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Abstract

The use of plasma processes in nanomaterial synthesis is limited by a lack of understanding of
the effects of plasma treatment on the morphology and other properties. Here, we studied the
effects of atmospheric plasma treatment on the morphology and optical properties of Ag
nanoparticles. The Ag nanoparticles were deposited on substrates by injecting an aerosol into
flowing argon gas and then treated with a low-temperature atmospheric plasma jet. After plasma
treatment, the mean Ag nanoparticle diameter reduced to an average of 5 nm, which was
accompanied by a blue shift of ~70 nm in the peak of the surface plasmon resonance; these
results are similar to those obtained by thermal treatment at elevated temperatures. The
reduction in nanoparticle size is explained by the redox reaction that occurs on the nanoparticle
surface, which is evident from the presence of AgO and Ag,O Raman peaks in the treated
sample. The surface charge changed as a result of plasma treatment, as indicated by a large
change in the zeta potential from +25.1 & 4 mV for the untreated sample to —25.9 & 6 mV
after 15 min of plasma treatment. Surface-enhanced Raman spectroscopy of the plasma-treated
films was carried out with the fluorescent dye Rhodamine 6 G, which showed a ~120-fold
enhancement in the signal intensity relative to the untreated substrates. We, therefore, conclude
that cold-plasma treatment modified the surface morphology of the Ag nanoparticles, thereby
enhancing their optical properties. This technique could be applied to a wide range of
nanoparticle systems used in biosensing applications.

Supplementary material for this article is available online

Keywords: cold atmospheric plasma, surface-enhanced raman spectroscopy, surface plasmon
resonance, silver nanoparticles, zeta potential

(Some figures may appear in colour only in the online journal)

1. Introduction electromagnetic and chemical enhancement [2—5]. The mor-

phology of metal nanoparticles (NPs) defines their plasmonic
Plasmonic materials are vital for applications such as response, which can be altered by various techniques, includ-
molecular-level biosensing and nanoscale electronics[1]. ing thermal annealing [6,7]. The thermal annealing [8—10] of
Plasmonic nanostructures, such as silver (Ag) and gold NP films leads to a change in the mean NP diameter owing to
nanoparticles, enable amplification of the scattered signal by agglomeration, creating an observable red or blue shift in the
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surface plasmon resonance (SPR). Ag NPs are an ideal can-
didate for optical applications [11,12] because of their high
extinction coefficient, their tunable optical properties through
their size and shape, and the SPR in the UV-visible region.
These properties have been exploited in applications such as
solar energy harvesting, light-emitting diodes, printed opto-
electronic devices, and surface-enhanced Raman scattering
(SERS) [13]. Ag NPs tend to form a natural oxide layer on their
surface, which affects the symmetry of the electro-dissolution
in electrochemical reactions, SPR and SERS [[14]. The sym-
metrical partial surface oxidation is acceptable for maintaining
the shape of Ag NPs and their optical response [14].

The state-of-the-art techniques to control the NP size
involve thermal annealing, which is not always desirable
because it is limited to static, rigid surfaces and is not suitable
for applications where non-planar, conformal, and flexible
polymer substrates are required. Selective laser sintering of
NPs can be used for processing polymer substrates; however, it
is challenging to control the laser beam [15]. Plasma-assisted
synthesis of NPs has emerged as an important research area
of material science and nanotechnology [16]. Moreover, the
plasma synthesis processes used to control NP size are highly
complex [17]. Here, we propose a novel and simple approach
of cold atmospheric plasma (CAP) treatment to provide energy
to the Ag NP substrate, similar to that provided in thermal
annealing but at room temperature. We deposited Ag NPs on
substrates by injecting aerosol in flowing argon gas and then
treated them with a low-temperature atmospheric plasma jet.
The aerosolized NP deposition and plasma set-up are derived
from our previous work [18] and that of Dey et al [19]. with a
few modifications. The plasma technique used by Khan et al
[20]. involves pulsed laser deposition and comparatively com-
plex experimental assembly. By contrast, our set-up contains a
simple nebulizer to create an aerosol of NPs for the deposition.

