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Anubhab Sahoo, © 2 Tejendra Dixit, ©° Anshu Kumari, © € Sharad Gupta, © ¢
R. Kothandaraman, ©¢ P. P. Rajeev,’ M. S. Ramachandra Rao*?®

and Sivarama Krishnan

@ *ag

Controlling both UV and visible emissions in ZnO quantum dots (QDs) poses a significant challenge due to

the inherent introduction of defects during the growth process. We have refined the photoluminescence

(PL) emission characteristics of ZnO QDs through a single-step, reagent-free femtosecond pulsed laser

ablation in liquid (fs-PLAL) technique. The ratio of the near band edge (NBE) to deep-level emission

(DLE), which determines the shape of the QDs" optical emission spectrum, is precisely controlled by the

ablation laser pulse parameters—namely, pulse energy and temporal duration. Having established our

ability to control the optical properties, we have investigated the mechanisms and physics involved in

controlling optical emission. The key highlight of the work is that ablation with a fs-pulse induces

substantial defect states without altering the particle size, with the extent of the effect being dependent

on the pulse energy and pulse duration. The spectroscopic techniques inducing Raman spectroscopy,

excitation power dependent PL and transient PL study provided deep insight into the PL emission
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properties of these similarly sized QDs. The improved DLE in these laser-ablated QDs is explained by

a surface-recombination-layer approximation process employing steady-state and transient PL.
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1 Introduction

Multifunctional semiconducting quantum dots (QDs) have
attracted remarkable attention as potential materials for
application in the field of biotechnology,” sensors,*® and
optoelectronic devices.®” In order to accomplish these appli-
cations, materials must have certain crucial features, such as
tunable optical properties, photostability, thermal and
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Moreover, we have demonstrated the applicability of green emission for pH sensing within a linear range
of 7-10 and highlight the inherent antibacterial properties of these QDs.

chemical stability, biocompatibility, and so on. In particular,
a photodetector demands high photostability under prolonged
light exposure;'®** photocatalysis requires chemical stability in
various pH environments in solution;*** and bioimaging
necessitates biocompatibility and photo-chemical stability in
various solvent media.'>'® Wide bandgap semiconductor ZnO
QDs can offer tunable luminescence properties, large exciton
binding energy at room temperature, and high linear and
nonlinear absorption coefficients'” due to the confinement
effect. These naturally biocompatible ZnO QDs can be tuned to
have controllable surface defects, hence tuning the lumines-
cence characteristics. This makes ZnO QDs a potential candi-
date for optoelectronic applications such as UV detectors,'®*®
UV emitters,* active media in solar cells,***> photocatalysis,****
fluorescent labeling®*® and biomedical applications such as
drug delivery,” anticancer activity,' orthodontic adhesives® as
well as bio-imaging.>»***® Therefore, it is necessary to synthesize
QDs with tunable defect or surface states in order to manipulate
the absorption and emission properties by a biocompatible
technique. In addition an extensive study is required to
understand these optoelectronic properties in the presence of
various pH environments.

Tunability of photoluminescence (PL) emission in ZnO QDs
is one of the key challenges to establish the optoelectronic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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applications. Both intrinsic and induced defects during pre and
post-synthesis can affect the luminescence properties of ZnO in
the UV-visible region.** ZnO displays two distinct peaks in its PL
analysis: one corresponding to near band edge emission (NBE),
which falls within the UV range, and another corresponding to
deep-level emission (DLE), which falls within the visible range.
Only a few studies have shown the ability to regulate defect
states, namely the NBE/DLE ratio, in pure ZnO QDs. Further-
more, achieving control over the DLE through a single-step
synthesis procedure continues to be a challenging task.

The visible emission of the ZnO QDs in the PL spectra is
highly influenced by surface states that can be engineered by
heat treatment, adsorption of functional groups, etc.**>* The
formation of surface defects usually depends on the synthesis
process and the growth environment. Though the shape and size
of the QDs influence the DLE,* the surface defects can selectively
control the DLE. There are only a few methods adopted in the
past to systematically control the DLE, such as plasma treatment
of ZnO QDs by coating Au and Ar-SFs,***” doping of rare-earth
metals,®®*® and sulfurization and desulfurization followed by
annealing of nanostructures.** Many of these techniques involve
multiple steps, typically after introducing materials to the host
via doping or gas treatment. This process may either impede the
realization of further applications or potentially harm the
inherent biocompatibility of ZnO. This motivates the need for
a single-step method that is reagent-free and residue-less, which
is also capable of controlling and tuning the optical properties of
this versatile multi-functional material. Discussing defects in
pristine ZnO QDs involves three key aspects: (a) the impact of
Urbach energy on DLE, which is limited to NBE for <10 nm QDs,
(b) the causes of enhanced DLE emission in QDs of similar size,
and (c) selective control of the depletion layer on the surface of
QDs and its impact on PL and transient PL. These aspects have
been meticulously investigated in this article, and plausible
mechanisms have been discussed.

