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ABSTRACT

Nanotechnology has opened up various health, environmental and sustainable energy pos-
sibilities, such as monitoring, remediation, and reducing global warming. In recent times,
nanomaterials have elevated the conventional sensors to be more accurate, sensitive, and se-
lective for detecting the desired analyte. Using carbon quantum dots (CQDs) it is possible to
create fiber optic-based sensors that monitor ultraviolet-A (UV-A) radiation. Special tunable
optoelectronic properties make CQDs a desirable option for sensing applications. This paper
reports the development of a CQDs-based UV-A sensor based on fiber optics (FS-UV-A). The
CQDs were prepared using citric acid and L-cysteine, and were characterized using UV-Visi-
ble spectroscopy and high resolution HRTEM. The synthesized CQDs possess high excitation
and emission rates at 365 nm and 424 nm, respectively, which are ideal for UV-A sensing ap-
plications. A Cost effective FS-UV-A sensor was developed by utilizing the CQDs embedded
in biodegradable poly-vinyl alcohol (PVA) polymer matrix coated on optical fiber. The use of
optical fiber creates a smaller foot- print in turn making it portable and easy to use. With a
detection limit of 0.2 uW/cm?, the sensitivity and selectivity of the FS-UV-A towards UV-A
radiation in the range of 0 — 1000 uW/cm? were evaluated. In addition, the sensor’s 122 ms re-
sponse time qualifies it for real-time use. It also showed good stability, which makes it a useful
tool for measuring UV-A radiation in a variety of environmental conditions.
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INTRODUCTION

Measurements of radiation exposure and UV detection
are critical in various fields of human endeavor to detect
and understand the effect of radiation on human body.
The bands that make up the ultraviolet spectral region are
often categorized according to their wavelength into three
regions: UV-A, UV-B, and UV-C. The A-region (A % 315
nm to 400 nm) is where the atmosphere absorbs radiation
the least [1]. The controlled exposure to UV is advanta-
geous to some extent as it helps in absorption of certain
vitamins such as vitamin D whereas, increased exposure
to UV spectrum can lead to a variety of health problems,
including macular degeneration, cataracts, corneal dam-
age, skin discoloration, and worsened wrinkles. The basic
concept of optical fiber-based sensing is widely recognized
and shares many similarities with fiber communications
i.e. the method of transmitting information sending pulses
of infrared or visible light through an optical fiber.

The market parameters differ from the communications
industry, and the implementation technology is also very
different. The unique features of fiber-optic technology are
its immunity to electromagnetic interference and physical
damage and long-distance sensing capabilities. Moreover,
fiber optic sensors with nanomaterial, such as carbon nano-
tubes, carbon quantum dots and graphene, have also been
used to enhance the sensitivity of fiber optic sensors for
the detection of UV-A light [2]. Carbon-nanostructures,
particularly nanoscale CQDs, have been found to be an
excellent material for various applications like bio-imag-
ing, drug delivery [3-4], sensing [5-6], energy storage, and
luminescent conversion due to their tunable optoelec-
tronic properties [7]. These materials offer several advan-
tages compared to traditional semiconductor quantum dots
(QDs) and organic dyes. They exhibit high stability and sol-
ubility, remain chemically inert, and resist photo-bleaching
thanks to their fluorophores [8-9]. Consequently, they find
applications across various fields, such as solar cells [10-12],
organic LEDs [13], photodetectors [14-15] photo catalysts,
and super capacitors. These materials, known as CQDs, are
nanoparticles with a carbon core and a functionalized or
passivated surface, each measuring less than 10 nm. In the
realm of optoelectronic sensors, quantum dots with higher
quantum yield (QY) and material stability are highly desir-
able. Precise control over the position of the fluorescence
band on the spectrum and its quantum yield is achievable by
manipulating synthesis parameters. However, the scarcity of
published works that compare the optical properties of these
CQDs underscores the necessity for further research in this
domain. Additionally, in the realm of UV-A radiation detec-
tion, different polymer membranes have been employed in
the development of fiber optic sensors [16].

