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ABSTRACT

An a-C/a-C:N junction, which used palmyra sugar as the carbon source and ammonium hydroxide (NH,OH) as
the dopant source, was successfully deposited on the ITO glass substrate using the nano-spraying method. The
current-voltage relationship of the junction was found to be a Schottky-like contact, and therefore the junction
shows the characteristic rectifiers. This means the a-C and a-C:N are semiconductors with different types of con-
duction. Moreover, the samples showed an increase in current and voltage value when exposed to visible light
(bright state) compared to the dark condition, thereby, indicating the creation of electron-hole pairs during
the exposure. It was also discovered that the relationship between current and voltage for the a-C/a-C:N junction
sample formed a curve that satisfies the rule of the photovoltaic effect when exposed to visible light from a light
bulb. The exposure of this sample to direct sunlight at AM 1.5 conditions produced a curve that meets the rules
for the emergence of the photovoltaic effect with higher characteristics for the current-voltage relationship. Thus,
the a-C/a-C:N junction sample is a solar cell successfully fabricated using a sample method and has a maximum
efficiency of 0.0013%.
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1 Introduction

Carbon is one of the elements in group IV besides silicon. Although in the same group, it differs from
silicon in hybridization. Silicon has a single hybridization, namely sp>, while carbon has three hybridizations,
namely sp’, sp” and sp. carbon with 100% sp> hybridization is known as diamond like carbon (DLC) and acts
as an insulator. Carbon with 100% sp” hybridization is known as graphite and is an excellent conductor.
Carbon with mixed sp® and sp? hybridization is known as amorphous carbon. The percentage of carbon
hybridization is strongly influenced by its hydrogen content, the deposition parameter and the raw
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materials of the carbon source. In this various hybridization, carbon compounds may have various energy
gaps in the range of 0 to 6 eV [1,2].

Thin Carbon films are generally deposited using the Chemical Vapor Deposition (CVD) method with
hydrocarbon compounds as the precursors, such as ethanol [3], methane gas [4-8], di-iso-propyl-ether
((i-C3H7)50) [9], acetylene [10]. The percentage of sp>, sp® and sp hybridization is strongly influenced by
the carbon source. Methane gas sources provide a higher percentage of sp’ than acetylene. The
percentage of sp” is higher when an acetylene source is used. Diamond like carbon (DLC) deposited
using a methane gas source is more insulating than that from an acetylene source [11].

Amorphous carbon thin films have been successfully prepared using the CVD method from biomass
sources. These films sourced from palm oil have been successfully deposited on glass and p-type silicon
[12]. Nitrogen-doped amorphous carbon thin films with ethanol as the source and nitrogen gas as the
doping source have been successfully deposited on a p-type silicon substrate [13]. One of the deposition
methods besides CVD to prepare amorphous carbon thin films is the spin coating method. Has been
successfully deposited using the spin coating method of amorphous carbon thin film with biomass
sources (coconut sugar, palmyra sugar, palm sugar and brown sugar), which are deposited on ITO glass
substrate. The percentage value of sp” hybridization is above 60%, and the value can be adjusted by
adjusting the heating temperature of the carbon source. The electrical conductivity values of the
amorphous carbon thin films formed are within the range of the electrical conductivity values of
semiconductor materials [14—16].

Carbon is a material with great potential for the development of photovoltaic cells. Amorphous carbon
absorbs much higher sunlight of sunlight than amorphous silicon at the same thickness [17]. Its high
absorption of sunlight provides the potential for carbon applications such as an anti-reflective coating in
silicon solar cells [18,19]. Polymeric-like carbon (PLC) and DLC deposited using CVD have been applied
as anti-reflective coatings for crystalline silicon solar cells [20]. The extraordinary electronic properties of
carbon make it an important component in the development of solar cells. Because of its high electrical
conductivity, carbon is used as a back contact in perovskite solar cells [21]. Due to the high electrical
conductivity of carbon, it is used as an electrode in perovskite solar cells [22].

