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1. Introduction

Semiconductor technology is an essential part of modern life.

Physical properties of Fe-doped CdS quantum
dots: single dot rectifying diode application

Piyali Maity, @12 Ravi Kumar,” S. N. Jha,® D. Bhattacharyya, ©°
Sandip Chatterjee, ©° Bhola Nath Pal® and Anup Kumar Ghosh @ *2

The domain of single-molecule based electronic devices has grown remarkably over the past decade by
utilizing nanotechnology to improve the efficiency of device fabrication. However, most of the single-
molecule devices are based on organic materials. Compared with organic molecules, quantum dots (QDs)
are excellent owing to their crystalline nature, environmental stability, narrow emission band and quantum
yield with tunable electronic and optoelectronic properties. Here, CdS:Fe QDs were synthesized and
analyzed to assess their structural, optical, and electronic properties, and subsequently, they were
implemented in fabricating single-dot rectifying diodes. EXAFS revealed the average coordination number
of the doped Fe element. The ITO/TiO,/CdS:Fe quantum dot heterostructure rectifying diodes were grown
by spin coating and were characterized using scanning tunneling microscopy (STM) at room temperature.
STM images revealed the distribution of QDs over the substrate, and the spectra revealed the improved
rectification behavior with tunneling up to ~1000x, revealing their excellent diode functionality. Threshold
voltage tuning from 1.62 eV to 0.83 eV indicated the application of these diodes for tunable electronics
with low power consumption. Thus, these results indicate the promising use of CdS:Fe QDs for optimized
ambient atmosphere rectifying diode applications, opening the way for innovative electronic devices with
improved performance and functionality.

molecule or single-dot devices with advanced functions such
as molecular switches,”™ single molecule diodes with high
rectification,”” and single atom transistors® have been

Developments in microfabrication and optoelectronics are
crucial for enabling advanced technologies in semiconductor
industries. In recent decades, the use of electronic devices
has massively expanded. This transformation has been made
possible by the impressive developments in the fabrication
and miniaturization of the active components of electronic
devices. According to Moore's law, rapid miniaturization
requires modern technologies." Miniaturization technologies
focus on developing quantum-sized devices with little power
consumption and low-cost market price. Single-molecule
electronics have been explored for several decades as one of
the possible routes for electronic devices. For example, single-
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fabricated. However, fabrication, reproducibility, and stability
remain critical issues for single-molecule electronic devices.
This could be resolved wusing single quantum dot
semiconductor materials. CdS quantum dots (QDs)
significantly compel electronic functions to make single-dot
electronic devices.”" Quantum dots can enable the
fabrication of highly efficient single-dot electronic devices.
This work concentrates on the synthesis and characterization
of self-assembled monolayer rectifying devices with a single
QD or a small number of QDs.*>™**

The development of silicon-based electronic devices is
becoming limited. Single-molecule electronic devices, which
are getting more attention, are considered one of the most
promising candidates to achieve the miniaturization of
conventional electronic devices. Molecular-sized electronic
devices must be miniaturized and integrated as much as
possible to reduce power consumption. The performance of
molecular electronic devices is based on the quantum
confinement effect of electrons, which is different from
traditional electronic devices. The semiconductor quantum
dots based conventional electronic devices will gain
enormous popularity.”™” Therefore, our low threshold

© 2025 The Author(s). Published by the Royal Society of Chemistry
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voltage rectifying diode is a possible solution. While
remarkable advancements have been made in single-
nanostructure devices and single organic molecule devices,
there is a requirement for single quantum dot (QD)-based
devices. This study aims to advance single nanoparticle or
molecule nanoelectronics by reducing device size and

enhancing performance. Colloidal quantum dots are
promising materials due to their tunable physical
properties,  environmental stability, and  advanced

optoelectronic properties compared to organic molecules.
This study aims to explore the single-dot electronic devices
by rectifying diodes with high performance and low external
power. Although there are many reports on CdS QDs and
their applications, to the best of our knowledge, there is no
report on Fe-doped CdS QDs thin film rectifying diodes.
Various approaches to build and study the molecular
junctions have been developed,"®'® including mechanically
controllable break junctions (MCBJs),>>*' conductive atomic
force microscopy electron migration scanning tunneling
microscopy (STM) junctions,®**™® oxidative lithography®”**
or self-assembled methods,> thermally evaporated and
deposited metal film,*®> and large-area molecular
junctions.>® These techniques enable the probing of charge
transport at the molecular and electronic levels.**™*
Because charge transport in single-dot junctions is quantum
mechanical, molecular electronics offer unique
opportunities for the discovery of fundamental physical
phenomena and for the direct observation of effects that
are not accessible in bulk materials. These effects include
quantum interference (QI),**® the Coulomb blockade, and
the Kondo effect. Moreover, devices with various remarkable
functions such as single-molecule switches,****° molecular
thermos-electronic  devices,"** single-molecule diodes,*
single-molecule spintronic devices*>*> and sensors with
single-molecule sensitivity’®™*° have been explained within
molecular junctions. An excellent imaging method for a
broad range of possibilities for real space imaging on a
scale that extends to atomic dimensions can be developed
by STM and electrical property-related information can be
obtained by this process.”*"

