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Improved performance of a SWCNT/ZnO
nanostructure-integrated silicon thin-film
solar cell: role of annealing temperature
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Efficiency improvement of heterogeneous silicon thin-film solar cells (SiTFSCs) remains challenging.

Thus, single-walled carbon nanotube (SWCNT) and zinc oxide nanostructures (ZnO NCs) were

integrated into Si thin films using the spray-spin coating approach to realize such solar cells. The effect

of various annealing temperatures (100–175 1C) on the solar cells’ efficiency, structure, morphology, and

absorbance was assessed. X-ray diffraction analysis confirmed the existence of highly crystalline wurtzite

and hexagonal structures corresponding to ZnO and graphite with maximum nanocrystallite sizes of

51.92 nm. Scanning electron microscopy images of the samples showed uniform surface morphology

without any aggregation. In addition, with the increase of the annealing temperature from 100 to 175 1C,

the efficiency, porosity, optical absorbance bands, and band gap energy of the films were increased

from 17.0–18.6%, 70–74.8%, 246–326 nm, and 2.0–2.5 eV, respectively. It was asserted that by control-

ling the annealing temperature, the overall performance of the proposed SWCNT/ZnO NC-integrated

SiTFSC can be enhanced, contributing to the further advancement of high-performance Si-based

photovoltaics.

1. Introduction

Global energy consumption has rapidly increased in recent
years, particularly the demand for electrical energy.1,2 The
reliance on fossil fuels for power generation is one of the most
pressing environmental challenges and is inadequate to fulfill
this escalating demand for electricity.2 In contrast, solar energy
is an abundant, clean, and renewable resource that offers an
environmentally sustainable alternative.3 Photovoltaic cells are
designed to convert light energy into electricity using semicon-
ductor materials.4 These materials facilitate the flow of

electrons when they absorb photons from sunlight, causing
the ejection of electrons and creating vacancies in the
material.5,6 The photovoltaic effect is the phenomenon whereby
the absorption of photons leads to the generation of electron
flow.1,7 Recently, the development of carbon-based materials
has gained considerable attention due to their abundant nat-
ural availability.8,9 The unique crystalline structure and elec-
trical characteristics of these materials, which exhibit both sp2

and sp3 hybridization, enable carbon to bond with silicon
forming carbon–silicon (C/Si) heterojunctions.9 Heterojunction
devices incorporating thin films of carbon nanotubes (CNTs),
graphene, and polymers have revealed rapid development as
innovative solar cell technologies.8–10 These materials provide
several advantages, including significant improvements in the
efficiency and performance of the fabricated solar cells.9–11

Silicon-based solar cells dominate approximately 97% of the
global market due to the superior efficiency and long-term
stability of p–n junction silicon solar cell technology.11 Besides,
silicon is the most widespread material used in solar cells with
a band gap of 1.12 eV.12 Nonetheless, the high production costs
and complex fabrication processes associated with silicon solar
cells present considerable challenges to their widespread
usage.13 In contrast, emerging materials such as carbon nano-
materials offer promising alternatives that could enhance both
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the efficiency and stability of solar cell technologies with a
reduction in production costs.14 Furthermore, it possesses
advantageous attributes such as flexibility, extensive surface
area, high carrier mobility, stability, and exceptional optoelec-
tronic properties, which are well-suited to the demands of
heterojunction applications.14–16 Currently, carbon nanotubes
(CNTs) are being actively developed within the solar cell
industry.15 CNTs can be conceptualized as hollow cylinders
formed by rolled graphene-bonded pure carbon.17 This distinc-
tive structure endows CNTs with excellent electron mobility, an
optimal band gap, superior optical properties, robust stability,
high conductivity, and transparency.18–20 Moreover, single-
walled carbon nanotubes (SWCNTs) are a type of p-type semi-
conductor with higher efficiency due to their high transparency
and low resistivity.18,20 The purity of SWCNTs is critical for
maintaining optimal performance due to the as-synthesized
SWCNTs still retaining various impurities, such as metal cata-
lysts, amorphous carbon, and residual catalyst particles. These
contaminants can adversely affect the structural and electrical
properties, leading to a decline in performance.21,22 Conse-
quently, SWCNT purification and functionalization are impor-
tant to improve their quality and ensure their effectiveness in
advanced applications.