In this work, we observed a size reduction of Ag NPs after
surface plasma treatment due to symmetric partial oxidation.
The blue shift in the SPR signal was consistent with Mie
theory; that is, the SPR absorbance peak was a function of
the particle concentration and radius [21]. As-deposited films
were used as the SERS substrate to detect R6 G peaks to
characterize the optical properties. The SERS signal intens-
ity from the plasma-treated substrate was ~120 times higher
than that of the untreated substrate. We attributed this enhance-
ment to the size reduction, hot-spot formation, surface elec-
tron excitation, and increased surface roughness after plasma
treatment. Plasma treatment also led to a substantial change in
the effective electric charge on the Ag NPs surface, which we
quantified using zeta potential measurements. The morpholo-
gical changes of the Ag NPs are explained by a redox reaction
induced by the high energy and high concentration of reactive
species in the CAP environment.

2. Experimental methods

2.1. Aerosolized deposition and argon plasma assembly

Figure 1 shows the experimental set-ups used for Ag NP
deposition (figures 1(a) and (b)) and for plasma treatment

(figures 1(c) and (d)). For Ag NP deposition, an ultrasonic
nebulizer was used to create an aerosol of the NP solution. The
nebulizer was connected to a quartz tube to provide a desired
path to the aerosol. The ultrasonic nebulizer was modified to
have one inlet for Argon (Ar) gas and one outlet, which con-
nected to the quartz tube, with an outer diameter of 6 mm and
an inner diameter of 3 mm. A glass capillary with a I-mm inner
diameter was inserted into the quartz tube (Technical Glass
Products, Ohio). Another Ar inlet was connected to the mid-
way point of the quartz tube and was controlled by a mass flow
controller (MFC). Teflon tape (Everflow Supplies) was used as
a moisture blocker between the quartz tube and glass capillary
(placed in front of the MFC outlet) to absorb the excess mois-
ture created from the aerosol in the path before deposition.

To generate the plasma (figures 1(c) and (d)), a high-voltage
supply (variable output of 1-20 kV; variable frequency of
20-60 kHz; current of 20-30 mA) was connected to two elec-
trodes made from copper rings on the quartz tube. These
tubular copper electrodes were placed 1 cm apart. The MFC-
controlled Ar gas flow was supplied to the quartz tube to pro-
duce a stable Ar cold plasma. The Ar flow rate was set using
a gas flow controller at 2 1 min~'. An external power supply
was used to deliver sinusoidal power (~10 kV, ~30 kHz) to
the electrodes. The high-voltage supply was turned on, and
the impedance was adjusted in such a way that the voltage
and variable frequency reached a point where the downstream
plasma became stable. The voltage supply and gas flow were
turned off after treatment.

Branched Polyethylenimine (BPEI)-functionalized Ag NPs
of an average size of 10 nm were purchased from Sigma-
Aldrich and used to make a 0.02 mg ml~! solution in deionized
water. The solution was poured into the nebulizer to create the
aerosol. The aerosol was carried upwards by an Ar gas stream
of ~15 SCCM, which was supplied to the inlet of the nebulizer
along the path through the quartz tube and the capillary. The
Ar gas supplied to the midway of the quartz tube regulated
the flow of the NPs for film deposition as required. The con-
centrated Ag NPs were carried through the capillary and were
deposited on the quartz slides for SPR detection, on silicon for
scanning electron microscopy (SEM), and SERS characteriza-
tion, and on copper grids for transmission electron microscopy
(TEM).

2.2. Plasma characterization

The optical emission spectra was recorded for the Ar gas
CAP, as shown in figure 2. An optical emission spectrometer
(Ocean Optics, HR2000 + ES) was used to obtain the intens-
ity counts for the downstream plasma [22]. The intensities for
the Ar transitions were also measured [23]. Using the ratio
method [24], the relative intensities were plotted against rel-
ative higher-level energies for the respective transitions, as
shown in the inset of figure 2; the relationship is given in equa-

tion (1) [25]:
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Figure 1. (a) Schematic illustration and (b) photograph of the experimental set-up for the deposition of Ag NPs on the substrate. (c)
Schematic illustration and (d) photograph of the experimental set-up of the cold plasma unit. (¢) Ag NPs deposited on a flexible polyimide

film.

where A is the transition probability, g is the statistical weight
of the electron, A is the wavelength associated with the trans-
ition, E is the higher-level energy for the transition, k is the
Boltzmann constant, and T is electron temperature. To validate
the above result, the relationship between the relative intens-
ities and relative energies was plotted. The slope of the fitted
plot was calculated, as shown in the inset of figure 2, and the
electron temperature was found to be 7 = 1.08 eV. Using the
Saha—Boltzmann method [26,27], the electron density, n,., was
calculated as:

1 3 —-E -E
ne = 6.O4x1021xix(T);e (xzk;z) )
K

3
where (27rmeh—3) 2 =6.04 x 10!, and xz is the ionization
potential of Ar (assumed to be 15 eV).