Carbon-based solar cells that have been developed previously are generally a heterojunction between
carbon and silicon. The carbon source comes from hydrocarbon compounds, and the deposition process
uses the (CVD) method. Carbon-based solar cells have been successfully made using SWCVD with an
acetylene source and trimethyl boron as a doping source for a p-type layer. The samples were deposited
on an n-type silicon substrate in two p-C/n-Si and p-C/i-C/n-Si configurations [23]. Using r/~PECVD, a
solar cell with the p-PAC/i-a-Si:H/n-Si:H configurations has been successfully fabricated [24]. Using
AACYVD, carbon-based solar cells have been successfully made with camphor oil as a source. Solar cell
samples were made in Au/p-C/n-Si/Au configuration [25]. Using AACVD with camphor oil sources,
heterojunction solar cells with Au/n-C:N/p-Si/Au and Au/a-C/p-Si/Au configuration have been successfully
fabricated. Nitrogen gas is used as a doping source. A Solar cell sample with Au/a-C/p-Si/Au
configuration when measured using a PV simulator at AM 1.5 condition obtained an efficiency of
0.000048% [26]. Carbon nanomaterials were integrated with silicon solar cells to form a CNT-Si
configuration [27]. Carbon-derived homojunction solar cells with a-C/fullerene(Cgsy) configuration
[28,29]. So far, carbon-based solar cells have been dominated by a carbon-silicon heterojunction.
Amorphous carbon homojunction solar cells have not yet been developed by previous researchers. The
main source of doping in the development of solar cells are gaseous doping sources [12,13,23,25,26], and
liquid doping sources have never been used. The main source of carbon as active material is dominated
by hydrocarbon compounds, and the use of carbon derived from agricultural products (biomass) has not
been significantly developed. The deposition method is dominated by CVD and other deposition methods
have not been developed for the carbon-based solar cells.
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In this research, amorphous carbon thin film deposition has been carried out with a new method that has
not been carried out by previous researchers, namely the nano-spraying method. These thin films of
amorphous carbon cover boron-doped amorphous carbon and nitrogen-doped amorphous carbon on ITO
glass substrates using the nano-spraying method have been successfully prepared with palmyra sugar as a
carbon source. The carbon thin film that has been successfully deposited has a smooth, uniform, thin
surface (one hundred nanometer), and has good transmission of visible light and infrared.

This paper reports the results of the research on the development of amorphous carbon-based solar cells.
The solar cell sample is an amorphous carbon homojunction, which has never been done by previous
researchers. The deposition method uses nano-spraying, which has never been done in the development
of solar cell technology. The carbon source uses palmyra sugar, which is an agricultural product,
available all year round and is renewable, abundant and very cheap. The doping process uses a liquid
ammonium hydroxide (NH,OH) source. The results of measuring the electrical conductivity of each layer
using a four-point probe, the optical energy gap using UV-Vis spectroscopy, and PES testing to determine
the occurrence of the doping process included. The results of current and voltage measurements indicate
that the sample junction function as a rectifier and as a photovoltaic cell.

2 Experiment

2.1 Film Deposition

Palmyra sap contains an element C of 61.9%, O of 35.84%, Cl of 0.68%, Na of 0.81%, K of 0.41%, P of
0.18%, S of 0.06% and Si of 0.01%, which is very good for use as a natural carbon source. The sap is
produced from palmyra trees (Fig. 1a) by pruning the flowers that have not yet bloomed. The water that
oozes out of the flower stalk is the sap. The sap from the stalk is collected in a vessel. When the volume
of the sap has reached a sufficient amount, it is processed to become dilute sugar. The sap that is
sufficient must be immediately processed to diluted sugar so that is not decay. It is heated in open air and
stirred so that the evaporation occurs as expected. When the water content is reduced as expected, the
cooling process is carried out until it becomes diluted sugar. This process is carried out by farmers in the
Palmyra plantation. The yellowish diluted sugar produced from the Palmyra plantation is heated using a
hotplate at a temperature of 100°C and stirred with a magnetic stirrer within 120 min to reduce water
content. Cooling is done to get dark brown thick sugar (Fig. 1b). Further heating is carried out using a
furnace at a temperature of 250°C for 150 min, and cooling is carried out in the furnace. This process
produces a very light, shiny black charcoal. The charcoal is washed with distilled water and filtered using
paper to remove the potassium chloride (KC/) content. The dry charcoal is crushed until very fine
powdered charcoal is obtained.

fa)

Figure 1: (a) Palmyra trees, (b) Thick palmyra sugar
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Meanwhile, the a-C:N powder is prepared by mixing a-C powder with ammonium hydroxide (VH,OH,
Merck 25%) at an a-C with an NH,OH mole ratio of 1:0.066. The mixture is heated using a hotplate at 150°C
and stirred with a magnetic stirrer at 200 rpm for 120 min. Moreover, the a-C solution is prepared by mixing
2 g of a-C powder with 10 ml of dimethyl sulfoxide (DMSO, Merck 99.9%), which is used as a solvent in
addition to 10 ml of distilled water. The solution is heated at 100°C, stirred with a magnetic stirrer at
1500 rpm for 60 min, and exfoliated using ultrasonic for 30 min. It is rotated at 3500 rpm for 30 min
using a centrifuge of 80-2 to separate large carbons. It is also important to note that the a-C:N solution is
prepared using the same process used for the a-C solution.