The ability of these membranes to absorb UV-A light
makes it possible to detect UV-A radiation. There have
been significant advancements in the use of fiber-optic
technology as a sensor for UV-A radiation detection. This

is primarily due to its immunity to electromagnetic inter-
ference, chemical and physical damage resistance, and abil-
ity to sense over long distances. This technology holds the
potential to enhance the understanding of the effects of
UV-A light and develop strategies to mitigate any adverse
impacts [17]. Furthermore, the sensor system’s small size
makes it simple to utilize in portable and miniaturized
applications, especially in minimally invasive medical pro-
cedures. This technology provides answers to a wide range
of challenging instrumentation requirements in the bio-
medical field.

The potential to use a polymer membrane embedded
with CQDs to create a UV-A spectrum sensor is the moti-
vation behind this research. The research aims to investi-
gate the factors influencing the effectiveness of fiber optic
sensor technology in detecting and measuring UV-A radi-
ation. To achieve this, development of a unique sensing
device by synthesizing a flexible and transparent poly (vinyl
alcohol) (PVA) polymer membrane with embedded CQDs
could be achieved. This membrane was then coated onto a
PMMA-based fiber optic. PMMA (Polymethyl methacry-
late) is an easy to use material that can be used in any form
for the detection of ultraviolet radiation. PVA was selected
as the quantum dot embedding matrix because of its excep-
tional transparency and flexibility. It also makes quantum
dot loading easier and strengthens the otherwise fragile
PMMA fiber optic cable. Ensuring the high performance
of CQDs in the fabrication of the UV-A sensor required
careful optimization of the synthesis process. The stability,
robustness, and accuracy of the developed UV-A radiation
detection system was then evaluated.

MATERIALS AND METHODS

Materials

In this study, all chemicals were used as received with-
out further purification except those specifically noted.
Milli-Q water was used throughout the experiment. The
citric acid (CA), L-Cysteine (L-Cyst), ethanol, and meth-
ylene chloride solvent were purchased from Sigma-Aldrich
and Honeywell. The PVA was procured from Loba Chemie
Pvt. Ltd. Standard PMMA optical fiber AWM 5310 80 C
VW-1 GHCP-4001-U, Mitsubishi rayon co Itd was used.
Before use, all glassware was cleaned with a dilute acid solu-
tion, rinsed with distilled water, and oven-dried.

Carbon Quantum Dots (CQDs) Synthesis

The synthesis of CQDs has been performed using the
reported procedure [18-20] with minor modifications. In a
typical synthesis of CQDs, a mixture of 10mM of CA and
4mM of L-Cys (1:0.4) was used. The (CA + L-Cys) white
powdered precursors were homogeneously mixed within
the borosilicate glass vial, followed by oven irradiation for
2 min. Initially, the powder in a white hue transformed
into a grey-black shade through the process of microwave
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pyrolysis. The resultant was then ground into a fine pow-
der using a mortar pestle. A stock solution of CQDs (5 mg/
ml) was prepared by combining the obtained powder with
milli-Q and filtering it using a glass syringe. The obtained
product is filtered and stored at 4 degree in milli Q water for
characterization of the materials and further application.

CQDS Coating On Fiber Optic

The fabrication process of the PVA-CQD composite, as
shown in Fig. 1 (a), began by dissolving 2 grams of PVA
in 20 mL of Milli -Q water in a beaker. This dissolution
process was carried out under constant agitation utilizing
heat at a temperature of 100 °C in order to achieve a thick
homogenous blend solution [20-21]. Once a homogenous
solution of PVA was obtained, 0.1 mg/ml of CQDs from
the prepared stock solution was added to the PVA blend
while maintaining constant stirring. The solution was uni-
formly coated on the spliced fiber optic segment using a
dip-coating unit set at 45 °C infra-red dry (IR-D) chamber.
The coated fiber optic segment is exposed under 365 nm
UV-A radiation. The response was measured using a spec-
trophotometer Ocean Optics FLAME T-XR1-ES for further
signal acquisition and interpretation.

