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ABSTRACT

A simple, highly reproducible, and environmentally friendly method is a considered approach in generating
renewable energy materials. Here, hydrogenated amorphous carbon (a-C) films have been successfully prepared
from palmyra liquid sugar, employing spin-coating and spraying methods. Compared with the former method,
the latter shows a significance in producing a better homogeneity in particle size and film thickness. The obtained
films have a thickness of approximately 1000 to 100 nm and contain an sp® hexagonal structure (~70%) and sp’
tetrahedral configuration (~30%) of carbons. The introduction of boron (B) and nitrogen (N) as dopants has cre-
ated the local structural modification of bonding, inducing a slight change of electrical conductivity, electronic
energy bandgap, and optical transparency near-infrared region. The obtained a-C film features a “green” semi-
conducting material.
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1 Introduction

Carbon (C) is an element in the group IV periodic system that has similar characteristics as silicon (Si)
and germanium (Ge) in the group. Unlike Si and Ge, C has a broad range of energy bandgap (£,) between
0 and 6 eV, leading to a carbon compound as a good conductor, semiconductor, and even insulator [1]. There
are three possible types of hybridized orbitals in carbon: sp, sp’, and sp’ configurations. In an amorphous
state, carbon may configure in a mixed hybridized orbitals. Diamond is a crystalline carbon that is
constituted by pure sp’ orbital to form a tetragonal structure, while graphite or graphitic compound
contains pure sp° orbital in constructing hexagonal bonding [2]. The mixture of hybridization between
sp” and sp” develops an amorphous carbon structure (a-C). If the sp? orbital is dominant, then the carbon
compound is in a graphitic phase or glassy carbon [1,2]. An a-C with pure sp® hybridization forms a
diamond-like carbon (DLC), having inter-atomic bonds dominated by the sp’ orbital in a tetrahedral
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structure of carbon (za-C) phase [3]. The DLC film’s properties have been dependent on the preparation
method, hydrogen concentration, and deposition parameters. The hardness of carbon films depends on the
sp’ hybridization content, while the non-hydrogenated carbon film and carbon nitride exhibit superior
mechanical properties when the sp” content is high [4]. The electronic properties of carbon are mainly
dependent on the content of hybridized orbital. The carbon compound with pure sp® hybridization
characterizes an insulator. In contrast, the 100% sp” hybridization in carbon material leads to a conductor.
The hybridization of a mixture of sp” and sp® shows semiconducting properties depending on the sp?/sp’
ratio. Thus, a-C offers a wide range in tuning electrical properties and generating semiconducting features [2].

Carbon allotrophs, namely diamond, amorphous carbon, and their derivatives, have tremendous scale
applications. Graphene, as the newest discovered carbon compound, consists of a sheet of hexagonal
structured carbon atoms, having extraordinary electrical properties, unique optical properties, and high
electrical mobility [1-4]. Graphene applications include transparent electrodes, solar cells, photodetector,
transistor, supercapacitor, and other various applications [5]. These have provided the complimentary
applications of carbon materials previously discovered, such as carbon nanotubes and fullerenes. With the
various energy bandgap, the thin film of carbon can generally absorb sunlight that strikes it with good
thermal and chemical stability [6]. Concerning the applications of photo-sensitive devices, solar cells utilized
a-C doped with nitrogen (a-C:N) has successfully been fabricated using PECVD from camphor oil as a
precursor. The cells with the configuration of Au/a-C:N/p-Si/Au have gained an efficiency of 0.000048%
under 100 mW/cm? illumination at 25°C. The a-C:N film has an E, around 0.25-0.75 ¢V and an electrical
conductivity of 0.016 Q 'ecm™' [7]. As an anti-reflection material, the a-C, a-C:H, and a-C have shown an
excellent optical property compared to the conventional layers made of SnO,, ZnS, and MgF, [8].