Various physical and chemical methods have been used to
synthesize SWCNT nanostructure materials, including
chemical vapor deposition (CVD), sol–gel processes, and atomic
layer deposition (ALD).23–27 These techniques offer superior
control over the size, morphology and uniformity of the nanos-
tructures (NCs), which is crucial for optimizing their integra-
tion into advanced solar cell technologies.23,24 To improve the
overall performance of integrated solar cell systems, it is
particularly important to produce high-purity SWCNTs and
ZnO NCs with fewer defects in their physical structure. On
top, one of the most effective and commonly used methods for
the high-purity and functionalization of SWCNTs is chemical
purification via acid treatment, particularly with hydrochloric
acid (HCl).28 It is favored due to its simplicity and efficiency
in removing impurities such as metal catalysts. Acid purifica-
tion has proven to be highly effective in significantly reducing
metal contamination in SWCNTs.28 However, the choice of
acid is dictated by the balance between purity levels and
CNT preservation.29 SWCNT/ZnO nanostructures possess
unique physical properties including exceptional electron
mobility, high surface area, and strong optoelectronic
characteristics.18,30 SWCNTs are known for their flexibility,
transparency, and superior electrical conductivity,30 while
ZnO nanostructures provide excellent UV absorption and a
wide bandgap, making them ideal for photovoltaic appli-
cations.31,32 ZnO is a widely utilized semiconductor material
due to its excellent thermal stability, superior performance with
a bandgap ranging from 3.1 to 3.3 eV, and high electron
mobility of 1000 cm2 V�1 s�1.33–35 Wang et al. demonstrated
that the integration of a ZnO coating in SWCNT/Si solar cells
significantly enhanced their efficiency from 1.3% to 4.0%.36

These improvements emphasize the potential of ZnO as a
critical material for optimizing the performance of next-

generation solar cells.36,37 Gurova et al.20 reported that the
purification of SWCNTs was achieved using HCl, HNO3,
H2SO4, and a HNO3/H2SO4 (3 : 1) mixture, resulting in a rela-
tively high purity of 97–99%. Furthermore, hydrochloric acid
treatment is highly effective and does not damage the surface
structure.20 In contrast, treatment with the HNO3/H2SO4 mix-
ture induces considerable oxidation, leading to surface
deterioration.38 These SWCNT/ZnO NCs synergistically improve
charge separation and reduce recombination rates, making
silicon thin-film solar cells more efficient.39

The integrated cells demonstrate a significant improvement
in light absorption, electron transport, and conversion effi-
ciency compared to traditional silicon cells and other nanoma-
terial combinations such as TiO2, MoS2, SiO2, SOCl2, and
ZnO.17,21,40 Earlier, several studies observed that the incorpora-
tion of TiO2 into SWCNT/Si solar cells significantly enhanced
their efficiency using the CVD method at 1160 1C, resulting in
an efficiency of 15%.41 Moreover, Saidah et al. have reported an
optimized CVD process conducted at 850 1C in a furnace,
leading to further efficiency of 17%.23 The innovation of this
research lies in its comprehensive strategy to enhance solar cell
performance by optimizing the coating process and thermal
treatment.42 Thus, this research examined the influence of
various annealing temperatures (ranging from 100 to 175 1C)
on the surface morphology, optical, and electrical properties of
SWCNT coatings prepared using the spray coating method.
Furthermore, it assessed the overall efficiency of silicon solar
cells coated with SWCNT/ZnO NCs. A purification process
involving a combination of HCl, HNO3, and H2SO4 was chosen
due to its superior effectiveness in eliminating impurities,
particularly iron. These SWCNT/ZnO NCs exhibit significant
promise and could be a great candidate material as cost-
effective, stable, and high-performance materials for photovol-
taic applications.