Carbon Quantum Dot (CQD)

Polyvinyl Alcohol
Dissolved in H,0

FS-UV-A Sensor Fabrication

The PMMA-based single-mode fiber-optic (SMFO), as
shown in Fig. 1 having a 980 um core, 20 um cladding layer,
and an overall diameter with a protective jacket of 2.2 um
was selected based on previous studies [22-26]. Dimensions
of the fiber are pre-defined. The fiber-optic protective cover
of 10 mm was mechanically removed using a surgical blade
of a corslet high-precision fiber-optic cleaver cutter [27]
from one end of the 1 m long fiber-optic long segment. The
cladding of 20 pm was removed to achieve a bare polymer
core by applying a special setting [27], taking care that the
surface of the fiber-optic polymer core was not scratched or
damaged in any way. The spliced area was further treated
with acetone, washed with a large quantity of water, and
dried in an IR chamber. The fabricated fiber optic was then
dipped into the prepared CQDs blend at an optimized rate
of 2 m/s (drying time, T dry = 10 s and dipping time, T dip
=2 s) with a total of 250 dips per fiber optic segment using
a dip-coating unit (Holmarc, HO-TH-02B). Ten such fiber
optic segments were prepared and designated fiber optic
sensor-based UV-A (FS-UV-A) which was used further for
sensor functionality, data reproducibility, and repeatability.

Fabrication of FS-UVA
Sensor

Fiber Optic
& ﬁ:ﬁHT'?
100°C l |

PVA + CQD Blend

,

Spectrophotometer

Photodetector

Software Integration and
Spectrum Analysis

Software Integration and
Spectrum Analysis

Figure 1. The schematic illustration shows (a) the synthesis of CQDs, followed by making a blend of PVA dissolved in
H,O at 100 °C and adding CQDs from the stock solution into the PVA blend. Subsequent coating of the PVA a blend on
the fiber optic segment using a dip coating unit, (b) the responses of the fabricated fiber optic segment under excitation of
365 nm UV-A radiation shows emission at 424 nm and 254 nm UV-B radiation no emission and further connected to the
spectrophotometer for the signal acquisition and interpretation.
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Materials and Sensor Characterization

Optical properties of the synthesized water dispersed
CQDs were studied using a Jasco V-750 UV-visible spectro-
photometer. Further, the size, morphology and particle size
distribution were studied by High Resolution Transmission
Electron Microscopy (HR-TEM) using a FEI Tecnai G2,
F30 TEM system. Image] software version 1.46r was used
to determine the particle size distribution histogram
from HR-TEM micrographs. The response was measured
on a miniature spectrophotometer ocean optics FLAME
T-XR1-ES for further signal acquisition and interpretation.
Additionally, a digital multimeter (Keithley, DMM6500)
was employed for data acquisition and evaluation of the
FS-UV-A sensor [28].

Measurement Setup System

All the experiments were performed in a dark room
to minimize the effect and interference of ambient light
and complete occlusion to outside light on the optical
experiments. Figure 1 (a) is the schematic illustration
showing the synthesis of CQDs later dissolved in PVA
and then dip coated. Figure 1 (b) shows the optical fiber
connected to the miniature spectrophotometer (Ocean
Optics, FLAME). Figure 1 (c) shows one end of the
fiber-optic connected to the photodetector (THORLABS,
PDA36A2) for the FS-UV-A sensor preparation, as

shown in Figure 1 (c). A source of UV-A light (365 nm)
was directed towards the opposite end of the fiber-op-
tic segment [29]. In addition, each fabricated FS-UV-A
segment’s voltage responses from the photodetector were
recorded for data analysis.

