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1. Introduction

Tuning the physical properties of SnO, quantum
dots via Ag-doping for fabricating efficient
photodetectorsy

Rahul Sonkar, ©2° Bitopan Boro, ©2° Anand Pandey, ©¢
Mritunjoy Prasad Ghosh @ *2 and Devasish Chowdhury & *2°

In order to satisfy the increasing demand for affordable photodetectors in the sectors of flexible electronics
and contemporary medical devices in this decade, researchers are looking for efficient semiconducting
nanomaterials globally. Ag-doped SnO, quantum dots (QDs) with varying Ag ion concentrations were
synthesized via chemical co-precipitation for efficient photodetector fabrication. The impact of Ag
dopants on SnO, QDs properties was analyzed through multiple characterization techniques. X-ray
diffraction and Raman spectra confirmed an impurity-free crystal structure. Crystallite sizes (2.9-3.4 nm),
calculated using Scherrer's formula, were below the Bohr excitonic diameter, validating their quantum
dot nature. TEM images aligned with crystallite sizes, further confirming QD formation. The observed
blue shift in band gaps with increasing Ag dopants is attributed to quantum confinement due to the
reduction in mean particle size. Theoretically, the estimated values of absorption cross sections and
electric field intensity of SnO, QDs and Ag-doped SnO, QDs using the finite time domain method were
found to be in harmony with UV-Vis spectroscopy results. The obtained FTIR spectra of all the QDs
demonstrated distinct peaks corresponding to different chemical bonds, further validated the phase
purity. Ag-doped SnO, QDs show lower PL intensity than pure SnO,, indicating better charge separation
and less recombination. Including photodetector application, the highest Ag-doped SnO, QD sample is
expected to have more active sites and be more suitable for various applications, such as photocatalytic
and antioxidant capabilities, because of its higher specific surface area. Room temperature Hall effect
experiments revealed that the pure SnO, QDs showed the p-type semiconducting nature, whereas, with
the addition of metal Ag ions, electrons became the majority charge carriers and the doped samples
turned into n-type semiconductors. We have fabricated photodetectors using as-prepared samples and
found that 6% Ag-doped SnO, QDs showed better performance when compared with the other two
samples. In addition to that, the free-radical scavenging activities of all the QDs were determined and it
was found that SnO, QDs doped with Ag ions have better antioxidant properties than pure SnO, QDs.
Consequently, these Ag-doped SnO, QDs were found to be effective for photodetector application and
reducing the oxidative stress.

searching for efficient materials worldwide to fulfill the growing
demand for modern technological advancement. Photodetec-

In this decade, the advancement of optoelectronic and modern
medical devices to become more flexible and highly efficient
raises the need for environment-friendly, cost-effective and
novel semiconducting materials. Researchers are actively
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tors have become essential optoelectronic devices because they
bridge the gap between photons and electrons by transforming
light into an electrical current.*”® For enhancing its performance
and fast response, development of novel photoactive materials
is necessary. In this regard, metal oxides, doped semi-
conductors, quantum dots and semiconductor alloys have been
thoroughly investigated as effective nanomaterials for fabri-
cating highly efficient photodetectors for use in optical sensing,
imaging systems, flexible electronics, security, and various
medical applications. A lot of research has been carried out
widely to explore the photodetectors applications of several
semiconducting nanomaterials together with energy conver-
sion, environmental remediation, and solar energy harvesting
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applications. In the design and construction of photodetectors,
nanomaterials like graphene, quantum dots, nanowires, tran-
sition metal dichalcogenides, semiconducting nanoparticles,
and perovskite nanocrystals have shown great promise.*® Better
sensitivity, quicker reaction times, and wider spectrum detec-
tion ranges are made possible by using nanomaterials due to
their high surface-to-volume ratio, configurable electronic
bandgap, and enhanced charge transport characteristics. In this
direction, a wide bandgap SnO, semiconductor in a nanoscale
regime with tunable physical properties and optical bandgap
may potentially be used in the direction of photodetector
applications. Doping suitable ions in appropriate amounts is
one of the easiest ways to modify the physical properties of
a compound as per the requirements.*™

SnO, semiconductors are typically diamagnetic in nature,
with significant excitonic binding energy (130 meV) and Bohr
excitonic diameter (5.4 nm). Silver (Ag) ions incorporation is
one type of doping approach that has been utilized to change
the bandgap and also enhance the photodetector efficiency of
SnO, QDs. Silver may alter the electronic structure of SnO, and
facilitate the charge carrier separation, subsequently increasing
the photodetector performance.’>*® Apart from photodetector
application, the doped Ag ions in SnO, QDs can serve as effec-
tive electron sinks, reducing the rates of charge carrier recom-
bination and increasing the overall efficiency of the
photocatalytic process. Ag-doped SnO, QDs combine the
advantageous characteristics of SnO,, like good thermal,
chemical stability and n-type conductivity, with enhanced
optical properties and modified photoactive activities brought
by silver doping."”** The doping method makes SnO, more
beneficial and opens up new applications in the photovoltaic,
photodetector, sensor, and environmental cleanup industries.
Charge carrier dynamics are enhanced by adding silver atoms to
the SnO, lattice, optimizing the QDs for various technological
advancements.**172¢

Ag-doped SnO, quantum dots (QDs) demonstrate significant
potential in various electronic applications due to their
enhanced electrical, optical, and structural properties. Ag-
doped SnO, QDs are currently being investigated for use in
optoelectronic devices, such as quantum dot light-emitting
diodes (QLEDs). These materials offer improved electrolumi-
nescence efficiency and operational stability, making them
promising candidates for next-generation display technolo-
gies.”* In photovoltaics, SnO, QDs have been utilized as electron
transport layers (ETLs) in perovskite solar cells. Their high
electron mobility and transparency contribute to enhanced
power conversion efficiencies. Moreover, incorporating Ag
doping can further improve charge transport and device
stability.”> Additionally, Ag-doped SnO, QDs have been explored
as anode materials in lithium-ion batteries. Their high surface
area and improved electrical conductivity contribute to higher
capacity and better cycling stability. These properties are
essential for developing high-performance energy storage
systems.”