However, the implementation of techniques that are
capable of atomic resolution, such as STM are needed to gain
a profound dominance of the junction geometry in
molecular-level experiments. Indeed, the possibility of
incorporating an electrode within the STM geometry can
favorably complement its high lateral resolution, giving an
additional possibility of tuning the electronic properties of
nanomaterial accessible by STM.>*™>’

This work discusses the tuned structural-, optical-, and
electronic properties of iron (Fe) doped CdS quantum dots
have been discussed. The synthesized quantum dots have
been used to fabricate low threshold voltage thin film single
dot rectifying diodes which will be useful as a switch or
rectifier in day-to-day life. The importance of this study is the
fabrication of single QD-based rectifying diodes that operate
in ambient atmospheric conditions. Typically, single particle/
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molecule-based devices are studied by ultra-high vacuum
STM studies. Meanwhile, this work demonstrates the
operation of a device in open atmospheric conditions. In
addition, the variable Fe-doping in CdS QDs helps to tune
the threshold voltage, which plays an important role for
practical applications. Moreover, this study used a simple
fabrication technique (spin coating) and measurement
techniques at ambient condition (STM) to fabricate and study
single dot rectifying diodes. Iron (Fe) doping significantly
enhanced the rectification behavior and reduced the
threshold voltage, with potential development of advanced
electronic systems with minimal electrical power loss.

2. Experimental details

For the synthesis of Fe-doped CdS quantum dots Cd;_,Fe,S (0
< x < 0.08), the precursors cadmium acetate di-hydrate, iron
nitrate nano-hydrate, and sodium sulfide were used. The
samples were prepared by the hot injection methods under
an argon atmosphere at 100 °C for 12 h. Cadmium acetate
di-hydrate and iron nitrate nano-hydrate were mixed in
dimethyl sulfoxide solvent for 20 min. After that, a purged
aqueous solution of sodium sulfide was added and mixed
until the homogeneous solution was obtained. Then, 1-mono
thioglycerol was added as a ligand. The solution was refluxed
at 100 °C for 12 h. Then, the solution was cooled down to
room temperature and washed with acetone and methanol.
The yellow precipitate was collected and dried in vacuum.>®
The synthesized quantum dots were characterized by X-ray
diffraction (XRD), transmission electron microscopy (TEM),
spectroscopy, UV-vis and
photoluminescence spectroscopy (PL). The composition of
Cd,_,Fe,S was calculated according to the stoichiometric
ratio. Subsequently, the samples were prepared by adding the
precursors stoichiometrically. The best fitted curve of Rietveld
refinement of the XRD data confirm the composition of the
materials. This also provides information on structural

Raman spectroscopy,

changes due to Fe incorporation. During the experiment, the
doping process was precisely controlled to ensure uniformity
and reproducibility of iron doping into the CdS. Multiple
synthesis trials were performed, and the iron doping
concentration was consistent across different batches.

For the rectifying diode fabrication, the isopropanolic
solution of TiO, nanopowder (Sigma Aldrich) was coated on
the cleaned surface of indium tin oxide (ITO) and heated at
350 °C for 30 min. Then, the single layer Fe-doped CdS
quantum dots isopropanolic solution (1 mg/2 ml) was spin-
coated at 1500 rpm. For characterization of the fabricated
devices, scanning tunneling microscopy (STM) was performed
in an ambient atmosphere. The devices were kept in vacuum
until STM characterization.

The average crystallite sizes, D, of the samples are
estimated from Debye-Scherrer's equation with X-ray
diffraction data:

0.94

B S cosd 1)
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where 1 is the wavelength of the radiation used (1 = 1.5406
A), B is the full width at half maxima (FWHM), and @ is the
Bragg angle.

