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Microstrain effects of laser-ablated Au
nanoparticles in enhancing CZTS-based 1 Sun
photodetector devices†

Serap Yiğit Gezgin,a Walid Belaid, a Mohamed A. Basyooni-M. Kabatas, *bcd

Yasin Ramazan Ekerde and Hamdi S- ükür Kilic afg

Copper zinc tin sulfide (CZTS) thin films were synthesized on soda lime glass using pulsed laser

deposition (PLD) at room temperature. Introducing gold nanoparticles (AuNPs) in a sandwich structure

led to increased CZTS particle size and a shift in the localized surface plasmon resonance (LSPR) peak of

the AuNPs, influenced by different laser energy levels. The absorption measurements revealed intriguing

behavior across the visible and near-infrared (NIR) regions, making these films appealing for 1 Sun

photodetectors. Furthermore, the presence of AuNPs in the sandwich structure reduced microstrain

effects, measuring 1.94 � 10�3 compared to 3.38 � 10�3 in their absence. This reduction directly

enhances carrier transport, which is particularly beneficial for accelerating the performance of

photodetector devices. This effect of AuNPs also contributed to higher dielectric coefficients, further

improving the photodetector performance. Under 1 Sun illumination conditions, this enhancement

resulted in a rapid rising time of 95.4 ms, showcasing the potential for faster photodetection.

1. Introduction

CZTS material, which is used as an active and absorber layer in
solar cells, has a distinctive feature of a high absorption
coefficient (4104 cm�1) in the visible region and consists of
low-cost and non-toxic elements.1–3 The high-absorbing CZTS
material could be used in photodetectors and solar cell applications.
Photodetectors are pivotal in diverse fields, encompassing
communications, imaging, and environmental sensing.
Nevertheless, prevailing challenges such as response speed,
sensitivity, and fabrication cost necessitate continuous

advancement in photodetector materials. In this context, CZTS
thin films offer an intriguing avenue for exploration, leveraging
their unique properties to address these challenges.4,5

Light trapping methods increase the absorbency of thin
films produced at very low thicknesses. Among these methods,
plasmonic nanoparticles (NPs) can be composed of Au, Cu, and
Ag metals. These plasmonic NPs exhibit remarkable optical
properties like localized surface plasmon resonance (LSPR).6,7

LSPR is a phenomenon where the electromagnetic field (EMF) of
the light incident on the plasmonic NP stimulates the electrons
in the particle, causing them to move simultaneously.8 The
wavelength at which the LSPR peak appears varies with the
particle size, shape, density, and environment. The technique
used in producing the particle is essential in changing the
morphological structure of plasmonic NPs. Particle growth can
be achieved close to the desired density, size, and shape by
quickly adjusting the parameters of the PLD9,10 experimental
system, such as laser pulse number,11,12 laser energy, laser
wavelength, and substrate temperature.13–15 A PLD system
mainly consists of a laser system and a vacuum chamber. Thus,
the morphological, optical, crystalline, and electrical properties
of thin films produced by PLD can be easily adjusted.16–19

This study produced CZTS thin films in 61 nm and 112 nm
thickness using the PLD technique, depending on the number
of laser pulses. Au plasmonic NPs were grown on soda lime glass
(SLG) depending on laser energy per pulse, and AuNPs@CZTS
thin films were produced by embedding Au nanoparticles into
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CZTS thin films with the highest laser energy. Optical, morpho-
logical, crystalline, and electrical properties, including the
photo-sensing properties of CZTS and AuNPs@CZTS thin films,
were investigated in detail. In the subsequent sections, we
present the growth technique employed, the discerned out-
comes, an in-depth analysis, and the overarching implications
of our findings. This endeavor not only furthers our under-
standing of photodetector materials but also underscores the
potential of CZTS thin films and plasmonic NPs in shaping the
future of optoelectronic devices.

2. Fabrication and characterization

A Continuum Minilite II pulsed laser device operating at
1064 nm wavelength, five ns pulse width, and 10 Hz repetition
rate was used to deposit CZTS and AuNPs@CZTS thin films.
The target–substrate distance in the vacuum chamber was set
at 45 mm, and the atmosphere inside the vacuum chamber was
evacuated down to 10�6 mbar background pressure to form a
clean environment for deposition. First, the Au sputtering
target (99.95%) was ablated by a laser beam with 36 mJ,
32 mJ, 30 mJ, and 26 mJ energies per pulse, and its NP thin
film was deposited on the SLG substrate at room temperature.