Different synthesis techniques that allow for precise control
over the growth mechanism have been developed in recent
decades to produce nanoparticles or quantum dots. The
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conventional wet chemical co-precipitation method is one of the
most widely used bottom-up production pathways for nano-
particles and quantum dots among all these accessible synthesis
techniques because it offers great control over size and shape and
is also a simpler and more affordable method."”*” Ag-doped SnO,
QDs have strong photoactive properties as well as the ability to
neutralize and scavenge free radicals that produce oxidative
stress. The antioxidant qualities of these doped QDs help to
reduce oxidative stress, which is linked to a number of grave
health problems.*** Including photodetector fabrication using
as-prepared doped nanomaterials and testing its performance,
a proper investigation of the interactions between nanocatalysts
and pollutants is also essential, which helps to improve the effi-
cacy of the photocatalytic abilities of nanocatalysts. One
commonly used isothermal titration calorimetry (ITC) technique
can be employed in this regard.”*” To investigate absorption
cross-section and electric field intensity, we have applied the
FDTD method.?®

This work aims to fabricate a photodetector with enhanced
photoactive properties using novel semiconducting nano-
materials and explore other possible applications. In this
regard, we have synthesized three doped QDs samples, i.e., Ag-
doped SnO, QDs having the composition Ag,Sn; ,O, (x = 0.00,
0.03, and 0.06) using wet chemical co-precipitation approach
and thoroughly investigated the photoactive properties for
photodetector application, antioxidant properties, physical
properties and interactions between as-prepared nanocatalysts
and p-nitrophenol. It was observed that substituting silver ions
heavily altered the microstructural, optical, antioxidant, and
interaction properties of pure SnO, QDs. Dopant Ag ions have
tailored the band gap of the host nanomaterial, which supports
in modifying the photoactive responses for photodetector
application. We showed that, in comparison to the undoped
system, optimal Ag doping in SnO, QDs enhanced antioxidant,
photoactive and interaction properties efficiently. By tuning the
physical properties of SnO, QDs via Ag-doping, an advanced
photodetector with enhanced performance is tried to fabricate,
along with a brief overview of the structure of photodetector
devices. Additionally, this research makes appropriate linkages
between microstructural, optical, and antioxidant properties of
silver-doped SnO, QDs.

2. Experimental details

2.1.
QDs

Preparation of pure SnO, QDs and silver-doped SnO,,

In order to prepare pure and Ag-doped SnO, QDs, the standard
chemical co-precipitation method has been employed.***
Three samples were synthesized with varying Ag content, which
were designated as Ag-00 (SnO,), Ag-03 (SnO,), and Ag-06
(SnO,), respectively. The synthesis technique has been dis-
cussed in detail in the ESIf section of this paper.

2.2. Photodetector device fabrication
To demonstrate the applications of the synthesized nano-
particles, we fabricated photodetectors with an ITO/

© 2025 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles/Cu architecture. The indium-doped tin oxide
(ITO) coated glass substrates were prepared using a standard
cleaning protocol. Initially, the substrates were washed with
a soap solution and subsequently ultrasonicated for 15 minutes
each in deionized water, acetone, and isopropyl alcohol
(IPA).>* After cleaning, the ITO substrates were dried in
a vacuum oven at 100 °C for 1 hour, followed by a 15 minute
ozone treatment to ensure surface cleanliness.

The complete device fabrication process has been shown in
Scheme S1 (in ESIf). A 4.5 mg ml~" solution in ethanol was
prepared and stirred on a hot plate at 60 °C for 12-14 hours. The
precursor solution was then spin-coated onto pre-cleaned ITO
and n-Si substrates at 2000 rpm for 30 seconds. The deposited
thin films were annealed at 100 °C for 30 minutes. A 50-60 nm
layer of SnO, QDs has been obtained, and a cross-sectional
image of SnO, QD thin films was also captured. Finally,
a 100 nm copper metal electrode was deposited by a thermal
evaporator with a base pressure of 1 x 10~® mbar to complete
the device fabrication process. For Si substrates, an 80 nm thick
Au layer was deposited, followed by a 20 nm Ti layer to enhance
adhesion. Further, the fabricated devices were characterized
using a Keithley 2470 electric source meter for current-voltage
measurements. The devices were illuminated by a 200 nm
optical fiber source integrated with a deuterium lamp.

2.3. Isothermal titration calorimetry (ITC) analysis

ITC experiments were performed on a MicroCal PEAQ-ITC,
Malvern Analytical, at 25 °C. In the typical experiments, 40 pL
of each dispersed solution of bare SnO, QDs (3 mM), and 6% Ag
doped SnO, QDs (7.7 mM) in the syringe were injected sepa-
rately to equal steps of 2 pL into 280 pL of a 0.1 mM of para-
nitrophenol in the cell.***” The nanoparticles were titrated with
19 injections (volume of 2 pL) and the time interval between two
consecutive injections was maintained at 150 s, in order to
obtain a systematic and complete return to baseline with an
agitation speed of 750 rpm. The heat generated during titration
after each injection was recorded. All the details regarding ITC
analysis can be found in the ESIt section.

2.4. Measurement of antioxidant activity

The antioxidant property of as-prepared QDs was investigated
with the aid of 2,2-diphenylpicrylhydrazyl (DPPH) scavenging
experiment.”*** The entire procedure has been discussed in the
ESIT section of this manuscript.

2.5. Characterization techniques

All the characterization techniques used to investigate the
synthesized QDs have been discussed briefly in the ESIj section
of this paper.

3. Results and discussion
3.1. Powder X-ray diffraction (P-XRD) analysis

A potential technique for figuring out the crystal structure,
phase purity, and crystallite size of a material is X-ray diffraction
(XRD) method. The XRD patterns of Sn,; ,Ag,0, quantum dots

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(QDs) at 300 K were recorded, containing different concentra-
tions of silver ions (x = 0, 3, and 6%) and is shown in Fig. 1.
These patterns provide important light on the chemical and
physical characteristics of the materials that were produced.
According to the XRD study, the QDs have a tetragonal rutile
crystal structure that is in line with JCPDS card number 41-
1445, which denotes a certain arrangement of atoms inside the
lattice. The crystallographic phase purity of prepared QD
samples was confirmed by the lack of any other peaks in the
XRD profiles other than those associated with the main tin
rutile phase.'** This feature is essential since it guarantees that
the materials are devoid of contaminants or extra phases.
Furthermore, the broadening of XRD diffractogram peaks
implies that the produced materials are nanocrystalline and
nanosized in nature. A number of variables, including crystal-
lite size, microstrain in tiny crystals, and instrumental effects,
can be accountable for the XRD peaks broadening.*> By
measuring the Full Width at Half Maximum (FWHM) of the
intense (110) peak, and then by using Scherrer's method, we
have obtained the average size of the nanocrystallites with the
help of stated equation®"**

o 0892 0

"~ Bcosd

The produced materials were shown to exhibit quantum
confinement effects, as evidenced by the average crystallite size
of each sample consistently being determined to be below the
Bohr excitonic diameter (5.4 nm) for SnO, nanomaterials (see
Table 1).

This implies that the distinct size-dependent characteristics
result from the quantum confinement of the charge carriers
inside their nanocrystalline structure of the material. Further-
more, using the Miller indices and the stated relation below, the
lattice constants (a, b and c¢) of the unit cell for all Ag,Sn; ,O,
QDs were determined® (see Table 1).

