controllable growth of wafer
scale graphitic films on the dielectric substrates for photonics applications.

1. Introduction

Dispersion-less absorption, strong optical nonlinearity and pro-
nounced photon drag effect [1–4] make single- and few-layer graphene
as well as ultrathin graphitic films an appealing platform for next
generation photonic devices [1–10]. However, chemical vapor deposi-
tion (CVD), which has become a conventional synthesis technique of
the sp2-hybridized carbon films [11–13], requires catalytic transitional
metal substrates (e.g. copper or nickel). Thus, in order to use the syn-
thesized films in electronics and photonics, to the film must be trans-
feredonto dielectric or semiconductor substrates. Although, in recent
years some progress has been made [14], this task still remains rather
challenging especially because it is needed to be implemented on the
industrial scale. Correspondingly, a scalable deposition of highly crys-
talline sp2-hybridized carbon films onto dielectric and semiconductor
support is eagerly awaited because it will open avenues towards fab-
rication of graphene-based photonic and optoelectronic devices
[2,15,16].

In contrast to monolayer CVD graphene, sp2-hybridized poly-
crystalline graphitic films, which can also be a versatile material for
optics and photonics [10], have been rather sparsely studied. Synthesis
of thin graphitic films comprised of tiny graphite crystallites (graphene
flakes) directly on a dielectric support has been demonstrated by using
sacrificial nanometrically layers of metal catalyst [17–22]. Although
the grainy structure of these films greatly suppresses the charge carriers
mobility, thus hampering electronic applications [18,20,21], their op-
tical properties in the visual and near-IR range resemble those of con-
ventional CVD graphene [17–23]. This makes direct deposition of such
films attractive for the development of carbon-based linear and non-
linear optical components [2].

Due to its high carbon solubility, bulk nickel substrates are con-
ventionally used for synthesis of multi-layer graphene [12]. However, it
has been demonstrated that graphene and graphitic thin films can be
grown from the solid precursor deposited of a nanometrically thin
nickel film on dielectric surface [22]. Although such an approach pro-
vides a plausible pathway towards synthesis of graphitic films on
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various substrates, the optical properties of such directly deposited
films remain virtually unexplored.

In this paper, we compare the optical properties of photoresist film,
which was pyrolyzed with and without nanometrically thin nickel
catalyst. We demonstrate that a photoresist, which is deposited on the
bare silica surface produces an ultrathin amorphous carbon film after
pyrolysis. Additionally, we show that pyrolysis of the photoresist film
deposited on the top of the sacrificial 10 nm thick nickel layer produces
polycrystalline graphitic film with a much stronger optical nonlinearity.
This amorphous pyrolyzed photoresist film (PPF) can be transformed
into a graphitic PPF (GrPPF), which possesses improved - in comparison
with the PPF - crystallinity. This advance can be very useful, for in-
stance, in graphene enhanced Raman spectroscopy [22] or in optical
computing [24]. It is worth noting that although the presented tech-
nique utilizes photoresist as a carbon precursor, we believe that other
polymer materials [27] or pyrolytic carbon [25,26] may also be con-
sidered as precursors.

2. Experimental

2.1. Sample preparation

We synthetized an amorphous pyrolyzed photoresist film (PPF) and
a graphitic PPF (GrPPF) on the same fused silica substrate using the
CVD process. A schematic of the sample fabrication is shown in Fig. 1.
The 10 nm thick Ni film was evaporated on the half of the silica wafer
(diameter of 50mm) after which the whole substrate was spin coated
with 350 nm thick nLOF resist layer, soft baked at 110 °C for 1min. The
resist was pyrolyzed at temperature of 800 °C for 10min in an H2 at-
mosphere (1 mBar) by using a conventional hot wall chemical vapor
deposition (CVD) reactor. After the process, the CVD reactor was cooled
down to room temperature for 12 h in a static H2 atmosphere (5 mBar).

At 800 °C, the resist film was pyrolyzed, while surface melting of the
ultrathin Ni film resulted in the formation of micron and sub-micron
size Ni particles. The particles were partially covered with a thin layer
of the pyrolyzed resist, which was removed by a short (100W, 20 sccm,
10 s) oxygen plasma treatment. The Ni remains were then removed by
wet etching (CuSO4-HCl-H2O solution) and the sample was rinsed in
water. When the Ni particles were removed, the thickness of the pyr-
olyzed resist film was about 60 nm ± 5 nm, while the thickness of the
resist that was pyrolyzed without Ni was 50 nm ± 2 nm.