Hence, it is crucial to choose the synthesis process based on
physical or chemical properties desired for an application.
Interestingly, pulsed laser ablation in liquid (PLAL) creates QDs
without residues in a single-step method.**** Although most
studies on the synthesis of ZnO QDs using PLAL concentrate on
laser energy or fluence during the laser ablation process, vari-
ation of the pulse-width was not considered for discussion.***°
For longer pulse regimes, i.e. nanoseconds and picoseconds
(>10 ps), several studies demonstrated the preparation of the
ZnO QDs from a zinc target (foil)***® and ZnO pellet directly,***°
where the size of nanoparticles was manipulated using pulse
energy at a constant pulse-width. The recent work on femto-
second laser ablation in water demonstrated the preparation of
ZnO QDs from a zinc plate at different pulse energies at
a constant pulse-width of 50 fs, resulting in the variation of the
QD size distribution.*® The fixed pulse-width of nanosecond and
picosecond laser systems limits the experimental conditions. In
contrast, femtosecond pulses, which are sensitive to dispersion,
can be easily adjusted over a span of several hundred femto-
seconds. Apart from the average pulse power, the nonlinear
interactions of pulses are very sensitive to the pulse-width due
to the field-dependent avalanche process.”* In such a short
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pulse regime, ablation pulse intensity matters significantly
compared to laser fluence. Despite substantial research,
controlled tuning of DLE to NBE in pristine ZnO QDs, notably in
the single-step process, has not been anticipated or realized. To
our knowledge, for the first time, this article presents the facile
control of essential optoelectronic properties in the fs-PLAL
process by varying the control parameters including both
pulse width and pulse energy.

2 Results and discussion

2.1 Photoluminescence and the fs-PLAL mechanism

The ZnO QDs synthesized using the fs-PLAL method have been
optimized by controlling the process parameters, such as the
pulse-width and the average power of the ablation pulses. A
detailed explanation of the synthesis of ZnO QDs is provided in
Section 1 of the ESI (ESI).T The ZnO QDs were prepared with
awide range of pulse-width variation, starting from 150 fs to 750
fs, and the PL spectra were recorded at 325 nm excitation
wavelength. For a clear understanding, the spectra were
normalized with respect to the peak intensity of the NBE. Fig. 1
depicts the comparison of two of the PL spectra in panels (a)
and (b) for pulse-widths of 250 fs and 750 fs, respectively. A
systematic variation in the PL spectra recorded for the samples
prepared at 250 fs to 750 fs can be found in ESI (ESI) Fig. S2.7
For each pulse-width, we are demonstrating the PL spectra of
the samples prepared at different pulse-widths with different
ablation powers from 0.75-1.5 W and normalized with respect
to the NBE peak. From Fig. 1(c), it is evident that the deep-level
emission (DLE) peaked = at 523 nm amplitude increases
steadily with increasing pulse-width to a maximum and then
starts to decrease for each ablation power. The ratio of DLE to
NBE peaks was extracted from these curves to evidence optimal
ablation pulse-widths for each ablation power, e.g., pulses with
temporal widths between 450 and 600 fs are optimal for maxi-
mizing the DLE/NBE ratio (intensity ratio). This clearly
demonstrates that the giant-green emission observed in these
fs-PLAL synthesized pristine ZnO QDs can be controlled by
choosing a suitable pulse-width.

The PL measurement is the most straightforward technique
for quantifying the defect states present in the material. The
NBE peak asymmetry culminated in a sharp peak at 378 nm
with a tail state emission at 393 nm.>* The 378 nm emission can
be assigned to the band-to-band transition, with a loss of 60
meV due to exciton binding energy.*> The emission tail from
390-410 nm is primarily related to the transitions from the zinc
interstitial (Zn;) state to the valence band.*** Green lumines-
cence (2.4-2.5 eV) is the peak most surveyed in the PL spectra of
ZnO; however, the origin of green emission still needs to be
better understood. There are two very convenient explanations
for the green emission, which are the transition of electrons
from singly ionized oxygen vacancies to the valence band
V,>>°*%% while others claim transitions from zinc vacancies Vy,
as the possible reason.’® Furthermore, the peak centered at
around 525 nm can be deconvoluted into two peaks with peak
positions at 510 nm and 560 nm, attributed to charged oxygen
vacancies present in the ZnO QDs.*® Keeping these spectral
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Fig.1 Optical emission PL spectra of ZnO QDs prepared at different pulse-widths (a) 250 fs and (b) 600 fs obtained from the fs-PLAL process.
The spectra were normalized at their respective NBE peaks at 378—-379 nm. Panel (c) depicts the variation of the DLE to NBE ratio as a function of
the temporal width (FWHM) of the ablation pulse for different ablation beam average powers from 0.75-1.5 W. Panel (d) represents a schematic
illustration of the PL emission mechanism, highlighting the contribution of energy levels. The deconvolution of emission spectra has been shown
for ablation powers of (e) 0.25 W and (f) 1.5 W at a 500 fs pulse-width. The real-time emission for these samples is shown in their respective insets.
A linear enhancement in the DLE to NBE ratio with ablation power for 500 fs is shown in panel (g). (h) TEM micrograph of ZnO QDs prepared with
an ablation power of 1.5 W with 600 fs pulses. The inset shows the high-resolution image of the (100) plane with a lattice spacing of 2.8 A. Panel (i)
shows the variation of mean QD size (diameter) as a function of ablation pulse-width. The inset shows the size distribution for the 600 fs sample

in panel (i).

positions constant, we have deconvoluted the PL spectra to five
Gaussian fits and suggested a possible band diagram for the
emission spectra. As shown in Fig. 1(d) and (f), the deconvo-
luted spectral lines are as follows: (i) the peak at 378 nm
corresponds to the band-to-band transition. (ii) The tail emis-
sion at 392 nm is attributed to the transition from doubly
ionized zinc interstitial (Zn;) to the valence band (Zn;-VB).** (iii)
A small contribution of blue emission at 456 nm is due to the
transition from Zn;"" to the valence band (Zn;"*-VB). (iv) The
green emission is accompanied by a donor-level transition from
V,' to the valence band at 510 nm (V,'-VB) and the transition
from the conduction band to the V," corresponds to the
560 nm emission (CB-V,""). The schematic for the PL emission
is depicted in Fig. 1(d).