Second, the CZTS sputtering target, with a purity of 99.99%,
underwent ablation by a laser beam set at a pulse energy of
15 mJ. The process utilized 2400 pulses to deposit CZTS(1) thin
films with a thickness of 61 nm and 4800 pulses for CZTS(2) thin
films measuring 112 nm in thickness, both on soda lime glass
(SLG) substrates at ambient temperature. Au nanoparticles were
ablated using 36 mJ laser pulse energies, which were embedded
into these CZTS(1) and CZTS(2) thin films, and thus the plasmonic
AuNPs@CZTS(1) & AuNPs@CZTS(2) thin films were produced. The
sulfurization process involved subjecting the material to a quartz
tube furnace under vacuum conditions, maintaining a tempera-
ture of 375 1C for 45 minutes. During this process, 50 mg of sulfur
powder was placed adjacent to the material undergoing treatment.
The final structure is schematically shown in Fig. 1.

2.1. Device characterization

The crystalline, optical, and morphological properties of CZTS and
AuNPs@CZTS thin films were examined using several analytical
techniques. Structural and phase parameters were analyzed using
a Panalytical Empyrean instrument with CuKa radiation through
X-ray diffractometry. Surface morphology was investigated using a
ZEISS GeminiSEM 500 scanning electron microscope (SEM). The
optical absorption spectra were measured using a 200–2000 nm
UV-Vis-NIR spectrophotometer. The electrical properties of the
thin film samples were assessed through electrical current–voltage
(I–V) and optoelectronic measurements using an OptoSense solar
simulator connected to a source meter. The light source has an
AM1.5G filter at 1 Sun of 100 mW cm�2 illumination.

3. Results and discussion
3.1. XRD analyses

CZTS(1) and CZTS(2) thin films of 61 nm and 112 nm thick-
nesses and AuNPs@CZTS(1) & (2) thin films are produced by
embedding AuNPs into these thin films. All CZTS thin films
present (112), (200), and (220) crystal orientations located at 281,
331, and 471 (2Y) in the XRD pattern in Fig. 2a, respectively.1

CZTS(1)-thin film indicates the weakest crystal structure. The
crystal structure of CZTS(2)- thin film has been developed, and
its central peak density is higher. As the number of laser pulses
increased, the deposited atoms nucleated better on the substrate,
filled the appropriate vacancies, and made better alignment in the
crystal structure.1 In AuNPs@CZTS thin films, (111) crystal-
oriented peaks of the Au element also appeared on the 2Y = 381
angle.20 The number of Au atoms is excessive for the very thin
CZTS(1) thin film, so that it can occupy undesirable places in the
crystal structure. Thus, the central peak of AuNPs@CZTS(1) has
been weakened. However, with the addition of AuNPs, the central
peak density of the AuNPs@CZTS(2) thin film increases, and its
crystal structure improves.20,21

Fig. 2b presents the Raman spectroscopic analysis of the
CZTS1 thin film. The dominant peak at 337 cm�1 is indicative
of the kesterite Cu2ZnSnS4 phase.22–24 Additionally, two sec-
ondary peaks at 267 cm�1 and 290 cm�1 are observed, corres-
ponding to the Cu2SnS3 (CTS) secondary phase.25,26 The
emergence of the CTS phase is likely due to the predominance
of Sn over Zn despite a marginally reduced Cu content,27,28 as
quantified in Table 2.

The primary grain size of all CZTS thin films has been
calculated via the Scherrer equation that is stated by eqn (1):1

D = 0.94l/bCos y (1)

D is the crystal size, l is the wavelength of X-ray, y is the
Bragg diffraction angle, and b is the full-width at half-
maximum of diffraction of the central peak. Crystal sizes of
CZTS(1), AuNPs@CZTS(1), CZTS(2), and AuNPs@CZTS(2) thin
films have been determined to be 7.34 nm, 12.1 nm, 10.71 nm,
and 18.64 nm, respectively. The crystal size expanded with
increases in thin film thicknesses from CZTS(1) to CZTS(2). So,
with some gains in the number of laser pulses, the deposition