The electron density, n, = 1.9x10'" ¢cm™2 is the number
of electrons that were energized and excited into an ionized
state.

2.3. Plasma treatment and thermal annealing of NPs

Samples for SPR were prepared by depositing Ag NPs on
quartz slides followed by plasma treatment for 5, 10, or 15 min.
For comparison between the plasma-treated and thermally
annealed substrates, sets of as-deposited slides were annealed
using rapid thermal processing (RTP) for the same duration at
250 and 400 °C in an Ar/O, environment. The thermal energy
for the gas at 400 °C was 0.058 eV, which was obtained from
the temperature of the gas used in RTP. SPR signals were
measured for all samples using a UV-visible spectrometer
(Thermo Fisher, Evolution 300).
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Figure 2. Optical emission spectra for Ar plasma. Inset: relative intensity of the Arl and Arll transitions with respect to the relative

higher-energy level.

2.4. Surface charge measurements

The electric charge on the Ag NP surface after plasma
treatment was analyzed by performing zeta potential measure-
ments using a particle zetasizer (Malvern Instruments). AgNP
dispersion was used to deposit on the quartz slides and then
was treated with the plasma. Measurements were made using
this dispersion in capillary zeta cells. The zeta potential was
recorded for the suspension immediately after the treatment.
The readings were taken for 15 runs and were averaged for
five different samples.

2.5. Surface-enhanced Raman spectroscopy

Ag NPs were deposited on silicon substrates, and the SERS
signal for R6 G was measured with and without plasma treat-
ment. R6 G (Sigma Aldrich) was diluted to 5 4M and placed
directly on the untreated and treated Ag NP films. A 10 ul
probe solution was used to create a drop on the substrates,
which was spread into the circle with a 4 mm diameter. The
SERS signals of both the samples were recorded using a Lab-
RAM HR spectrometer. The intensities were recorded at 30
selected points and then averaged. The spectral position was
calibrated at the 520.5 cm™~! peak of Si/SiO,, and signals were
recorded at a 532 nm excitation wavelength with a diameter of
the region under the laser beam of 5 ym. Gaussian—Lorentzian
peak detection was used after subtracting the noise from the
signal in 15 acquisitions. To calculate the enhancement factor,
the peak intensities of the R6 G directly on the bare silicon
substrate were detected after spreading it in a 4 mm-diameter
circle and letting it dry. The EF for the recorded signals was
calculated based on the methods used in Meyer ef al [28]. and
Li et al [29].

2.6. Imaging

The aerosolized Ag NPs were deposited with thermal and
plasma treatment onto silicon substrates for SEM imaging

(JOEL, SEM 7000 1) at an operating voltage of 20 kV and with
a9 uA probe current. The SEM images were processed using
Image] software to obtain the Feret diameter distribution of
the untreated and treated Ag NPs. The TEM images of the Ag
NPs were captured using a Philips CM200 TEM at a 200 kV
excitation voltage. Atomic force microscopy (AFM) images
were recorded for samples prepared on silicon substrates using
AFM WORKSHOP TT, and the results were processed using
Gwyddion software tools. The surface roughness and texture
of the untreated and plasma-treated samples were plotted.

3. Results and discussion

3.1 Surface plasmon resonance

The SPR absorption peaks of the untreated and thermally or
plasma-treated Ag NPs films deposited on quartz substrates
are shown in figures 3(a)—(c). The SPR peak of the untreated
substrates was observed at 426 nm, which was blue-shifted
to 415, 393, and 361 nm, after plasma treatment for 5, 10,
and 15 min, respectively. Thermal annealing resulted in a blue
shift of 7, 17, and 25 nm at 250 °C, and 9, 28, and 45 nm
at 400 °C at 5, 10, and 15 min, respectively. After 15 min,
no significant peak shift was observed for thermal annealing.
Moreover, the strength of the SPR absorbance was reduced
for the treated samples. An almost linear plot of the blue shift
after plasma or thermal treatment is shown in figure 3(d),
where the plasma treatment resulted in a similar resonance
response to thermal annealing. From figure 3(d), we note that
there was a larger shift in the SPR peak for plasma treat-
ment than for thermal annealing for the same duration of the
treatment.