I S

d? a? 2 2)

It was found that the lattice constant grew steadily as the
amount of Ag in the nanocrystals increased. The mismatch in
ionic radii between Ag>* and Sn*" ions is thought to be the cause
of this phenomenon, wherein the lattice constant changes when
Ag2+ ions are substituted inside the SnO, structure.*'** Ag ions
have comparatively larger diameter than Sn ions, therefore the
substitution of Ag ions in SnO, matrix hindered the crystal
growth. The oxygen vacancies also produced in the doped
samples to compensate the valency. These two combined effects
resulted in reduction of mean size of the doped samples, which
is reflected in XRD patterns as a result of peak broadening.
Lowering of crystalline nature and several surface effects due to
reduction in size with increasing Ag dopant concentration also
led to broadening in XRD peaks with low intensity. We have also
measured the hydrodynamic diameter of each QD sample using
DLS measurement and the values were obtained as 5.46 nm [Ag-
00 (Sn0,)], 4.32 nm [Ag-03 (SnO,)], and 1.98 nm [Ag-06 (SnO,)]

RSC Adv, 2025, 15, 20589-20604 | 20591
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Fig. 1 P-XRD patterns of (a) Ag-00 (SnO,), (b) Ag-03 (SnO5), and (c) Ag-06 (SnO,) QDs.

Table 1 Contains unit cell parameters of all the QD samples

Sample Id D (nm) a=Dh(A) c (&)
Ag-00 (SnOy) 3.4 4.73 3.41
Ag-03 (SnO,) 3.0 4.71 3.39
Ag-06 (SnO,) 2.9 4.69 3.37

respectively as seen from Fig. S1 (in ESI}). The obtained values
of hydrodynamic diameter were found to be comparable with
the Bohr excitonic diameter, which confirmed the QDs nature of
prepared samples.

3.2. TEM image analysis

High-resolution transmission electron microscope (HRTEM)
pictures of both pure and doped quantum dots (QDs) are shown
in Fig. 2(a—c). The photos demonstrate the synthesized QD
accumulation, which is probably caused by van der Waals forces
and interparticle interactions.** This emphasizes how crucial it
is to comprehend the behavior of these particles at the nano-
scale. The QDs continually display a nearly spherical form
despite this buildup, indicating the accuracy of the production
process. A thorough examination of the mean particle size and
average size distribution of both pristine and doped SnO, QDs
can be found in the inset histograms in the HRTEM pictures.
The average particle size for the Ag-00 (SnO,) sample is 3.61 nm,
but the Ag-03 (SnO,) and Ag-06 (SnO,) samples had average
particle sizes of 3.53 nm and 3.36 nm, respectively. The strong
quantum confinement of excitons within the QDs is supported
by the average particle sizes, which closely resemble the mean
crystallite size.***® Additionally, the micrographs exhibit
remarkable size and shape homogeneity, indicating exact
control throughout the synthesis process. By designating each
ring in the SAED pattern [see Fig. 2(d)] with its associated Miller
indices. A high-resolution TEM image of Ag-06 (SnO,) sample
has been also captured to show the QD nature [see Fig. 2(e) and
(f)]: This emphasize the crystalline form of the nanomaterial
and offers details on its structural integrity and possible uses,
adding to the clarity of the picture. Furthermore, as Fig. 2(f)
illustrates, the interplanar distance measured in the (110) plane

20592 | RSC Adv, 2025, 15, 20589-20604

is 3.40 A, shedding light on the crystalline structure of the QDs.
The crystalline structure of Ag-06 (SnO,) QDs is confirmed by
the concentric circular rings visible in their Selected Area
Electron Diffraction (SAED) pattern.* These conclusions are
further supported by the observed tetragonal rutile crystal
structure, which is compatible with the HRTEM pictures and
other investigations.*® Our comprehension of the structure of
the synthesized QDs and their possible applications in opto-
electronics and catalysis is improved by this structural insight.

3.3. UV-visible spectra studies

Understanding the optical bandgap of semiconducting nano-
materials is essential to comprehending their optical and elec-
trical characteristics. This bandgap is very essential for both
pure and doped SnO, quantum dots (QDs) and is usually
determined using UV-visible absorption spectra, which cover
the range of 100-1000 nm.** These spectra shed light on the
room-temperature direct and indirect optical transitions of the
QDs. At 300 K, the direct bandgap of pure SnO, is 3.62 €V;
however, because of quantum confinement effects, this
bandgap marginally reduces in nanoscale quantum dots.*
Using the Tauc relation, the optical bandgap of both doped and
undoped SnO, QDs is found?®***
a(w)hv = B(hv — Ey)" (3)
Several factors are involved in the Tauc relation, including ‘B’
(an arbitrary constant), ‘E,’ (the energy for the direct optical
transition of QDs), ‘o’ (the absorption coefficient), and ‘n’ (the
index). The index ‘»’ is 1.5 for indirect bandgap transitions and
0.5 for direct bandgap transitions. Using particular formulae,
the absorption coefficient ‘o’ for the QDs is ascertained from the
collected absorbance (A) data.*®
I=1I,e*and 4 = log,o(I,/]) (4)
Here, the absorption coefficient ‘a’ may be written as o« =
2.303(4/d), where ‘d’ marks the tube thickness. For direct
bandgap transitions, plot (ahv)® versus photon energy (hv) to
construct a Tauc plot using the calculated « values. This Tauc
plot represents the connection between («whv)”> and (fv) for both
pure and doped SnO, QDs, is displayed in Fig. S2.f Ag-00

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 HRTEM images of (a) Ag-00 (SnO,), (b) Ag-03 (SnO,), and (c) Ag-06 (SnO,) QDs, (d—f) SAED pattern, distinguish QDs and interplanar

spacing of Ag-06 (SnO;) QDs.

(Sn0,), Ag-03 (Sn0,), and Ag-06 (SnO,) QDs have computed E,
values of 3.23 eV, 3.37 eV, and 3.46 eV, in that order. The main
causes of the energy gap increases between the samples, which
went from 3.23 eV to 3.46 eV, are quantum confinement effects
and interactions (S2P interaction) between the valence or
conduction bands of SnO, QDs and the s electrons in silver
ions.*> Higher Ag concentration was also associated with
a significant blueshift in electromagnetic wave absorption,
demonstrating the impact of doping on the optical character-
istics of SnO, QDs. All things considered, the synthesized QDs
show good absorption properties of both UV and visible light,
which makes them appropriate for a wide range of optical
applications. The perpendicular alignment of dipoles between
particles during two separate vibrational modes of optical
stimulation was shown to be responsible for the shift of
absorption peaks to higher energy with increasing Ag concen-
tration in SnO,. A substantial interaction between the Ag and
SnO, quantum dots is suggested by this change. The perpen-
dicular alignment of dipoles between particles during two
separate vibrational modes of optical stimulation was shown to
be responsible for the shift of absorption peaks to higher energy
with increasing Ag concentration in SnO,.*” A substantial
interaction between the Ag and SnO, quantum dots is suggested
by this change.