To obtain the characteristic of each layer, thin film deposition of a-C and a-C:N was carried out on a 2 x
2 em? ITO glass substrate. Furthermore, the junction sample is deposited on a 2 x 1 cm? ITO glass substrate
using a nano-sprayer (30 ml USB handy nano mist sprayer Fig. 2a) while the a-C/a-C:N junction samples are
deposited on size of 1 x 1 cm? as illustrated in Fig. 2b. The thin film deposition process begins by inserting
solution a-C and a-C:N into the solution container. Before the solution is deposited on the surface of the
substrate, several steps occur. These stages are the process of atomization of the solution, flight of
droplets to the surface of the substrate, contact of droplets with the surface of the substrate, dispersion
and evaporation. The atomizer or nebulizer is intended to form very fine granules from the solution.
These very fine granules are accelerated by applying pressure or a high-velocity flow of gas. The very
finest of granules are pushed out through the outlet hole and fly to the surface of the substrate. This
process occurs inside the nano-sprayer device and occurs shortly after the switch is turned on. The very
fine grains directed towards the surface of the substrate form a lamellar layered precipitate. Only grains of
the order one nanometer can exit the outlet hole. The grain size greatly determines the quality of the layer
formed. The deposition process ends shortly after the switch is turned off. The evaporation process in the
atmosphere and contamination from the surrounding environment is protected. This process is carried out
within 3 days and a thin film is obtained on the ITO glass substrate. Each layer is deposited within 10 s
and the distance between the substrate and solution outlet hole on the nano-sprayer is 5 cm. The sample
of the a-C/a-C:N junction is carried out by first depositing the a-C/N on an ITO glass substrate. After the
drying process is complete, the a-C layer is deposited on top as illustrated in Fig. 2b.

(a) (b)

Solution container

—»  Exit hole

Figure 2: (a) Nano-sprayer, (b) I[llustration of a sample on a glass ITO substrate
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2.2 Characterization of Each Layer

The electronic properties and the structure of each layer are important components that influence the
characteristics of the junction sample. XRD (Philip X’ Pert MPD with Cu Ko radiation and diffraction
angle in the range 10°—60°) analysis showed that a-C and a-C:N layers were in the amorphous phase.
Moreover, the electronic and optical properties of the coating greatly affected the junction characteristics
of the sample. It was also discovered that the sample could function as a solar cell when each layer has
semiconductor electronic properties and an optical energy gap that allows the formation of electron-hole
pairs in the visible light region. The electrical conductivity and optical energy gap of each layer obtained
using the 4-point probe and UV-Vis spectroscopy (GENESIS 10 S with a wavelength in the range of 400—
1000 nm) analyses are presented in Table 1. The current and voltage in each layer were discovered to
have a linear relationship (ohmic contact).

Table 1: Properties of each layer

Layer Properties

Electrical conductivity (S/cm) Optical energy gap (eV) Thickness (nm)
a-C 5.5 1.71 262.3
a-C:N 5.6 1.51 197.3

The results of measuring the transmission properties of amorphous carbon (a-C) and nitrogen-doped
amorphous carbon (a-C:N) thin film are shown in Fig. 3a. It can be seen that the transmission properties
of light show an increasing value with increasing wavelength. The maximum transmittance value occurs
at a wavelength of 900 nm with an energy ~1.3 eV. This wavelength is the near-infrared region. So
amorphous carbon and nitrogen-doped amorphous carbon film exhibit transparent properties in the region
~1.3 eV, characterized by a transmittance value of around 100%. The value of the optical gap energy of
a-C and a-C:N films can be calculated using the 7auc formula. The value is obtained by extrapolation as
shown in Fig. 3b.
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Figure 3: UV-Vis measurement results. (a) Transmittance a-C and a-C:N films. (b) Optical gap energy
calculation using Tauc extrapolation
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The surface morphology of each layer was determined through the Scanning Electron Microscope (SEM
ZEISS EVO 10) while the structure was evaluated using the photoemission spectroscopy (Syn. PES at beam
line 3.2a in the Synchrotron Light Research Institute/SLRI Thailand facility). Mode XPS under ultra-high
vacuum (<I x 107 Pa) and photon energy in the range 40 to 600 ¢V, and the results are presented in
Fig. 4. The particles in a-C and a-C:N were observed to be in the order of hundreds of nanometers. The
PES test was further reviewed on the CIs of a-C and a-C:N layers dominated by sp® hybridization and
C-N bonds, and the formation of C-N bonds indicated the possibility of doping and defect processes.
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Figure 4: Morphology and structure of each layer