The blue shift and the reduced intensity of the SPR peak
in figure 3 suggest that plasma treatment reduced the size of
the NPs and increased the distance between adjacent particles
[30,31]. Because of the size reduction, the surface-to-volume



Nanotechnology 31 (2020) 365706

A Sonawane et al

0.02

8

20.015

m

£

5 0.01

8

- Untreated
< 0.005 |5 mins treated
-+ 10 mins treated
0 —15 mins treated
300 400 500 600 700
Wavelength (nm)
0.02

:

= 0.015

= L
£

o 0.01 P

(7] ™
g ~ Untreated

0.005

—5 mins treated
- 10 mins treated
—15 mins treated

0
300 400 500 600
Wavelength (nm)

Absorbance

0.02

e
=1
=
W

0.01

- Untreated
0.005 |—5 mins treated
-+ 10 mins treated
0 —15 mins treated bl
300 400 500 600 700
Wavelength (nm)
HBO +Plasma Treated
E +Thermally Treated at 400C
‘E'EU + Thermally Treated at 250C
= 4
o
W
a0
£
I
w20
=
m

Treatment Time (mins)

Figure 3. SPR of films (a) plasma-treated, (b) thermally treated at 250 °C, and (c) thermally treated at 400 °C. (d) The blue shift of (a—c)

after thermal and plasma treatment.

ratio increased. This led to an increase in the number of scat-
tering electrons at the NP surface, which is responsible for
the reduced lifetime of the oscillations and increased spectral
width [32].

Our results differ from those of studies that use sintering
processes of drop-casted NPs [17,33] because of the depos-
ition technique. After aerosol deposition, the lack of liquid
media prohibits NP migration and agglomeration. In addition,
the process is independent of the substrate and takes place
at a low temperature. Hence, it allows NPs to be processed
individually, which contributes to the size reduction and blue
shift in the SPR signal. To confirm this explanation [34], we
repeated the experiments using drop casting as the deposition
method; this led to coalescence and a red shift in the SPR sig-
nal, as shown in the supplementary work (available online at
stacks.iop.org/NANO/31/365706/mmedia).

3.2. SEM imaging

The Ag NPs were deposited on silicon substrates using the
same deposition conditions used for the SPR study. The sub-
strates were then thermally annealed at 400 °C or plasma-
treated for 15 min. Figures 4(a)—(c) show the SEM images
of the untreated, thermally annealed, and plasma-treated
samples, respectively. The size of the NPs was reduced, and
the NPs were well dispersed after both treatments.

The SEM images were processed in ImageJ to identify the
NP boundaries (figures 4(d)—(f)) and to determine their Feret’s
diameter (figures 4(g)—(i)). Untreated NPs have an average
Feret’s diameter of ~15 nm with the largest particle size of
44 nm because of NP agglomeration during deposition. After

thermal annealing, the mean Feret’s diameter was reduced to
6 nm, with the diameter of most particles falling in the range of
5-7 nm. Similarly, for the plasma-treated sample, the particle
distribution was further narrowed with a mean diameter of
5 nm.

3.3. Surface charge measurements

The zeta potential changed from +25.1 &+ 4 mV of the
untreated sample to —25.9 £ 6 mV after 15 min of plasma
treatment, as shown in figure 5. The magnitude of the zeta
potential defines the NP stability due to interparticle elec-
trostatic repulsion. The high magnitude of the untreated Ag
NPs is due to the BPEI coating, which imparts positive
charge. Similarly, the high magnitude after the treatment (with
reversed polarity) ensures the NPs remain stably dispersed.
The observed change in the zeta potential and the possible
mechanism behind it has been discussed in section 3.5.

3.4. TEM and AFM imaging

Figures 6(a)-(b) show the TEM images of untreated and
plasma-treated Ag NP samples prepared on copper grids.
The untreated NPs were agglomerated but the plasma-treated
NPs were well organized and dispersed. The NP size was
reduced after the plasma treatment and a surface oxide formed
(figure 6(b)). The diffraction pattern shown in figure 6(a)
reveals that the untreated NP film was polycrystalline with
various diffraction rings. The diffraction pattern of the NP film
tended towards single crystallinity because of the un-piling of
NPs as a result of plasma treatment.
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NP size distribution was attributed to the size reduction after either treatment. The plasma-treated NPs exhibited a more uniform film than
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to —25.9 mV after treatment.
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Figure 6. TEM images and diffraction patterns (insets) of (a) untreated and (b) plasma-treated Ag NPs. AFM images of (c) untreated and
(d) plasma-treated Ag NP film; the roughness and texture are shown in the insets.