526 | Nanoscale Adv., 2025, 7, 524-535

As discussed above, the pulse-width plays a key role in defect-
induced green emission. Fig. 1(c) makes it clear that using fs-
PLAL, the maximum improvement in green emission can be
obtained between 450 and 600 fs. To achieve the systemic
enhancement in the green emission, we have selected a 500 fs
pulse-width with an extended power variance ranging from
0.25 W to 1.5 W. The PL emission spectra of these QDs are
shown in Fig. S2 (ESI). The deconvoluted emission spectra are
shown in Fig. 1(d) and (e) for samples prepared at 0.25 W and
1.5 W, respectively. The emission was controlled from blue to
the dominant green emission. The digital images of these
samples for real-time fluorescence are shown in the corre-
sponding insets of Fig. 1(d) and (e). Panel (f) depicts the linear
enhancement in DLE (green) achieved by varying the ablation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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power from 0.25 W to 1.5 W. The analysis of the PL spectra can
be discussed in two regimes, (a) NBE and (b) DLE. First, the NBE
consists of two peaks: a main exciton peak with a shoulder peak
at 393 nm. The contribution of this shoulder peak that quali-
tatively indicates the presence of Zn; states is found to be higher
at the lowest power, whereas this decreases gradually with an
increase in ablation power. Importantly, the key feature of this
work lies in the green emission, which increases with ablation
power. This evidences that the formation of V," and Vv,
increases with an increase in the ablation power, ie. higher
thermal energy appears to promote the formation of these
defects. In the subsequent sections, structural and other optical
characteristics are explored in detail in order to explain these
fascinating luminescent properties.

While we uncover the reasons underlying this behavior, we
note the following in the context of the fs-PLAL synthesis and its
impact on the ablation process: ablation pulse-widths, which are
employed here, typically less than 1 ps, initiate an ablation of the
target, which is a non-equilibrium process. The system cannot
attain equilibrium during the interaction of these pulses with
matter. Importantly, thermalization occurs much after the
ablation pulses are gone, as evidenced in the numerical simu-
lations of Scorticati et al.>” The fs-PLAL plasma responsible for
the production of these QDs is unusual and differs significantly
from nanosecond or continuous wave laser-produced plumes in
typical pulsed laser ablation or deposition processes.”®* Given
that the prevailing model for nanoparticle formation by pulsed
laser ablation in liquids is based on the initial extrusion of the
material due to photo-absorbed energy and the formation of the
plasma plume at the target by interacting laser pulses* (c¢f ESI
Section S4t), it is not surprising that the pulse parameters,
temporal width, and pulse energy impact the optical properties
of these QDs definitively. For longer pulse durations, typically
above ~1 ns, the surrounding solvent significantly influences
nucleation and nanoparticle formation, as these processes occur
on a similar timescale. This interaction affects the surface
characteristics of the QDs. Previous studies on nanosecond-laser
ablation in liquids (ns-PLAL) have shown that metal oxide QDs
can form when using a metal target for ablation.*® Also they can
change the lattice structure due to oxidation and additional
phase formation. In contrast, for fs-PLAL, nucleation occurs
much later than the pulse duration, minimizing oxidation or
other chemical reactions during particle formation. Bond
breaking can occur during the early stages of ablation; however,
as nucleation progresses, the QDs primarily form in a crystalline
structure. Most defects originate from particle collisions within
the cavitation bubble, primarily forming as point defects. The
identified defect states are atomic vacancies, specifically oxygen
vacancies, rather than lattice defects. At higher pulse energies,
increased particle collisions during bubble expansion result in
a greater formation of defects in the QDs.

2.2 Particle size analysis

We recorded the transmission electron microscope (TEM)
images of these ZnO QDs, where one of the TEM micrographs is
depicted in Fig. 1(h), for an ablation power of 1.5 W and 600 fs

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pulse-width. Pulse-width dependent TEM micrographs are
depicted in Fig. S4,f showing no change in the particle size
distribution. From high-resolution TEM images such as the
inset in panel (h) in the same figure, we enunciate the lattice
spacing of 2.8 A indicative of the (100) plane in ZnO.* The plot
of the most probable particle size as a function of pulse-width in
Fig. 1(i) demonstrates that the size of these QDs is fairly inde-
pendent of the temporal pulse duration. Error bars represent
the width of the QD size distribution. In panel (i), we plot the
particle size from the TEM micrograph with the blue line
indicating the size distribution of the QDs at each pulse-width.
The XRD study confirmed the formation of a hexagonal wurtzite
structure for these QDs c¢f Fig. S6(a) in ESL} The c/a ratio
determined from the XRD data is shown in Fig. S6(b).t The ¢/
a ratio remains constant for QDs ablated with increasing
average power 0.25-1.5 W while keeping the pulse-width
constant. We recall that the green-emission or the DLE/NBE
ratio increases with increasing ablation power. The constancy
of the c¢/a ratio over the five-fold increase in the average power of
the ablation beam confirms that there is no lattice strain in
these QDs. Therefore, the change in PL with the increasing
power of the ablation beam can neither be explained by lattice
strain nor by a change in particle size.