Recently, carbon compounds have begun to be synthesized from renewable resources, such as biomass
or biowaste. Graphene derivatives compounds, in the form of reduced graphene oxide (rGO), have been
successfully prepared from a biowaste of coconut shell [9—13]. Moreover, the glassy carbon has also been
synthesized from the sap of palmyra (Borassus flabellifer) and coconut (Cocos nucifera) trees [14—16].
These carbon compounds have been examined to some extent, having comparable properties to the
existing and commercial materials [9—18]. Thus, these are expected to provide renewable (green) carbon
materials in the near future. Palmyra and coconut trees in Indonesia grow in the coastal lines of the main
islands, such as Java, Madura, East Nusa Tenggara, and Sulawesi. The sap of palmyra and coconut,
which are particularly the raw materials for brown sugar production, are also available throughout the
year. It contains protein, fat, sucrose, glucose, minerals, calcium, and phosphorus, in which the sucrose is
the main ingredient of palmyra and coconut sap, reaching ~75% of the total components. Glucose and
sucrose are molecules that mainly contain carbon [15].

This paper reports the successful preparation of a-C in the forms of powder and films with palmyra sugar
as the starting material, employing nano spraying and spin coating methods, which are relatively simple,
environmentally friendly, and highly reproducible methods. The nanospray method, in particular, offers the
reliability to produce films with the thickness in the order of a nanometer with a simple deposition process,
does not cause pollutions during the process, and does not require a high power supply. Characterizations
are performed as regards their structure and electronic properties. The effect of doping with boron (B) or
nitrogen (N) atoms into the carbon network is also analyzed. The resulting films are characterized by
analyzing phase and hybridization, morphology, electrical conductivity, and optical and electronic energy gap.

2 Experiment

2.1 Preparation of Amorphous Carbon (a-C)
Brown sugar made of palmyra sap used as the starting material is illustrated in Fig. 1. The liquid sugar
was heated using a hot plate at 150°C, stirred with a magnetic stirrer for 150 minutes to convert it into a
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slurry, and then cooled to room temperature to form a solid flake. The flake was then heated at 250°C in the
air for 150 min inside a furnace to result in a very light and shiny black charcoal. The charcoal was then
washed with distilled water employing the ultrasonic washing apparatus for 150 min and filtered three
times to reduce the water content. The dried charcoal was thoroughly crushed to obtain a fine powder.

Figure 1: Palmyra tree and brown sugar made from palmyra sap

2.2 Film Fabrication

A mixture of 2 g carbon fine powder, 10 mL dimethyl sulfoxide (DMSO, Merck 99.9%) as a solvent, and
10 mL distilled water was prepared by a magnetic stirring hotplate with the speed of 1500 rpm for 60 min at
100°C. The mixture was then centrifuged (CENTRIFUGE 80-2) at 3500 rpm for 30 min to separate large
particles from the carbon solution: Thus, the homogenous solution is achieved. We employed two simple
methods in the film fabrication, namely spin-coating and spraying, using spin-coater (assembled by ITB)
and nano-sprayer (30 ml USB Handy Nano Mist Sprayer), respectively. For the former method, the
solution was dropped on a 2 x 2 ecm? ITO (indium tin oxide) coated—glass substrate. The substrate that
has been dripped with carbon solution was rotated at 1400 rpm for 30 seconds and dried at room
temperature, forming a carbon film on the substrate. For the latter method, the carbon solution was
sprayed onto 1 x 2 cm?® of the ITO-glass substrate using nano-sprayer with the spraying time of 10 s.
The distance between the ITO glass and sprayer hole was set to be a constant of 5 cm. Film drying was
carried out at room temperature using a halogen lamp.

Boric acid (H3BOj3, Merck 99.5%) and ammonium hydroxide (NH4OH, Merck 25%) were added to the
carbon solution to prepare a-C films containing B (a-C:B) and N (a-C:N) atoms as dopants, respectively. The
mol ratio of B or N to C is 1:15 (7% B or N). The film fabrication was conducted with the same methods as
described above.