The lattice parameter (@ = b = ¢) was estimated from
Rietveld refinement of the X-ray diffraction data and by using
the following formula:

sin® 6

PR+ P
i a— (2)

a?

where 0 is the angle of diffraction, 4 is the incident
wavelength (4 = 1.5406 A), and , k, and [ are Miller indices.
The linear increase of the ‘a’ parameter can be explained
based on the micro-strain developed due to Fe-doping. The
micro-strain was calculated using the following equation:

__ Bcosd
T4

9 (3)
where £ is the FWHM, and 0 is the corresponding diffraction
angle.

3. Results and discussion
3.1. X-ray diffraction (XRD) study

XRD measurements were performed for structural analysis of
the prepared samples. The Rietveld refinement profiles of the
prepared samples are shown in Fig. 1. Three prominent
intense peaks at 26 = 26.82°, 43.94°, and 51.86°
corresponding to (111), (220), and (311) planes, respectively,
confirm the cubic phase of CdS (JCPDS file #10-0454). All
peak positions of undoped and Fe-doped CdS corresponding
to the standard Bragg peaks of the zinc blende cubic
structure are shown by the vertical bars, and the residue is
represented by the line, respectively, at the bottom of the

+ Obs
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~——— Obs-Cal

Bragg position|
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Fig. 1 Rietveld refinement profiles of X-ray diffraction (XRD) data
of undoped and Fe-doped CdS quantum dots [Cd; ,Fe,S, Fe = O,
0.01, 0.02, 0.04, 0.06, and 008]. The experimental data are
represented by ‘Obs’, and the theoretical fit by Rietveld refinement
is represented by ‘Cal’.
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XRD patterns. The XRD patterns show that there is no
appearance of any extra peaks or disappearance of any peak
in the zinc blende structure of undoped CdS due to Fe
doping. This confirms that the structure of the Fe-doped CdS
in the zinc blende phase belongs to the F43m space group.
This analysis reveals that the samples are single-phased,
having no trace of impurities. The well doped and crystalline
structure was further confirmed by extended X-ray absorption
fine structure spectroscopy (EXAFS). The close observation
shows that the peak intensity for (111) peak decreases slightly
with an increased doping concentration. The gradual
decrement of the peak height with increasing Fe-
concentration signifies the incorporation of Fe ions into the
Cd-sites. The incorporation of Fe ions into the Cd-sites
creates very small local distortion into the crystals (as
observed from Raman spectra analysis) which causes a
decrease in the peak height.’®>°

Variation of the average crystallite size with the Fe-doping
concentration is depicted in Fig. 2a. The average crystallite
size decreases linearly with the doping concentration. This
result can be explained by the mechanism of growth kinetics.
The chemical reactions follow two steps. In the first step,
nucleation and interactions among the nucleation take place
to reach the critical size. In the second step, these critical
sizes grow into nanocrystals. The growth rate and the size
can be explained based on the binding energy of the bonds.®°

The lattice parameters (a) have been estimated from
Rietveld refinement and using eqn (2). The variation of ‘a’
with Fe-concentration (x) has been plotted in Fig. 2b, which
shows that there is a small increase in the lattice parameter
‘a’ due to the increase of Fe-ion doping. A small increase in
‘a’ with Fe-doping cannot be attributed to the difference in
ionic radii between divalent Fe (0.78 A) and divalent Cd (0.96
A) in tetrahedral coordination. It should be expected that the
substitution of Cd** by Fe ions may lead to a decrease in the
lattice parameters due to a smaller ionic radius of divalent Fe
in tetrahedral coordination. Thus, the linear increase of the
‘a’ parameter cannot be explained by the difference in ionic
radii. Moreover, linear variation of lattice constant ‘@’ with
increasing Fe-concentration confirms that the Fe-ion has
been substituted into the crystal lattice following Vegard's
law. It also confirms that this is no structural change, and
the doping of Fe-ions does not change the zinc blende
structure of CdS. The variation of micro-strain with Fe
concentration is plotted in Fig. 2c.

The XRD results reveal that the samples are cubic zinc
blende in nature with broadening in the peaks due to their
small size.’®*® The broadening increases with the doping
concentration due to the decreasing size of the quantum dots
with Fe doping concentration (Fig. 2d). This may be
attributed to the quantum confinement effect, surface defect,
and dopant induced strain;®®' therefore, it is desirable to
tune the efficiency of the single-dot-devices. The replacement
of Cd with Fe during doping changes the lattice parameters
and bond lengths of the CdS quantum dots, which results in
the change in structural properties. The value of the average

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Average crystallite size variation, (b) variation in lattice parameter ‘a’, (c) variation in micro-strain, (d) variation in FWHM of peak (111)

with varying Fe doping concentration in CdS QDs. The crystallite size is decreasing with increasing doping concentration owing to quantum

confinement.