3.4 FDTD analysis

Using UV-vis spectroscopy is a useful method to investigate how
doping affects the optical characteristics of SnO, QDs. Assimi-
lation primarily addresses electron excitation from the valence
band to the conduction band. The picture displays the UV-
reproduced retention spectra of undoped and Ag-doped SnO,
QDs.***° The assimilation peaks of undoped SnO, QDs are seen

© 2025 The Author(s). Published by the Royal Society of Chemistry

to be at 348 nm, which is blue-shifted in comparison to the
mass band hole of SnO,, due to the influence of quantum
limitation. The retention peak of Ag-doped SnO, QDs is also
shifted to higher frequencies in contrast to undoped SnO,. This
movement results from the band-hole energy being lowered by
Ag doping in the SnO, grid structure. Ag-03 (SnO,) and Ag-06
(SnO,) assimilation tops are seen in Fig. 3 at 352 and 354 nm,
respectively. The increase in electric field force from 85.3 to 87.9
(V. m~?) observed following silver doping into SnO, QDs is
shown in Fig. 4. Our findings show that SnO, QDs have an
electric field power of 11.5 (V m™?) respectively.*»* When silver
is present in the quantum dots, the dielectric medium
surrounding the SnO, QD nanostructures changes, leading to
enhancements in the optical range and field strengths. Because

0.00010

——Ag-00 (SnOy)
——Ag-03 (Sn0y)
——Ag-06 (Sn0y)

0.00008 -

0.00006+

0.00004 -

0.00002+

2
Absorbance cross section (um")

0.00000

340 360 380 400 420 440

Wavelength (nm)

300 320

Fig. 3 Absorption cross-section of SnO, QDs and Ag-doped SnO,
QDs.
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Fig. 4 Electric field intensity profile of (a) Ag-00 (SnOy), (b) Ag-03 (SnO,), and (c) Ag-06 (SnO,) QDs.

the plasma recurrence of the conduction electrons in the Ag
nanostructure is within the detectable reach, Ag exhibits solid
assimilation in the apparent area of the electromagnetic range.
The material dissipates and produces hot transporters, or hot
electrons, due to the high retention, which is linked to an
enhancement of the electric field around the impetus. Because
of the high-rate Ag nanostructures, interparticle plasmonic
communication plays a major role in the further improvement
of field powers. Furthermore, depending on the kind of parti-
cles, there are certain locations referred to as plasmonic zones
of interest where the improvement factor achieves its maximum
value. The nanoscale gaps between particles are usually where
the regions of interest are located. The expanded reactant
movement is mostly the result of these gaps. The electric field
enhances the photocatalytic action and increases the response
rates at these holes. Reactant improvement is seen to grow
quadratically with the local real light force, indicating the
collaboration of hot electrons in the upgrade component
induced by plasmon excitation. The nanostructure geometry
and local electric field enhancement are found and correlate
with catalytic improvement.** The electron energy distribution
function is directly impacted by this changing electric field,
which in turn impacts the reaction rates.

3.5. Fourier transform infrared spectroscopy (FTIR) spectra
studies

An efficient analytical method for detecting compounds and
locating different functional groups and chemical bonds in
materials is Fourier Transform Infrared Spectroscopy (FTIR). By
exposing materials to infrared light, this technique analyzes
them over the electromagnetic spectrum and essentially creates
a distinct “fingerprint” of their chemical properties.****~** FTIR
spectra of undoped, 3%, and 6% silver-doped tin oxide (SnO,)
quantum dots (QDs) in the 400-4000 cm ™" range were obtained
in a recent study. The findings, which are shown in Fig. 5(A),
offer important new information on the molecular makeup and
structural characteristics of these materials.**** The existence of
SnO, in the materials under analysis was confirmed by the FTIR
spectra, which showed unique peaks corresponding to various
chemical functionalities in all samples. The stretching modes of

20594 | RSC Adv, 2025, 15, 20589-20604

OH™ ions trapped in the crystals are responsible for the band
seen between 3000 and 4000 cm ', which indicates the exis-
tence of adsorbed water and Sn-O groups. In addition, peaks in
the 1418-1622 cm ' region are indicative of both symmetric
and asymmetric C-O bond stretching, which sheds light on the
samples’ chemical makeup. The constant discovery of unique
SnO, peaks in the 600 cm ™" to 1300 cm™ " region for all samples
is an important finding from the FTIR study. Interestingly, the
peak at 937 cm™', which is connected to the symmetric
stretching of Sn-O-Sn bonds, does not alter much even after Ag
ions are added to the quantum dots.** This discovery implies
that the essential structural characteristics of SnO, are not
considerably affected by the addition of Ag dopants. Changes in
the mass of the quantum dots, which may modify vibrational
frequencies, as well as modifications to the bond's spring
constant and length, might be responsible for the slight fluc-
tuations in the peak related to Sn-O-Sn bond stretching
following Ag insertion.** These features draw attention to the
complex interplay between the structural and chemical char-
acteristics of the materials and underscore how important it is
to comprehend how dopants affect the host material's vibra-
tional properties.

3.6. Photoluminescence spectra studies

Room-temperature photoluminescence spectroscopy is a valuable
tool for studying the optical properties of materials and the
electron transfer and recombination rate of photogenerated
electron and hole pair, and it has been particularly useful in
investigating the behavior of semiconductor quantum dots. In
Fig. 5(B), the room-temperature photoluminescence spectra of
SnO, QDs and Ag-doped SnO, QDs are presented. This data
reveals interesting findings about the effects of silver doping on
the photoluminescence properties of these quantum dots.”*™® The
pristine spectra show the broad visible emission peaks at 588 nm
due to the crystalline defects during the growth process inside
SnO,, high concentrations of tin interstitials or oxygen vacancies
produce defect levels inside the band gap. Significant photo-
luminescence (PL) emissions are produced as a result of the
interactions between these oxygen vacancies and tin interstitials,
which create a large number of trapped states or metastable
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Fig. 5 (A) Stacked FTIR spectra (B) photoluminescence spectra of SnO, QDs and Ag-doped SnO, QDs.

energy levels.* Small grain boundaries can also act as efficient
luminescent centers, which promotes the recombination of
photogenerated carriers inside SnO,, high concentrations of tin
interstitials or oxygen vacancies produce defect levels inside the
band gap. Significant photoluminescence (PL) emissions are
produced as a result of the interactions between these oxygen
vacancies and tin interstitials, which create a large number of
trapped states or metastable energy levels. Small grain boundaries
can also act as efficient luminescent centers, which promotes the
recombination of photogenerated carriers. When compared to
pure SnO,, all Ag-SnO, samples show lower PL intensity, which
suggests improved charge separation and less electron-hole
recombination. Ag is essential for effectively separating charges
from SnO, because it traps photogenerated electrons; this is
further evidenced by the enhanced visible light performance of
Ag-SnO, QDs."**>¢ Ag-06 has the lowest PL intensity of all the Ag-
SnO, samples that were generated, indicating that it is the best
photocatalyst in terms of photocatalytic activity. The photo-
generated electron-hole pairs of Ag-SnO, QDs are efficiently
separated, as seen by the PL emission from the compound.

