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We report improved thermally stimulated third-order nonlinear optical coefficients (nonlinear refraction
and nonlinear absorption) in thin films of Zn-doped CuS quantum dots (QDs) dispersed in a poly (methyl
methacrylate) (PMMA) matrix. Undoped and Zn-doped (1, 2, and 3 wt%) CuS QDs were synthesized using
a co-precipitation method. Powder samples were characterized using X-ray diffraction (XRD), high-
resolution transmission electron microscopy (HR-TEM), ultraviolet-visible (UV-vis) spectroscopy, and
open- and closed-aperture z-scan technique. The XRD spectra confirmed the formation of a highly pure
covellite CuS phase with a hexagonal crystal structure in the P6s/mmc (194) space group. The EDS
analysis validated the purity of the synthesized samples. HR-TEM micrographs of 1 wt% Zn-doped CuS

QDs clearly showed the formation of very narrow-sized Zn-doped CuS QDs with average sizes of 2—
Received 19th July 2025 3 nm. A strong blue-shift in th i bsorpti length is observed for the 3 wt% Zn-doped
Accepted 6th March 2026 nm. A strong blue-shift in the maximum absorption wavelength is observed for the 3 wt% Zn-dope
sample with a band gap of 2.24 eV. Considerably enhanced third-order nonlinear refraction and

DOI: 10.1035/d5n200695¢ absorption coefficients were obtained for the 3 wt% Zn-CuS-PMMA nanocomposite thin films, indicating
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1. Introduction

Nanostructured metal sulfides (ZnS, CdS, and CuS) have
attracted tremendous attention because their optical, physical,
chemical and electronic properties can be modified and tuned
to desired levels." Their natural abundance, non-toxicity, low
cost and excellent properties at the nanoscale make them
prominent candidates for potential applications in solar cell
devices, supercapacitors, optoelectronic devices, photo-
catalysts, and energy storage."*>” Copper sulfide (CuS), a p-type
semiconducting nanostructure, is the most popular among
other metal sulfides due to its distinct absorption properties in
the near-infrared region, showing extensive applications in
solar cells, lithium-ion batteries, energy conversion materials,
photocatalytic materials, nonlinear optical (NLO) materials, and
sensors.*** Various studies have highlighted the significant
role of dopants and surface passivating agents in tuning and
optimizing the electrical, optical, mechanical, and structural
properties of CuS nanoparticles (NPs).***”>* The nonlinear
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their potential use in optical limiters and photonic devices.

interaction of laser beam with materials results in many NLO
effects including self-focusing, self-defocusing, nonlinear
refraction, nonlinear absorption, excited-state absorption, self-
phase modulation, and second- and multi-order harmonic
generation.”®*” Materials capable of showing such properties
are potentially used in various NLO devices such as all-optical
switching devices, optical limiters, second- and multi-order
harmonic generators, and lasers.”>*”*® Semiconducting NPs
and polymer-NP composites are known to exhibit excellent NLO
properties.?®>> Poly(methyl methacrylate) (PMMA) has been
studied widely due to its high NLO coefficients.**** However,
very few studies have been performed to investigate the NLO
properties of CuS quantum dots (QDs) and their composites
with PMMA.

The present study highlights a strong third-order response
dominated by thermal nonlinearity, and it is important to
recognize the implications of this mechanism for practical
photonic applications. Thermal nonlinearities arise from laser-
induced heating, which leads to refractive index changes via
thermo-optic coefficients and local thermal diffusion.’” These
nonlinearities typically occur on microsecond-millisecond
timescales, making them many orders of magnitude slower
than the purely electronic nonlinearities that respond on the
femtosecond-picosecond timescale.*® As a consequence, ther-
mally driven nonlinearities are well suited for applications such
as optical limiting, optical switching at low frequencies, beam
shaping, and intensity-dependent attenuation, in which
a slower but strong nonlinear response is advantageous.*
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However, the relatively slow recovery time limits their applica-
tion in ultrafast photonic circuits, all-optical logic gates, and
high-speed telecommunications, where rapid modulation
requires fast electronic (Kerr-type) nonlinearities.*’

In Zn-doped CuS-PMMA films, the enhanced nonlinearity
likely originates from heat accumulation around the nano-
particles due to the strong absorption and localized defect
states introduced by Zn substitution, which increase non-
radiative relaxation pathways. While this thermal contribution
significantly boosts the magnitude of n, and the optical limiting
threshold, it implies that device performance will depend
strongly on thermal management, diffusion rates within the
polymer matrix, and pulse duration of the incident light. These
characteristics should therefore be considered when assessing
the suitability of such materials for incorporation in high-speed
photonic systems.*** Overall, the observed thermal nonline-
arity is beneficial for optical limiting and protective photonics,
but it imposes fundamental constraints for ultrafast all-optical
switching. In this work, we report the synthesis of Zn-doped Cu$S
QDs by a simple co-precipitation method and investigate the
NLO properties of thin films obtained from QDs-PMMA nano-
composites. r-alanine (an amino acid) is utilized as a capping
agent, and Zn-doped CuS QDs are characterized for gaining
insights into their various structural and optical properties.