Fig. 1 Schematic design of CZTS and AuNPs@CZTS thin-film
photodetectors.
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rate increases, and thus, the grain size increases. Grain boundaries
were decreased, and the traps and defects in these boundaries were
passivized. Thus, the crystal structure of CZTS(2) has improved. The
crystal size of AuNPs@CZTS thin films is more significant than that
of non-Au embedded CZTS thin films. Au3+ ions can occupy Zn2+

vacancies. Since the Au3+ ionic radius (85 p.m.) is more compre-
hensive than the Zn2+ ionic radius (74 p.m.), it causes some
increases in the crystal size of AuNPs@CZTS thin films.29,30 How-
ever, since the density of AuNPs in AuNPs@CZTS(1) was excessive
compared to the thickness of CZTS(1) thin film, and the intensity of
the prominent peak in the (112) direction that is weakened by
occupying the unsuitable voids in the crystal structure.31–33 Since
the thin film of CZTS(2) was thicker, the density of AuNPs did not
adversely affect its crystal structure; on the contrary, the density of
the main peak was enhanced.

The dislocation density (d) and microstrain (e) expressed by
eqn (2) and (3) cause the formation of defect structures in the
thin films and the deterioration of their crystal structure.

d ¼ 1

D2
(2)

e ¼ b cos y
4

(3)

As presented in Table 1, since CZTS(1) has a smaller grain
size, there are many defects and traps within the grain boundary
numbers, and d and e are high. The grain size of AuNP@CZTS(2)
is wider than the other thin films, d and e reduced because the
grain boundary numbers are decreased. Furthermore, since
plasmonic NPs enhance grain size, the dislocation density and

microstrain of CZTS thin films are diminished.16 The measure-
ment of microstrain, which accounts for these lattice effects,
signifies a decrease from 3.38 � 10�3 to 1.94 � 10�3 due to the
presence of AuNPs. This decrease indicates that the lattice
distortions within the material are less pronounced or mitigated
when AuNPs are incorporated into the structure.

3.2. SEM analysis

SEM images of Au NP thin films deposited by 26 mJ and 36 mJ
laser pulse energies are given in Fig. 3a and b. While the particles
grown on the substrate with low laser pulse energies were small
and low in density, the particles produced with large size and high
density were realized by high laser pulse energies. So, since fewer
Au atoms are ablated with low laser energies, the plasma volume
formed by these atoms is tiny, as seen in the inset of Fig. 3a. In
addition, the kinetic energy of the ablated atoms is low. Therefore,
since the density and points of atoms coming on the substrate are
low, the nucleation and particles formed by these atoms are small
in size, and the particle density is low. However, it is found to be
more significant in the higher energetic and dense plasma of Au
atoms formed by higher-laser pulse energies, shown as an inset of
Fig. 3b. The highly energetic Au particles attributed to the AuNPs
clusters are in Fig. 3b.34

CZTS(1) thin films are formed from particles of 250 nm size in
Fig. 4a. As the deposition rate increases, particle aggregation and
growth improve, the particles constructing CZTS(2) thin film are
more significant.35 CZTS(2) constituted from about 400 nm sized
particles, as shown in Fig. 4c. AuNPs ablated by 36 mJ laser pulse
energy were embedded into CZTS(1) and CZTS(2) thin films.
Embedding AuNPs into CZTS thin films causes the particle
agglomeration to grow and the particle size to increase, as stated
above. Therefore, the size of particles making up AuNPs@CZTS
thin films is comparable to the non-embedded CZTS thin films. In
Fig. 4b and d, it can be seen that the particle size of
AuNPs@CZTS(1) & (2) thin films increased pronouncedly.1,36,37

3.3. SEM-EDX analyses

Fig. 5 and Table 2 show that AuNPs@CZTS thin films are rich in
Sn because the 375 1C annealing temperature is not very high.

Fig. 2 (a) XRD spectrum of CZTS and AuNPS@CZTS thin films, (b) Raman spectrum of CZTS1 thin film.