2. Experimental procedures
2.1. Materials and layer deposition of SWCNT/ZnO NCs on a
Si thin film

Various materials including SWCNTs (95% purity),
Zn(CH3COOH)2�2H2O, ethanol (C2H5OH, 99.5%), and mono-
ethanolamine (MEA) were purchased from Merck. First, 0.5 g of
SWCNTs were purified and functionalized in 100 mL of 37 wt%
HCl, followed by 4 hours of sonication to ensure proper
dispersion. The molar ratio of HCl and H2SO4 is determined
to be 12 M. The solution was filtered and washed to achieve a
neutral pH 7 and then dried at 100 1C for 12 hours. The process
was repeated using 200 mL of H2SO4 and HNO3 mixture in a
3 : 1 ratio. Once dried, 0.03 g of the powder was mixed with
100 mL of 3 wt% sodium dodecyl sulfate (SDS) for 48 hours and
sonicated for 2 hours at a temperature of 13–15 1C. Finally, the
mixture was centrifuged at 3600 rpm for 1 hour to separate the
supernatant and precipitate, resulting in a stable SWCNT
suspension. Subsequently, 1 mL of the SWCNT suspension
was sprayed onto silicone and placed upon a hotplate set at

Paper Materials Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/2
6/

20
25

 6
:2

3:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00726c


9020 |  Mater. Adv., 2024, 5, 9018–9031 © 2024 The Author(s). Published by the Royal Society of Chemistry

100 1C. The residual solvent film was annealed at various
temperatures of 100 1C, 125 1C, 150 1C, and 175 1C for 10 min
to form Si/SWCNT films. Second, 0.88 g of Zn(CH3COOH)2�
2H2O was combined with 20 mL of ethanol and agitated for
45 min at 90 1C. Thereafter, 0.24 L of MEA was added and
stirred for an additional 60 min. The obtained ZnO solution
was dripped onto the Si/SWCNT films and spun at 3000 rpm for
20 s after a 24-hour interval. Lastly, the Si/SWCNT/ZnO NC thin
film was dried on a hotplate at 100 1C for 3 hours. A schematic
of the SWCNT/ZnO NC deposition process on a Si substrate is
illustrated in Fig. 1.

2.2. Characterizations of the SWCNT/ZnO NC deposition
layers

The Si/SWCNT/ZnO films were characterized using X-ray dif-
fraction (XRD), PANalytical, and X’Pert Pro, with monochro-
mated Cu-Ka 1540 Å to determine the diffraction patterns. The
morphology and structural properties were determined
by scanning electron microscope (SEM), FEI, and Inspect-S50.
The absorbance spectra and energy band-gap were analyzed by
using an ultraviolet-visible (UV-vis), Analytik Jena Specord 200
plus spectroscopy, and also I–V testing using a solar simulator
(Model 10500) to determine the solar cell efficiency of Si/
SWCNT/ZnO. In addition, current and voltage photodetectors
were also measured. The samples were coded to represent their
compositions and annealing temperature variations. The pur-
ified Si/SWCNT thin film was designated as P-SW, whereas the
Si/SWCNT/ZnO thin films were labelled as P-SWZ-100, P-SWZ-
125, P-SWZ-150, and P-SWZ-175, corresponding to annealing
temperatures of 100 1C, 125 1C, 150 1C, and 175 1C, respectively.

3. Results and discussion

Fig. 2 shows the XRD patterns of SWCNT/ZnO NCs film
obtained at various annealing temperatures. The XRD analysis
revealed SWCNT diffraction peaks at 25.121 and 44.151 corres-
ponding to the (002) and (100) planes, respectively. In addition,
the most prominent peak was observed at 38.151, attributed to
the (111) diffraction of silicon.43 The P-SW sample exhibited a
2y peak at 25.121, assigned to the (002) plane of the hexagonal
graphite structure, which indicated the carbon reflection.43

Besides, the diffraction pattern of the P-SWZ samples prepared
at various annealing temperatures exhibited a slight shift of the

carbon peak from its original position at 25.121. The P-SWZ-
100, P-SWZ-150, and P-SWZ-175 samples revealed a very weak
shift of the carbon peak from 25.121 to 28.331, indicating
changes in the carbon crystallinity and structural modifications
in the SWCNTs.39 This shift can be attributed to the interaction
between SWCNTs and ZnO during the annealing process.
Consequently, ZnO NCs can interact with SWCNTs through
the formation of covalent bonds or via van der Waals forces.39

The diffraction patterns of the P-SWZ samples clearly exhibited
ZnO peaks at 64.501 and 77.371, corresponding to the (103) and
(202) planes, respectively. Furthermore, the absence of promi-
nent ZnO peaks in the XRD patterns can be attributed to the
thinness of the ZnO film, its lower crystallinity, and smaller
volume relative to the SWCNT materials.39,44 All ZnO peaks
demonstrate a wurtzite crystal structure with the space group
P63mc, as reported in AMCSD no. 5203.44 In addition, Rietica
analysis provided the lattice parameters a = b = 3.250 Å and c =
5.206 Å. The crystallite size was determined using the Debye–
Scherrer equation, as indicated in eqn (1).43

D nmð Þ ¼ Kl
b cos y

(1)

where K = 0.9; l = 1.5406 Å, b is the value of full-width half

Fig. 1 Schematic illustration of the deposition mechanism for the SWCNT/ZnO NC integrated Si thin film.