RESULTS AND DISCUSSION

Structural Studies

The morphology and structure of the synthesized CQDs
were investigated using high-resolution transmission elec-
tron microscopy (HRTEM), as shown in Figure 2 (a). The
HRTEM analysis demonstrates that the CQDs exhibit uni-
form particle distribution with an average particle size of
3 £ 0.75 nm. The lattice spacing of the CQDs, as shown in
Figure 2(an inset), was measured to be 2.207 A, consistent
with the (100) plane spacing of sp2 carbon [30-32]. The
particle size distribution of the CQDs, as shown in Figure
2(b), ranged between of 3 + 0.75 with a maximum uniform
distribution. This indicates that the small size and spherical
shape distribution of the CQDs obtained were consistent
and within an acceptable range.

Figure 2 (c) illustrates the absorption spectrum of CQDs
dispersed in water, showing a prominent band with a peak
(Amax) at 342 nm. Within the 250 - 300 nm wavelength
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Figure 2. (a) TEM and HRTEM images of synthesized CQDs, low resolution at 10 nm, and the high resolution of CQD
at 5 nm crystalline lattices can be seen, (b) shows the size distribution of CQDs corresponding to the TEM, and (c) CQDs

absorbance spectra at 342 nm.
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range, the absorption is attributed to the (mm — mr*) conju-
gated carbon bonds of CQDs, while the longer-wavelength
peak results from (nn — mm*) transitions in the “C = O”
bonds of CQDs. The absorption on the longer-wavelength
side (A > 400 nm) can be linked to the presence of surface
functional groups, such as —~SH and C — N, N — H bonds
[16].

It is important to note that the shape profile of the flu-
orescence excitation spectrum differs from the absorption
spectrum of the CQDs. With an increase in the excitation
wavelength from 250 - 350 nm, the fluorescence inten-
sity of the CQDs is seen to increase considerably. Due to
this exposure, physicochemical properties change due to
the size of CQDs, which is inversely proportional to the
energy level present in the band gap and therefore alters
the frequency of light emitting distinct fluorescence [1].
Moreover, the variation in peak features may be attributed
to the absorption of the “C —” component of CQDs and
the contribution of the “C = O” groups, which have rel-
atively weak absorption characteristics. These groups
emit fluorescence simultaneously, which is evident in the
excitation spectra. As the excitation wavelength increases
from 250 - 350 nm, the fluorescence intensity of the
CQDs significantly rises. Consequently, the peak of the
fluorescence spectrum shifts towards longer wavelengths,
specifically at 424 nm when exposed to specific 365 nm
light radiation.

Figure 3 (a) displays the emission spectra at 424 nm.
From figure 3(a), the peak-to-peak intensity variation was
observed by changing the distance from Imm to 75mm
between CQDs based optical fibre sensor and 365nm LED
M365F1. The control sample response is represented as a
reference which illustrates the highest intensity at 1mm
distance at a maximum current of 700 mA, 3080 mW of
the LED light source. To compare the luminescent prop-
erties of CQDs when exposed to 365 nm and increased
the distance between the 365 nm light sources from 1
mm to 75 mm on the FS-UV-A. From figure 3(b), it is
evident that with respect to change in time the amplitude

of the voltage changes. At a peak current of 700 mA at 365
nm LED M365F1, the peak voltage obtained at the out-
put of the photodetector measured using DMM6500 for
CQD is 1.6477 V. The change obtained between the peak
amplitude of control and CQDs is 0.86 V. As depicted in
Figure 3 (a, b) the CQDs efficiently absorb the incident
365 nm light in the UV-A range. This results in more
excitation observed at 365 nm, leading to emission at 424
nm. Consequently, the primary contributor to the over-
all luminescence in the synthesized CQDs is the pres-
ence of S- and N-groups incorporated into the CQDs.
Consequently, the fabricated FS-UV-A sensor is further
employed for quantifying voltage pulses.