3.7. SEM analysis

Fig. 6(a) and (b) displays the FESEM pictures and the energy-
dispersive X-ray spectroscopy (EDS) analysis of the Ag-doped
SnO, quantum dots (Ag-06) and the pristine SnO, quantum
dots. The pictures show that the particles have a spherical shape
and are uniformly dispersed.*” Furthermore, the existence of
every element in the synthetic samples was verified by the EDS
spectra. This comprehensive examination confirms that
particular components were present in the prepared samples
and nanoparticles formed. We have captured the FESEM image
of the fabricated device to estimate the thinkness of the QDs on
the ITO substrate. The thickness of the obtained SnO, QDs has
been evaluated in the range of 50-60 nm, which is shown in
Fig. S4.7

3.8. BET analysis

The BET analysis looks at the physical adsorption and desorp-
tion of nitrogen gas molecules to determine the surface shape,

© 2025 The Author(s). Published by the Royal Society of Chemistry

porous structure, and specific surface area of the produced
nanomaterials. The surface area of nanomaterial is essential to
its possible uses since a bigger surface area provides more active
sites and improves interactions with analytes. At 18 hours, all
samples were kept at 200 °C with a nitrogen gas flow to acquire
the adsorption-desorption isotherms.*” The surface area and
porosity of the three nanocatalysts were measured using the
nitrogen adsorption-desorption isotherms, as indicated in
Fig. 7(a-c). The adsorption curve climbed steadily in the low-
pressure area before rising sharply when P/P, approached
0.80, as seen by the isotherms.”® The isotherms of all the
nanocatalysts showed close alignment with a standard type IV
adsorption isotherm, suggesting the existence of a mesoporous
structure. For Ag-00 (SnO,), the specific surface areas were
measured to be 48.14 m* g~ ', Ag-03 (SnO,) to be 63.44 m”> g™,
and Ag-06 (SnO,) to be 84.83 m* g~ ' [see Fig. 7(d)]. When
compared to pristine and other doped samples, the 6% Ag-
doped SnO, QDs had the most surface area. It may be infer-
red from this that adding Ag ions to SnO, nanocrystals facili-
tates better dispersion in solution and increases interaction
activity. The picture shows a histogram that shows the specific
surface area of each sample dependent on pore radius.*® The Ag-
06 sample is expected to have more active sites for a variety of
applications because of its higher specific surface area.

3.9. Raman spectra analysis

Raman spectroscopy is a method used to examine the structural
defect and crystallinity of materials. Raman spectra of all the
samples was registered using a laser of wavelength 532 nm, is
depicted in Fig. 8. The Raman spectrum and the Raman band
were fitted using the Lorentzian function.'® The tetragonal rutile
structure of SnO, QDs is confirmed by the measured Raman
vibrational modes Eg, A, and B,g, which are located at 481,
622, and 769 cm™ ', respectively. For Raman forbidden, the By,
mode is represented by the mode at 551 cm™". The modes 246
and 298 cm ™! are represented by the E, (TO) and E, (LO) modes
that occurred due to the tiny size effect of SnO, QDs.**** TO
stands for transverse-optical vibration, and LO for longitudinal-
optical vibration. Because of the greater peak intensity and
smaller peak breadth, the SnO, QDs exhibit a higher
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crystallinity nature than the Ag-doped SnO, QDs. Ag-doped
SnO, QDs Raman spectra show a shift in the Raman peaks
when compared to the pure SnO, QDs.*>** The shift in Ag-doped
SnO, Raman spectra was the cause of the lattice disorder. The
size of Ag-doped SnO, QDs was reduced due to the expansion of
Raman peaks. The undefine peak displays the phonon
confinement effect. It could cause the migration of Sn ions in
the interstitial locations.'® In comparison to the pristine SnO,
QDs, the particle size is lower after doping, according to the
XRD analysis.

20596 | RSC Adv, 2025, 15, 20589-20604
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(a) Pure SnO, QDs SEM image. (b) Ag-doped SnO, QDs [Ag-06(SnO,)] SEM image.

3.10. Electrical properties through Hall effect measurement

For characterizing a semiconducting nanomaterial, the Hall
effect is most commonly used technique. It provides accurately
the information regarding the type of charge carriers, mobility
and carrier density of a semiconducting material. Several
parameters such as mobility, resistivity, conductivity, bulk
concentration, sheet concentration, average Hall coefficient,
and sheet resistance were measured using Hall effect
measurement system in a magnetic field for both the pristine
SnO, QDs and Ag-doped SnO, QDs. All of the Hall Effect
parameters were estimated using the physical equations listed

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03972j

Open Access Article. Published on 17 June 2025. Downloaded on 3/3/2026 8:45:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
40 70
__ {O—Adsorption n (a) —0— Adsorption (b)
& 35— —Desorption / ~604 — —Desorption A
% 1 Ag-00 (SnO) g
& g 2 //4 % {Ag-03 (Sn0Oy)
2 30+ /5 504
] // <
3 Pogs =
e o £40;
z s &
2204 o M =304
= Poele o >
- , £
s Jose o =
154 o £ 204
é 5 v&’; E 20
o
10 T T T T 10 T T T T y
00 02 04 06 08 10 12 g0 02 04 06 08 10 12
Relative Pressure Relative Pressure
(Ie nn
—O— Adsorption P & I~ 9
E 804 Desorption r(c) ~ 904 (d) Ag-6 (5"02)
£ £ 804
%701 Ag-06 (SnOy) /f =
3 o, g 704 Ag-03 (Sn0))
< 604 = 1
T « 604
2 5. 8 504 Ag-00 (SnO))
£ &
Z 404 5 401
z Wos “ 304
£ 3. 2 2
IR P ol %
<2040 2 104
10 2 o

00 02 04 06 08 10 12 08 10 12 14 16 18 20 22
Relative Pressure Pore radius (nm)

Fig. 7 (a—c) N, adsorption—desorption isotherms of all the samples and (d) histogram of the specific surface against pore radius.

below.*** The sheet density (ng/cm®) of the semiconductor where q is the elementary charge (1.602 x 10~ *° C), I denote the
charge carrier was calculated using the Hall voltage (Vi) and the  current, B is the magnetic field, and Vy is the Hall voltage,

known values of the magnetic field and current. g (6)
n= — 6
§ x 10°.5 (5) !
ns = —
qVu
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Fig. 8 Raman spectra of all the synthesized QDs recorded at 300 K.
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Table 2 Displays several Hall effect parameters
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Ag-03 (SnOy) Ag-06 (SnOy)