The surface roughness was quantified for untreated and
plasma-treated (15 min) Ag NPs, as shown in the inset of
figure 6(c). The plots of the roughness of untreated and treated
samples show the increase in the amplitude and the number of
peaks after treatment for the same projected area. The topo-
logy of the selected area (indicated by the white arrow) for
the untreated sample is shown in the inset of figure 6(d). The
untreated sample shows a smooth topology, and the treated
sample shows a rough surface. The mean roughness changed
from 1.12 to 1.4 nm, and the route mean square roughness
changed from 2.2 to 3.2 nm.

3.5. Mechanism of plasma-induced reduction in NP size

Our proposed mechanism of Ag NP surface modification
due to the plasma treatment is presented in figure 7. The
BPEI coating on the NPs provides electrosteric repulsion
between particles and prevents agglomeration [35]. Because
the BPEI electrosteric stabilization involves electrostatic and
steric bonding between the particle and polymer, NPs acquires
a positive surface charge [36] (as confirmed by zeta potential
measurement in section 3.3). Negatively charged ions are then
adsorbed on the surface of positively charged NPs in the Stern
potential region to form an electric double layer (EDL) [37].
We believe that as the thermal annealing process starts, the
EDL that is formed around the surface of the NPs breaks and

leaves a net positive surface charge. Because the BPEI coat-
ing has a flashpoint at 110 °C, the NP—polymer electrosteric
bonds are broken by further annealing at 250 and 400 °C
[37]. In the case of plasma treatment, the energetic electrons
(average energy ~1 eV) provide enough energy to break the
weak bonds between the BPEI polymer and the surface of the
NPs [38]. The Raman spectrum in figure 7(b) shows intense
peaks at 123.8 and 142.2 cm~! attributed to the vibrational
mode of the Ag lattice [39]. These peaks are enhanced after
plasma treatment, which validates our hypothesis that the coat-
ing is removed from the NP surface during treatment. The
Raman spectrum shows an intense band of amine bending at
1600 cm~!, which can be observed after 5 min of plasma treat-
ment owing to the breaking of the amine group of the BPEI
coating from the NP surface [40]. The shift of this band to
1555 cm~!, and the bands at 1442 and 1062 cm~! are attrib-
uted to the protonation of an amino group of PEI. The Raman
peaks at 791 and 885 cm~! are due to vibrations of the ethyl-
ene groups present [40]. The band at 942 cm~! was enhanced
after plasma treatment up to 15 min, which indicates the break-
ing of BPEI bonding and removal of the coating from the NP
surface. After 15 min, the intensity of this band decreased
owing to the formation of the surface oxide layer. The SERS
of BPEI is very weak at 532-nm excitation; hence, this excit-
ation wavelength was used to detect R6 G peaks (as shown in
section 3.5) to study the structural changes of the surface of the
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Ag NPs. Further, a new EDL forms owing to the ions and elec-
trons present in the downstream plasma. For the CAP set-up
used in this work, the Debye length is ~75 pim [41]. Therefore,
the potential developed between the surface and the plasma is
confined in the plasma sheath, which is much larger than the
EDL formed on the NP surface.

The energy provided by plasma treatment was sufficient to
keep the surfaces of the NPs separated by distances equal to the
repulsive barrier. The plasma-treated NPs formed an organ-
ized NP film on the substrate as they settled during deposition,
under attractive Van der Waals forces. Although some posit-
ive surface charges on Ag NPs are nullified by electrons, Ag™
also combines with the reactive oxygen species present in the
plasma to form AgO and Ag,O on the surface. Some Ag* ions
are also reduced by the plasma electrons. The Raman spectra
in figure 7 show a sharp peak at 240 cm~!, which is attrib-
uted to the stretching of Ag—O bonds as the reactive oxygen
species present in the plasma environment (as shown in sec-
tion 2.2) react with the surface of the Ag NPs [42]. The peaks
at 217, 300, and 490 cm~! are due to O, anions in the AgO
and AgO; lattice, which is evidenced by the formation of an
oxide layer on the NP surface [39,43]. The low intensities of
all these peaks show the partial oxide formation until 15 min of
the treatment. After 15 min, higher intensities were observed,
which are attributed to asymmetric oxide layer formation on
almost the entire NP surface. The ratio of intensities of the Ag
lattice vibrations at 123.8 and 142.2 cm~! to AgO at 240 cm™!
increased after 20 min of plasma treatment, indicating a higher
coverage of the oxide layer. Hence, changes in morpho-
logy and optical properties were observed until 15 min of
treatment.