2.3 Raman spectroscopy

In continuing our exploration of the reasons underlying the
variation and control of the optical emission (PL) spectrum with
the ablation laser beam parameters, we turn to Raman spec-
troscopy for further insights. It is well-established that ZnO with
a hexagonal wurtzite structure has optical phonon modes,
which can be written as yope = Ay + 2B, + E; + 2E,; here, A and E;
are the polar modes split into transverse optical (TO) and
longitudinal optical (LO) modes, respectively.®* We compared
the measured Raman spectra for QDs prepared with increasing
temporal widths of the ablation laser pulses for a beam power of
1.5 W, and they fit using this set of well-known peaks. The first
of these is the vibration mode E5'8"of the oxygen sub-lattice,
known to occur at 437 em™',*> ¢f Fig. 2(a). We deconvoluted
the broad peak from 500 cm ™' to 600 cm " into the surface
optical phonon (SOP) mode at 550 cm ' and the A;(LO)
570 cm™ " mode.® These peaks arise from surface defects and
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—m—SOP/ E,Hieh
= —350fs < 251 _g_E.(LOY E Hioh
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Fig. 2 (a) Pulse-width dependent Raman shift of the sample prepared
at an ablation power of 1.5 W of the laser beam used in the fs-PLAL
process. The ratio of SOP and E; (LO) with respect to E59" plotted for
different pulse-widths in panel (b). The solid line joining the points in
the figure is to guide the eye.
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oxygen vacancies in the ZnO QDs, which are of particular
interest to us. As shown in Fig. 2(b), the ratio of both the SOP
mode and the A,(LO) mode with respect to the E5'#" mode
increases steadily with increasing pulse-width for a constant
ablation power of 1.5 W. It is pertinent to compare this trend
with that of the DLE/NBE ratio in Fig. 1(c) for the same ablation
power of 1.5 W (red data points). This leads us to a central
message: both the strength of defects and surface peaks follow
a very similar trend as a function of the ablation pulse-width to
the green emission, characterized by the DLE/NBE ratio. This
reveals that the underlying reason for the control of green-
emission in these QDs lies in the amount of defects induced
by the fs-PLAL process. Both parameters of the ablation pulses,
their energy or average beam power, and their temporal dura-
tion or pulse-width, systematically induce varying amounts of
defects in these pristine single-component QDs. Furthermore,
for each ablation power, there is an optimal pulse width at
which the green emission is maximized. This is a novel finding,
unrealized hitherto, to the best of our knowledge.

2.4 UV-visible absorption and Urbach energy

Having established the tuning of deep-level defects by varying
both the pulse-width and average power of the pulse, we will
continue the discussion on optical properties of the power-
dependent QDs synthesized at 500 fs. This will aid in devel-
oping a comprehensive understanding of the ablation process
by varying power from minimum to maximum for a fixed pulse
width where variations in emission properties are noticeable.
To correlate band formation with laser power, the UV-visible
absorption study was conducted on the colloidal sample using
a quartz cuvette. The absorption of the ZnO QDs prepared at 500
fs with variations in average power, i.e. 0.25 W and 1.5 W is
shown in Fig. 3(a). To gain a better insight, a comparison of
complete UV-visible absorption data for both pulse width and
power-dependent synthesized QDs is shown in Fig. S6(a) (ESI).
For all the samples, a strong absorption is observed below
400 nm. However, the edge of the band becomes sharper with
an increase in the ablation power. The bandgap of these QDs is
quantified using the Tauc plot relation for direct bandgap
semiconductors,® which can be represented as
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Paper

where « is the absorption coefficient, v represents the photon
energy, and E, stands for the bandgap. For comparison, we have
depicted the Tauc plot for QDs prepared in these samples, as
shown in Fig. 3(b). As calculated, the bandgap of 0.25 W and
1.5 W samples are found to be 3.18 & 0.02 eV and 3.3 4 0.01 eV,
respectively. However, a systematic variation in the bandgap
calculation for all power and pulse width dependent samples is
shown in Fig. S6(e and f).} The bandgap of these QDs was found
to increase with ablation power, ie., from 0.25 W to 1.5 W.
Notably, the bandgap value shows a blueshift as the band edge
gets sharper. In addition to this, a dominating non-exponential
tail close to the band edge leads to a decrease in the bandgap.
This prompted us to investigate the origin of the band tailing in
the absorption spectra as well as in the Tauc plot. To further
explore the tail state absorption, the Urbach energy (E,) of the
as-prepared QDs determined using the following

relation:®+*®
hy
a(2) = agexp (Fu)

where v is the photon frequency, «(1) is the absorption coeffi-
cient, and «, is the parameter characteristic to the material. The
inverse of the slope in the linear region for the logarithmic plot
of the absorption coefficient («) with photon energy (4v) can be
used to calculate the Urbach energy (E,). The plot for Urbach
energy is shown in the inset of Fig. 3(a) for these samples. A
systematic calculation of Urbach energy for all pulse-width
dependent samples is shown in the right axis of Fig. 3(b). The
Urbach energy is found to be maximum for the QDs prepared at
the lowest pulse-width (0.25 W) in the fs-PLAL process, ie., the
lowest bandgap ZnO QDs. Pankove systematically demon-
strated the root of the tail states in his seminal work.®® There are
several possible explanations for the observed tail states, such
as (i) higher impurity contribution broadens the band, (ii)
impurities may lead to lattice strain that deforms the energy
gap, and (iii) local interactions of the ionized donor level can
smear the band edge.®® The first case is more dominant for
these similarly sized un-doped QDs, where the effect of lattice
strain and ionized donor levels is diminishing. This indicates
the presence of shallow donor levels***” below the conduction
band, which leads to a broadening of absorption spectra near
the band edge in the form of a band tail.*** As stated by Xue
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the logarithmic of the absorption coefficient («), where the inverse of the slope for the linear region can be used to determine the Urbach energy.
A comparison of the bandgap and Urbach energy for these ZnO QDs prepared at different average powers and a pulse-width of 500 fs is shown

