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ABSTRACT
Amorphous carbon thin films have been successfully deposited using the Chemical Vapor Deposition (CVD) 
technique with various amounts of natural oyster mushroom (P.ostreatus) waste oil as carbon precursors onto 
the glass substrates. This study examined the impact of varying precursor amounts on the assessment of the 
properties of amorphous carbon thin films, especially the optical and electrical characteristics. The lower part of 
the oyster mushroom, which is normally discarded, was harvested and extracted into mushroom waste oil using 
Soxhlet extraction. CVD technique was used for the deposition of amorphous carbon, where mushroom waste oil 
was used as a precursor and glass as a substrate. Then, UV-Vis spectroscopy, current-voltage (I-V) measurement, 
and Raman spectroscopy were utilized for characterization. The findings demonstrate that the thin films show a 
combination of sp3 and sp2 bonded carbon atoms, which is common for amorphous carbon. The lowest optical 
band gap, 0.37 eV, and the highest electrical conductivity, 1.51 × 10-5 S.cm-1 was deposited at 2 ml of oyster 
mushroom waste oil. These results indicate that amorphous carbon grown from mushroom waste oil is capable 
of being a ‘green’ alternative as a source for carbon-based solar cells in the future.
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1. INTRODUCTION

Carbon-based materials have gained the researchers’ 
attention due to their propensity to yield a wide variety of 
allotropes such as amorphous, diamond, graphene, and 
graphite (Saputri et al., 2020; Kim et al., 2021; Kothandam 
et al., 2023; Dhameliya et al., 2024;). Different types of 
carbon allotropes can be distinguished based on the 
type of chemical bond and hybridization. Diamond-like 
carbon (DLC), which contains 100% sp3 hybridization 
makes it an insulator, whereas 100% sp2 hybridization in 
graphite makes it a great conductor. Meanwhile, mixed 
sp2 and sp3 hybridization is present in amorphous carbon 
(Priyanto et al., 2024).

The unique properties of amorphous carbon (a-C) make 
them useful in various fields. These qualities include low 
cost, high hardness, high chemical inertness, ease of 

production, high optical transmittance, low coefficient 
friction and an optical band gap that can be tuned 
(Cui et al., 2012; Zhang et al., 2022a; Kang et al., 2023; 
Roy et al., 2023) By merely changing the ratio of its 
sp3 and sp2, their electrical, mechanical, optical, and 
structural properties are affected (Chen et al., 2015). The 
hydrogen content, the deposition parameter, and the 
carbon precursor are said to influence the percentage 
of carbon hybridization. Hydrocarbon compounds can 
be used as the carbon precursor in Chemical Vapor 
Deposition (CVD), which is one of the many techniques 
for creating a-C thin films (Priyanto et al., 2024). 

Several carbon sources from renewable and non-
renewable origins have been identified to be capable 
of creating allotrope carbon, including methane, 
acetylene, ethanol, and ethylene, as well as from 
renewable precursors like camphor oil, palm oil, palmyra 
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sugar, etc. (Ishak et al., 2015; Priyanto et al., 2024). The 
common factor among these sources is that they are 
chosen as they are hydrocarbon precursors, which are 
mainly made up of carbon, hydrogen, and oxygen 
molecules. Most of the carbonaceous compounds 
employed in the early phases of discovering the right 
precursors have negative effects on the environment 
and human health, as they are toxic and explosives 
(Yan et al., 2020; Ouyang et al., 2021). Besides those 
precursors, oyster mushroom (P. ostreatus) waste oil 
has the potential to synthesize a-C thin films as they are 
ecologically friendly precursors.

Pleurotus ostreatus, also known as oyster mushrooms, are 
edible mushrooms with unique flavors and medicinal 
benefits. Together with button and shiitake mushrooms 
(Agaricus bisporus and Lentinula edodes), which 
account for 16% of the world's supply, oyster mushrooms 
are also among the most farmed and consumed in the 
world (Zhou et al., 2023). Pleurotus ostreatus's bioactive 
significance and other health-promoting qualities have 
garnered a lot of attention. For example, this edible 
mushroom has a high content of proteins, phenolics, 
flavonoids, glycoproteins, terpenoids, steroids, and 
alkaloids. It also has pharmacological and therapeutic 
properties that include anti-inflammatory, anti-diabetic, 
anti-viral, anti-cancer, anti-tumor, antioxidant, and 
antihypertensive properties (Elhusseiny et al., 2021; 
Ianni et al., 2021). To meet the objective of selecting the 
precursors that are low cost, high in carbon content, 
abundant, and environmentally friendly, the oyster 
mushroom waste oil was chosen due to the mentioned 
benefits.