The results of the PES analysis conducted on the N1s spectra are shown in Fig. 5. It was discovered that
the spectrum can be deconvoluted into three main components which include Pyridinic-N with 398.83 eV
[reference 398.5 £0.1], Pyrrolic-N with 399.93 eV [reference 400.2 +0.1], and Graphitic-N with 400.893 eV
[reference 401.2+0.1]. It is also important to note that the C-N bond is a doping process that involves
the replacement of a C atom by an N atom. In the graphitic-N, the C atoms were replaced by N atoms,
and this caused doping while a defect was found in pyrrolic-N and pyridinic-N, which led to the absence
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of the doping process [30]. The formation of graphitic-N allowed the a-C:N to become an n-type
semiconductor while the a-C layer has an intrinsic conduction type. Furthermore, the deconvolution of
the Nls spectrum in the a-C:N layer produced 41.9% pyridinic-N, 39.6% pyrrolic-N, and 18.5%
graphitic-N.
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Figure 5: Deconvolution of Nls spectrum

3 Results and Discussion

3.1 Characterization Sample

A solar cell is a photodiode in principle, which means that the junction of two semiconductor materials
having different types of conduction is required to comply with the basic rules of a diode required to function
as a rectifier. The diode characteristics of the a-C/a-C:N junction sample were determined by measuring the
current and voltage. The measurement results are presented in the graph in Fig. 6. It was discovered that the
relationship between the two indicators meets the rules required or the sample to function as a rectifier. This
strengthens the results of testing using PES which shows the occurrence of the doping process and a-C:N has
a different conduction type than a-C. These results proved that a-C is intrinsic i while a-C:N is an n-fype. The
results of the current and voltage test provide evidence that rectifier diodes can be made from materials other
than silicon. Carbon from biomass can be used as the active material for diodes with cheaper, easier and
simpler manufacturing technology. The a-C/a-C:N junction is an i-n junction diode with a reverse bias
current of 127.7 nA, a forward bias voltage of 3.3 mV, and a breakdown voltage of —=3.95 mV.

The diode function as a photodiode is characterized by the difference in current and voltage values when
in dark conditions compared to bright conditions. The sample functioning as a photodiode is tested by
comparing the current and voltage value in the sample when it is dark compared to the value when the
sample is illuminated with 1660 lux light. The results of measuring the current and voltage values when
dark and when it is illuminated with 1660 lux light are shown in Table 2. The results presented in
Table 2 showed an increase in the value of current and voltage when the sample was exposed to light
compared to the dark. This shows that the sample functions as a photodiode and has the potential to also
function as a photovoltaic cell.
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Figure 6: 1-V curve of a-C/a-C:N junction

Table 2: Current and voltage when dark and light

Condition Current (n4) Voltage (V)
Dark 136 0.14
Light 352 0.35

Whether the sample functions as a photovoltaic cell is found out by measuring the current and voltage
values when the sample is exposed to visible light, current and voltage values were measured when the
sample was exposed to visible light from lamps with an input power 2.28 and 4.44 m W/em’, and
exposure to direct sunlight at AM 1.5 condition. The relationship between current and voltage when the
sample is exposed to visible light from the lamp is shown in Fig. 7. The curve in Fig. 7 shows that the
relationship between current and voltage fulfills the rules for the occurrence of the photovoltaic effect.
The characteristic values from photovoltaic cells when exposed to light from a lamp are shown in
Table 3. Table 3 shows an increase in short circuit current (/gc) and open circuit voltage (Vpoc) with
increasing emitted light power. The increase in Igc and Vpc values does not seem to be directly
proportional to the input power. This can be seen when the input power is increased two times; the
increase in Igc- and Vo values is not two times either.

The sample was also exposed to direct sunlight at AM 1.5 (100 m W/cm®), and the relationship between
the current and the generated voltage is presented in Fig. 8. It was discovered that the relationship also fulfills
the requirement for the emergence of the photovoltaic effect.