2.2. Characterization

Scanning electron microscopy (SEM) characterization of the pyr-
olyzed film in the vicinity of the Ni film edge (Fig. 2 a) revealed that Ni
particles were removed from the sample and that the resist film pyr-
olyzed in presence of nickel had micron- and submicron size holes that
correspond to the removed Ni particles [22]. By high resolution SEM
characterization we confirmed that Ni particles were fully removed
from the GrPPF during the Ni removal process (see Fig. S1 supporting
material). In contrast, the surface of the resist film pyrolyzed without
nickel was uniform throughout the deposited area (Fig. 2 c).

In order to examine the crystallinity of the carbon film, we com-
pared the Raman spectra of the nLOF resist layer pyrolyzed with and

without Ni film underneath (Figure, 3a). The Raman spectra shown in
Fig. 3b., each measured at different points on the sample shown in
Fig. 3a, have dominant D and G peaks at 1350 cm−1 and 1583 cm−1,
respectively. The D peak represents intervalley phonon and defect
scattering, showing a degree of disorder in the graphene sheets, while
the G peak is a signature of the primary in-plane graphene vibrational
mode [28]. By comparing the magnitudes of the D peaks seen in Fig. 2b,
we observed that the D peak was significantly suppressed at points 1, 2
and 3, in comparison to point 4 in an area which was synthetized
without Ni (see also Supporting material Fig. S2) Especially, point 1
shows that the D-peak was almost fully removed. This observation was
consistent with Fig. 3c, which shows a map of the D peak over the
sample surface. Moreover, the G peak presented in Fig. 3b shows that
the full-width-half-maximum (FWHM) was about 28 cm−1 and
100 cm−1 for the resist layer pyrolyzed with and without nickel, re-
spectively. The suppressed D peak and the narrower G peak both in-
dicate that the level of disorder in the film pyrolyzed without nickel was
much higher than that in the film pyrolyzed in the presence of the Ni
droplets [28–30]. The latter conclusion was supported by mapping the
2D peak at 2700 cm−1 (Fig. 3e), the second order overtone of the D-
mode, which is a signature of a graphitic electron band structure [28].
Raman maps for D-, G- and 2D-peaks, shown in Fig. 3c, d and e, re-
spectively, corresponded to the area restricted with a dashed line in
Fig. 3a. In summary, Raman characterization shows that PPF synthe-
tized with nickel has many similarities to graphene and graphite, while
the PPF synthetized without nickel has an amorphous nature [28–30].

Another experimental sign of the graphitic nature of the GrPPF film
was the almost constant optical absorption in the spectral range be-
tween 400 and 1800 nm [1], measured by a spectrophotometer (see
details in Supporting material). The spectra in Fig. 2f-h demonstrates
nearly constant values for transmittance, reflectance and absorptance
(40%, 20% and 40%, respectively). Furthermore, the GrPPF showed a
clear absorption peak at 260 nm, which was similar to the M-saddle
point absorption in graphene [31]. Despite the fact that GrPPF contains
many defects, being a grainy, polycrystalline material (Fig. 2), its op-
tical properties are similar to crystalline graphite [29,31]. It is worth
noting that in contrast to GrPPF, the transmittance, reflectance and
absorptance of PPF show a considerable wavelength dependence in the
400–1800 nm range, indicating an absence of the graphitic electron
band structure.

2.2.1. Nonlinear optical characterization
To visualize the difference in the optical nonlinearities of GrPPF and

PPF, we probed the surface of the pyrolyzed carbon film with a scan-
ning multiphoton microscope with a lateral resolution of a few microns
(detailed description of the microscope can be found in [23,32]). In the
setup shown in Fig. 4a (inset), a laser with a FWHM pulse duration of
200 fs, a center wavelength of 1550 nm, and a repetition rate of 8MHz
was used. This fluence of 29mJ/cm2 was low enough to avoid dama-
ging the carbon films. Fig. 4a shows spectra of the light generated near
the border between GrPPF and PPF obtained by a spectral analyzer. The
images shown in Fig. 4b and c illustrate the images of the border area.
The signal between 560 and 830 nm was expected to originate from hot
electron fluorescence [1,31,33], while the signal in the range of
507–520 nm corresponded to third harmonic generation (THG).