Table 1 Crystallite size, lattice constant, lattice parameter, and micro-strain of CdS, Cdg.g9F€0.01S, Cdg.98F€0.02S, Cdp.osF€0.04S, Cdp.os4Fe0.06S, and Cdg o2
Feo08S estimated from Rietveld refinement

Sample Position (26) Average crystallite size (in nm) d spacing (in A) Lattice parameter a (in A) Micro-strain
Cds 26.887 2.278 3.312 5.736 0.87171
Cdy.99Fe0.01S 26.831 2.232 3.318 5.748 0.88976
Cdo.0sF€o 025 26.822 2.123 3.319 5.750 0.93536
Cdy.0cF€0.04S 26.802 2.008 3.322 5.754 0.98884
Cdy.o6F€0.06S 27.155 2.007 3.329 5.766 0.98962
Cdo.o6Fep 085 27.290 1.946 3.333 5.773 1.02066

crystallite size, lattice constant (d), lattice parameter (a = b =
¢), and micro-strain are shown in Table 1.

3.2. Transmission electron microscopy (TEM)

A low-resolution transmission electron micrograph shows
that the average grain size of the samples is 2 nm (Fig. 3a).
The TEM result corroborates with the XRD measurement.
Both the average crystallite size estimated from the XRD and
the average grain size estimated from the TEM measurement
are less than the Bohr radii of CdS (~5.8 nm). From the low-
resolution  transmission  electron  micrograph, the
monodispersive nature of the quantum dots has been
observed, which is desirable in device fabrications. The
irregular morphology in the TEM images can be attributed to
the influence of the Fe doping. Fe is a transition metal and
induces magnetism in the QDs after doping. The magnetism
leads to jittering and distortion in the TEM images, which

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

may affect the clarity of the morphology of the QDs. The
selected area electron diffraction (SAED) pattern of 2% Fe-
doped CdS quantum dots (Fig. 3b) reveals that the samples
are polycrystalline in nature.”® The hkl values of planes are
well matched with those of XRD measurements.

3.3. EXAFS spectroscopy

The X-ray absorption fine structure spectroscopy (XAFS)
analysis of iron (Fe) doped cadmium sulfide (CdS) quantum
dots was carried out at the Energy Scanning EXAFS beamline
(BL-9) within the energy range of 4 keV to 28 keV located at
the Indus-2 Synchrotron source (2.5 GeV, 100 mA) on the
cadmium (Cd) and iron (Fe) K-edges. The optical system
includes a rhodium/platinum (Rh/Pt) coated collimating
meridional cylindrical mirror, which reflects the collimated
beam. This beam is then monochromatized using a silicon
(Si) (111) double crystal monochromator (DCM) with a lattice

RSC Appl. Interfaces, 2025, 2, 952-964 | 955
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Fig. 3

spacing of 6.2709 A. The second crystal of DCM is a sagittal
cylinder utilized for horizontal beam focusing, while a
downward-facing, Rh/Pt coated, bendable post mirror is
employed for vertical beam focusing on the sample. To
eliminate higher harmonic content in the X-ray beam, the
second crystal of the DCM is detuned. X-ray absorption
spectroscopy (XAS) measurements were carried out in both
fluorescent and transmission modes.®>®

EXAFS data analysis requires background subtraction and
normalizing the results followed by theoretical EXAFS
calculations based on one or more chosen structural models.
The best match was obtained by comparing the calculated
spectra with the actual data are and the parameters were
refined. In the fluorescence mode, the sample is positioned
at an angle of 45° to the incoming incident X-ray beam. A
fluorescence  detector is then strategically placed
perpendicular to the direction of this incident beam to
capture the emitted signals. To quantify the incident beam
flux, an ionization chamber detector is situated before the
sample. The fluorescence detector records the emitted
fluorescence intensity. In the transmission measurement
method, three ionization chambers (length of 300 mm) are
employed for data collection. The first ionization chamber is
used to measure the incident beam flux, the second one is
used to gauge the transmitted beam flux, and the third
chamber is used to record the X-ray absorption spectrum of a
reference metal foil for the purpose of energy calibration. To
optimize the signal-to-noise ratio (SNR), specific gas
pressures and gas mixtures are selected.