in panel (c). The line joining the points in panel (c) is to guide the eye.
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et al.,* the bandgap reduction is caused by the structural
defects that are responsible for the Urbach energy. The bandgap
and the Urbach energy are plotted as a function of ablation
power (as shown in Fig. 3(c)). Interestingly, we found that the
higher the Urbach energy, the lower the bandgap, and vice versa.
The shallow donor level Zn;, which is present 0.05-0.5 eV below
the conduction band,**** is responsible for weak absorption in
ZnO QDs close to the band edge. We must consider that the
Urbach energy is only a quantitative measure for defect states
present below the conduction band, not the deep-level defects.
More evidence of the presence of the Zn; state has already been
determined from deconvoluting the PL spectra of these QDs as
shown in Fig. 1(e). As compared in Fig. S8 (¢f ESI),T the 393 nm
emission intensity (left axis) decays exponentially with ablation
power, followed by a similar trend to the Urbach energy, as
shown on the right axis. The increase in the shallow donor
levels at 393 nm contributes to the Urbach energy of these QDs.

2.4.1 Excitation intensity dependent PL. It is interesting to
study the effect of the excitation power of the incident light on
the variation of the NBE to DLE ratio. Notably, the excitation
power-dependent PL spectra provide better insight into the type
of recombination mechanism involved in the various emission
peaks.” The room temperature excitation intensity-dependent
PL was recorded using a He-Cd laser (325 nm), where the
excitation power was varied using a Brewster angle polarizer.
The incident power in this measurement was varied from 0.01
mW to 5 mW by keeping the spot size constant to obtain a linear
proportionality with excitation intensity. Though the intensity
of the PL emission increases, the ratio of DLE to NBE was
observed to decrease with the excitation power. The normalized
PL spectra with respect to NBE are illustrated in Fig. 4(a) in
order to depict the relative variation in the DLE intensity in
relation to the excitation power. The intensity ratio of DLE to
NBE reduces from a 5-fold DLE peak intensity to 0.5, with
excitation power ranging from 0.01 mW to 7.5 mW, which is
depicted in Fig. S8(c) (¢f: ESI).t This indicates that the recom-
bination mechanism involved in band edge emission and
defect-assisted green emission is highly dependent on the
excitation laser power. The variation of the luminescence
(emission) intensity (I..,) versus the laser excitation radiation
(Iex) can be explained using the following relation:™

(a e (b) 10°
I
w = " Inee
z 2 108
< E
= [=
: & 1o
I 9
T 2
E ©
5 g
£
10°
400 450 500 550 600 0.001 0.01 0.1 1
Wavelength (nm) Normalized excitation intensity
Fig. 4 (a) The excitation power dependent room temperature PL

spectra have been shown for the ZnO QDs prepared at 1.5 W ablation
power and 500 fs pulse-width. In panel (b) the integrated PL intensity
for both NBE and DLE is plotted as a function of normalized excitation
intensity on the logarithmic scale.
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Iem = n(Ie)” (3)

In the above equation, 7 is the emission efficiency and « is
the type of radiative recombination mechanism. As reported,
a = 1 is responsible for the exciton transition, and « < 1 is for
recombination of electrons with neutral acceptor or donor-
acceptor pair (DAP) transitions.”>”® The « value for the NBE and
DLE can be determined separately in order to analyze the
recombination process.” The integrated PL intensity was used
for the calculation of « where the PL intensity from 365-400 nm
and 425-625 nm was integrated to calculate the angg and aprg
respectively. Interestingly, for the 1.5 W sample, the measured
anpe value is 1.02 £ 0.01, which represents a pure exciton
transition corresponding to NBE. However, the calculated apyg
value for the DLE was found to be 0.7 £ 0.01; this clearly indi-
cates the recombination process of donor-acceptor pairs (DAP)
type. A similar study for the sample prepared at 0.5 W ablation
power is shown in Fig. S8.7 The anpr and appg values are 0.95 +
0.02 and 0.72 + 0.01 respectively, which is quite close to the
measured value for the 1.5 W sample. In both cases, the « value
for the DLE is less than that of NBE, which suggests that the
recombination rate for electron-hole is decreasing with excita-
tion power.” It is important to mention that, at a lower inten-
sity, the concentration of photo-excited holes is negligible
compared to shallow-level and deep-level electrons. As the
excitation power increases, the photo-excited electrons and
holes become dominant over the defect concentration. This
favours the linear increase in the NBE intensity with & = 1 and
sublinear increase in DLE peak intensity with the « value
ranging from 0.5 to 1 (ref. 74).