Fig. 2 Diffraction patterns of SWCNT and SWCNT/ZnO NC integrated Si
thin film.
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maximum (FWHM), and y is the diffraction peak angle.31 Our
calculations determined a ZnO crystallite size of 51.92 nm,
aligning with average crystallite sizes ranging from 12–85 nm
reported by Mahesh et al.45 Diffraction studies indicate that
higher annealing temperatures result in more pronounced
peaks. Specifically, the SWCNT peak at 44.151 showed a slight
increase after the annealing process. This increase in diffrac-
tion intensity is attributed to the elevated annealing tempera-
ture, which leads to greater incorporation of silicon into the
SWCNT matrix and strengthens the bonding between indivi-
dual nanotubes, resulting in a higher degree of crystallinity.
The measurement results indicate that the size of SWCNT in
the P-SW sample was 1.26 nm, which is comparable to the early
reported size of 0.91 nm.46

Fig. 3 depicts the surface morphology and cross-sectional
structure of the purified SWCNT thin films without the addi-
tion of ZnO, observed through SEM analysis at 20 000� magni-
fication. Fig. 3(a and b) shows the SEM images of the P-SW
sample coated on a silicon substrate along with the cross-
sectional view of a 1.4 mm thickness. Fig. 3(c) reveals the

distribution curve of the P-SW sample with diameters ranging
from 80–90 nm. These findings are consistent with the research
work of Zuo et al.47

Fig. 4 illustrates the surface morphology and cross-sectional
structure of the purified SWCNT thin films with the addition of
ZnO prepared at various annealing temperatures alongside
corresponding size distribution curves. The SEM images reveal
a uniform surface morphology across all variations with no
significant agglomeration observed at higher annealing tem-
peratures, as evidenced by the smaller average diameter of the
SWCNT fibers. Tripathi et al.48 noted that higher annealing
temperatures yield smaller diameters and enhanced structural
quality of the SWCNTs. The average diameter distribution of
the SWCNTs for each temperature variation is listed in Table 1.

Fig. 5 presents the porosity analysis of SWCNT/ZnO NCs
based on Si films across different annealing variations. The
porosity of Si/SWCNT/ZnO NCs is primarily influenced by the
pore area or vacant space, rather than the solid region. Porosity
is characterized as the ratio of void volume to the total volume
of the sample. An increase in porosity indicates that a larger

Fig. 3 SEM images of the P-SW sample: (a) top-view, (b) cross-section, and (c) diameter distribution curve.

Fig. 4 SEM images of SWCNT/ZnO NC integrated Si thin films prepared at various annealing temperatures.
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portion of the sample remains unoccupied by the SWCNT/ZnO
matrix. Enhanced porosity can be obtained due to the for-
mation of voids during the synthesis process, the removal of
solvents, and the arrangement of SWCNTs and ZnO particles
that create larger interstitial spaces. Table 1 provides the
porosity values for each annealing variation, demonstrating
that higher annealing temperatures lead to increased porosity.

Furthermore, the increase in the porosity value is also asso-
ciated with a smaller diameter size and a larger surface area.
The percentage of porosity was obtained using an equation
shown in eqn (2).

Porosity %ð Þ ¼ Volume of voids

Total volume

� �
� 100 (2)

Fig. 6(a–d) exemplifies the SEM cross-sectional images of
SWCNT/ZnO NC samples (labelled as P-SWZ-100, P-SWZ-125, P-
SWZ-150, and P-SWZ-175) prepared at various annealing tem-
peratures. The films exhibited consistent results across the
temperature range with a thickness of B1.5 mm. Despite uni-
form thickness, the cross-sectional images revealed irregulari-
ties in the SWCNT/ZnO NCs layer on the silicon surface. This
phenomenon can be attributed to the differing deposition
techniques used for SWCNT and ZnO. Variations in spray