Cd K-edge. The normalized XANES spectra of above
synthesized quantum dots measured at Cd K-edge are shown
in Fig. 4a. The XANES spectra shows that the absorption edge
positions of Cd in Fe-doped CdS almost coincide, which
implies a similar oxidation state. The normalized absorption
spectra of all samples are shown in Fig. 4b at the Cd K-edge.
The EXAFS data were analyzed by the Demeter software
package. This helps in reducing the background. Fourier
transform of the absorption spectra was used to derive the
x(R) versus R plots using ATHENA software. The process
involves the generation of theoretical EXAFS spectra starting
from an assumed crystallographic structure and subsequently

956 | RSC Appl Interfaces, 2025, 2, 952-964
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10 1/nm

(a) Low resolution transmission electron microscopic image and (b) SAED pattern of 2% Fe-doped CdS quantum dots.

fitting the experimental data with the theoretical spectra
using ARTEMIS software for a detailed analysis.

Fig. 4c shows the k®y(k) vs. k spectra while the y(R) vs. R
plots are shown in Fig. 4d for the Cd K-edge of the
synthesized Fe-doped CdS quantum dots. The x(R) vs. R data
of these samples have been fitted by assuming the cubic
structure of the CdS crystal. In the fitting process, the
coordination number (C.N.), atom-to-atom bond distance (R),
and the disorder factor (Debye-Waller factor) (¢), which
gives the mean square fluctuation in the atomic bond lengths
and the thermal disorder in the system, have been used as
fitting parameters and the best fit parameters are shown in
Table 2. The contribution of the Cd-S coordination shell is
confirmed by the presence of a peak at 2.0 A in the radial
distribution.®*®°

Fe K-edge. The normalized XANES spectra of iron (Fe)
doped CdS quantum dot samples shows the oxidation state
of Fe in the samples (Fig. 5a). The normalized absorption
spectra of CdggoFep 1S and CdyosFepsS are shown in
Fig. 5b. The k?¢(k) vs. k spectra of the samples and y(R) vs. R
plots at the Fe K-edge are shown in Fig. 5c¢ and d,
respectively. The EXAFS data were initially fitted by
considering Fe atoms at the Cd atomic positions in CdS after
doping. The peak at 1.4 A has contributions of two Fe-S
coordination shells and the peak at 2.6 A has contributions
of the Fe-Fe coordination shell (Fig. 5d). The best parameters
have been analyzed and shown in Table 3.

3.4. Raman spectroscopy

Raman spectroscopy has been employed to investigate the
local structure, vibrational modes and defect-oriented local
disorders present in samples. An excitation of 532 nm using
a laser has been used to record the Raman spectra at room
temperature for undoped and Fe-doped CdS quantum dots in
the spectral range of 200-1500 cm . CdS possesses the zinc
blende cubic structure with space group F43m. Raman
spectra of Cd;_Fe,S QDs show that the prominent peaks
relate to confined longitudinal optical (LO) phonon modes,
and their overtones (2LO and 3LO) are clearly observed for
undoped and Fe-doped CdS QDs (Fig. 6a). Three prominent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Normalized XANES spectra, (b) normalized absorption spectra, (c) normalised EXAFS (k?y(k) vs. k) spectra, and (d) Fourier-transformed
EXAFS spectra of CdgggFep 01S and Cdg gsFep.04S quantum dots at the Cd K-edge. In (d), the black colored scatter points represent experimental

spectra, and the red colored solid line represents the theoretical fit.

peaks are located at 294, 588, and 885 cm™* (Table 4), which
correspond to the fundamental peaks related to stretching
vibrations of LO phonon modes of 1LO, 2LO, and 3LO,
respectively.”® For all optical modes, characteristic Raman
peaks may be attributed to (i) the optical phonon
confinement effect for the lower frequency mode®*®” and (ii)
the surface optical (SO) phonons of spherical QDs,*® as
evidenced by TEM. The magnified image of the 1LO peak of
different Fe-doping shows that the peak position shifts
towards higher values with increasing Fe concentration
(Fig. 6b). This type of shifting can be explained on the basis
of the Heisenberg uncertainty relation:

ApAx = #2/4 (4)

where Ax is the uncertainty in position, Ap is the uncertainty in
momentum and # = i/2n is the reduced Planck’s constant. XRD
measurements show that the crystallite/particle size decreases
with an increase in Fe-concentration. The phonon is confined
in a smaller Ax region and there must be an increase in Ap with
a decrease in crystallite size. The wave number distribution

Table 2 Bond length, coordination number (C.N.) and disorder factor
obtained using EXAFS fitting for CdgggoFep.01S and Cdp geFep.04S quantum
dots at the Cd K-edge