Table 1 Grain size, dislocation density, microstrain, and crystalline num-
ber of CZTS and AuNPS@CZTS thin films

Samples
Grain
size (nm)

Dislocation density �
1016 (lines per m2)

Micro-strain
� 10�3

CZTS(1) 7.34 1.86 4.93
AuNPs@CZTS(1) 12.1 0.68 2.99
CZTS(2) 10.71 0.72 3.38
AuNPs@CZTS(2) 18.64 0.28 1.94
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However, during the annealing process of thin films, Sn ele-
ments tend to evaporate and diffuse towards the film surface,
which causes the amount of Sn in a thin film to be excessive on
the surface.38–41 The amount of Cu is higher than that of Zn,
indicating that Zn2+ ions have replaced Au3+ ions. Increasing
the thickness of thin films led to some decrease in Sn and a
more ideal stoichiometric transfer. CuZn acceptor defects can
occur in AuNPs@CZTS(2), a thin film that enhances its p-type
feature.42 Furthermore, the Zn/Sn ratio increase indicates that
AuNPs@CZTS(2) thin film turns into an ideal stoichiometric
structure.

3.4. Optical analyses

The absorption spectrum of AuNPs ablated by the laser beam
with energies in the 26 mJ and 36 mJ range and then deposited
on substrates is given in Fig. 6. The deposited AuNPs have

exhibited LSPR properties. The LSPR peak shifted towards the
more extended wavelength region in the solar spectrum while
the laser beam energy increased. So, the density of ablated
particles deposited on the substrate shows some increment
with some increase in laser energies. The near-field interaction
between AuNPs and larger particle sizes causes the redshift.
LSPR peaks of particles deposited using 36 mJ, 32 mJ, 30 mJ,
and 26 mJ laser energies appeared at 820 nm, 725 nm, 686 nm,
and 648 nm positions in the spectrum, respectively.43 The
particles deposited using 26 mJ laser pulse energy have a low
density and a small particle size. Electrons in the particle are
excited by the EMF of the radiation, making simultaneous
oscillating motion and providing the damping of the electric
field of the light by the dipole field.44–46 The large particle size
and the near-field interaction between the particles can result
in some distortion of the oscillation by affecting the restoring

Fig. 3 SEM image of Au nanoparticles (and the plasma photograph of the ablated Au material) of the deposited Au nanoparticles by (a) 26 mJ and
(b) 36 mJ laser energy.

Fig. 4 SEM images of CZTS and AuNPS@CZTS thin films.
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force that causes the movement of electrons in the particle,
leading to the LSPR peak shifting towards the more extended
wavelength region.

Depending on the LSPR peak wavelength, the size of NP
forming the Au thin film can be calculated by eqn (4):

d ¼
ln

lLSPR � l0
L1

� �
L1

(4)

where l0 = 530 nm is the primary LSPR wavelength for Au
nanoparticles; L1 = 6.53 and L2 = 0.0212, are constants and lLSPR

is the LSPR wavelength of thin films produced.47 NPs forming
Au thin films were calculated to be 175 nm, 157 nm, 146 nm,

Fig. 5 SEM-EDX spectra of (a) AuNPs@CZTS(1) and (b) AuNPs@CZTS(2) thin films.

Table 2 Atomic weights of elements constituting AuNPs@CZTS(1) and
AuNPs@CZTS(2) thin films

Thin films Cu (%) Au (%) Zn (%) Sn (%) S (%)

AuNPs@CZTS(1) 24.03 6.66 8.78 27.34 33.18
AuNPs@CZTS(2) 27.33 6.32 8.32 20.14 37.89

Fig. 6 The absorption spectra of Au plasmonic nanoparticles depending
on laser pulse energy.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
2:

59
:3

8 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00238e


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 9534–9545 |  9539

and 133 nm for LSPR peaks that appeared at 820 nm, 725 nm,
686 nm, and 648 nm wavelengths, respectively. As stated above,
some increases in the LSPR peak confirmed the increase in the
particle size.