Fig. 1. Schematic illustration of the graphitic pyrolyzed photoresist film formation. (a) The silica substrate is half-covered by a 10 nm thick Ni film. (b) The nLOF
resist layer (thickness of 350 nm) is spin coated. The resist layer is then pyrolyzed in an H2 atmosphere. (c) When the temperature (T) is below 800 °C, the Ni layer
remains solid [22]. (d) When the temperature exceeds 800 °C, the Ni layer melts and forms metallic particles over then the sample surface [22]. (e) Micron and
submicron size holes remain in the graphitic film after removing the melted Ni residues by the wet etching.
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The observed PL signal from the GrPPF was about 12 times stronger
than that of PPF (see Fig. 4b and Supporting information), while THG
signal from GrPPF was just 2.5 times stronger in comparison to that of
PPF. Since the thicknesses of both films are almost the same, one may
conclude that third-order electronic nonlinear susceptibility of GrPPF
was approximately 1.6 times higher that of PPF.

In addition, we performed Z-scan measurements with an open
aperture (OA) and closed aperture (CA) setup to further examine the

nonlinear properties [34,35]. In the Z-scan experiment, the FWHM
pulse duration was 187 fs, with a central wavelength at 1550 nm and a
pulse repetition rate of 50 Hz. Because of the low repetition rate, the
thermal effects in carbon films were suppressed, allowing the use of
high intensity pulses without damaging the carbon films. The damage
threshold of GrPPF and PPF was observed to be around 140 GW/cm2

and 190 GW/cm2, respectively.
In the open aperture Z-scan measurements, the GrPPF showed

Fig. 2. (a) SEM image of the pyrolyzed resist in the vicinity of the Ni film edge. (b) The film pyrolyzed in the presence of the Ni film (left part of the image) was filled
with holes due to the etched out melted Ni particles [22]. (c) The pyrolyzed film was uniform in the area with no Ni [22,25].

Fig. 3. Raman characterization and spectrophotometry of the GrPPF and PPF materials. (a) An optical microscope image from the border area of GrPPF and PPF. (b)
Measured Raman spectra shows the clear difference in Raman spectra obtained from GrPPF and PPF. (c-e) By mapping the border area, one may observe that the
difference in the Raman spectra was consistent. (f-h) Spectrophotometry of GrPPF and PPF reveals that the transmittance, reflectance and absorptance are almost
constant for GrPPF at visual and near infrared spectral region, while for PPF these values depend on wavelength.
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saturable absorption (SA) behavior (Fig. 5a) at the lowest measured
peak irradiance of 9.1 GW/cm2. Fig. 5a shows the normalized trans-
mission for the OA setup as a function of the sample position and its fit
with the SA model.

In the framework of the SA model, the evolution of the beam in-
tensity I inside nonlinear medium is described by the following equa-
tion [36].

′
= −

+

dI
dz

α
I I

I
1 /

,
sat

0

(1)

where Isat is the saturation intensity, z′ is the propagation distance in-
side the sample, and α0 is the linear absorption coefficient. The incident
peak irradiance at the front surface of the sample I(z′=0) is de-
termined by the sample position z with respect of the focal point:
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+
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,
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where I0 is the peak irradiance at the focal point and zR is the Rayleigh
length, which was much longer than the sample thickness of 50 nm. The
experimental data in Fig. 5a was fitted with a numerical solution to Eq.
(1) (green solid line) and the Isat and α0 were estimated to be 34 GW/
cm2 and 46.8×103 cm−1, respectively (for further details see the

Supporting information). For the higher input irradiances, we observed
a dip which could correspond to two-photon absorption (TPA), similar
to that of in bi-layered graphene [9].

It is clear from Fig. 5d that the PPF sample did not show SA behavior
in the Z-scan experiment. This was in line with our earlier measure-
ments with an amorphous pyrolytic carbon film [37]. However, the PPF
showed strong TPA at elevated irradiance. In the presence of the TPA
the evolution of the beam intensity inside the sample can be described
by the following equation [38]:

′
= − −

dI
dz

α I βI ,0
2

(3)

where α0 and β are linear and two-photon absorption coefficients. For
the incident beam intensity given by Eq. (2) the normalized peak ir-
radiance transmittance T is given by [34,35].
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where, q0(z)= βI0Leff/(1+ z2/zR2), Leff=(1− eα0L)/α0, and L is the
thickness of the sample. The linear absorption coefficient at 1550 nm
was measured to be α0~40.0×103 cm−1. Fig. 5f shows the normalized

Fig. 4. Data gathered on the multiphoton microscope. (a) Generated spectra from both the GrPPF and PPF. (a-inset) A schematic illustration of the principle of a
multiphoton microscope. By scanning the sample surface at the border area of GrPPF and PPF we obtained images that show (b) photoluminescence (range of
560 nm–830 nm) and (c) THG image (range of 507 nm–527 nm). Color bar in (b) and (c) denotes the intensity of generated signals.