This proves that the junction sample is a photovoltaic cell because the electron in the valence band of the
type i layer receives sufficient energy to be excited toward the conduction band when the sample is exposed
to light to become a free electron and leave a hole in the valence band. This causes the type i layer to have an
excess of holes. Meanwhile, light exposure in the n-type layer is able to excite an electron from the valency
band to the conduction band to become a free electron and the n layer has excess electrons. The hole in the i
layer is unable to diffuse to the n-type because it is blocked by the built-in electric field in the depletion layer



JRM, 2024, vol.12, no.1 65

while the electron passes through the depletion region toward the n-type layer. It is important to note that the
electron flows toward the external resistance. However, the hole in the n-type breaks through the depletion
region to the type-i region and flows into the external resistance. This means the holes and electrons flow into
the external circuit as an electric current to create a potential difference across the external resistance. The
current and voltage in this external circuit were found to be the benchmarks for the output power of the
solar cell sample. This shows that the electron-hole pairs arose when exposed to light in the a-C/a-C:N
junction sample, indicating its ability to function as a solar cell. The ability of the sample to function as a
solar cell depends highly on the current flowing in the external circuit. It was discovered that the short
circuit current (/g¢) and open circuit voltage (Vpc) increased when it was exposed to direct sunlight. The
maximum current and voltage in the curve presented in Fig. 8 were used to calculate the photovoltaic
characteristics of the junction sample, and the results obtained are listed in the following Table 4. The
table shows that the sample functions as a solar cell with a maximum efficiency of 0.0013%. In Table 4,
it can be seen that the Igc is still too small compared to Vpc. There is a possibility of a recombination
process immediately after the generation of an electron and a hole after the sample is exposed to light.
The reason for the recombination is probably that the thickness of each layer of the spliced sample is not
optimal. It is still too thin. The second probability is caused by a defect in the a-C:N layer, which is
characterized by the formation of Pyridinic-N and pyrrolic-N compounds.
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Figure 7: I-V curve on exposure to light
Table 3: Characteristic photovoltaic
Characteristics photovoltaic Input power (m W/em?)
2.28 4.44
Isc (nd) 1297 1553

Voc (1)) 29.500 39.500
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Table 4: Characteristics of the photovoltaic sample

Properties of photovoltaic sample value

Isc 6320 n4
Voc 363300 uV
Lax 5936 n4
Vimax 230000 uVv
Fill Factor 58.65%
Efficiency 0.0013%

This research is initial research on the development of solar cells using a biomass source. The developed
solar cell is an amorphous carbon homojunction that has not been developed by previous researchers.
Previous development of carbon-based solar cells was dominated by heterojunction between carbon and
silicon. The deposition method using CVD. The doping source is generally used as the gas source. In this
research, the n-type layer doping source was used, namely ammonium hydroxide (NH,OH) in liquid
form. The doping process is carried out very simply, easily and at a very low cost. As a comparison, the
price of NH,OH of ~5 US $ per liter is much cheaper than that of nitrogen gas. The deposition method
in this research used a nano-sprayer, which had a price of less than 10 US $. It is much cheaper
compared to CVD, which has a price of over one million US $. As a comparison, the results of this
research along with similar research conducted by previous researchers are shown in Table 5.

Table 5: Comparison with the results of previous research

Researcher Configuration Source Method Efficiency (%)
Fadzilah [26] a-C/p-Si Camphor oil AACVD 0.000048
This research a-C/a-C:N/ITO Palmyra sugar Nano-spraying 0.0013
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It can be seen in Table 5 that the resulting efficiency increased by two digits compared to that produced
by a previous researcher with a similar configuration and different method. This shows that the development
of'solar cell technology using biomass sources and the nano-spraying method produces better results than the
CVD method in a similar configuration. The use of local materials as active materials for solar cell
development with this method provides added value to the simplicity of the method, availability of raw
materials, low cost and environmentally friendly. Currently, the author and team have developed a solar
cell with the same method and materials with the configuration a-C:B/a-C:N/ITO and a-C:B/a-C/a-C:N/
ITO and have achieved and an efficiency value of ~1% and have not yet been published. In subsequent
development research, the author and team continue to develop efficiency optimizations produced in the
a-C:B/a-C/a-C:N/ITO configuration with a target of achieving an efficiency value of 15% in the next 3—
5 years and the capability of commercialization.

4 Conclusions

The a-C/a-C:N junction sample was successfully deposited through an i-n junction diode to act as a
rectifier. It was discovered that the current and voltage values increased when exposed to visible light.
This indicates the creation of an electron-hole pair and also shows that the sample is a photodiode.
Moreover, the relationship between the current and voltage when illuminated with visible light and
directly under sunlight satisfied the photovoltaic cell requirement, and this means the sample can be used
as a solar cell with a maximum efficiency of 0.0013%. The liquid palmyra sugar used as the carbon
source also shows the possibility of developing solar cells using renewable carbon-active materials.
Furthermore, the simple nano-sprayer deposition method applied indicates the potential for developing
solar cells through green, inexpensive, easy, and renewable technology.
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