Path Parameter Cdy.goFeg.01S Cdo.o6F€0.04S

Cd K edge

cd-s R (A) (2.52) 2.49 + 0.004 2.49 + 0.002
N(4) 3.77 £ 0.1 3.59 + 0.07
(‘2 0.0057 £ 0.0006 0.0056 + 0.0003
Riactor 0.009 0.003

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

also increases due to increase in momentum distribution of
phonon (Ap), which causes the shift of the Raman peaks.
Therefore, it can be concluded that the effect of phonon
confinement may be responsible for the shifting of the Raman
peak as discussed above in nano-sized -crystallites. The
confined LO phonon mode in spherical QDs has been
extensively studied with the Gaussian confinement model.**”°
According to this model, an optical phonon weighting function
W(r) in a small finite-sized crystal is given by:

W(r) = exp[r*/267] (5)

where ¢ is a constant that is matched individually with the
sample's dimension.®” Raman spectra of low-dimensional
QDs become modified compared to their bulk counterparts.
The FWHM of 1-LO decreases non-linearly with higher
doping concentrations (Fig. 6¢), which may be due to the
local structural and vibrational disorder defects for Fe doping
in the CdS host. The intensity of all the longitudinal optical
modes (LO) rapidly decreases with increasing Fe
concentration in CdS (Fig. 6d). The decrease in intensity
occurs because of the microscopic structural disorder in the
CdS lattice induced by Fe doping. The number of Cd-S-Cd
bonds is decreased, and new Cd-S-Fe or Fe-S-Fe bonds are
formed due to Cd substitution by Fe. As a result, the intensity
of LO modes decreases with increasing Fe concentrations.””
The decrease of relative Raman intensity in higher order
longitudinal optical modes (LO) is ascribed to the weak
exciton-phonon coupling (less than 1) shown in Fig. 6e due
to small size of the QDs. Higher-order phonon overtones are
observed under resonance conditions. Fig. 6e shows the
linear decrease of the exciton-phonon coupling strength
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(Lro/LiLo) of the prepared quantum dots with increasing Fe
doping concentrations. The ratio of intensities of the
overtone peaks to that of the most prominent peaks is related

to the strength of the exciton-phonon interaction.

72,73

3.5. UV-vis spectroscopy and photoluminescence

spectroscopy

Fig. 7a and b show the reflectance and absorbance spectra
of direct band gap undoped and Fe-doped CdS quantum

Table 3 Bond length, coordination number (C.N.) and disorder factor
obtained using EXAFS fitting for Cdg gg9Fep.01S and Cdp geFep.04S quantum

dots at the Fe K-edge

Path Parameter Cdy.90Feg.01S Cdy.o6Feg.04S

Fe K-edge

Fe-S,; R (A) (1.94) 1.91 + 0.002 1.90 + 0.002
N(S) 3.0 £0.18 2.68 + 0.08

2 0.0042 + 0.0004 0.001

Fe-S, R () (2.11) 2.08 + 0.002 2.07 = 0.002
N(3) 3.0 +0.18 2.68 + 0.08
(‘2 0.0042 + 0.0004 0.001

Fe-Fe R (A) (2.97) 2.98 + 0.003 3.01 = 0.01
N(4) 4.0 +0.24 3.57 0.1
(‘2 0.0172 + 0.0014 0.0097 + 0.0004
Reactor 0.01 0.02

958 | RSC Appl. Interfaces, 2025, 2, 952-964

dots, respectively. Fig. 7c shows Tauc's plot for calculating
the band gap. The band gaps have been calculated from the
absorbance data using the Kubelka-Munk function.®® The
inset of Fig. 7c shows the band gap variation of Fe-doped
CdS. The reason behind the band gap variation is quantum
confinement arising from the smaller size of QDs due to Fe
doping which is consistent with average crystallite size
variation. The obtained band gaps are 2.348 eV, 2.404 eV,
2.318 eV, 2.216 eV, and 2.022 eV for Fe doping at 0%, 1%,
2%, 4%, 6%, and 8%, respectively. The initial slight
increase in the bandgap from 2.348 eV (Fe = 0%) to 2.404
eV (Fe = 1%) can be attributed to the Moss-Burstein effect,
where the introduction of Fe*" ions from Fe-precursor leads
carrier concentration. This
enhancement in carrier concentration pushes the Fermi
level towards the conduction band. This effectively helps
widen the optical bandgap as a result of occupying the
lower energy states in the conduction band. However, the
bandgap begins to decrease with the further increase of Fe-
concentration. This can be attributed to the creation of
localized states within the bandgap, as a result of the
interaction of Fe** ions with the host CdS. These localized
states act as trap states which lead to band tailing and
lowered bandgaps.