CVD has been used to successfully produce a-C thin 
films from biomass sources. CVD is the best technique 
for deposition on large substrates and complex 
structures, resulting in inexpensive manufacturing. 
This method has been widely used in the industry, 
especially for semiconductors as they can synthesize 
high performance and quality a-C. This method 
is also frequently mentioned in the previous study 
(Kamaruzaman et al., 2020). These films, which are 
made from palm sugar, palm oil, and camphor oil, have 
been effectively applied to glass for a variety of uses, 
most notably solar cells. Kamaruzaman et al. (2020), 
for example, used this method to successfully deposit 
undoped and iodine-doped a-C (a-C:I) thin films 
from camphor oil, revealing that iodine doping could 
improve the electrical properties. Ishak et al. (2015) 
reported that boron-doped and undoped a-C thin 
films were successfully produced using the CVD method 
for solar cell applications, with respective efficiencies 
of 1.543% and 0.1302%. This was achieved through the 
use of natural palm oil as a carbon precursor. Aerosol-
assisted CVD (AACVD) has been successfully used by 
Fadzilah et al. (2014a) to deposit nitrogen-doped a-C 
thin films from camphor oil for solar cell applications. 

The efficiency of AACVD is 0.001648% at a deposition 
temperature of 650 °C. So far, a-C thin films using 
mushrooms as carbon precursors have not yet been 
developed (Fadzilah et al., 2014a).

This paper reports the synthesis of a-C thin film using 
oyster mushroom waste oil, a novel alternative "green" 
carbon precursor not previously used by researchers. 
Using oyster mushroom waste oil as a carbon source, 
these a-C thin films were successfully deposited on glass 
substrates through the CVD method. The purpose of this 
work was to examine how the various concentrations 
of mushroom waste oil affected the structural, optical, 
and electrical characteristics.

2. METHODOLOGY

2.1 Oyster Mushroom (P. ostreatus) Waste Oil Preparation
The lower part of the stem of an oyster mushroom, which 
is commonly discarded, was cut off from its fruiting body 
during the oyster mushroom harvest in the Mushrooms 
Unit, Agrotechnology Section, Universiti Putra Malaysia 
(UPM). The waste mushroom biomass (WMB) was 
cleaned off the soil and insects and dried at 50 °C for 
24 h using an oven dryer. The dried WMBs were then 
ground to a fine powder using the laboratory blender. 
The floured WMB (FWMB) was stored in a bottle, along 
with silica gel to keep it dry until use.

Using Soxhlet extraction, the extraction of oils from 
mushroom waste was conducted with hexane as solvent. 
40 g of FWMB was placed in a thimble with 400 ml of 
hexane and heated at 80 °C for 4 h. After extraction, 
the oils from WMB were collected and evaporated 
to remove the solvent using a rotary evaporator at 
50 °C. The extracted oils were dried further at room 
temperature under a laminar flow hood to ensure all 
of the hexane was removed. The dried oils were then 
re-dissolved in hexane and stored at room temperature 
until further analyses.

2.2 Deposition of Amorphous Carbon (a-C) Thin Films
Chemical vapor deposition (CVD) was utilized in the 
deposition of amorphous carbon thin films. The CVD 
system which is a double furnace setup, consists of a 
heater, a tube made of quartz, and a water bubbling 
system. To produce a-C thin films, WMB oil was utilized 
as the carbon precursor, while argon gas was employed 
as a carrier gas. An alumina boat containing various 
amounts of WMB oil, 1-4 ml, was put in the first furnace, 
which heated to 350 °C inside a quartz tube. Then, the 
second furnace was used to heat an alumina boat 
containing a 2 cm x 2 cm glass substrate to 550 °C. 
The argon gas was kept flowing through a quartz tube 
with a flow rate of 45 standard cubic centimeters per 
minute (sccm). For 30 mins, the depositions were done 
using a variety of precursor amounts. After 30 mins, 
the samples were cooled down until both furnaces 
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reached room temperature before being brought 
out of the quartz tube. Following that, for the optical 
and structural characteristics, Raman Spectroscopy, 
surface profiler and UV-Vis Spectroscopy were used to 
characterize the samples. Meanwhile, for the electrical 
characteristic, current-voltage (I-V) measurements 
were used. Gold was deposited on the samples using 
a thermal evaporator in order to assess the electrical 
properties of a-C thin films for the I-V measurement.