2.3 Characterizations

Structural characterizations aim to examine the phase formation, functional groups, and surface
morphology, which were performed using X-ray diffraction (Philips X Pert MPD) with Cu-Ka radiation
in the diffraction angle range of 10 to 60°, Fourier transform infrared (FTIR, Shimadzu 8400S)
spectrometer, and scanning electron microscope (SEM, ZEISS EVO 10), respectively. We utilized a
synchrotron photoemission spectroscopy (syn-PES) at beamline 3.2a at Synchrotron Light Research
Institute (SLRI), Thailand, to study the orbital hybridization and bonding among atoms O, H, B, and N
with C as a host in the films. The measurement was performed in the x-ray photoemission (XPS) mode in
an ultra-high vacuum condition (<1 x 107> Pa) with a photon energy range of 40-600 eV. By employing
the Gaussian deconvolution functions with Shirley type background, fitting the experimental spectra was
done using a software developed by SLRI as a part of the apparatus. The optical properties were
measured using the UV-Vis spectrophotometer (GENESYS 10S) within the 400—-1000 nm wavelength
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range. A four-point probe technique was employed to examine the electrical conductivity (o) and electronic
bandgaps (E,,) of films. Silver (Ag) paste was coated on the film to get good contact with the probe. The
ohmic contact was confirmed before performing the measurements, indicated by a linear current-voltage
(I-V) curve. The film’s conductivity (o) is calculated from the response voltage and current by applying
the formula: o = [/(4nSV). Here, S, V, and [ represent the distance between the probe, potential, and
current, respectively [19].

3 Results and Discussion

3.1 Structural Properties of a-C Powder

Fig. 2a shows the XRD patterns of carbon powder from the heating process at 250°C, exhibiting a broad
peak at around 20° with several sharp peaks. This shape characterizes that the sample is in an amorphous
phase, constituted by irregularity in the crystal structure at the long-range order. The sharp peaks at 26 of
28.4, 40.5, and 50.2° are identified as (002), (022), and (222) diffraction planes of the sylvite phase (KCI,
JCPDS No. 00-041-1476). The KCI salt is generally present in palmyra product/sugar as an additional
nutrient, which is absorbed from the soil during the growth of the tree’s xylem vessels and distributed to
all parts, including panicles of flowers [16]. The panicle (inflorescence) is part of the palmyra tree that
produces sap so that the sap, which is the starting material for palm sugar, indeed contains KCI. The
SEM-EDX analysis of the a-C powder also suggests the presence of several elements, including C
(53.66 wt%), O (41.36 wt%), Cl (1.73 wt%), Na (1.35 wt%), K (1.34 wt%), P (0.40 wt%), S (0.13%),
and Si (0.03%). After rinsing with distilled water, the diffraction peaks of KCl disappeared from the
sample to result in a clean amorphous carbon.
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Figure 2: (a) X-ray diffraction patterns of as-prepared a-C powder and that after rinsing with distilled water.
Miller indexes represent peaks of KCI salt. Inset is an SEM image of the rinsed a-C powder. (b) Fourier
transform (FTIR) spectrum the a-C powder

The functional groups of C=C, C-C, C-H, C-O, and O-H are identified from the FTIR spectrum, shown
in Fig. 2b. These functional groups feature the bonding arrangement of sp” and sp” hybridized orbitals so that
the ratio of sp”/sp” orbitals in the sample can be estimated [20—22]. According to the FTIR spectrum, the sp”
content of 65—-70% was obtained, indicating that the amorphous structure has been dominated by hexagonal
(honeycomb) carbon structure with a minor tetrahedral configuration. Meanwhile, the sample morphology is
given in the inset of Fig. 2a, visualizing that the powder contains coarse flake-like particles having a size in
the scale of hundreds pm.
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3.2 Structural Characteristics of a-C Films