Table 1 Sample codes, surface structure, and optical properties of the
SWCNT/ZnO NC-based Si thin film

Sample
code

Temperature
(1C)

Crystal
size (nm)

Fiber
diameter (nm)

Porosity
(%)

Eg

(eV)

P-SW 0 29.7 87 � 1.2 63.9 2.00
P-SWZ-100 100 39.3 74 � 0.3 70.0 2.55
P-SWZ-125 125 55.9 65 � 0.5 73.0 2.53
P-SWZ-150 150 74.4 57 � 0.6 73.2 2.51
P-SWZ-175 175 101.4 41 � 0.6 74.8 2.50

Fig. 5 Porosity graphs of SWCNT/ZnO NC integrated Si substrates at various annealing temperatures.
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coater pressure and distance as well as the solution drip rate
during spin coating of ZnO may significantly influence the final
structure. Consequently, these variations can lead to alterations
in the SEM cross-section of the SWCNT/ZnO NCs.

Fig. 7 shows the absorption spectra of the SWCNT/ZnO NC-
based Si thin film prepared at various annealing temperatures
with wavelength ranges of 200–1000 nm. The SPR absorbance
peaks were observed in the wavelength range of 246–282 nm,

respectively. The wavelength of the P-SW and P-SWZ samples in
the UV region exhibits a blue shift, indicating an increase in the
electronic transition energy in ZnO. This increase may be
attributed to the changes in the molecular structure of ZnO
and stronger interactions between ZnO and SWCNT materials.
In addition, the P-SWZ samples, across all variations, display
bands in the 620 to 920 nm range which corresponded to the
metallic and semiconducting transitions.49 Higher tempera-
tures lead to increased absorbance values, indicating that
elevated annealing temperatures may accelerate the evapora-
tion of oxygen during the annealing process. The high absor-
bance value also affected the amount of light being absorbed
and passed through. The results from all samples showed
absorbance values in the UV light range (o400 nm).50

Fig. 8 illustrates the linear fitting of Eg between SWCNT and
SWCNT/ZnO NCs based on Si films. The Eg values at different
annealing temperatures exhibit a slight decrease (Table 1). The
P-SW sample produced an Eg of 2.00 eV, which is comparable to
a previous study reporting Eg = 1.75 eV.51 The variation in
values is attributed to the chemical treatment of the SWCNTs.
In contrast, the P-SWZ sample displayed an Eg around 2.50 eV,
which is higher than that of P-SW. This increase is due to the
addition of ZnO, which has an intrinsic Eg of approximately
3.33 eV. Ziat et al. reported a reduction in Eg for SWCNT/ZnO
NCs from 2.76 eV to 2.31 eV,52 aligning with the Eg values
obtained in this study. A lower Eg is advantageous for enhan-
cing photovoltaic efficiency. Variations in annealing tempera-
ture for P-SWZ samples resulted in different Eg values.

Fig. 6 SEM cross-section images of the SWCNT/ZnO NC based Si thin film prepared at various annealing temperatures: (a) 100 1C, (b) 125 1C, (c) 150 1C,
and (d) 175 1C.

Fig. 7 UV-vis absorption spectra of the SWCNT and SWCNT/ZnO NC
integrated Si thin film.
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Annealing at 100 1C produced an Eg of 2.55 eV, while the
maximum Eg for P-SWCNT/ZnO NC-based Si films was achieved
at 175 1C. The reduction in Eg leads to higher absorbance and
a smaller energy gap between the conduction and valence
bands, facilitating electron transfer and improving the device’s
conductivity.53 To assess optoelectronic properties, SWCNT/

ZnO NCs on Si films were packaged for photodetector analysis.
Photocurrent generation is influenced by electronegative O2

molecules adsorbed on the ZnO surface, which desorb under
light due to charge neutralization by holes, releasing free
electrons. These free electrons then flow as photocurrent under
an external bias. However, free electron instability may occur,

Fig. 8 Fitting energy band-gap of the SWCNT and SWCNT/ZnO NC integrated Si thin film.
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with unpaired electrons being transferred to the SWCNTs,
preventing electron–hole recombination and enhancing device
performance.35 Under light irradiation, photodetectors generate
electron–hole pairs due to the photoelectric effect. Test results

indicate that higher light intensities produce greater photocurrent,
as the increased number of photons generates more electron–hole
pairs. Conversely, when light intensity decreases, electron–hole
recombination increases, reducing the photocurrent.54

Fig. 9 The photodetector response of SWCNT/ZnO NCs: (a) current and (b) voltage.