3. RESULTS AND DISCUSSION

3.1 Raman Spectroscopy
Raman spectroscopy was utilized to investigate the 
structural properties of a-C due to its ability to examine 
the behavior of bonding, internal stress, etc., in a-C thin 
films in a fast and non-destructive way (Kamaruzaman 
et al., 2012; Mohagheghpour et al., 2016; Dychalska et 
al., 2019; Orlando et al., 2021). The Raman spectrum of 
the deposition of a-C thin films at various amounts of 
oyster mushroom waste oil in the 1000-2000 cm-1 range 
are displayed in Figure 1. 

Figure 1: Raman spectrum of the a-C

From the Raman spectrum, it is likely that the a-C thin 
films are an amorphous carbon due to the absence of 
2D Raman peaks (Mitra et al., 2024). The D peak and 
G peak, which shows the coexistence of sp2 and sp3 
bonding, are the two peaks that are present in a typical 
amorphous carbon. In general, the D peak indicates 
the disordered or defective carbon that is related to the 
presence of the edges and grains of the carbon, which 
means that the existence of this peak is not possible in 
perfect graphite. Meanwhile, the G peak corresponds 
to the presence of π electron delocalization or sp2 
clustering in the samples as it appears from all of the sp2 
sites. This is because of its involvement in the stretching 
movement of the carbon pair sp2 atoms (Fadzilah et al., 
2013; Chen et al., 2015; Gabhi et al., 2020; Moseenkov et 
al., 2023). Thus, due to this, the low value of the intensity 

ratio (ID/IG) shows that the sp3 content is higher. Then, 
the high value of ID/IG ratio indicates the clustering 
and ordering of the sp2 content for a-C (Dychalska et 
al., 2019). For a simple additional explanation about 
the Raman spectra peaks for amorphous carbon, 
Moseenkov et al. (2023) have provided a detailed 
analysis of the characteristics of several modes that 
can be found in amorphous carbon. The D peak (D2 
mode), which is only present in disordered carbon 
structures and not in perfect graphite, is considered to 
have existed due to the vibration of the A1g symmetry 
and is situated at 1310 to 1390 cm-1. The G peak, which 
is present because of the in-plane graphitic vibrations 
with the E2g symmetry is situated from 1575 to 1600 cm-1. 
In addition, there is also a D3’ mode that is situated at 
1450 to 1490  cm-1 and D3” mode located at 1520 to 1555  
cm-1) which both modes are linked with the existence 
of a-C and D4 mode at 1615 to 1650 cm-1 which vibrates 
similarly to the G peak. 

In this study, the approximate positions of D and G peaks 
were found at ~1350 and ~1600  cm-1, respectively, 
which are typical for a-C. However, the results show 
that the G peaks for 2 ml, 3 ml, and 4 ml precursors 
were shifted slightly above 1600 cm-1 that is beyond the 
usual range of G peaks. It likely occurred because of 
the increase of the compressive stress with the increase 
of the thickness during deposition which results in the 
upward shift of the G-peak position (Mohagheghpour 
et al., 2016). The Raman intensity ratio (ID/IG) for a-C thin 
films was calculated from the Raman peak position, as 
indicated in Table 1 and Figure 2. The intensity ratio is 
calculated to study the change in the carbon bonding 
structure of the film which implements that the ID/IG ratio 
indicates the content of sp2 and sp3 in the a-C (Crespi 
et al., 2020; Zhang et al., 2022b). In Table 1, the findings 
revealed that when the amount of oyster mushroom 
waste oil (precursor) increases, the ID/IG ratio shows a 
slight decrease from 0.72 to 0.70. This proves that the low 
ID/IG ratio values of the samples indicate the increase in 
the crystallinity behavior of a-C while the high ID/IG ratio 
demonstrates the graphitization of the film structure 
because of the change in the sp2 bonds (Fadzilah et 
al., 2014b; Ono et al., 2024).