2. Experimental
2.1 Materials

Zinc chloride (dry) (ZnCl,), sodium sulfide flakes 50% (Na,S),
copper chloride dihydrate (CuCl,-2H,0), acetone, and ethanol
were purchased from SD-Fine Chem Ltd, India. PMMA and t-
alanine were procured from Sigma-Aldrich, USA. Double-
distilled water (DDW) was used as the solvent for the
synthesis of QDs, and acetone was used as the solvent for
preparing the QDs-PMMA thin films.

2.2 Synthesis of rL-alanine-capped Zn-doped CuS QDs and
preparation of the thin films

Undoped and Zn-doped CuS QDs capped with 1-alanine were
synthesized by a simple co-precipitation method. In a typical
synthesis process of 1 wt% Zn-doped CuS QDs (sample name
CZ1), 10 mL of 1 M copper chloride dihydrate solution was
taken in a fresh beaker containing 50 mL of DDW and vigor-
ously stirred using a magnetic stirrer for 30 min. The temper-
ature of the solution was maintained at 80 °C. The
stoichiometric amount of zinc chloride powder corresponding
to 1 wt% doping in CuS was added to the copper chloride
solution and stirred for additional 30 min. 10 mL of r-alanine
(0.1 M) was then added under stirring for another 30 min. The
temperature of the solution was then brought down to 30 °C,
and 10 mL of 2 M sodium sulfide solution was added dropwise,
resulting in the formation of a black-coloured precipitate (ppt)
of 1 wt% Zn-doped CuS QDs. The precipitate was filtered by
Whatman's filter paper and dried in a hot air oven at 80 °C for
2 h. Two more samples of Zn-doped CuS QDs were prepared by
repeating the above procedure with sample names CZ2 and CZ3
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for the 2 wt% and 3 wt% Zn-doping, respectively. Sample CS was
prepared without the use of Zn. Dried precipitates of all samples
were crushed using an agate mortar and pestle, and the fine
black powders of the QDs were used for further
characterization.

Thin films of these QDs-PMMA were prepared by a spin
coating technique. For this purpose, an estimated amount of
CZ1 QDs powder was taken in a fresh beaker containing 10 mL
of acetone, yielding 1 mM CZ1 dispersion. A stable dispersion
was obtained by keeping the beaker in an ultrasonic bath for
30 min. In another beaker, 10 ml of 0.1% PMMA solution in
acetone was prepared. The two solutions were combined under
constant stirring and further treated in an ultrasonic bath for 30
min to achieve uniform dispersion of QDs within the PMMA
matrix. The resultant suspension was subsequently utilized for
thin-film fabrication of the sample, denoted as CZ1-PMMA,
using the spin-coating technique. Similarly, thin-film samples
CZ2-PMMA, CZ3-PMMA and CS-PMMA were also prepared.

2.3 Characterization

All synthesized QDs were characterized for investigating their
structural, morphological, linear and nonlinear optical prop-
erties. Crystal structures were investigated by X-ray diffraction
(XRD) technique using an X-ray powder diffractometer, Rigaku
MiniFlex 600. Elemental purity analysis was carried out via
energy-dispersive X-ray spectroscopy (EDS) using a field emis-
sion gun-scanning electron microscope (FEG-SEM), Model JSM-

Intensity (a.u.)
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Fig.1 XRD spectra of undoped and Zn-doped CuS NPs.
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7600F, Japan, operated at an accelerating voltage of 200 kV.
High-resolution transmission electron microscopy (HR-TEM)
was performed for morphological studies using FEG-TEM 300
KV Model FEI Tecnai G2, F30 operated at an accelerating voltage
of 300 kV. Linear optical studies were performed by ultraviolet-
visible (UV-vis) absorption spectroscopy using a UV-visible
spectrophotometer (BLK-C-SR, Stellarnet, USA) in the wave-
length range of 190-1100 nm.