Fig. 10 Photoresponse current fitting of SWCNT/ZnO NCs on Si thin films.
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Fig. 9(a and b) depicts the photodetector response of the
current and voltage as a function of time for SWCNT/ZnO based
Si solar cell samples prepared at different annealing tempera-
tures. The measurements were taken at alternating 10-second
intervals under irradiated and non-irradiated light conditions
using a solar simulator providing a constant light intensity of
100 mW cm�2. The packaging process for the photodetector
analysis of SWCNT/ZnO NCs on Si films was meticulously
designed to ensure the device stability and functionality.
The SWCNT/ZnO NC samples were uniformly deposited onto
the Si films using the spin-coating technique. These samples
were then subsequently annealed at different temperatures
to improve the material adhesion and optimize the
interface quality, allowing effective light penetration for optoe-
lectronic testing. Consequently, the device exhibited a strong
photocurrent response with a rapid increase in photocurrent
under illumination. Conversely, the photocurrent dropped to
zero under non-irradiated conditions, indicating electron–hole
recombination.31,35 Higher annealing temperatures enhanced
photocurrent due to improved free electron stability and more
efficient pathways for photocarrier transport.

Fig. 10 and 11 show the fitting curves of the photodetector to
the current and voltage responses. The device response carried

a vital parameter, namely the photodetection speed, consisting
of rising time (tr) and decay time (td).54 It is found that the rise
time of the P-SWZ device is shorter than the decay time due to
an increase in electron transport. Table 2 demonstrates the
current response, where the P-SWZ-100 produces a shorter
response time than other devices, namely 0.09 s and 0.14 s.
Additionally, the P-SWZ-175 presented a relatively large rise and
decline time of 0.32 s and 0.25 s, respectively. The difference in
time patterns between the two is due to the difference in
wavelength, as confirmed by Walmsley et al.55 Besides, the
shorter wavelength produces higher photo carrier energy, so it
has a high probability of overcoming the Schottky barrier on
ZnO. Thus, the obtained response time is relatively fast, and
vice versa. Choi et al.44 used a light intensity of 0.47 mW cm�2 to
measure the photocurrent response of the samples. The

Fig. 11 Photoresponse voltage fitting SWCNT/ZnO NCs on the Si thin film.

Table 2 Photoresponse current of SWCNT/ZnO NCs on Si thin films

Sample Rising time (tr) (s) Decay time (td) (s)

P-SWZ-100 0.09 0.14
P-SWZ-125 0.14 0.29
P-SWZ-150 0.18 0.29
P-SWZ-175 0.32 0.25
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photocurrent as a function of time was analyzed for both bare
ZnO and ZnO@A-SWNT under 365 nm UV irradiation at an
intensity of 0.47 mW cm�2, with a bias of 2 V applied.

The voltage response fittings tend to have a smaller rise time
pattern, where the rise time is shorter than the decay time. As
presented in Table 3, the higher annealing temperature pro-
duces a smaller light state or rising time, and the dark time also
shows a small value. Although the P-SWZ-175 has increased, it
takes less than 1 second. Besides, the decay time pattern of the
current and voltage photoresponse tends to be larger than the
rise time pattern, as it is associated with the recombination
charge delay event. When the solar simulator is turned on,
electron–hole pairs are formed and recombined, while the
trapped charges are suspended for recombination. Therefore,

Table 3 Photoresponse voltage of SWCNT/ZnO NCs on the Si thin film

Sample Rising time (tr) (s) Decay time (td) (s)

P-SWZ-100 0.05 0.14
P-SWZ-125 0.04 0.06
P-SWZ-150 0.04 0.04
P-SWZ-175 0.09 0.10

Fig. 12 J–V curve of SWCNT and SWCNT/ZnO NCs integrated Si thin film.
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it generates a longer photoresponse decay time until the
trapped charge is released. Charge liberation occurs when the
beam is re-ignited, and the charging occurs before the photo-
induced carrier contributes/acts, showing a good response on
the device.56,57