Figure 4(a) illustrates the T, and T of the CQDs to delve
into the voltage amplitude analysis. The sensor exhibits
sensitivity during the T;-region, transitioning from a higher
to lower amplitude state, ranging from 1.66 V to 0 V, resem-
bling the characteristics of an LED photodiode. Therefore,
the shift in peak wavelength, representing the change in
voltage of the reflected light, can be monitored simultane-
ously using the proposed FS- UV-A sensor. Figure 4(b) ini-
tially shows T, /T with T, = 10 min and T ¢ = 10 sec, then
with T, at 20 min and T g at 20 sec. By analyzing Figure 3
and Figure 4(b), calculation of output energy and instanta-
neous peak power between the control sample can be done
and mathematical correlation between control sample and
CQDs can be calculated. In a continuous wave laser, there
are small fluctuations, but basically the minimum, average
and maximum power of a continuous wave laser are the
same. In a pulsed one, small burst of energy is separated
by down times where no light is emitted. So the minimum
power is usually 0 W and the maximum power is at peak
when the intensity reaches its maximum value. For calcu-
lation of peak power of a laser beam, divide the energy in
each pulse by the duration of the pulse that is known as
pulse width. Calculation of peak power density is done by
dividing the peak power by the area of the beam’s cross-sec-
tion at a given distance.

(a) mm Control FS-UVA (b) imm  —— Control — FS-UVA (c)'8f — Control —— FS-UVA
1.6 —
|
Tu 16 1AV 1.6 T I
E 3 E ;1'2 3 s < m:.- <
2 g £ ke M« S 072}
8 b & 0.4 5 _—
E s 2 — | —
15 30 45 60 75 0oL 0.60F
Distance (mm) 0.8 Y 0 it O
S\ 75mm 048}
1 ] 1 1 " 1 —l M 0.36 " M
360 480 600 720 25 0_ 75 100 125 20 40 60 80
A (nm) Time (Sec.) Time (Sec.)

Figure 3. (a) Comparison of intensity between FS-UV-A and control sample is recorded by varying the distance of the 365
nm light source from 1 mm to 75 mm. (b) Illustrates change in voltage with respect to distance for both control and CQDs,
exhibiting superior UV-A sensing. The inset illustrates the intensity and voltage drop-down beyond the distance of 55 mm.
(c) T,, / T ¢ pulses of the voltage vs time response recorded between the control and CQDs coated on the fiber-optic core.
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Figure 4. (a) The sensitivity of the UV-A sensor is illustrated based on the rise time, T,= 122 ms. and the decay time,
T, = 603 ms, respectively. (b) The stability test is performed for 30 min on the developed sensitive fiber optic UV-A sensor,
demonstrating excellent reliability and stability over the period.

Knowing the average power of the laser, the energy per
pulse by dividing it by the f repetition rate can be found out.

Energy per pulse (J)

. W\ _ >
Peak power denSlty (cmz) ~ Pulse width(s)xBeam area (cm?2) (1 )
Hence, from 1’ we get 2}
. l Average power (W) >
Peak power denSlty (cmz) Repetition rate (Hz)xPulse width(s)xBeam area (cm?) (2 )

Considering the total period (Dt) = 1/f repetition (in
sec.) for the control and CQD sample (from Figure 3 &
4(b)), the E pulse is calculated by specifying the maximum
peak-pulse power (P peak-pulse) for the control( from 2’),

Paverage __ 3080 mW __

4.4 mHz

Epulse -

7ml (1)

frepetition

The energy per peak pulse voltage is very low (here, 7
mJ); however, the peak-pulse power can be calculated as
(from 27),

Where,

E, 1= measurement of the total emission of one pulse
during Ton time only;

P ierage= average power of the optical uniform pulse
over the period At; and

Ppeakpulse= iNstantaneous maximum peak-pulse power
output

From eq. (1) and (2), the total P, pyise = 700 mW for
the control sample at 0.8665 V. Similarly, at 1.66 V, the total
P cakputse = 1341.02 mW. The difference in peak power out-
put between the control and CQDs samples is 641.02 mW.
Therefore, the efficiency of the sensor between the control
and CQDs sample is,

P, _ (Ppeak—pulse 0f PCQD1)~ (Ppeak—-pulse 0f Control)
peak—pulse Ppeak—pulse of Control

=91.57%

Furthermore, from Figure 3(b), the developed sensitive
fiber optic UV-A sensor demonstrates exceptional stability
for a total runtime duration of 1800 s (30 min).