3. Results and discussion
3.1 XRD, EDS and HR-TEM studies

The powder samples of QDs were subjected to XRD study for the
evaluation of crystal structure and lattice parameters. CuKao
radiations with a wavelength of 1.54059 A were used at an
operating voltage of 40 kv and 15 mA current. The powder
samples were scanned at 26 values between 20-80°, and all
significant intensity peaks were recorded. Fig. 1 illustrates the
XRD spectra recorded for all undoped and Zn-doped CuS QDs.
XRD peaks in the spectrum are broadened, which is a clear
indication of the existence of samples with a narrow crystallite
size. The crystallite size of all samples was calculated using the
Debye-Scherrer formula and is shown in Table 2. These data
also confirm the formation of CuS QDs with particle sizes of 5-
7 nm, and the particle size is found to decrease with increasing
Zn-doping concentration: the 3 wt% Zn-doped CuS QDs
exhibited the least particle size (5 nm). All diffraction peaks
matched well with the standard data and are indexed as per PDF

Table 1 XRD parameters of CuS NPs
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Card Nos.: 9000523, 9008389 and 9000062. XRD spectra
confirmed the formation of a covellite CuS phase with a hexag-
onal crystal structure in the P6;/mmc (194) space group. The
corresponding cell parameters are presented in Table 1. The
absence of impurity peaks corresponding to any undesired
phases validates the purity of the synthesized samples.

The purity of the prepared samples were investigated by EDS
spectrum. Fig. 2 depicts the EDS spectrum of 1 wt% Zn-doped
CuS QDs. Only the peaks and energy values associated with
the Cu, S and Zn elements were observed, and no impurity
elements were detected. This observation validates the purity of
the synthesized samples. Fig. 3 illustrates the HR-TEM micro-
graphs of 1 wt% Zn-doped CuS QDs. They clearly show the
formation of very narrow-sized Zn-doped CuS QDs that are
distinctly separated from each other. QDs are uniformly
distributed and are of nearly spherical in shape with dimen-
sions in the range of 2-3 nm. The crystallite size estimated from
XRD using the Debye-Scherrer equation should be considered
an approximate value as it is sensitive to instrumental broad-
ening, lattice strain, and peak selection. The smaller particle
size observed in the HR-TEM analysis may arise from the
projection effects, limited sampling, and partial visibility of
crystallites. Such discrepancies between XRD- and TEM-derived
sizes have been widely reported for ultrasmall nanomaterials.

3.2 Linear optical studies using UV-vis spectra

Linear optical properties of all synthesized QDs were studied
using UV-vis absorption spectroscopy, and optical band gaps for

Cell parameters

Sample name a b c Alpha Beta Gamma Volume
CS 3.7938 3.7938 16.3410 90.000 90.000 120.000 203.685
CZ1 3.7938 3.7938 16.3410 90.000 90.000 120.000 203.685
CZ2 3.7960 3.7960 16.3600 90.000 90.000 120.000 204.158
CZ3 3.7820 3.7820 16.2900 90.000 90.000 120.000 201.788

Sample : CZ1

0 1 2 3 4
Full Scale 10323 cts Cursor: 0.000

Spectrum 1

Fig. 2 EDS spectrum of Zn-doped CuS NPs.
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5 nm

Fig. 3 HR-TEM micrographs of Zn-doped CuS NPs.

all the samples were calculated using the procedure described
by Tauc. Fig. 4(a) depicts the portion of the absorption spectra
of all samples in the wavelength range of 570-730 nm. The
spectra depicted broad absorption peaks from 630-640 nm with
a wavelength width of approximately 10 nm. A blue shift in the
maximum absorption wavelength was observed upon the
doping of Zn into the CuS lattice. The maximum shift was
recorded for the 3 wt% Zn-doped sample. This suggested that
Zn might have occupied the vacancy sites in the CuS lattice,
which was not favourable for the growth in crystallite size. The
blue-shift in the absorption peaks was the result of the
increased band gap energy. This fact was verified by drawing the
Tauc plots for all samples and estimating the band gap energy
for each sample by extending the linear portion of the curve on
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the photon energy axis. The point at which this extrapolation
intersects the photon energy axis corresponds to the energy
band gap. Fig. 4(b) shows the Tauc plots obtained for all the
samples. Estimated band gap energies were found to increase
with increasing Zn-doping concentration. The 3 wt% Zn-doped
CuS QDs were found to exhibit the largest band gap of 2.24 eV.
The optical parameters of all samples are tabulated in Table 2.

