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Introduction

Synthesis and characterisation of Ga- and
In-doped CdS by solventless thermolysis of single
source precursorsy

Suliman A. Alderhami,®® Ruben Ahumada-Lazo, 2 “® Mark A. Buckingham, (2 ¢
David J. Binks, (¢ Paul O'Brien,*€ David Collison® and David J. Lewis () *¢

We report a facile and low temperature synthesis of Ga- and In-doped CdS nanoparticles from molecular
precursors. Diethyldithiocarbamate complexes of Cd(i), Ga(m), and In(i), were synthesised and decom-
posed in tandem through solventless thermolysis, producing Ga- or In-doped CdS. The resultant
M,Cd1_xS11+0.5¢ (Where M = Ga/In at x values of 0, 0.02, 0.04, 0.06, 0.08 and 0.1) particulate powder was
analysed by powder X-ray diffraction, which showed that both Ga (through all doping levels) and In (at
doping levels <8 mol%) were successfully incorporated into the hexagonal CdS lattice without any impuri-
ties. Raman spectroscopy also showed no significant change from CdS. Scanning electron microscopy
and energy dispersive X-ray spectroscopy were used to investigate the morphology and elemental dis-
persion through the doped CdS materials, showing homogenous incorporation of dopant. The optical
and luminescent properties of the doped M,Cd;_,S1+0.5¢« Materials were examined by UV-Vis absorption
and photoluminescence spectroscopies respectively. All materials were found to exhibit excitonic emis-
sion, corresponding to band gap energies between 2.7 and 2.9 eV and surface defect induced emission
which is more prominent for Ga than for In doping. Additionally, moderate doping slows down charge
carrier recombination by increasing the lifetimes of excitonic and surface state emissions, but particularly
for the latter process.

suffers from severe photocorrosion,'? fast recombination rates
of photogenerated charge carriers'® with high resistivity when

Binary semiconductors of the II-VI group have attracted con-
siderable research attention due to their distinctive size-depen-
dent optoelectronic, optical, and electrochemical properties
and their potential for applications in photovoltaic
technologies.'™ Cadmium sulfide (CdS) has a direct band gap
energy (E,, 2.4 €V) that is commensurate with photon absorp-
tion in the visible part of the spectrum.” CdS is a heavily inves-
tigated material for photovoltaic, photocatalytic, and electronic
applications,>*®™*° for example CdS/CdTe heterojunction solar
cells have reported efficiencies up to 20%.“'" However, CdS
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not activated by a photon source.'* As a result of these limit-
ations, alloying other metals into the lattice as dopants has
been investigated in an effort to reduce photo-corrosion,
improve photogenerated charge carrier lifetimes, and signifi-
cantly reduce the dark resistivity.'**°

Doping CdS with the trivalent ions of Group 13, namely
boron (B**), aluminium (Al*"), gallium (Ga®**), and indium
(In**) has been reported to improve the electrical conductivity
of Cds, switching it to extrinsic p-type conductivity.'*'*> CdS
thin films, deposited by chemical bath deposition'* and spray
pyrolysis'® have been reported with increases in carrier concen-
tration and reduction in dark electrical resistivity upon Ga
doping. Ga-doping of CdS (produced by a solvothermal
method) has also enhanced the photocatalytic degradation
ability towards rhodamine B by up to 114%, compared to
undoped CdS."” In-doping of CdS has been reported to
enhance the photocatalytic performance of rhodamine B
photodegradation ca. 3x when prepared through simple hydro-
thermal synthesis.'® In-doped CdS thin films have also been
reported to reduce bulk resistivity (from 16 Q cm to 0.1 Q cm)
with a 5% In doping concentration, with a significant increase
in measured carrier concentration from 3.7 x 10" em™ (for

This journal is © The Royal Society of Chemistry 2023
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0.2% In-doping) to 5.6 x 10"° cm ™ (for 5% In-doping)."® Other
dopants such as Ag*, Mn**, Co**, Ni**, Cu*", zn**, Sn**, Sm*",
Gd*", Dy*", Mo*" and Zr"" have been investigated and have
demonstrated tuneable magnetic, optical, and electrical
properties.>*7!

Doping Ga and In into CdS is typically achieved as thin
films deposited through methods such as chemical bath
deposition."**3* Ga and In have also been reported as
dopants in CdSe quantum dots.>*” However, there have been
limited reports into either Ga or In doping into particulate Cds.
Doping In into CdS has been previously achieved through a sol-
gel method with ethylene glycol and an autoclave thermal treat-
ment step of 180 °C for 24 h.*® In-doped CdS grown on ZrO,
supports has been reported with a 3-step thermal treatment
(180 °C for 4 h, 90 °C for 5 h and 500 °C for 4 h) for ZrO, prepa-
ration, followed by a 4 h, 350 °C thermal treatment step for CdS
and In-doped CdS synthesis.** Ga- and In-doped CdS/PVA nano-
composites have been prepared through a bath preparation
method with a 4 h PVA dissolution step, followed by addition to
a 100 mM Cd salt (+10 vol% Ga/In) bath for ca. 20 minutes.*
Such high quantities of Cd salts should be avoided due to their
highly toxic nature.*’ Many synthetic routes have been used to
produce metal-doped CdS, including chemical bath depo-
sition,'* hydrothermal synthesis,'® co-precipitation,”® chemical
spray methods,”® colloidal synthesis®® and ion implantation.>!
These methods are predominantly concerned with the prepa-
ration of thin films, and are also bulk synthetic techniques
which may be undesirable due to the difficulties in controlling
the phase and purity of the anticipated product.