Sample Id Ag-00 (SnOy)
Bulk concentration (cm ) x 10 7.01

Sheet concentration (cm %) x 10" 3.51

Sheet resistance (Q) x 10* 1.10
Resistivity (Q cm) 5.50 x 10°
Conductivity (€ cm) 1.82 x 103
Mobility (cm* V™' s7") 20.9

Hall coefficient (cm® C™*) x 10* 1.12

Here, ¢ stands for the sample's thickness. The sheet resistance
(Rs), as determined by the Vander Pauw (VDP) technique, is as
follows>"

2e KR — 1 7)

R is the average resistance between the synthesized nano-
materials in this case. Resistivity (p) of the materials was
determined by

p = Ryt (8)

Using the following equation, we calculated the Hall mobility
(em® V™' s7") from the R, and ¢ values
1 14
- [Mu ©)
qns R,  1BR{

n=

—1.16 —2.59
—0.58 —1.29
21.10 9.55

1.06 x 10* 4.78 x 10°
5.97 x 10°* 3.82 x 10°*
32.6 8.89

—5.37 —3.89

Again, calculate the Hall coefficient by using this equation®

1L Wy

RH = —
qns R 1B

=py= (10)

The conductivity and carrier types were determined by the
Hall coefficient (Ry). The n-type flow of electrons is represented
by the negative Ry values, while the p-type flow of holes is
represented by the positive Ry values. We calculated the
conductivity using the stated formula

(11)

Here, R and A are measured resistance and area of the electrode.
Table 2 includes all of the observed Hall effect parameters:
sheet concentration, conductivity, mobility, resistivity, bulk

Oc = —
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(a) Schematic device configuration of ITO/SnO, QDs/Cu detectors with their (b—d) current—voltage characteristics under dark and light
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concentration, and Hall coefficients.**"* It is established that
SnO, is a p-type semiconductor based on the Hall effect data
when the tin is replaced by silver atoms, indicating that Ag-03
(Sn0,) and Ag-06 (SnO,) exhibit n-type behavior. Silver is an
excellent conducting metal with significant number of free
electrons and low resistivity. Doping of Ag ions in the SnO,
matrix within percolation limit, increase the number density of
free electrons and have the capacity to transform the p-type pure
SnO, QDs into n-type semiconducting nanomaterial. Room
temperature Hall effect experiment revealed that the pure SnO,
QDs showed the p-type semiconducting nature, whereas with
the addition of metal Ag ions, electrons became the majority
charge carriers and the doped SnO, QDs turned into n-type
semiconductors.

3.11. Performance of fabricated photodetectors

The schematic device configuration of SnO, QDs and Ag-doped
SnO, QDs photodetectors has been represented in Fig. 9 and 10
respectively. Fig. 9 depicts the current-voltage characteristics of
fabricated devices in ITO/QDs/Cu. All the fabricated devices on
ITO substrates depict ohmic characteristics, which have been
improved upon light illumination. Our device structure, ITO/
QDs/Cu, does not inherently form a strong rectifying junction
at the metal-semiconductor interfaces. Instead, the contacts are
quasi-ohmic, resulting in a predominantly linear I-V behavior
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in dark and illuminated conditions. The linear, i.e., ohmic
response is characteristic of photoconductive detectors, where
the photocurrent increases under illumination due to enhanced
photoconductivity and has been observed in several
reports.>**-¢

Another possible reason for the ITO/QDs/Cu devices exhib-
iting ohmic characteristics can be attributed to the comparable
work functions of the electrodes. ITO is a transparent con-
ducting oxide which typically has a work function in the range
of 4.2-5.0 eV, while copper (Cu) has a work function of
approximately 4.5 eV.””*® The near-similar work function
between substrate and metal electrode can reduce the built-in
potential and barrier height, which promotes efficient charge
carrier injection and extraction at the interfaces, minimizing
the energy barrier and supporting ohmic contact formation.*>*
To further validate these findings, we have also fabricated
devices with Si/QDs/Au configuration, which exhibited
a consistent trend (see Fig. 10). Pristine SnO, QDs showed
ohmic characteristics, which shifted to Schottky-type behavior
upon Ag doping, see Fig. 10(b) and (c). This systematic modu-
lation in electrical characteristics across different device archi-
tectures confirms the Ag-induced p-to-n type transition in SnO,
QDs and its consequential influence on interfacial charge
transport processes.*"*>
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(a—c) Current—voltage characteristics of SnO, devices under dark and light conditions. Inset of 10 (a) depicts the schematic device

configuration of Si/SnO, (d) and (e) energy band diagram of SnO, and Ag modified SnO, devices.
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Thus, in our study, SnO, QDs exhibited p-type conductivity,
where holes act as the majority charge carriers. When a metal
with a lower work function than p-type SnO, is brought into
contact with it, an ohmic contact is generally formed (see
Fig. 10(d)). This allows for efficient, low-resistance charge
injection and extraction of holes, resulting in a linear current-
voltage relationship.”® However, upon doping SnO, QDs with
Ag, the conductivity type of the material shifts to n-type, where
electrons become the majority charge carriers. This transition is
typically attributed to Ag incorporation, either occupying
interstitial sites or substituting tin (Sn) sites in a manner that
donates free electrons to the conduction band, or modulates the
defect landscape (e.g., reducing hole-generating defects like tin
vacancies or increasing electron-donating oxygen vacancies).
For n-type Ag modified SnO,, a metal with a lower work function
than the semiconductor (such as Cu in this case) forms an
ohmic contact. This again results in a linear I-V characteristic
due to the efficient injection and extraction of electrons without
significant barrier formation.* Conversely, a metal with
a higher work function (Au, ~5.1 eV) forms a Schottky barrier
with n-type semiconductors, leading to rectifying (non-linear)
behavior. The energy band diagram of metal semiconductor
junction is shown in Fig. 10(d) and (e).

At reverse bias (—1 V) in ITO/QDs/Cu devices, the dark
current (Igar) is 4.71 mA, 14.43 mA, and 10.87 mA for Ag-00
(Sn0,), Ag-03 (Sn0,), and Ag-06 (Sn0O,), respectively. Upon UV
light illumination (2 = 200 nm) of power (P, 1 uW cm™?),
photocurrent (I,,) has been changed and observed to be 3.77
mA, 9.62 mA, and 21.35 mA for Ag-00, Ag-03, and Ag-06,
respectively. However, at forward bias (1 V), the light-to-dark
current ratio is significantly better and found to be 0.79, 1.11,
and 1.59 for Ag-00, Ag-03, and Ag-06 devices, respectively.
Whereas, Si/QDs/Au devices depict better photo response
compared to ITO/QDs/Cu devices. The values of various device
parameters of both devices have been summarized in Table 3.