SWCNT/ZnO NC-based solar cells, where the top layer had a
more significant Eg than the below layer and was transparent to
the light spectrum, allowing it to be easily transmitted and
absorbed. The ZnO layer acts as an antireflection layer to
enhance optical absorption and is a dopant carrier for series
resistance reduction.14 Meanwhile, SWCNTs had high transpar-
ency and low resistivity. The high level of transparency in
SWCNTs allows light to be absorbed easily. Besides, the use
of Si can absorb most of the light coming from the SWCNT/ZnO
NC layer, reducing energy loss during the energy conversion
process. The performance test of the SWCNT/ZnO NC solar cell
thin film was carried out under the light of a solar simulator
with a power intensity of 100 mW cm�2 and an illuminated area
of 2.2 cm2. The performance results of SWCNT/ZnO NCs on Si
thin film are presented in the J–V curve in Fig. 12. The solar cell
test under illumination consisted of several important para-
meters to determine the power conversion efficiency (PCE) of
solar cells. The fill factor (FF) was calculated using the formula
shown in eqn (3).40

FF ¼ Vm � Im

Voc � Isc
(3)

Efficiency (Z) is an important parameter representing the
amount of light energy converted into electrical energy.

Z ¼ Pm

Pin
¼ FF� Isc � Vocð Þ

Pin
� 100% (4)

where Pin is the maximum output power and Pin is the
incoming power.

SWCNT/ZnO NC-based Si solar cells with a combination of
HCl and H2SO4/HNO3 achieved an efficiency of 16.4% (Table 4).
This chemical treatment of SWCNTs proved highly effective in
boosting the performance of SWCNT-based solar cells. Shim
et al.24 reported an efficiency of 16.41% for SWCNT/Si solar
cells with an active area of 3.25 cm2, attributing the improve-
ment to the reduction of Fe impurities through chemical
treatment. The addition of a ZnO layer to the SWCNT/ZnO
NC films further enhanced solar cell performance, indicating
an efficiency increase to 17.0%. Wang et al.36 also observed an

efficiency gain in SWCNT/Si solar cells coated with ZnO layers,
driven by higher short-circuit current (Jsc) and fill factor (FF).

Saidah et al.23 demonstrated the SWCNT/ZnO without
annealing treatment for SWCNT purification, achieving an
efficiency of 8.71%.23 Jia et al.58 used NaCl for CNT treatment,
obtaining an efficiency of 13.8%. In addition, an increase in
SWCNT/ZnO NCs solar cell efficiency with different SWCNT
annealing temperatures was observed. Samples P-SWZ-125, P-
SWZ-150, and P-SWZ-175 showed an increase in efficiency of
17.5%, 18.1%, and 18.6%, respectively.

Annealing temperature treatment enhances cell perfor-
mance. Our analysis indicates that higher efficiency is closely
linked to improved test parameters. Specifically, the P-SWZ-100
sample exhibited increases in both Jsc and Voc. The P-SWZ-125
sample experienced an increase in fill factor (FF), while the P-
SWZ-150 sample showed an increase in Jsc. The rise in Jsc is
attributed to enhanced light absorption, improved carrier
separation at the interface, reduced light reflectance, and lower
SWCNT series resistance.10 The overall increase in efficiency
from 100 1C to 175 1C suggested that, as the annealing
temperature rises, more charge carriers are able to overcome
the activation energy barrier, facilitating greater electron
movement.

4. Conclusion

For the first time, we observed that annealing treatment has a
substantial impact on the SWCNT/ZnO NC integrated Si thin
film. The XRD analysis revealed an increase in the intensity of
the diffraction peak, indicating better crystallinity as the
annealing temperature increased. In addition, the surface
morphology of the film became more uniform with no agglom-
eration alongside the SWCNT fiber diameter decreasing while
the percentage of film porosity increased with increasing
temperature. The absorbance of SWCNT/ZnO NCs occurred in
the UV light wavelength range of 246–326 nm. Higher annealing
temperatures led to increased absorbance and a reduction in the
bandgap (Eg). Moreover, the increased annealing temperature
resulted in higher photocurrent, enabling a faster device response
to light. Overall, the annealing treatment greatly impacted solar
cell efficiency with efficiencies reaching up to 18.6% at an
annealing temperature of 175 1C. This efficiency gain was largely
due to enhancements in crystallinity, porosity, absorbance, photo-
current, and a notable reduction in Eg.
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