2.4.2 Transient PL. To understand the mechanism of the
various emission centers involved in PL, the time-resolved
photoluminescence (Tr-PL) of the as-prepared QDs is
measured. Time-correlated single photon counting (TCSPC)
using a Horiba Flurocube spectrometer with a 340 nm excita-
tion laser (NanoLED) was used to investigate room temperature
Tr-PL. The decay profile of the emission of (a) NBE (378 nm) and
(b) DLE (525 nm) is separately reported in Fig. 5. The decay
process of these can be better understood by fitting them to
multi-exponential functions. The Tr-PL decay for the 378 nm
emission can be explained with two decay constants. The rela-
tively fast decay corresponds to nonradiative decay (tp,c) to the
excitonic donor level at the conduction band, whereas the
slower decay corresponds to radiative lifetime (t,,) emitting UV
emission’”® from the donor state to the valence band. The
capture time of free excitons is typically less than 1 ns.”” A
relatively long lifetime for the 0.25 W and 0.5 W samples was
observed, which could be due to the presence of tail state
absorption. However, the presence of localized excitons
increases the decay time of the nonradiative relaxation process.
Also, the trapping of excitons due to defects and shallow donor
levels increases the radiative lifetime for exciton recombina-
tion.” They can be directly correlated with the Urbach tail of
these samples, i.e., the higher the Urbach energy, the higher the
effective lifetime of the process. The V," and V,, defect levels
implicated as the donor level in the emission process account
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Fig.5 The transient PL for emission at (a) 378 nm and (b) 525 nm has been compared for samples prepared at different ablation powers for a 500
fs pulse-width. The schematic for the different photodynamics involved in the process is shown in panel (c). The UV emission at 378 nm is
explained using two decay channels, one nonradiative (z,.c) and one radiative (z,,), whereas, the visible emission at 525 nm is explained using two

non-radiative (tn.c and t,.4) and one radiative (z,,) decay process.

for the major contribution to the green emission at 525 nm.
This includes an additional transition of electrons from the
conduction band minimum to the donor level (V,), which
introduces an additional nonradiative decay (t,.q) along with
the other two decay processes.” The lifetime for DLE can be
denoted as:

1

T= 0
Knrc + Knrd + Krv

4)

The decay time for this process can be explained using three
rate constants, i.e. nonradiative decay to the conduction band
minimum (K,,), nonradiative decay to the defect state (K,,;4) and
radiative decay to the valence band (K)”® (c.f: Fig. 5(c)). As the
fluorescence intensity for the green emission increases with the
ablation power, the effective lifetime is also found to be
increased, as shown in Table ST1 (¢f ESI).f The radiative
recombination of 525 nm emission depends on the trapped
electrons from the oxygen vacancy states with photoexcited
holes on the surface of QDs.* As explained by Longshore,” the
lifetime of a defect-assisted donor-acceptor pair depends on the
concentration of the defect level, i.e. Shockley-Read decay and
the surface defect layer involved in the emission process. The
lifetime due to surface defects depends on the layer thickness (¢)
and the recombination velocity (S), i.e. T = ¢/25.7>*° Assuming
that the velocity for the same recombination process is
constant, the lifetime increases with an increase in the surface
layer, which impacts green emission.

As shown in Table ST1 (¢f: ESI),T the samples prepared at
0.25 W and 0.5 W, NBE (378 nm) have a relatively long lifetime,
8 ns and 4 ns, respectively. The long lifetime of UV emission is
explained as the localization of disorder or defect states asso-
ciated with the exciton emission.” A lifetime of less than 0.5 ns
can be ignored since the instrument response function (IRF) is
of the same order.” The DLE emission is involved with the V,
defect state, which is an additional state compared to NBE. So, it

is reasonable to fit the lifetime of DLE (525 nm) with a tri-
z _t _t
exponential function, i.e., I(t) = Aje = +Aye @ + Aze %, where

4; is the amplitude and 7; is the decay time of the respective
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process. By maintaining the fast decay time (7,,.q) as a constant,
we were able to fit the lifetime of the DLE and determine the
radiative exciton recombination process. The other two decay
times, the nonradiative decay to the defect state (t,.q) and the
radiative decay from the defect state (z,,), were fitted indepen-
dently. The contribution of 7, as well as 1, is increasing with
ablation power, as shown in Table ST1.f The slower decay
process for the most green-emitting sample indicates the
presence of more defect states, which slows down the emission.
For UV emission at 378 nm, where the contribution of Urbach
energy is more, the lifetime of the corresponding sample is
higher. Similarly, the green emission at 525 nm has the highest
lifetime for the sample with the most oxygen vacancies. The
lifetime of the DLE contributes to the surface layer present in
the recombination process. The TRPL analysis infers that the
contribution of the defect states associated with an emission
process and its decay duration are directly proportional.

2.4.3 Mechanism: surface and depletion layer formation.
From the above discussions, it is clear that the QDs prepared at
different ablation powers using fs-PLAL show an enhancement
in the green emission, though the size distribution of these QDs
does not vary with ablation power. Green emission is widely
considered as the surface defect, which is related to V, defect
sites. The deep-level defects attributed to the green emission
can be explained by the surface defect model proposed by
Shalish et al® Interestingly, based on the surface-
recombination-layer approximation, the green emission (DLE)
originates from the surface layers of the QDs, where UV emis-
sion, i.e. (NBE) comes out of the bulk part.®* From the TEM
images, it is clear that most of the QDs are spherical, and
therefore, the PL emission and size of the QDs can be corre-
lated. For spherical QDs the relation between the intensity ratio
of NBE and DLE depends on the surface layer thickness (¢)
attributed to DLE and the radius (r) of these QDs, which can be
defined as:*

Inpe

IDLE

C((3rl(r - tr)3+ D 1) (5)

where C is the constant parameter that represents the emission
efficiency. As discussed in Ghosh et al.** C is 3.89 for the small

© 2025 The Author(s). Published by the Royal Society of Chemistry
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spherical QDs. The surface layer for ZnO QDs prepared at
different ablation powers for similarly sized particles of 4 nm
diameter was determined using the above-mentioned eqn (5). A
systematic increase in the surface layer thickness with the
subsequent ablation power has been noticed, as shown in Fig. 6.
Interestingly, the samples with a lower NBE/DLE ratio have
shown a thicker depletion layer, i.e., intense green emission. In
conclusion, it is clear that the enhancement in green emission
is directly proportional to the thickness of the surface layer
present in the QDs.