Fig. 5. The nonlinear behavior of (a-c) the GrPPF and (d-f) the PPF. (a) At 9 GW/cm2, strong saturable absorption in GrPPF was observed. (b) By increasing the
intensity further, a dip that corresponded to TPA appeared in the GrPPF. This dip is very similar to a previously reported result for bi-layered graphene [9]. (c) The n2
of GrPPF was observed to be about −3.4×10−11 cm2/W. (d-e) In the amorphous PPF, we did not observe saturable absorption even with higher irradiances but the
TPA signal was clearly observable. (f) The n2 of the PPF was about −10.2×10−12 cm2/W.
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transmission of the PPF as a function of sample position taken at dif-
ferent irradiances for the OA configuration. The fitting with Eq. (4)
returns β~ (970 ± 50) cm/GW for the PPF.

The nonlinear refractive index of the GrPPF was extracted from the
CA (S ~ 0.36) Z-scan data and fitted with the following equation for the
normalized transmittance [34,35].

= −
∆

+ +
T

x φ
x x

1
4

( 9)( 1)
,0

2 2 (5)

where x= z/zR, and Δφ0= 2πI0Leffn2/λ is the nonlinear phase shift at
the exit surface of the sample, which is proportional to the nonlinear
refractive index n2.

Subtracting the transmission data of the SA behavior from the CA
transmission data, we can determine the nonlinear refractive index for
GrPPF by fitting the normalized transmission data for the closed aper-
ture with Eq. (5). For the GrPPF and the PPF, the obtained nonlinear
refraction index was -(3.4 ± 0.2)× 10−11 cm2/W and
-(10.2 ± 0.5)× 10−12 cm2/W, respectively. Therefore, the n2 absolute
value for GrPPF was approximately 3.5 times larger than that for the
PPF.

3. Discussion

The clear D- and G-peaks of Raman spectra for GrPPF and PPF
(Fig. 3b) indicate that both carbon films have dominant sp2 hy-
bridization [29]. However, the measured D- and G-peaks of the PPF
were broad and the ratio of D- and G-peaks was close to one, indicating
the carbon material was very amorphous [29,30]. In GrPPF, the D- and
G-peaks are sharp, and the D-peak was significantly suppressed in-
dicating a high degree of crystallization [29]. The GrPPF Raman spec-
trum shows a strong 2D peak at 2700 cm−1, which was not observed in
the PPF sample. Since the 2D resonance mode was recognized as a
signature of graphitic structure [28], the results of our Raman mea-
surements implied that polycrystalline GrPPF possessed a graphitic
electron band structure. It is also worth noticing that the position of the
G peak was located at 1583 cm−1, which indicates very low doping
levels in the GrPPF [28]. Due to low doping, the location of 2D peak at
2700 cm−1 was explained by multilayered graphene stacking, which
shifts 2D peak from ~2685 cm−1 (monolayer graphene) towards
2730 cm−1 (bulk graphite) [28,29].

The IR transmittance, reflectance, and absorptance spectra in
Fig. 3f, g and h, respectively, show that the linear absorption coefficient
of the GrPPF was almost constant, while that of PPF was not. In the IR
range, the absorption in graphitic materials is governed by
π− π∗electron transitions [1,31]. Due to the linear electron band
structure in a graphitic material, the π-electron transitions give rise to
frequency independent absorption in the near-IR photon energy range
[31]. Since the IR absorptance of GrPPF was almost dispersion-less, one
may assume that it possessed a linear electron band structure similar to
that of graphene [1]. In contrast, the PPF absorbance showed a pro-
nounced wavelength dependence, which indicated that it was very
different from graphene band structure.

Absorption spectra of graphene [31] and GrPPF showed a resonance
at about 260 nm, which is associated with the M-saddle point absorp-
tion. This resonance was not seen in the PPF absorptance spectrum (see
Fig. 3h), but the absorptance did increase in ultra-violet range due to
the presence of aromatic carbon structures [39]. It is worth noting that
M-saddle point absorption resonance can be observed in PPF pyrolyzed
at 1100 °C [25].