3.3 Nonlinear refraction studies of undoped and Zn-doped
CuS-PMMA thin films

Third-order nonlinear refraction was investigated in undoped
and Zn-doped CuS QDs dispersed in a PMMA host matrix in the
form of thin films using a closed-aperture configuration of the
single-beam z scan technique, as described by M. Sheik and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Absorption spectra and (b) Tauc plots for undoped and Zn-

doped CuS NPs.

Table 2 Optical and structural parameters of CuS NPs

Average
crystallite size
(nm)
Absorption peak Optical band
Sample name (nm) gap (eV) XRD TEM
Cs 638 2.08 7 —
CZ1 635 2.13 7 3
CZ2 633 2.19 6 —
CZ3 630 2.24 5 —

Bahae et al..**** A linearly polarized helium-neon laser (10 mW)
with a Gaussian beam profile was focused using a 20 cm convex
lens on the thin-film sample. The sample was then scanned at
different pre-focal to post-focal positions along beam direction,
and the output transmittance was recorded using the aperture

© 2026 The Author(s). Published by the Royal Society of Chemistry
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before the detector. The laser beam upon interacting with the
sample produces a nonlinear response (third-order) at the same
frequency of the incident beam.*” The presence of the aperture
produces an output transmittance that is sensitive to phase
distortion, and the intensity-dependent nonlinear refractive
index n, can be evaluated using the following equations:>>*"*

3
_ (3) 1
ny 2n0280c)x ’ ( )
AT,
np P (2)

T KlyLer0.406(1 — )0

where AT, is the change in the peak-to-valley transmittance, S
is the aperture transmittance (0.3 in the present case), while the
other symbols have their usual meanings. Fig. 5 depicts the
closed-aperture z-scan curves for the prepared thin-film
samples. All the curves exhibited a pre-focal maximum fol-
lowed by a post-focal minimum, which indicated that the
nanocomposites showed negative lensing due to the self-
defocusing effect.>*” Experimental curves were fitted with
theoretical equations, which showed good agreement with the
observed behaviour. A very large value of nonlinear refractive
index n, was obtained for all samples. Its value was found to
increase with Zn-dopant concentration, and CZ3-PMMA
attained the maximum value, as shown in Table 3. This
considerable enhancement may be attributed to the non-local
heating of the samples. This nonlinearity, attributed to
thermal effects, is further confirmed by the separation between
the peak and valley, which is greater than 1.7z,. The continuous
exposure of the samples to a cw laser creates a rise in temper-
ature that generates phonons, which propagate within these
samples. The interaction of the incident laser beam with
phonons develops a piezo-optical or photo-elastic effect,
generating an enhanced third-order effect. The enhancement
might also be due to the anharmonic behaviour of the CuS
lattice caused by doping.'>*®>!45-

Zn-doping markedly enhance the third-order NLO response
of metal chalcogenide-polymer nanocomposites by altering
their electronic configuration, defect landscape, and interfacial
dielectric environment.*®** In CuS systems, the partial substi-
tution of Cu*/Cu®" ions with Zn** induces lattice distortions and
introduces additional localized states within the band struc-
ture, thereby increasing the density of intermediate levels
available for nonlinear electronic transitions.*>** Such modifi-
cations frequently coincide with reduced crystallite sizes and
stronger quantum confinement, which increase the oscillator
strength of excitonic and intraband transitions and conse-
quently amplify the x® response.”* Moreover, Zn-
incorporation can tune the intrinsic local surface plasmon
resonance of the p-type CuS, leading to enhanced local elec-
tromagnetic fields and strengthened nonlinear refractive and
reverse saturable absorption processes through plasmon-
assisted carrier excitation. When embedded in a PMMA
matrix, Zn-doped CuS nanoparticles further benefit from
improved dispersion and interfacial polarization, enabling

Nanoscale Adv.
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Fig. 5 Closed-aperture z-scan curves for undoped and Zn-doped CuS-PMMA thin films.

Table 3 NLO coefficients of the as-prepared nanocomposite thin films

NLO coefficients

Sample name  Thickness (nm) 7, x 10~* (em®> w™ 1)

B x 10" (em®>w )

Re[x*] x 102 esu  Im[x®] x 10 esu  yex'® x 1072 esu

CS-PMMA 213 3.15 2.20
CZ1-PMMA 264 4.05 3.87
CZ2-PMMA 212 5.82 4.82
CZ3-PMMA 231 6.43 7.60

more efficient optical field coupling and spatially uniform
nonlinear interaction throughout the films. These synergistic
structural and electronic effects collectively account for the
substantial enhancement in third-order NLO coefficients
observed in Zn-modified CuS-PMMA nanocomposite thin
films.>

3.4 Nonlinear absorption studies of undoped and Zn-doped
CuS-PMMA thin films

An open-aperture z-scan configuration was utilized to deter-
mine the third-order nonlinear absorption processes taking
place in the samples, thereby evaluating the nonlinear absorp-
tion coefficient §. In this configuration, the output trans-
mittance is recorded without the use of an aperture in the far-

Nanoscale Adv.