The presence of surface defects leads to the formation of the
depletion layer near the surface of QDs.** The width of the
depletion layer depends on the carrier density. The deconvolu-
tion of power-dependent PL spectra shown in Fig. S3(c-f)f
presents a systematic increase in the green emission that can be
attributed to the V," and V,"" states. The formation of charged
oxygen vacancies in pristine ZnO makes it an n-type semi-
conductor,* as the redox potential is less than the Fermi energy
level. To reach equilibrium, the electrons are transferred to the
solvent from the n-type QDs. This subsequently leaves behind
a positive charge on the surface of these QDs. Since most of the
ionized charge carriers lie in the surface region, a potential
barrier is created between the bulk grain region and surface
region.** This forms a depletion layer on the surface, which
leads to band bending in the depletion region. In the depletion
region, most of the carriers, primarily V," and V,,"" lie above the
Fermi level (Eg), whereas in the bulk region, carriers V," and VZ
contribute to the DLE emission. The overall charge on these
QDs is measured using zeta potential measurement. The zeta
potential of the colloidal solution was found to have a positive
charge, and it also increases with ablation power. The zeta
potential of QDs prepared at different ablation powers is shown
on the right axis of Fig. S10 (¢f. ESI),T whereas the comparison of
the NBE to DLE ratio is shown on the left axis. The maximum
zeta potential of 6.7 mV of the QDs with the highest green-
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Fig. 6 (a) The schematic for the surface layer in ZnO QDs of equal size

(4 nm) at different ablation powers. (b)The NBE and DLE intensity ratios
with respect to ablation power were plotted on the left axis. The right
axis shows the surface layer in ZnO QDs of size 4 nm, which is
responsible for DLE. The schematic diagram for the origin of green
emission is represented in panel (c), where E,, E. and Ef represent the
energy level for the valence band, conduction band and Fermi level,
respectively.
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emitting sample is indicative of a larger depletion layer with
more surface defects.

3 Applications in pH sensing and anti-
microbial action

Understanding the influence of solvent on these QDs is crucial
in the PL measurement. We have performed two experiments:
one in which we introduced water after the solvent had evapo-
rated and another in which we varied the ratio of ethanol to
water. At first, the QDs prepared at 1 W were dried, followed by
centrifugation at 6000 rpm (rpm) and the evaporation of
ethanol by heating at 50 °C. 5 pL of ZnO QDs were then
dispersed by sonication in 10 mL of DI water. Interestingly, we
observed that the DLE is quenched in PL measurement when
exposed to water. Because of the hydrogen bonding network
around the water-solid interface, water is proven to be
a quenching agent in PL.*>*¢ The surface defects responsible for
the green emission in the QDs of ZnO and the water-adsorbed
monolayer on the QDs cause the emission of defects to be
quenched.**® To further confirm the effect of water on the
sample, the water content in the ethanol solution is varied
systematically. The sample prepared at 1 W ablation power at
a 500 fs pulse-width was used for this study (increasing the
percentage (%) of water). As we decrease the ethanol-to-water
ratio (ethanol:water), DLE gets quenched, as shown in
Fig. 7(a). Since water is more polar as compared to ethanol, OH™
interacts with Zn”* ions, which effectively reduces the DLE.**

A detailed study of pH impact analysis was performed by
maintaining an equal ratio of ethanol and water (50:50) at
different pH values. As shown in the PL emission spectra in
Fig. 7(b), water at normal pH 7 was found to quench the DLE
emission intensity from 1.8 to 0.28 compared to the ethanol
reference sample. Interestingly, as we made the solution alkaline
by adding KOH, there was an enhancement in the DLE emission,
which was observed from pH 7-10, and then reduced with
a further increase in pH. As discussed by Degen et al, in the
aqueous solution of pH 7-12, the hydrated ZnO surface is in
equilibrium with differently charged species, i.e. Zn,q>*, Zn(OH),q",
Zn(OH),(5), Zn(OH)35q— and Zn(OH),aq)”—.* In the pH range of 7-
9, Zn,,*"and Zn(OH),," are the dominant species in the solution
represented in eqn (6). When the pH reaches pH 10, the majority of
the species forms stable Zn(OH),) surface hydroxide. The forma-
tion of stable zinc hydroxide provides an enhanced green emission
compared to other species.* At higher pH (>10) the ZnO surface
hydrolyzes to form zincates, Zn(OH)3(aq)— and Zn(OH),(,q)>— which
effectively reduce the surface charge with a negative zeta potential®
(¢f eqn (8) and (9)). As discussed in the previous section, surface
charge plays an important role in DLE quenching.

Zn,,>* + OH™ < Zn(OH),," (6)
Zn(OH),," + OH™ < Zn(OH)y, 7)
Zn(OH)y) + OH™ < Zn(OH)3(aq)~ (8)
Zn(OH)y) + 20H™ < Zn(OH)4(uq)” (9)
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Fig. 7 Panel (a) represents the quenching of DLE from the sample with

Wavelength (nm)

an increase in the water content in the solvent. The pH-dependent PL of

ZnO QDs dispersed in equal amounts of ethanol and water with different pH solutions is depicted in panel (b). The amount of quenching of DLE
emission with respect to the DLE of the reference sample in ethanol at different pH values is shown in panel (c).