The photoluminescence spectra have been measured to
determine the luminescence properties and defect states present

to an enhancement in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Raman spectra of Cd;_Fe,S quantum dots at room temperature, (b) Raman spectra of Cd;_Fe,S quantum dots: 1-LO (fitted to get the

exact peak position), (c) FWHM variation (1-LO) with Fe doping concentrations, (d) relative Raman intensity of 1-LO with increasing Fe doping
concentrations, (e) variation in exciton-phonon coupling strength with Fe doping concentration.

in the samples. For this measurement, a fixed concentration of 1
mg sample/5 mL isopropanolic solution was maintained. The
room-temperature photoluminescence spectra of undoped and
Fe-doped CdS quantum dots (Fig. 8) indicate that the green
luminescence peak near 530 nm increases with the doping

Table 4 Peak position (cm™) of nLO bands of undoped and Fe-doped
CdS QDs (peak positions were obtained by fitting the bands)

n=1 n=2 n=3
Ccds 294 588 885
CdS:Fe2 295 589 894
CdS:Fe4 296 596 894
CdS:Fe6 300 603 894

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

concentration of Fe but suddenly falls in the 8% doped
sample.”® This may be due to the precipitation of the samples
with higher Fe concentrations in isopropanol solution. The band
edge emission wavelengths near 480 nm are consistent with the
UV-vis absorbance wavelength. Additionally, higher doping levels
introduce structural disorder and induce defects. This result
corroborates with the UV measurement contributing to the
observed reduction in the bandgap at higher Fe-concentrations.

3.6. Rectifying diode behavior: scanning tunneling
microscopy (STM) study

Scanning tunneling microscopy (STM) is a unique technique
based on tunneling which yields surface topographies in
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real space and on an atomic scale. In this study, scanning
tunneling spectroscopy (STS) has been used for investigation
of  rectification  properties of single-dot  diodes.
Measurements using STM were carried out at room
temperature. For practical application, it is essential to gain
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Fig. 8 Photoluminescence spectra of undoped and Fe-doped CdS
[Cd;_«Fe,SI quantum dots.
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a high rectification ratio in single dot diodes and to
modulate the performance of rectification. For single-
molecule devices, the structure of the quantum dot has a
significant impact on whether the molecular current
exhibits rectification phenomenon. This idea will be
addressed in other work. This study mainly focused on the
mechanisms of rectification in single dot diodes and the
efficient ways to modulate their rectifying performance.

The schematic diagram of the device structure of the thin
film single-dot rectifying diode has been displayed in Fig. 9a.
Although, the schematic diagram is idealized using a very
sharp tip in STM measurements, the ideal situation was nearly
achieved. The current-voltage mechanism of device structure
ITO/TiO,/CdS:Fe QDs has been measured by scanning
tunneling microscopy at ambient atmosphere with a Pt/Ir tip.
The TiO, nano-powders were sonicated in isopropanol and
spin-coated. Then, this thin film was annealed at 350 °C to
obtain good crystallinity and phase formation. On the top of
that layer, a single layer of Fe-doped CdS quantum dots was
spin coated. Single dot devices with wide band gap TiO, were
fabricated for rectifying diodes due to their ambient
atmosphere stability and transparent properties.

The Pt/Ir tip for STM was used due to its high stability
and conductivity in different types of measurements. Also, it
has minimal reactivity with the material during imaging and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Device structure of the ITO/TiO,/Cd,_4Fe,S QDs rectifying diode [Fe = 0%, 2%, 4%, and 6%] and (b) rectifying behaviors of undoped and
Fe-doped CdS single quantum dots (inset shows the scanning tunneling micrograph of 2% Fe-doped CdS QDs). (c) Schematic of the model of
collective transport phenomena in the device. The yellow spheres denote CdS QDs. The dashed red line with arrows illustrates the electron
transport path.