The lower intensity of the SPR absorbance peak after
plasma treatment, as shown in figure 3, can also be explained
as a consequence of the decrease in the net positive charge
on the Ag NP surface after treatment [44]. The reduction in
the NP size is also due to the surface oxide layer. The neg-
ative charge density developed on the NPs is desorbed when
plasma species provide the appropriate activation energy lead-
ing to the sublimation of the surface oxide [45]. The minimum
energy required to decompose the Ag,O layer is 1.25 eV and
the reduction potential of Ag™ is 0.8 V [46]. The average elec-
tron energy in the downstream plasmais 1 eV (see section 2.2),
which is sufficient to remove the BPEI coating, form a sur-
face oxide, change the surface charge, and ultimately reduce
the particle size. However, the plasma energy is slightly lower
than that required for decomposition of the Ag,O oxide layer
formed after 20 min of treatment, as shown in the Raman spec-
tra in figure 7.

3.6. SERS characterization of the plasma-treated NP fim

Figures 8(a)—(b) show the SERS signals for R6 G on the
untreated sample and after plasma treatment for 3, 5, 10,
15, 20, and 25 min. Prominent R6 G peaks were detected at
612, 772, 930, 1084, 1127, 1187, 1310, 1364, 1419, 1507,
1575, and 1648 cm~! for the untreated and plasma-treated
samples. The spectra also show additional peaks at 658, 1084,
1127, 1275, and 1595 cm~! for the plasma-treated samples.
The spectra for samples treated from 3 to 15 min showed
the sharpest lower-intensity peaks. These peaks were sup-
pressed in the untreated sample. Moreover, the SERS sig-
nal at 1364 cm™! after 15 min of treatment was ~120 times
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Figure 8. SERS response of R6 G on as-deposited and plasma-treated Ag NP films on a silicon substrate. The R6 G response is enhanced
until 15 min of plasma treatment, after which it saturates because of the complete surface coverage of the oxide layer. The inset in (b) shows

the enhancement factor of R6 G as a function of treatment time.

higher than that of the untreated film. This shows the prom-
ising improvement of SERS performance of plasma-treated
Ag NP films.

The uneven redox reaction occurring on the NP surface,
leading to the increased surface roughness and hot-spots cre-
ated at nanogaps [47], also contributed to the SERS enhance-
ment. The untreated NPs agglomerated, resulting in lower
SERS enhancement than for the plasma-treated samples [47].
The inset of figure 8(b) shows the change in intensities of
the SERS peaks for the untreated and treated samples. The
enhancement factor (EF) was calculated for the R6 G peak
at 612 cm~! as 7.8 x 10", and that of at 1364 cm~! was
calculated as 3.4 x 10' for 15 min of plasma treatment. The
EF was reduced after 20 min of treatment because of asym-
metric or entire surface oxidation, as described in section 3.5.
The enhancement in the Raman peaks of the R6 G signal until
15 min of plasma treatment with a subsequent decay validate
the mechanism discussed in section 3.5.

The stability studies of plasma-treated AgNPs SERS sub-
strates have shown stable enhancement until 96 h after the
treatment. The results have been added in the supplementary
work.

4. Conclusions

We optimized plasma-assisted aerosolized NPs deposition,
which resulted in a reduction of NP size and the formation
of a well-dispersed film, as confirmed by SPR and SEM. The
results obtained for the plasma treatment at room temperature
were comparable to those of thermal treatment at elevated tem-
peratures. Thus, this technique can be implemented in areas
where thermal treatment and its inherently complex assembly
is not desirable for size-controlled NP film deposition.

The plasma-induced redox reaction resulted in
morphological changes in the Ag NPs and increased surface
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roughness, as confirmed through TEM and AFM. The
enhancement in the SERS signal highlights the potential of
our method to be used to prepare sensitive SERS substrate
for biosensing applications. These substrates can be formed
at room temperature and on flexible materials, such as poly-
mers, papers, and textiles. Moreover, we demonstrate that this
method can be used to tune the surface charge of the Ag NPs.
This could be exploited for electrochemical sensing because
it increases the activity and affinity towards specific charged
molecules. Our work opens new avenues in nanotechnology
and will spur further studies into understanding the effects of
plasma treatment on NPs.
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