Herein, we suggest that the defect-induced QDs prepared by
fs-PLAL in an ethanol medium can be directly used for fluoro-
metric pH sensing application, unlike traditional ZnO-based pH
sensors, which utilise ion-sensing membranes made of thin
films demonstrated through the electrochemical approach,®**
surface acoustic wave resonance,”” and extended gate field effect
transistor.”® It takes several minutes to find equilibrium for
precise measurement. Using the quenching of DLE emission in
PL measurement, we show pH sensing applications that take
less than a minute. Based on the pH response to PL properties
of Ti;C, MXene,” cerium activated fluoride nanocrystals,*
polythene protected Cu nanoclusters,® and Eu®*" metal-organic
clusters®” are different materials being demonstrated as ratio-
metric fluorescence-based pH sensors. To our knowledge, we
are demonstrating the ratiometric PL-based pH sensing appli-
cation utilizing the DLE to NBE ratio of ZnO QDs as the cali-
bration reference for the first time.

As shown in Fig. 7, the sensitivity of this pH sensing will
depend on the quenching DLE emission with respect to the
reference sample in an ethanol medium. The linear region from
pH 7-10 can be used for the pH sensing application, whose
sensitivity depends on the percentage of DLE enhancement,
which is about 0.28 per pH.

ZnO QDs have been extensively used for antibacterial studies
due to the antimicrobial nature of ions and the formation of
reactive oxygen species (ROS), which inhibit bacterial growth.>*®
In the present study, the synthesized ZnO QDs by fs-PLAL
techniques are also expected to show antibacterial activity. To
investigate the potential bactericidal activity of synthesized ZnO
QDs against the Gram-negative, rod-shaped Escherichia coli (E.
coli) and Gram-positive, Bacillus subtilis (B. subtilis) bacteria, the
agar disc diffusion method was used. For the experiment, both
E. coli and B. subtilis were cultured separately in a nutrient broth
by incubation at 37 °C for 24 hours, followed by agar plate
preparation and inoculation with a standardized inoculum of
the microbes. Then, Whatman filter papers (5 mm in diameter)
containing the samples at the desired concentration are placed
on the agar surface. The zones of inhibition were measured
after the incubation of the treated Petri dish at 37 °C for 24
hours. The results suggest that the fabricated ZnO QDs were
active against both the microbes (both E. coli and B. subtilis) and

532 | Nanoscale Adv, 2025, 7, 524-535
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Fig. 8 The figure shows the antibacterial effect by zone inhibition
around the filter paper on the (@) Gram —ve bacteria and (b) Gram +ve
bacteria.

inhibited bacterial growth in a particular region by creating
a zone of inhibition, as shown in Fig. 8. The diameter of the
zone of inhibition for E. coli was found to be 10 + 0.5 mm
(Fig. 8(a)), and for B. subtilis, it was 12.5 + 0.8 mm (Fig. 8(b))
when the 5 (stock concentration 5 ug mL ') sample was used.
Thus, the potential of inactivation of these microbes by inhib-
iting their growth has been successfully shown. Additionally,
this finding confirms that these smaller-sized QDs are highly
susceptible to entering the Gram +ve bacteria to inhibit their
growth as compared to Gram —ve bacteria, which could be due
to variations of cell physiology and the cell wall constitution of
these microbes.?

4 Conclusion

Conclusively, the modification of the pulse-width is crucial in
tuning the optoelectronic properties of ZnO QDs, alongside the
variation of laser power. The most effective enhancement of PL
control, regarding the ratio of deep-level emission (DLE) to near
band edge (NBE) emission, is achieved within the range of 450-
600 fs. TRPL analysis reveals that for NBE decay at 0.25 W and
0.5 W, the non-radiative decay time (t,,) remains constant,
while the radiative decay time (t,,) peaks for the 0.25 W sample,
indicating the presence of donor or trap levels below the
conduction band, which prolongs the radiative decay process.
However, the decay times for DLE, specifically 7,4 and t,,
increase as the ablation power is increased to 1.5 W. Analysis of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PL data deconvolution demonstrates a linear increase in oxygen
vacancy (V,) centers with ablation power. Additionally, surface-
recombination-layer approximation calculations suggest an
increase in the thickness of defect states for the 1.5 W sample,
leading to slower recombination compared to the 0.25 W
sample. Conversely, NBE emission primarily originates from
the bulk, and thus at lower ablation powers where the formation
of zinc interstitials (Zn;) predominates, shallow-level defects
dominate, as evidenced by PL emission and UV-visible absorp-
tion spectra.

To sum up, the following are the key points of the work: (a) at
500 fs, we achieved a systematic increase in DLE emission as we
increased the laser power. Although these QDs have similar size
distribution due to surface defects at higher pulse power, green
emission is enhanced. (b) Interestingly, the Urbach energy,
which also can be tuned systematically in the fs-PLAL process, is
independent of deep-level green emission. This only contrib-
utes to a shallow donor level in ZnO QDs. (c) The green emission
of these QDs is sensitive to the ethanol environment, and it gets
quenched when we transfer them from ethanol to water. These
QDs having antibacterial properties can be optimized for pH-
sensing applications.
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