Table 1: The D peak and G peak position, and the ratio of 
intensity of a-C
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Figure 2: The intensity ratio of the a-C

3.2 UV-Vis Spectroscopy
The optical characteristics of the a-C thin films (e.g. 
optical transmittance and band gap) were investigated 
using UV-Vis Spectroscopy, while a surface profiler was 
used to obtain the average thickness of the samples. 
In this study, the wavelength of the spectroscopy used 
ranged from 300 nm to 800 nm. The graph of optical 
transmittance against the wavelength of the a-C thin 
films is displayed in Figure 3. In the visible range (390-
790 nm), the optical transmittance that was found 
has a value that is higher than 80%. As the optical 
transmittance is strongly dependent on the thickness of 
the a-C thin films, it can be seen in this research that the 
percentage of the optical transmittance decreases as 
the thickness of the films increases due to the increasing 
amount of the precursor (Mohagheghpour et al., 2016). 
When the films are thicker, they appear less transparent 
compared to the thinner films. Table 2 shows that the 
highest spectrum of optical transmittance (89.95%) has 
the thinnest a-C thin films (92 nm) when deposited at 1 
ml precursor, while the films with the thickest films (313 
nm) that were deposited at 4 ml precursor show the 
lowest transmittance (80.81%) spectrum.

Eq. (1) illustrates the application of the Tauc relationship 
to determine the optical band gap of a-C thin films

The optical band gap (Eg) can be defined as the 
energy differential between a material’s valence and 
conduction bands. It is reported that the band gap has 
a relationship with the sp3 and sp2 bonds ratio in the 
films (Crespi et al., 2020). Using the Tauc relation, the 
linear portion of the curve at a = 0 was extrapolated 
to yield the a-C thin films Eg. The graph of the Tauc 
plot of (αhv)1⁄2 for a-C thin films against photon energy 
at varying amounts of oyster mushroom waste oil is 

displayed in Figure 4. According to Li et al. (2018), the 
optical properties associated with the coexistence and 
relative ratio of the carbon sites of sp3 and sp2, where the 
increasing sp2 content causes the optical band gap to 
narrow, are said to be related (Li et al., 2018).

Figure 3: The graph of optical transmittance against 
wavelength of a-C thin films

Table 2: The highest transmittance and optical band gap a-C

Figure 4: The graph of Tauc plot of against photon energy 
for a-C thin films
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From Table 2, the Eg for a-C thin films when deposited 
at 1 ml of the precursor was 0.80 eV which then 
decreased to 0.37 eV at 2 ml precursor and progressively 
increased to 0.57 eV and 0.65 eV, as the amount of 
precursor increased to 3 ml and 4 ml, respectively. 
Here, the samples with higher optical band gaps can 
be considered as having smaller sp2 cluster while the 
lower band gaps indicate a larger size of sp2 cluster. 
This is due to the fact that the sizes of the conjugated 
pz electron network or more precisely the sp2 bonded 
carbon dictates the characteristics of the band gap 
(Baule et al., 2024).

The mechanical, optical, chemical, and electrical 
properties of a-C thin films are determined by an 
amorphous network that is mostly composed of sp3 
and sp2 carbon-carbon bonds, which in contrast to 
the sp3 hybridized crystalline diamond. Both π and 
σ bonds exist in sp2 carbon, but the delocalized π 
electrons that occupy the pz orbital is the cause of the 
electrical conductivity. In non-doping circumstances, 
the electrons are firmly bound together by the four σ 
bonds in sp3 bonded carbon, which results in dielectric 
characteristics. Insufficient electrical conductivity 
resulted from the isolation of the sp2 sites at low sp2 
carbon concentrations, where only a few electrons can 
be conjugated. Therefore, conjugated pz electrons are 
produced as the total sp2 increases, which results in the 
increase of sp2 cluster sizes as well (Baule et al., 2024).

In this study, we notice that the optical band gap 
increases with the percentage of optical transmittance. 
However, we have to consider the thickness of the 
samples since, as mentioned before, the transmittance 
is affected by the film thickness which is increasing 
by the rising amount of precursor (Mohagheghpour 
et al., 2016). For instance, Table 2 shows that the 1 
ml precursor sample is the thinnest (92 nm) of all the 
samples, but it has the widest band gap (0.80 eV) 
and the highest percentage of optical transmittance 
(89.95%). In contrast, for sample 2 ml precursor, as the 
thickness of the a-C thin films increased (to 115 nm), 
the optical band gap (0.37 eV) and the percentage of 
transmittance (85.07%) declined. The increase in sp2 in 
the films, which would also influence the conductivity, 
may be the cause of the decreasing trend of the band 
gap (Kamaruzaman et al., 2020). However, the optical 
band gap increases gradually to 0.57 eV (3 ml) and 
0.65 eV (4 ml) after 2 ml of precursor. This increase in 
thickness is probably caused by the absorption of the 
film thickness (Astinchap & Laelabadi, 2019).