A manual on/off switching method at every 10 s. was

Pk oputse = Paverage __ _ 3080mW ___ 500 oy 2 performed to test.the.temporal response of the developed
frepetition Xt~ 44mHz X 10 fs sensor (as shown in Figure 4(b)). It was observed that even
Table 1. Comparison table with the reported work
Sr no. Sensor Analyte Sensor response time Reference
1. ZnO QD-based photodetector Deep UV 85 ms 33
2. Photochromic dye-doped optical microfiber UV light ~10000 ms 34
3. Ag-decorated ZnO micro-pillar Fiber sensor All-UV 0.04 ms 35
4. Optical microfiber sensor UV light ~10000 ms 36
5. p-CuZn$/n-TiO2 UV photodetector (PD) UV light <200 ms 37
6. Azobenzene-polymer-capped Optical-fiber UV light 200 ms 38
7. CQD based FS-UV-A sensor UV-A radiation 122 ms This work
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if there is a significant insertion loss, the sensor response
can still be distinguished from the photodetectors’ noise
signal. In Figure 3 (c), the periodic response of the FS-UV-A
is observed comparing the control sample, which is PMMA
coated with non-loaded PVA. From Figure 4 (a, b) the out-
put energy and instantaneous peak power can be calculated
between the control FS-UV-A and co-relate mathematically
with fabricated FS-UV-A. Considering the total period (At)
for the control and FS-UV-A, the 7 m] of E,,;),. is calculated
by specifying the maximum peak-pulse power (Ppeyic_puise)
for the control. The energy per peak pulse voltage is very
low (here, 7 mJ); however, the peak-pulse power is cal-
culated as 700 mW for the control FS-UV-A at 0.8665 V.
Similarly, at 1.66 V, the total Ppeak—pulse is 1341.02 mW.
The difference in peak power output between the control
and FS-UV-A is 641.02 mW. Thus, the efficiency, meaning
the output voltage response to the input UV-A light of the
FS-UV-A sensor, constitutes 91.57%, indicating the poten-
tial of CQDs for developing environmentally sustainable
optoelectronic devices. Future nanotechnology research
could explore CQDs’ possibilities in developing sustainable
and cost-effective optoelectronic devices. Table 1 shows the
previous reported work compared with current result.

CONCLUSION

Successful synthesis of CQDs by low-cost microwave
techniques was achieved. The fabricated FS-UV-A showed
an excellent response to the UV -A radiation at 365 nm. The
study examined the morphology and structure of CQDs
using high-resolution transmission electron microscopy.
The results of the analysis indicated that the CQDs had an
average particle size of 3 + 0.75 nm and good uniformity
and particle size distribution. UV-A radiation detection
using CQDs in a fiber-optic sensor system has produced
encouraging results. CQDs showed a band in their absorp-
tion spectrum that peaked at 342 nm. When their excitation
wavelength was changed from 250 to 350 nm, they showed
an increase in fluorescence intensity, with emission occur-
ring at 424 nm. The synthesized CQDs were then utilized
to create an FS-UV-A sensor, which displayed an efficiency
of 91.57% in peak-pulse power generation in response to
the input UV-A light and a periodic response. Additionally,
the sensor’s 122 ms response time makes it appropriate for
real-time measurement. This illustrated the wide range of
potential applications for the CQDs-assisted FS-UV-A sen-
sor system, where the functionalized optical fiber functions
as a stand-alone application. The material that are used for
preparation of the CQDs along with the polymers and the
optical fiber used are all environment friendly and highly
biodegradable. Using these materials for sensing applica-
tions is an indicator of a novel application. The use of opti-
cal fiber having smaller foot- print (design and size) and the
modification of the optical fiber is in itself a novel method
to create a sensor for UV sensing. The proposed methodol-
ogy is simple, user-friendly, is analyte process free and the

sensor is portable. Future research can be done considering
the fact that this UV sensor can be used in print industry
for solvent handling and dyeing processes. Similarly, future
scope is seen in automotive industry, robotics and pharma-
ceutical industry.
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