Presented in Fig. 3 are the XRD patterns of a-C films deposited by nano-spraying. The general look at
the XRD profiles of those deposited by spin-coating (not presented here) is almost identical. The patterns are
generally characterized by a single broad peak centered at around 23°. Compared to the powder sample
above, this peak has slightly been shifted to a higher diffraction angle (~3°), being associated with the
shortening distance between the adjacent hexagonal (graphene) layer in the a-C particles forming an
amorphous film. Several sharp peaks have also been observed in all profiles, which belong to indium
oxide (In,O3, JCPDS No. 00-006-0416) with plane (Miller) indexes of (211), (222), (400), and (440) [23]
as a part of the substrate on the glass surface. The conductive characteristic of ITO offers a significance
to facilitate direct contact with the a-C films, particularly in measuring photovoltaic effect in the
fabricated pn-junction. One may also see that the introduction of N or B as dopants into the @-C films
does not affect the diffraction pattern characteristics and the phase content. The dopants should, therefore,
attach to the carbon network, which will be discussed later.

Intensity (a.u.)

10 20 30 40 50 60
26 (degrees)

Figure 3: The XRD patterns of undoped (a-C), nitrogen (a-C:N), and boron (a-C:B) doped amorphous
carbon films as specified. The indexes represent peaks of the ITO substrate. The film lining is illustrated
in the insets

The deposition methods to fabricate film, spin-coating vs. nano-spraying, give significant differences in
film thickness and morphology. As demonstrated in Figs. 4a and 4b, the thinnest film of about 2500 and
200 nm thickness was achieved by spin-coating and nanospray methods, respectively. The film deposited
by the latter technique is more homogeneous than that by the former approach. Furthermore, having a
look at the morphology, a-C particles are observed to have a size in micron-sized, from approximately
1 to 10 pm, and in hundreds of nm (submicron), as shown in Figs. 4c and 4d. It is clear from these two
deposition techniques that the bigger sized particle has developed a thicker film. The two film deposition
methods use the same carbon solution as the starting material, containing the exact size of carbon
particles. The film deposited by the spin-coating grown from the carbon solution’s droplets flattened
during the spinning process and then dried. This mechanism has led to particle aggregation, which may
result in bigger particles size. Meanwhile, in the spraying method, the particle aggregation should be
much reduced. As a result, the particles are expected to be kept individually in a smaller size, as seen in
Fig. 4d. The nanospray method, up to this point, seems to have some advantages. Besides a better
homogeneity in thickness and particle size, it also offers the ease of thickness adjustment through the
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deposition time. Spraying duration from 5, 10, 15, and 20 seconds has resulted in films having a 180—900 nm
thickness. It means that the deposition rate is about 40—50 nm/s. SEM-EDX analysis shows the presence of
In, Sn, Si, O, and C in the films, where a significant increase in the relative concentration of the C atom is
observed after a-C’s deposition process onto the ITO substrate. This result is then confirmed by the XPS
survey spectra, showing broad peaks of In 3d, Sn 3d, Si 2p, and S 2p.

©

Figure 4: The SEM images of cross-sectional view and morphology of the a-C films deposited by spin-
coating (a,c) and nanospray for 5 s (b,d)

3.3 Analysis of Hybridized Orbital Bonding of the Films

Going deeper to analyze the hybridized orbital bonding of a-C films concerning especially the structure
upon N/B doping, we study the syn-PES spectra originating from electron transition from ls atomic (orbital)
level of carbon (Cls), nitrogen (N1s), and boron (Bls). Shown in Fig. 5 is the syn-PES spectrum of the
undoped a-C sample. Analysis of the Cls peak of the a-C film indicates the presence of sp° C=C, sp’
C-C, and C-O orbitals, each at the corresponding binding energy of 283.8, 285.4, and 286.7 eV. The
content of each bonding type was calculated from the ratio of each convoluted peak’s area to the total area.
The sp” C=C component, for example, is estimated by dividing the C=C peak area by the total Cls peak
area. Hence, the percentage of sp° C=C, sp® C-C, and C-O orbitals in the a-C film is approximately 69.0,
15.4, and 15.7%, respectively, as summarized in Tab. 1. This result confirms the estimation obtained from
FTIR data discussed above, that the sp” content in the a-C powder is around 65 to 70%. According to the
temary phase diagram of the carbon-hydrogen system [1], this a-C sample is close to the glassy carbon
phase. Our other films fabricated using a plasma-enhanced chemical vapor deposition (PE-CVD) from
methane (CHy) gas contains more than 70% of sp’, revealing the tetrahedral carbon (fa-C) phase, which
closes to the DLC characteristic [24].
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Figure 5: The Cls synchrotron PES spectrum of the undoped a-C film with convoluted peaks attributed to
C=C, C-C, and C-O