In the absorption spectrum presented in Fig. 7a, it is observed
that the CZTS(1) thin film without embedded AuNPs exhibits a
lower absorption intensity in the near-infrared (NIR) and visible
(Vis) regions compared to the AuNPs@CZTS(1) sample.
AuNPs@CZTS(1) demonstrates an enhanced absorption capacity,
notably presenting a localized surface plasmon resonance (LSPR)
peak at a wavelength of 763 nm, attributable to the plasmonic
properties of the embedded gold nanoparticles (AuNPs). This
enhancement in absorption intensity in the Vis and NIR regions
is a direct consequence of the presence of AuNPs. Furthermore,
the AuNPs@CZTS(2) thin film, doped with AuNPs using a 36 mJ
laser pulse energy, exhibits even higher absorption intensity in
these regions than the CZTS(1) thin film. This difference high-
lights the significant role of laser energy in modulating the optical
properties of the AuNP-doped CZTS films.

The Tauc equation expressed below is used to calculate the
band gap of thin films:

(ahv)2 = A(hv � Eg) (5)

Eg is the thin film band gap, A is a constant, and hv is the
photon energy. The extrapolation of the linear line of (ahv)2 versus
(hv) in the Tauc plot allows Eg to be obtained as in Fig. 8. The
direct band gaps of CZTS(1), CZTS(2), AuNPS@CZTS(1), and
AuNPS@CZTS(2) thin films have been determined to be 1.95 eV,
1.90 eV, 1.85 eV, and 1.52 eV, respectively. It has been noticed that
the absorption of thin films increases with the doping of AuNPs
while their band gap decreases.48 In addition, Au atoms can lead
to some decreases in the band gap as they can form shallow
defects in the band gap. Therefore, more photo-excited charge
carriers can be included inside thin films with a lower band gap.

The refractive index of CZTS and AuNPS@CZTS semicon-
ductors is a parameter that significantly affects the optical
properties of thin films. Different models for calculating the

refractive index were reported in this section. The Moss rela-
tion, expressed by eqn (6), was used to calculate the refractive
index of a thin film:49

Egn4 = k (6)

where, k is a constant = 108 eV. In addition, the Herve–
Vandamme50 relation indicates the relation between Eg and n.

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ X

Eg þ Y

� �2
s

(7)

here, X and Y are constants with values of 13.6 eV and 3.4 eV,
respectively. Furthermore, Ravindra also interestingly revealed
the relationship between n and Eg, using eqn (8).16

n = 4.16 � 0.85Eg (8)

Moss’ and Herve–Vandamme’s relations indicate very compa-
tible results with each other. However, although Ravindra’s rela-
tions are consistent, their values are somewhat small compared to
those obtained from the other relations. This can be attributed to
the coefficient and multiplier values used in the equations.
Nevertheless, the increase in the photon absorption and decrease
in the band gap with the embedding of AuNPs caused an increase
in the refractive index of CZTS thin films. Therefore, CZTS(1),
exhibiting the highest photon transmission, has a low refractive
index, while AuNPs@CZTS(2), a thin film with the highest photon
absorbance, indicates a high refractive index.

The electric field between the charge carriers in the semi-
conductor represents the dielectric constant and determines
the mobility and density of the charges. Therefore, the dielec-
tric coefficient acting on the photoexcited charge carriers in the
photodetector is a factor in determining the performance of the
photodetectors. The static dielectric constant (eo) and the high-
frequency dielectric constant (eN) are expressed by eqn (9) and
(10):16

eo = 18.52 � 3.08Eg (9)

eN = n2 (10)

Fig. 7 The absorption spectra of (a) CZTS(1) & (2) and (b) AuNPs@CZTS(1) & (2) thin films.
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As seen in Table 3, AuNPs enhance the dielectric coefficients
of CZTS thin films. The high dielectric coefficient facilitates the
transfer of charges and mobility in the thin films, increases the
lifetime of thin films, and therefore provides better responsive-
ness and high performance of the photodetectors. The dielectric
coefficient of the weakest crystalline CZTS(1) thin film is the
lowest, while that of the most advanced crystalline AuNPS@
CZTS(2) thin film is the highest. Therefore, the recommendation
to consider the values from Moss, Herve–Vandamme models
more seriously stems from their closer alignment and higher
consistency with each other, potentially indicating a more reliable
prediction or closer approximation to the actual physical proper-
ties being measured. However, assessing the models in the
context of specific experimental conditions or theoretical frame-
works is essential to ensure the most accurate interpretation.