The photoresponsivity (R) per unit area (4) of the devices has
been evaluated using the following formula®*-*

Iph ~ Idark

R =
APin

(12)
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Here, the effective device area (4) is 8.9 x 10~% cm®. Another
figure of merit for light detection detectors is the percentage
increase in photo-to-dark current ratio (PDCR), which can be
defined as®*

1ph ~ Igark

PDCR = x 100%

(13)

dark

External quantum efficiency (EQE) of the devices can be
evaluated using®®

R x he

EQE = x 100% (14)

qAinc
Here, ¢ is the electronic charge. Further, the photo detectivity
(D) is given by**
RVA

b= \/(zq[dark) (15)

From Fig. 9(b) and 10(a), it can be observed that both the SnO,
QD devices depict a negative photodetector behaviour. The
negative photodetection in SnO, devices may appear due to
various defect levels present in the SnO, energy levels, high
oxygen, and moisture content, etc.®** As confirmed by FTIR and
PL emission spectra, SnO, QDs exhibit pronounced more OH
content and PL broadening towards higher wavelengths, indi-
cating a higher concentration of oxygen vacancies compared to
Ag-modified SnO, QDs.** The lower oxygen vacancies reduce the
concentration of conduction electrons in the device, creating an
electron depletion layer. Therefore, the conductivity observed in
Hall effect measurement and the dark current in Ag-modified
SnO, devices are reduced, as seen in Fig. 9 and 10. The signifi-
cant reduction in dark current in Ag-modified SnO, devices
indicates the better detectivity of photodetectors. Further, the
high value of detectivity is also attributed to the strong photo
response and possible photoconductive gain effects in the
present devices. Additionally, factors such as improved interface
passivation, trap-assisted and photoconductive gain under illu-
mination could collectively contribute to the enhanced detectivity
observed despite the presence of elevated dark currents.®>*®

Table 3 The photodetector parameters are compared to other UV photodetectors

Materials form Bias (V) A (nm) I (nA) R(mMAW™) Reference
SnO, nanowire 5 310 0.0006 0.13 67
12 365 130 — 68
1 254 0.8 — 69
SnO, microwire 10 240 0.585 1.353 x 10° @ 300 54

400 0.065

SnO, nanobelt -5 254 80 — 70
SnO, monolayer nanofilm 1 320 232.3 — 71
SnO, microstructures 3 315 0.002 7.1 72
3 350 8 — 64
SnO, nanobranch 0.0004 365 0.0014 15 73
SnO, nanotubes 1 320 0.026 — 74
SnO, thin film 5 300 0.027 8 75
1 290 0.66 4.9 76
1 365 23.47 16.77 32

Ag-00 (SnO,) quantum dots -1 200 30.1 1.89 x 10° Our work
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Table 4 Summary of device parameters
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Devices RAW™ PDCR (%) EQE (%) D

ITO/Ag-00 : SnO, QDs/Cu 1.05 x 10° 19.9 6.52 x 10° 2.57 x 10"
ITO/Ag-03 : SnO, QDs/Cu 5.40 x 10° 33.3 3.35 x 10° 1.88 x 10"
ITO/Ag-06 : SnO, QDs/Cu 1.17 x 10° 96.40 7.26 x 10° 3.75 x10%°
Si/Ag-00 : SnO, QDs/Au 1.89 x 10° 35.80 6.43 x 10° 4.60 x 10"
Si/Ag-03 : SnO, QDs/Au 2.02 x 10? 29.70 6.88 x 10° 1.37 x 10"
Si/Ag-06 : SnO, QDs/Au 1.90 x 10° 57 800 6.45 x 10° 1.85 x 10"

In our case, the formula applied for detectivity is specifically
valid under shot noise-limited conditions, where the primary
noise source is the statistical fluctuation in the dark current.
Since the value of dark current is significantly high, it is ex-
pected that the shot noise limited conditions are applicable in
this case. This assumption is typically appropriate when shot
noise dominates over other noise mechanisms such as thermal
(Johnson) noise and 1/f noise, particularly at moderate to high
frequencies and in devices with measurable dark currents. At
present, due to instrumental limitations, we have not experi-
mentally measured the noise values. However, we utilized this
formula in the current work primarily to understand the relative
trend of detectivity variation based on previous studies rather
than to report absolute D* values. The calculated detectivity
trends offer qualitative insight into how Ag incorporation
influences the SnO, optoelectronic performance.®**’

Further, among all devices, the Ag-06(Sn0O,) device has a much
higher photo-response due to its better charge carrier mobility.
Moreover, the Ag-06(SnO,) device has fewer defects, which
reduces leakage current and improves its overall performance.®**
The improved photo response depends on the free electron
concentration in the conduction band of metal-doped SnO,,
corresponding to the number of filled states. Hence, it can be
understood that Ag doping also passivates the defect level in
SnO,. Table 4 contains all the device parameters. Further, the
increased PDCR, EQE, and photo-detectivity in Ag-06 (SnO,)
photodetectors in both device configurations are due to optimal
Ag doping, which improves charge separation and reduces the
recombination of photogenerated electrons and holes. In pure
SnO,, optoelectronic defects like tin interstitials and oxygen
vacancies act as traps, causing significant recombination and
lower charge carrier efficiency, as discussed above.** When Ag is
incorporated into SnO,, it traps electrons and suppresses radia-
tive recombination, resulting in much lower PL intensity, espe-
cially in Ag-06(Sn0O,), which shows the best performance. The

optimal amount of Ag in Ag-06(SnO,) enhances charge carrier
mobility and reduces defect-related losses, allowing more elec-
trons to contribute to the photocurrent. This makes Ag-06(SnO,)
the most efficient among all samples for UV detection applica-
tions. We have compared our fabricated photodetector with the
previously reported ones in Tables 3 and 5.

3.12. Charge transfer mechanism in SnO, photodetectors

A photodetector absorbs light and generates charge carriers in
a semiconductor material. It behaves like a standard detector in
the dark, with a dark current arising from thermally generated
charge carriers.*” In this state, SnO, adsorbs oxygen from the
surrounding air, forming negatively charged oxygen ions on its
surface, as shown in Fig. 11. These ions create a barrier
restricting charge carrier movement, producing a dark current.
When light with sufficient energy (equal to or greater than the
bandgap of SnO,) is incident on the material, photons are
absorbed, exciting electrons from the valence band to the
conduction band, creating electron-hole pairs. The internal
electric field or an applied external bias separates these charge
carriers, generating a photocurrent. Additionally, UV light cau-
ses the desorption of oxygen ions, releasing trapped electrons,
further boosting the photocurrent, and passivating the opto-
electronic defects of SnO,.*>%3

Incorporating silver (Ag) into SnO, significantly enhances
the device's performance. Ag doping reduces surface recombi-
nation by passivating dangling bonds, promoting efficient
charge separation, and changes the conductivity. The formation
of a metal-semiconductor junction with Cu or Au electrodes
improves the collection of electrons. Optimal Ag doping, espe-
cially in Ag-06 (SnO,) quantum dots, enhances charge carrier
mobility and minimizes defect-related losses, making it highly
efficient for UV light detection. This combination of oxygen
desorption, defect passivation, and improved carrier transport