The Cls spectrum of the a-C:B film (not shown here) contains four peaks describing sp° C=C, sp® C-C, C-0,
and B-C bonds with corresponding binding energy summarized in Tab. 1. The presence of B-C bonding proves
that the boron successfully attaches to carbon and converts the sp® bond to the sp” one, without any disturbance on
the C-O bond. The same effect has also been reported previously [25], stating that boron doping can reduce sp®
hybridization. Furthermore, the deconvolution of the B1s spectrum has given two peaks centered at 188.5 and
186.5 eV, each of which is the BC; (87.7%) and B4C (12.3%) configurations showing the formation of B-C
bonds. In the BC; configuration, a carbon is replaced by boron in the framework, whereas in the B,C
bonding structure, a carbon vacancy is created [26]. The BC; presence should enable an increased electrical
conductivity since there is a lack of one electron due to the C=C bond replaced by B-C, and the valence band
structure and state density near the Fermi level of carbon can be changed by this boron doping [27].

Table 1: The analyses results on syn-PES data of the a-C films. Attribution of the deconvoluted peaks refers
to references [26—29]

Sample Peak Deconvolution results Attribution Content (%)
(binding energy, eV)
a-C (undoped) Cls 283.81 sp? C=C 69.0
285.48 sp® C-C 15.3
286.73 C-O 15.7
a-C:B (Boron doped) Cls 283.28 B-C 14.8
284.22 sp? C=C 63.7
285.04 sp® C-C 6.3
286.84 C-O 15.2
Bls 188.55 BC; 87.7
186.50 B,C 12.3
a-C:N (Nitrogen doped) Cls 283.91 sp? C=C 52.3
285.38 sp’ C=N 38.7
287.44 sp°C-N 9.0
Nls 398.64 pyridinic-N 50.3

399.81 pyrrolic-N 49.7
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Three peaks are deconvoluted from the syn-PES Cl1s spectrum of the a-C:N film, indicating the presence
of the sp” C=C, sp” C=N, and sp” C-N bondings. It means that nitrogen in the a-C network is surrounded only
by two neighboring carbons with  bond (38.7%), which is much more dominant than by three carbons with
o bond (9.1%). The substitution of a double bond carbon by N requires less energy than a single bond; thus, a
small amount of nitrogen can easily replace carbon atoms in a network of double bonds. As a result, the sp’
bond in the layer increases, which is in line with previously reported studies [28,29]. The amorphous carbon
layer with the increased sp” hybridization in the presence of nitrogen produces a higher conductivity [19].

Furthermore, the deconvolution result of the N1s spectrum shows that there are two components, which
are centered at 398.6 and 399.8 eV, namely as the pyridinic-N and pyrrolic-N phases. These two configuration
types are constructed in the conjugated system (n bonding) and attached to two adjacent carbons. The pyridinic-
N state contributes one electron to the w system, while the pyrrolic-N phase contributes two electrons [29].
Among these types of nitrogen bonds, pyridinic-N is sp” hybridization, and the pyrrolic N is sp® one. The
a-C:N sample has a slightly higher concentration of pyridinic-N compared to pyrrolic-N. A hexagonal ring
has three double bonds in the pyridinic bonds, where six electrons are delocalized and form © bonds. The
nitrogen atom uses one electron to form the m bond, two electrons to form the ¢ bond, and the other two
electrons are still in a pair of non-binding state. Whereas in the pyrrolic state, the pentagonal ring has two
double bonds. The nitrogen consequently uses its two electrons in non-bonding orbital to contribute to the ©
system, which is delocalized. There should be no free electron in this configuration [29].