3.5. Photodetector characterization

The photodetection capabilities of nanostructured CZTS and
AuNPs@CZTS films were studied by analyzing their dark and 1
Sun illumination current–voltage (I–V) characteristics. The I–V
behavior of CZTS and AuNPs@CZTS thin film-based photode-
tectors was recorded under dark and illuminated conditions
over a voltage range from �5 to +5 volts, as shown in Fig. 9(a–d).
Notably, all the films demonstrated impressive light detection
capabilities under 1 Sun illumination.

In the dark current measurements, the recorded currents
(Id) at a bias voltage of 5 V were found to be approximately
2.24 mA, 2.52 mA, 2.65 mA, and 3.33 mA for CZTS(1), CZTS(2),
AuNPs@CZTS(1), and AuNPs@CZTS(2) films, respectively

(see Fig. A1, ESI†). These values provide insights into the
conductivity of thin films without illumination. The variation
in dark currents can be attributed to the thickness of nanos-
tructures and the integration of AuNPs in the CZTS matrix.
Notably, the AuNPs@CZTS(2) film demonstrated the highest
dark current among all the samples, suggesting its potential for
enhanced charge carrier transport and sensitivity, essential for
efficient photodetection applications.

This study aims to investigate the time-dependent photo-
response of photodetector CZTS devices. These devices were
subjected to intense 1 Sun light pulses with an irradiance of
100 mW cm�2 to analyze their temporal behavior (Fig. 10a). The
measurements were carefully conducted at a fixed bias voltage
of 5.0 V. The resulting data are presented in Fig. 10b. Among
the CZTS structures integrated with AuNPs, AuNPs@CZTS(2)
film emerged as the most efficient device. The one-cycle time-
dependent photoresponse of AuNPs@CZTS(2) film is illu-
strated in Fig. 10c.

The rise and decay times of CZTS and AuNPs@CZTS PDs of
61 and 112 nm CZTS layers in thickness at 5 V are illustrated in
Fig. 10d. tR rise (response) time holds significant importance in
photodetectors as it signifies the duration required for the
device to detect variations in light intensity and generate an
output signal. tR is particularly critical in applications that
demand swift detection and response, such as optical commu-
nication systems and high-speed imaging. A shorter tR enables
the photodetector to respond rapidly to changes in light
intensity, facilitating faster and more accurate measurements.
Conversely, the decay tR (recovery) time denotes the period
required for the photodetector to return to its original state
after exposure to a light signal. Phononic scattering pertains to
the interaction between charge carriers and lattice vibrations
and can affect carrier mobility and, hence, the photodetector
speed. If the CZTS2 structure, due to its increased thickness or
differences in grain size, presents altered phonon scattering
dynamics, this could lead to a more favorable environment for
carrier transport. Conversely, increased phononic scattering
in CZTS2 could be responsible for its slower response. In
addition, the incorporation of AuNPs has a substantial effect

Fig. 8 The Tauc plot of (a) CZTS(1) & (2) and (b) AuNPs@CZTS(1) & (2) thin films.

Table 3 Refractive index (n), high-frequency dielectric constant (eN) and
static dielectric constant (eo) of CZTS and AuNPs@CZTS thin films

Samples Eg (eV)

Moss Herve–Vandamme Ravindra

eon eN n eN n eN

CZTS(1) 1.95 2.72 7.44 2.73 7.46 2.50 6.26 12.51
AuNPs@CZTS(1) 1.90 2.74 7.53 2.75 7.58 2.54 6.47 12.66
CZTS(2) 1.85 2.76 7.64 2.77 7.71 2.58 6.69 12.82
AuNPs@CZTS(2) 1.52 2.90 8.42 2.93 8.64 2.86 8.22 13.83
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on reducing, tR and tD, especially in the case of the thicker
CZTS film (CZTS(2)). Consequently, the AuNPs@CZTS(2) sam-
ple exhibits faster rise (tR = 95.4 ms) and decay (tD = 98 ms)
times, aligning with the expected outcomes. The plasmons in
AuNPs are excited and form dipoles and the dipoles create an
electric field around AuNPs. This way, photoexcited electron
and hole pairs occur where the electric field enhancement
between AuNPs is close. In particular, photoexcited electrons
increase the number and lifetime of minority charge carriers
and improve the performance of the photodetector.16,43,51,52

The LSPR effect is more pronounced in the thicker CZTS2 layer,
where the presence of AuNPs effectively mitigates the negative
impact of increased layer thickness on the carrier transport.