Table 5 Comparison of Photodetector parameters of doped samples with other UV photodetectors

Materials form Bias (V) A (nm) I (nA) R(mAW™) Reference
SnO, : Ag/P-Si heterojunction 3 422 — 287 77
Optimized SnO, with Ag NPs TFT 1 365 — 309 78
Au NP-SnO, 0.5 285 4200 1.6 x 10° 79
AuNP/SnO,/NiO 4.4 kv 365 10.6 3.53 x 107° 80
AuNP-SnO, nanowire 0.1 325 — — 81
Ag-03 (Sn0O,) and Ag-06 (SnO,) -1 200 7.86 2.02 x 10° Our work
-1 200 16.9 1.90 x 10°

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Sn0O,

Fig. 11 Schematic energy band diagram of SnO, under the source.

results in superior performance and stability, positioning Ag-
doped SnO, quantum dots as excellent emerging wide band
gap semiconductors for UV detection.

3.13. Antioxidant activity analysis of Ag-doped SnO, QDs

After being left alone for a whole day, the stability of the DPPH
solution was examined. At 517 nm, there is no change in the
absorption's color or intensity. This implies that the DPPH
solution did not change during the experiment. Ag lowers the
absorbance at 517 nm doped SnO, QDs because they reduce the
stable nitrogen free radical in 2,2-diphenyl-1-picrylhydrazyl
(DPPH).*** The electron density transfer from the oxygen
atom to the odd electron on the nitrogen atom in DPPH, which
results in a decrease in the intensity of the n* transition at
517 nm and a gradual change in the color of the DPPH solution
from deep violet to colorless, may be responsible for the anti-
oxidant activity of Ag doped SnO, QDs.**

Antioxidant activity of the synthesized NPs was investigated
against its time of exposure. The solution's hue gradually
changed from deep violet to colorless as the surface interactions
between the Ag doped SnO, QDs and the DPPH solution pro-
gressed. According to UV-visible analysis, as exposure duration
increased, the peak intensity of the supernatant DPPH solution
at 517 nm steadily decreased (Fig. S7(A and Bf)). The presence
of Ag doped SnO, QDs allow for the visual monitoring of the
antioxidant activity of the nanoparticles due to the color change
of the DPPH solution and the degree of decrease in UV-visible
peak intensity. The percentage antioxidant scavenging activity
of the nanoparticles was computed using equation (i) as indi-
cated in Fig. S7(C),T by measuring the UV-visible peak intensity
of the control and the supernatant of the nanoparticles con-
taining solution under examination at different time intervals.>®
From Fig. S7(C)f it is observed that the 6% Ag-doped SnO,
shows the highest antioxidant activity in comparison to the 3%
Ag-doped SnO, QDs. The bare Ag-00 (SnO,) QD sample has
negligible antioxidant activity as compared to Ag-doped SnO,
QDs as shown in Fig. S8(A).T After 210 min of exposure time, Ag-
03 (SnO,) and Ag-06 (SnO,) QDs show 71.7% and 79.2% of
scavenging activity whereas bare Ag-00 (SnO,) QDs show 0.39%
of scavenging activity as shown in Fig. S8(B).} As bare Ag-00
(Sn0O,) QDs show less antioxidant activity we further incu-
bated them for 24 h which showed 3.68% of scavenging activity.
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In the DPPH radical scavenging test, the enhanced antioxidant
activity of Ag-doped SnO, QDs is due to their modified surface
chemistry. Ag doping creates more surface defects and oxygen
vacancies, providing active sites that interact with DPPH radi-
cals. These sites donate electrons or hydrogen atoms to DPPH,
reducing it more efficiently. Ag also improves the electron
transfer rate, accelerating the scavenging process. Therefore,
the improved surface reactivity from Ag doping directly boosts
DPPH radical neutralization. A higher number of surface
defects and oxygen vacancies generally shows a positive corre-
lation with increased radical scavenging activity.*® From this
analysis, bare Ag-00 (SnO,) QDs have very little antioxidant
activity or are negligible, but after doping with Ag nanoparticles
it shows excellent antioxidant activity.**

4. Conclusion

In summary, three Ag ions substituted SnO, QD samples [Ag,-
Sn; _, O, (x = 0.00, 0.03 and 0.06)] were fabricated using the wet
chemical co-precipitation technique to investigate their
performance as photodetectors and also the efficacy in reducing
oxidative stress. Additionally, a study on the interactions with p-
nitrophenol for possible photodegradation application was also
conducted. Recorded X-ray diffractograms at room temperature
verified the phase-formation without the presence of impurity
phases in all the QD samples. Sherrer's formula was used to
determine the mean crystallite sizes for each sample and were
found in between 2.9 nm to 3.4 nm, which were below of Bohr
excitonic diameter confirming the quantum dot nature of the
samples. The quantum dot size of the prepared nanomaterials
was further confirmed by obtained HRTEM micrographs. Both
the phase-purity and local crystallographic symmetry were
further verified by analyzing the registered Raman spectra at
300 K. The EDS spectra verified the presence of all three
elements (Sn, Ag, and O) in the QD samples. The difference in
ionic radii between Ag and Sn ions causes Ag ions to be doped
inside the host SnO, structure, which results in point defects
and changes in the lattice constant. The blue shift was observed
in the absorption spectra for higher Ag-content QD samples.
The synthesized QDs have excellent absorption properties in the
UV band, which makes them useful for a wide range of optical
applications. Room temperature FTIR spectra also showed an
alteration of characteristic vibrations due to the modifications
in the chemical bond lengths caused by Ag doping. Compared
to pure SnO,, Ag-doped SnO, QDs showed relatively less pho-
toluminescence (PL) intensity, suggesting improved charge
separation and decreased electron-hole recombination.
Because of its increased specific surface area, the highest Ag-
doped SnO, QD samples were found to have more active sites
and be more suited for various applications, including photo-
detector, photocatalytic and antioxidant properties. As evident
by Hall coefficients obtained at room temperature, doping of Ag
ions turned the pure SnO, QDs into n-type semiconductor from
p-type. The 6% Ag doped SnO, QDs showed comparatively
better performance as photodetector. The negative change in
Gibbs free energy while studying the interactions between
nanocatalysts and p-nitrophenol pollutants confirmed the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spontaneous reactions and the interactions were thermody-
namically favourable, leading to degrading p-nitrophenol into
less toxic compounds. Additionally, we examined the capacity of
each pure and doped QD sample to scavenge free radicals, and
the results showed that SnO, QDs doped with Ag ions had
antioxidant properties that were noticeably superior to those of
pure SnO, QDs. On a concluding note, the Ag-doped SnO, QDs
have shown potential benefits in oxidative stress reduction,
photodetector and photodegradation.
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