3.4 Electrical and Optical Properties of the Films

Tab. 2 lists the estimated conductivity and bandgap from the measurements. The electrical conductivity
of the films is approximately 0.5 Q 'em ™. It is important to note that the electrical conductivity of all a-C
films is in the range of semiconducting materials, from hundreds to thousands as higher as that of amorphous
silicon (a-Si) film. The electrical conductivity of a-Si films at room temperature is in the order of 107> to 10™*
Q 'em™' [30,31]. To evaluate the electronic bandgap, we also employ the conductivity measurement upon
elevating temperature from room temperature to around 90°C. Using the formula: o = oy exp(-E,)/2kT, we
can estimate E, from the slope of the In(c/0¢) vs. 1/T plot. Here, E,, and T are the energy (electronic) bandgap
and temperature, respectively, oy is the initial conductivity, and k is the Boltzmann’s constant (8.617 x 107
eV K™ [19]. Fig. 6 presents the plot of In(6/5,) vs. 1/T of the a-C film prepared by the nano-spraying
method. A linear fitting to the data results in the gradient of about —659.91, which gives the value of
E, = =2k(=659.91) = 0.113 eV. The same procedure is applied to estimate the E, of a-C:B and a-C:N
films, which yields the values of approximately 0.090 and 0.060 eV, respectively.

Table 2: The electrical conductivity and electronic bandgap of the a-C films

Film Conductivity (Q 'em™) Bandgap (eV)
a-C 0.54(2) 0.113(2)
a-C:B 0.56(2) 0.090(2)
a-C:N 0.59(3) 0.060(2)

Furthermore, their bandgap is in the range of that belonging to the glassy phase of carbon (£, =~ 0.01 eV)
and evaporated carbon (E, = 0.4 €V) [1]. Our a-C film fabricated using a PECVD method [24] with ~30% of
sp” hybridized bonds has E,=2.0-2.5 eV, which is in the range of a tetrahedral carbon (ta-C:H). It should be
noted that the electrical conductivity and electronic bandgap of the a-C films are slightly varied upon doping.
Despite the content of sp® hybridization in a-C:N increases and the BC; bond is realized in a-C:B, the
electrical conductivity does not significantly enhance. We expect that some electrons might be trapped by
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functional groups present in the films; thus, they are cannot freely mobile [27,32,33]. Over B-doped could
also give rise to lowering conductivity [27].
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Figure 6: The plot of In(6/0p) vs. 1/T of the a-C film prepared by the nano-spraying method. The solid line is
the linear fitting to the data

The UV-Vis spectra of the a-C films are illustrated in Fig. 7. The optical transmittance is generally
presented by the same curves for all films, although the absolute value is slightly reduced upon doping.
The maximum transparency of all films is centered around the wavelength of 900 nm, which is
equivalent to a radiant energy ~1.37 eV. The absolute value of transparency belongs to the undoped a-C
film (~ 95%) and decreases (down to ~70%) due to doping.
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Figure 7: The UV-Vis spectra of the a-C, a-C:B, and a-C:N films

4 Conclusion

The amorphous carbon materials have successfully been prepared from palmyra liquid sugar to produce
powder and thin films on the ITO substrate. The film fabrication employs two methods, namely the spin
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coating and nano-spraying. The latter method shows a significance in producing a better homogeneity in
particle size and a thinner film than the former as it reduces particle aggregation. The spraying method
enables to deposit films with a thickness of around 100 nm. B and C dopants have also been successfully
introduced into the @-C film with the significant hexagonal carbon structure, inducing free electrons
created from the C-B and C-N bondings and their defects. As a result, the deposited film has
characterized a semiconducting behavior which is transparent in the near-infrared region of the
electromagnetic radiation. These a-C films and the powder prepared from the palmyra sugar as a biomass
product can be considered “green” materials.
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