3.26 1.13 3.26
4.22 2.00 4.22
6.04 2.48 6.04
6.67 3.92 6.67

field, making the transmitted power independent of nonlinear
refractions and solely dependent on the absorption process.
Fig. 6 shows the open-aperture z-scan curves exhibiting a valley
at the focal position, indicating the occurrence of a reverse
saturable absorption process. All samples showed improvement
in the coefficient 8, which was obtained from the nonlinear
theoretical fit, closely resembling the experimental data. The
nonlinear absorption coefficient § attained the maximum value
for the sample doped with 3 wt% Zn into CuS QDs. This
considerable enhancement may be attributed to the dielectric
effect, surface state effects, and quantum confinement
effect.”*”** Table 4 shows the NLO coefficients of some previ-
ously reported nonlinear materials. Significant improvement in
NLO properties observed in the present work suggest their

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Open-aperture z-scan curves for undoped and Zn-doped CuS-PMMA thin films.
Table 4 NLO coefficients (thermal origin) reported in previous studies
Sr. No. Nonlinear material n, I Xeff
1 Sr-doped ZnO-PVA thin-film** 5.79 x 10 * em* W ! 6.57 x 10" *ecm W 0.591 x 10 esu
2 Cd-doped CuO-PVA thin-film*® 38.9 x 10 ° cm®* W ! 11.0 x 10 *em W ! 68.2 x 10 esu
3 (PVA) with 1 wt% of Fe,0; or NiO nanoparticles®® 53.5 x 10 " esu — 26.6 x 107" esu
4 ZnO-doped polyvinyl alcohol/polyvinyl 11.37 x 10" esu — 78.913 x 107" esu
pyrrolidone (PVA/PVP) polymeric films®”
5 Zinc-oxide-encapsulated poly — 0.208 x 10> cm W ! —
(vinyl alcohol) nanocomposite films*®
6 TiO,-polystyrene nanocomposite films>® 14.43 x 102 m* w* 3.76 x 10 ° m W' —
7 MoS,/PVA nanocomposites® 421 x 10> ecm* Wt 424 x 10 *cm Wt 1.68 x 10> esu
8 P (st-co-MMA)/NiO polymer nanocomposites® 5.93 x 10 em®* W! 6.72 x 107 em W 33.85 x 1077 esu
9 MoSe,/PVA nanocomposites® 525 x 10 ®*cm?* W ! 8.97 x 10 " cm W ! 6.2 x 107 esu
10 Sr-doped CuO-PVA thin-film*® 31.3 x 10 ° em®* W ! 4.54 x 10 *cm W' 54.7 x 10 esu
11 Cu-doped ZnO-PVA thin-film®* 6.35 x 10" em* W ! 7x10 " em W 0.649 x 10~ % esu

potential applications in optoelectronics devices, photonics, all-

optical switching devices, etc.**'"*

4. Conclusions

Thermally stimulated third-order nonlinear optical coefficients
of Zn-doped CuS QDs dispersed into a PMMA matrix in the form

technique. Undoped and 1, 2, and 3 wt% Zn-doped CuS QDs

were successfully synthesized using the co-precipitation
method. Powder samples were characterized by XRD, HR-
TEM, UV-vis spectroscopy, and open- and closed-aperture z-
scan technique. The XRD spectra confirmed the formation of

of nanocomposite thin films were investigated using the z-scan

© 2026 The Author(s). Published by the Royal Society of Chemistry

the highly pure covellite CuS phase with a hexagonal crystal
structure. EDS and HR-TEM analyses validated Zn-doping into
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CuS QDs and confirmed the formation of uniformly dispersed
near-zero-dimensional Zn-doped CuS QDs with average particle
sizes of 2-3 nm. A strong blue shift in the absorption wave-
length and an increased optical band gap of 2.24 eV were
observed for the 3 wt% Zn-doped sample. Significantly
improved n, and @ values were obtained for the 3 wt% Zn-CusS-
PMMA nanocomposite thin films, making them potentially
useful for optical limiters and photonic devices.
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