spectral measurements. The Pt/Ir tip provides a stable and  bending, resulting in an increase in depletion region width.”*
reliable interface between tip/material for high-resolution At negative bias voltage to the substrate ITO, the holes
imaging and current-voltage measurements. However, the tip  transport through the valence band of CdS QD to TiO, and
material can have an impact on the results in a contact-  TiO, to ITO. This results in the high current in the STS data
dependent device. The tip material could have indirect effects ~ with turn-on voltage. For Fe-doped CdS QDs, holes transport
on the local electronic interaction between the tip and  through the additional Fe doping energy band (DB) near the
material, due to the work function of the tip. The work  valence band of CdS. As a result, the turn-on voltage gets
function of the tip can influence the contact barrier and the  lowered at higher doping concentration due to the
molecular states alignment with the Fermi level electrode. broadening of this DB band. The negative tunneling current
The device has been characterized by an STM with an  and negative substrate bias voltage indicates the hole
input current of 10 pA. The diode nature is observed from  tunneling. Moreover, the electron tunneling at positive
current-voltage plot (Fig. 9b) and the inset shows the image  substrate bias voltage is very negligible due to lack of
of the QDs surface. The tunneling current has been enhanced  electrons. The regions highlighted “1”, “2”, and “3” in Fig. 9b
up to 10 nA, giving the rectification ratio 10°. The threshold  and TOC represent different positions of the 2% Fe-doped
voltage decreases with doping concentration from 1.62 V. CdS QDs film.
(CdS) to 0.83 V (Cdg.osFep.06S) which makes it promising for The inset of Fig. 9b shows the image of dots of 2% Fe-
low power consumption. In Fe-doped CdS QDs, the threshold  doped CdS QDs. Slight vibration was experienced during the
voltage decreases due to the band gap decreasing with  recording of images, which might be attributed to the
doping concentration. This may be attributed to the decrease = magnetic behavior of Fe, which results in the unclear STM
of carrier concentration, which affects the energy band  image of quantum dots.”

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Appl. Interfaces, 2025, 2, 952-964 | 961
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As electron tunnels from the STM tip to the QD, it will
tunnel to another QD having far less polarization charge in
order to reduce the Coulomb charging energy (Fig. 9c).
Compared to the tip-to-dot and dot-to-substrate capacitances,
the inter-dot capacitance is two orders of magnitude more
significant to have a smaller Coulomb charging energy.”> The
electron could tunnel to the nearest neighbor QD to reduce the
high Coulomb charging energy in the CdS:Fe QD situated
between the STM tip and the ITO substrate. As pointed out in
the Middleton-Wingreen (MW) model, while Coulomb
blockade can be observed when the series tunnel barriers are
approximately equal, the Coulomb staircase requires
asymmetric barriers so that multiple electrons or holes can be
accumulated in the QD, with a low probability of tunneling out
and a high probability of being replenished. A noticeable
rectification of 10° was demonstrated using a Pt/Ir STM tip held
at a constant position on the target dot. Fabricated devices
showed consistent performance across multiple batches and
with time, demonstrating their stability and repeatability.
Although, the long-term stability or impact of environmental
factors on QDs and rectifier diodes are important factors for
the application in real-world single dot-based devices, the
current study primarily focused on the initial performance and
stability of the rectifying diodes under ambient atmospheric
conditions (at normal temperature and pressure). The
evaluation of the long-term stability and effects of
environmental factors such as humidity and temperature
fluctuations will be studied elsewhere.

4. Conclusions

We successfully characterized Fe-doped CdS quantum dots
for application in inexpensive, solution-processed rectifying
diodes using room-temperature scanning tunneling
microscopy (STM). Cubic structures were confirmed using
XRD and EXAFS. UV-vis spectra revealed the emergence of
semiconductor behavior and a decrease in band gap upon Fe
doping. Furthermore, conductance tunability of the CdS
surface by individual dots was demonstrated. STM images
showed that ITO/TiO,/CdS:Fe offered a rectification ratio of
10% in the rectifying diode. The maximum current was 10 nA
owing to the instrument limitation. Tuning the threshold
voltage from 1.66 eV to 0.83 eV (which is very low) indicated
that the Fe-doped CdS quantum dots are promising for
different electronic and optoelectronic applications with low
electrical power loss. This study offers limited information
on the potential application of QDs in rectifying diodes as
the primary focus is on their STM analysis. STM results
provided critical information regarding current-voltage
characteristics for understanding the local electronic
structure and surface morphology of QDs, which were crucial
factors to understand and validate the behavior of the
rectifying diode at the nanoscale level.

This  study contributes to understanding the
fundamental properties of Fe-doped CdS quantum dots
and offers a groundwork for their potential technological
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advancements in thin film rectifying diodes. The insights
would provide a platform for further research aiming at
utilizing the doped quantum dot-based rectifying diodes
for improved device functioning and performance in many
technological applications.
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