The graphene-like band structure of the GrPPF implied that the
observed broad PL spectrum shown in Fig. 3a originated from hot
electron emission [1,33]. It has been suggested that in graphene, a
photoluminescence spectrum can be generated by optical pumping
[1,33]. This broadband photoluminescence was created by photo-
thermalized electron-hole scattering [33]. In the amorphous PPF, we
observed a very faint PL signal in comparison to GrPPF. Even though

the PL signal was more than one order of magnitude smaller in the PPF,
the signal was still present in both materials (see Supporting informa-
tion). This weak PL may have originated from aromatic carbon struc-
tures in the PPF.

Furthermore, from the multiphoton microscope image (Fig. 4c), we
concluded that in the GrPPF, the THG signal was approximately 2.5
times stronger than that from the PPF. Since the THG intensity I
(3ω)∝ |χ(3)|2[I(ω)]3 was determined by the third-order susceptibility
χ(3), we calculated that |χ(3)| of the GrPPF was about 1.6 times higher
than that of the PPF. Moreover, CA Z-scan measurements show the
nonlinear refractive index n2 of the GrPPF, which is proportional to Re
{χ(3)}, was approximately 3.5 times higher in magnitude compared to
that of the amorphous PPF.

In the GrPPF, the Z-scan measurements revealed saturable nonlinear
absorption, which is important for practical applications of graphene.
The absorption saturation can be described (at I < Isat) in terms of the
negative nonlinear absorption coefficient, ≈ − ≈ −β 1400GrPPF

α
Isat

0 cm/
GW. The nonlinear absorption in the PPF was governed by the two-
photon process, indicating that the nonlinear absorption coefficient was
positive, βPPF≈ 970 cm/GW. However, the ratio ∣βGrPPF ∣ /βPPF≈ 1.44
was close to the value obtained from the THG experiment ratio of the
nonlinear susceptibilities, ∣χGrPPF

(3)/χPPF
(3) ∣≈ 1.6. The multiphoton

microscope uses a high repetition laser as a probe. Therefore, the small
difference in these values, obtained with different setups, can originate
from thermal effects, which may affect linear optical properties of the
material. However, the good correspondence indicates that that elec-
tronic mechanism of the nonlinearity governed both THG and nonlinear
absorption in both materials.

Reported values for n2 of graphene vary from 10−7 to 10−13 cm2/W
depending on the measurement technique and wavelength [7,8,40].
This can be partially because of a typically low signal-to-noise ratio in
the experiments with atomically thin films. In contrast the to Z-scan
measurements with graphene, the optical density of the GrPPF and PPF
was higher, resulting in better signal to noise ratio. The obtained n2 for
GrPPF and PPF was on the order of ~10−11 cm2/W. This was less than
two orders of magnitude lower than measurements from a high quality,
transferred, few-layer graphene (5–7 layers) [8], was comparable to
that of graphene dispersions, [41] and was about six orders of magni-
tude higher than that of common dielectrics. Furthermore, the obtained
Isat value from GrPPF was one order of magnitude higher than that of
few- and multilayer graphene (which have thickness less than 10 nm)
[8,42]. In [42], it was shown that Isat is directly proportional to the
number of graphene layers. This partially explains the high Isat we ob-
tained in the GrPPF, which has a thickness of about 5–20 times higher
than that in [8,42]. Moreover, Isat.is inversely proportional to α0, which
was suppressed by the presence of the micron size holes in the GrPPF.

4. Conclusion

We demonstrate that a nanometrically thin nickel catalyst layer can
have a tremendous effect on the crystallinity and optical behavior of a
thin carbon film. Furthermore, the developed technique offers an in-
teresting playground for different experimental studies. For instance,
tuning the substrate surface could give control over the melted nickel
particles, similar to what was earlier reported with copper [43,44]. Also
combining different catalysts layers and substrate materials in the same
substrate (e.g. nanometrically thin Cu [18,19] and Ni layers on sapphire
substrate [45,46]), can provide interesting, new approaches for gra-
phitic thin film synthesis. In addition to synthesis techniques, our study
shows that polycrystalline graphitic carbon film can perform very well
in optics. Due to its constant absorption over a wide spectrum range,
saturable absorption, high damage threshold and relatively high n2, the
GrPPF could be a practical graphene alternative for photonic applica-
tions such as THz detectors [47].
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