3.3 Current-Voltage (I-V) Measurement
For the current-voltage (I-V) measurement, 2-point probe 
was used to characterize the electrical characteristics of 
a-C thin film. To achieve the ohmic contacts, the thermal 
evaporator deposited 60 nm of 99.9% gold (Au) on top 
of the film. The conductivity, a, and resistivity, 𝜌 were 

calculated using Eq. (2) and Eq. (3) (Robaiah et al., 2023)

Generally speaking, there are both sp3 and sp2 carbon 
atoms in varying amounts for a-C. Whereas ordered 
sp3 carbons, like diamonds, are insulators, ordered 
sp2 carbons, like graphene, carbon nanotubes, and 
graphite, are conductors. Thus, the conduction of 
electricity is caused by the π electrons in the sp2 
carbons (Gabhi et al., 2020). The current-voltage (I-V) 
characteristic curve of a-C thin films is displayed in 
Figure 5. It is evident that the results were linear which 
indicates that the current progressively increased as 
the voltage increased at room temperature. A higher 
slope denotes a lower resistance value (Kamaruzaman 
et al., 2020).

Figure 5: The I-V characteristic curve of a-C thin films

The electrical conductivity of a-C thin films against the 
quantity of precursor is shown in Table 3 and Figure 
6(a). The conductivity was found to be increased 
from 1.08 × 10-5 S.cm-1 to 1.51 × 10-5 S.cm-1 at 1 ml to 
2 ml and then significantly declined to 3.18 × 10-6 
S.cm-1 at 3 ml then continuing to decrease to 2.44 × 
10-6 S.cm-1 at 4 ml. Table 3 and Figure 6(b) show that 
the resistivity decreased from 9.29 × 104 Ω.cm to 6.61 
×104 Ω.cm at 1 ml to 2 ml and increased to 3.15 × 105 
Ω.cm and continue increasing 4.10 × 105 Ω.cm at 4 ml. 
Accordingly, the results demonstrate that an increase 
in sp3 concentration occurs when the conductivity falls 
and the resistivity rises (Kamaruzaman et al., 2012). In 
addition to sp2 cluster size, carrier mobility, and density 
also affect the electrical conductivity. The quantity of 
π states of sp2 sites may decrease as the compressive 
stress rises with the increasing film thickness. Furthermore, 
the decrease in the band gap results in an increase 
in electrical conductivity. Consequently, a decrease 
in the band gap and an increase in the number of π 
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states per cluster during deposition are the causes of 
the decrease in resistivity (Mohagheghpour et al., 2016). 
Since the electrical conductivity at 2 ml was the highest, 
we can clarify that 2 ml is the optimum amount of oyster 
mushroom waste oil to produce a-C thin films.

Table 3: The resistivity and electrical conductivity of a-C thin 
films deposited at various amounts of oyster mushroom waste 

oil using CVD

Figure 6: a) Electrical conductivity b) Resistivity of a-C thin films

(a)

(b)

4. CONCLUSION

In conclusion, the a-C thin films were produced by the 
CVD method from oyster mushroom waste oil as a natural 
carbon precursor, which has not yet been investigated 
by previous researchers. Raman spectroscopy can be 
used to confirm the characteristics of amorphous carbon 
with the presence of the D peak and G peak in the a-C 
thin films. It was discovered that 2 ml of oyster mushroom 
waste oil could form a-C thin films with higher sp2 carbon 
content as the intensity (ID/IG) ratio is high. Using UV-Vis 
Spectroscopy, the optical properties were examined. 
At 2 ml of oyster mushroom waste oil, the lowest optical 
band gap was measured at 0.37 eV, indicating a larger 
size of sp2 cluster. The electrical properties of the a-C 
thin films were investigated using the current-voltage 
(I-V) measurement. It was found that when deposited 
at 2 ml of precursor, their electrical conductivity is the 
highest at 1.51 × 10-5 S.cm-1 and their resistivity is the 
lowest at 6.61 × 104 Ω.cm. The electrical conductivity can 
be seen to increase due to the decrease in the band 
gap and the increase of the π states per sp2  cluster. 
These could serve as the basis for future studies on the 
synthesis and optimization parameters of a-C thin films 
using oyster mushroom waste oil as a carbon precursor 
for advancement. Being a renewable, ‘green’, and 
inexpensive source, it has the capability to be a source 
for carbon-based solar cell applications in the future.
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