The photodetector parameters such as responsivity (R),
detectivity (D*), external quantum efficiency (EQE), and photo-
current gain (G) play a crucial role in understanding the
influence of the CZTS layer thickness and the incorporation
of AuNPs into the CZTS layer. These parameters were calculated
using the following expressions eqn (11–14):

R ¼ IPh

P� S
(11)

D� ¼ R

ffiffiffiffiffiffiffiffiffi
S

2eId

r
(12)

EQE ¼ R
hc

el
(13)

G ¼ IPh IONð Þ
Id IOFFð Þ (14)

In these equations, P represents the power of the light
source, S denotes the active area of the device, and e represents
the electronic charge. The results of these parameters were
obtained under a bias voltage of 5.0 V and are presented in
Fig. 10e.

The investigated parameters exhibited an increasing trend
as the CZTS layer thickness increased. The impact of AuNPs on
these parameters was found to increase the performance of the
device. Consequently, the AuNPs@CZTS(2) configuration
demonstrated the highest values across all the studied para-
meters, including a responsivity of 0.024 A W�1, a detectivity of
6.7 � 108 Jones, an EQE of 0.35% and a photocurrent gain of
2.8. The performance parameters presented in Fig. 10e – which

Fig. 9 I–V behavior (a) CZTS(1), (b) CZTS(2), (c) AuNPs@CZTS(1) and (d) AuNPs@CZTS(2) thin films.
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include responsivity, detectivity, external quantum efficiency
(EQE), and photocurrent gain – all show an improvement as the
bandgap narrows (see Fig. A2, ESI†). CZTS2, with a lower

bandgap than CZTS1, exhibits a better performance, demon-
strating the direct impact of bandgap engineering on the device
efficacy. The reduction in the bandgap allows for more efficient

Fig. 10 Photo-switching characteristics of CZTS-based devices. (a) Schematic illustration of the measurement configuration for photoresponse speed
measurement. (b) Time-resolved photoresponse at the bias voltage of 5 V under 1 Sun light illumination. (c) A magnified plot of one response cycle of
AuNPs@CZTS(2) in (b) was used to obtain the response and recovery times. CZTS-based devices (d) rise and decay times (e) responsivity, detectivity, EQE,
and photocurrent gain.
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absorption of the 1 Sun solar spectrum, thus increasing the
generation of charge carriers under illumination. This is parti-
cularly relevant for photodetectors, where a smaller bandgap can
significantly improve the absorption of low-energy photons,
which constitute a substantial portion of the solar spectrum.

Previous studies have highlighted the importance of develop-
ing cost-effective and uniformly deposited CZTS thin films
to enhance the performance of photodetector devices. A
comprehensive examination of the existing literature on photo-
detector devices based on CZTS materials is presented in Table 4.
However, this study proposes a novel approach to address
these challenges using a simple PLD system.19 This method
enables the fabrication of CZTS thin films with an incorporated
plasmonic layer of AuNPs. Consequently, this approach holds
significant potential for enhancing the overall performance of PD
devices.

Conclusions

Thin films, CZTS(1) and CZTS(2), with thicknesses of 61 nm
and 112 nm, were deposited on soda lime glass utilizing a PLD
system, accompanied by the incorporation of Au plasmonic
nanoparticles (NPs). This integration notably augmented the
grain size within the thin films while enhancing the crystal
structure of CZTS(2) films. Notably, the wavelength of the
localized surface plasmon resonance peak of AuNPs exhibited
a shift from 648 nm to 820 nm in response to increased laser
energy. The introduction of LSPR, coupled with the presence of
AuNPs, significantly enhanced the NIR photon absorption
capabilities of both CZTS(1) and CZTS(2) thin films. This effect
resulted in a reduction of their band gaps. The calculated
refractive indices, employing Moss, Herve–Vandamme, and
Ravindra models, exhibited coherent values. The thin films
displayed heightened diffraction indices and dielectric coeffi-
cients as the band gaps decreased. Among the fabricated
photodetectors, those incorporating 112 nm-thick thin films
with AuNPs (AuNPs@CZTS(2)) demonstrated superior perfor-
mance, displaying the rise and decay times of tR = 95.4 ms and
tD = 98 ms, respectively.
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