One synthetic method to both obtain control in homoge-
neously dispersing dopants and limiting the required quantity
of Cd is through the use of molecular precursors.*” Single
source precursors (SSPs) such as metal xanthate and metal
dithiocarbamate complexes are also favourable as they have
pre-arranged M-S bonds and therefore enable an atom-up
approach towards metal sulfides.*” SSPs have been demon-
strated as a scalable, facile, low-temperature and fast route
towards particulate,”*** thin film,""***® and
material®®>® metal sulfides. It has also been demonstrated
that by altering the chemistry of the SSPs and the environment
of the decomposition of the precursors, shape, size, and phase
control is possible.®** Perhaps the most commonly utilised
ligand to form single-source precursors are dithiocarba-
mates.”” These ligands have demonstrated significant versati-
lity towards a range of transition, main group and lanthanide
metals and a range of valence states on the coordinated
metals. Metal dithiocarbamate complexes decompose cleanly
to give high yields of the respective metal sulfides, without the
inclusion of other organic impurities from the complex.** It
has even been demonstrated that by simply decomposing two
or more dithiocarbamate complexes together through a sol-
ventless thermolysis method, that ternary (such as Cu-Sb-S$*?
or Cu-Fe-$>) or quaternary (such as Cu-Zn-Sn-S°°) products
are achievable. Solventless thermolysis represents a clean,
simple, and scalable method of producing multi-metal
chalcogenides.

nano-
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Herein we report the synthesis of Ga and In-doped CdS
nanoparticles by decomposing in tandem cadmium diethyl-
dithiocarbamate [Cd(DTC),] with either gallium diethyl-
dithiocarbamate [Ga(DTC);] or indium diethyldithiocarbamate
[In(DTC);3]. This approach was found to successfully produce
homogenously doped CdS, where both Ga and In could be
incorporated into the CdS lattice. SEM-EDX analysis showed
that both Ga and In were homogeneously dispersed through
the CdS materials. The optical and luminescent properties of
the Ga- and In-doped CdS were also investigated, where band
gap energies of the doped materials all fell within the 2.7 and
2.9 eV range. To the best of our knowledge, this is the first
report on the synthesis of Ga- and In-doped CdS from metal
dithiocarbamate single source precursors and has proved to be
a facile, simple, rapid, and low temperature approach towards
Ga,Cd;_,S1+0.5x and In,Cdy _Sy+0.5-

Experimental
Chemicals

All chemicals were used as received without further purifi-
cation. Acetone (>99.0%) purchased from Fisher.
Cadmium(u) chloride (>99.99%), gallium(m) nitrate hydrate
(>99.9%), indium(m) chloride (>99.9) and sodium diethyl-
dithiocarbamate trihydrate (>98%) were purchased from
Sigma-Aldrich.

was

Instrumentation and characterisation

Elemental (EA) and thermogravimetric (TGA) analysis of the
precursors were performed by the elemental Microanalysis
service at The University of Manchester. EA was carried out
using a Carlo Erba EA 1108 elemental analyser for CHNS and a
Thermo Scientific iCAP 6000 series ICP Spectrometer for metal
analysis. TGA data were recorded from 30 °C to 600 °C at a
heating rate of 10 °C min™" under N, by using a Seiko SSC/
S200. Infrared spectra (IR) were collected by using a Specac
single reflectance ATR instrument (4000-400 cm ™", resolution
4 cm™"). Melting points were recorded by using a Barloworld
SMP10 apparatus. Nuclear magnetic resonance (NMR) spectra
were obtained using a 400 MHz Bruker instrument.

The powder XRD patterns were obtained by an X'Pert diffr-
actometer using Cu-Ka radiation (1 = 1.54178 A) at room temp-
erature. Scanning electron microscopy (SEM) was performed
with a Philips XL30 FEG SEM. Energy dispersive X-ray (EDX)
spectroscopy was performed using a Philips EDAX DX4 X-ray
micro-analyser. Raman spectra were obtained using a
Renishaw 1000 microscope system equipped with 514 nm laser
excitation. UV-Vis absorption spectra were recorded using a
Shimadzu UV-1800 instrument. Photoluminescence (PL)
spectra were recorded using a Horiba Jobin Yvon Fluorolog-
3 model FL3-22iHR spectrofluorometer with excitation from a
Xe lamp monochromated at 350 nm. PL time decays were
recorded using a time correlated single photon counting
(TCSPC) system. This employs a Mai-Tai HP, Spectra-Physics
mode-locked Ti:sapphire laser to produce 100 fs pulses at a

Dalton Trans., 2023, 52, 3072-3084 | 3073


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3dt00239j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 14 1401. Downloaded on 24/12/1404 02:50:52 ..

(cc)

Paper

repetition rate of 80 MHz and 700 nm wavelength. The rep-
etition rate was reduced to 4 MHz by an acousto-optic pulse
picker (APE select) and the initial wavelength halved (to
350 nm) via second harmonic generation (APE harmonic gen-
erator). These pulses were used to excite the samples with an
average power of ~1.5 mW. The PL emission of the samples
was collected and focused into a monochromator (Spex 1870c)
and detected at the centre of the blue and green PL bands
(436 nm and 524 nm, respectively) by a Hamamatsu
R3809U-50 multi-channel plate. A 400 nm long pass filter was
placed in front of the detector to reduce the amount of light
scattered from the excitation laser. The time correlation of the
detected photons was performed with the use of a PC elec-
tronic card from Edinburgh Instruments (TCC900). The
measured instrument response function (IRF) for this system
is about 0.1 ns.

Synthesis of precursors

The diethyldithiocarbamate metal complexes used in this
work are already reported in the literature.”>>” They are syn-
thesised by a metathesis reaction of sodium diethyl-
dithiocarbamate with the metal chloride/nitrate salts, as
described below.

Synthesis of gallium tris(diethyldithiocarbamate) ([Ga(DTC);]) (1)

Complex (1) was synthesised according to the reported
literature.>>>® Briefly, 20 mL aqueous solution of Ga
(NO3)3-xH,0 (1.15 g, 4.49 mmol) was added drop-wise to a
50 mL aqueous solution of Na(S,CNEt,)-H,O (DTC, 3.04 g,
13.49 mmol), under vigorous stirring at room temperature.
The resulting white coloured mixture was left to stir for 1 h.
The mixture was filtered in vacuo, washed with copious
amounts of distilled water and dried in ambient conditions to
afford the product as a white powder. Yield: 2.11 g, 91%. M.
p. 245-246 °C. Elemental analysis: found (calculated, %). for
[Ga(DTC);]: C: 34.80 (35.03); H: 5.81 (5.88); N: 8.07 (8.18); S:
37.13 (37.34); Ga, 13.50 (13.57). IR (tmax/cm™): 2973 (w), 1495
(s), 1431 (s), 1268 (s), 1207 (s), 1145 (s), 992 (s), 846 (m), 784
(m) and 570 (m). "H NMR (400 MHz, CDCl;) § (ppm):
1.29-1.33 (t, 6H, J = 8 -N(CH,Me),), 3.76-3.82 (q, 4H, J = 8 Hz,
-N(CH,Me),). *C{"H} NMR (CDCl;, 400 MHz, CDCls, § (ppm):
12.11 (-N(CH,Me),), 49.49 (-N(CH,Me),), 201.09 (S,C-N=).

Synthesis of cadmium bis(diethyldithiocarbamate) ([Cd
(DTC).]) (2)

A similar protocol to that reported for (1) was used for the syn-
thesis of (2) using CdCl, (2.00 g, 10.91 mmol) and Na
(S:CNEt,)-3H,0 (DTC, 4.90 g, 21.82 mmol). Yield: 3.57 g, 80%.
M.p. 250-252 °C. Elemental analysis found (calculated, %) for
[Cd(DTC),]: C: 29.76 (29.38); H 4.91 (4.93); N 6.83 (6.86); S 31.31
(31.31); Cd 27.00 (27.52). IR (ymax/cm ™ Y): 2978 (w), 1495 (s), 1433
(s), 1267 (s), 1203 (s), 1144 (s), 986 (s), 837 (m), 776 (m) and 561
(m). *"H NMR (400 MHz, CDCl,) & (ppm): 1.33-1.36 (t, 6H, J = 8
-N(CH,Me),), 3.91-3.97 (q, 4H, J = 8 Hz, -N(CH,Me),). **C {'H}
NMR (CDCl;, 400 MHz, CDCl;, § (ppm): 12.10 (-N(CH,Me),),
50.91 (-N(CH,Me),), 202.66 (S,C-N=).
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Synthesis of indium tris(diethyldithiocarbamate) ([In(DCT);])
©)

A similar protocol of that reported for (1) was used for the syn-
thesis of (3) using InCl; (1.60 g, 7.23 mmol) and Na
(S2CNEt,)-3H,0 (DTC, 4.88 g, 21.69 mmol). Yield: 3.22 g, 80%.
M.p. 265-266 °C. Elemental analysis found (calculated, %) for
[In(DTC);]: C 32.94 (32.21); H 5.41 (5.41); N 7.42 (7.52); S 34.06
(34.32); In 20.54 (20.33). IR (Vmax, €M~ Y): 2973 (W), 1496(s),
1428 (s), 1268 (s), 1205 (s), 1147 (s), 985 (s), 844 (m), 785 (m)
and 566 (m). "H NMR (400 MHz, CDCl;) § (ppm): 1.31-1.35 (t,
6H, J = 8 -N(CH,Me),), 3.81-3.86 (q, 4H, J = 8 Hz, -N
(CH,Me),). **C {"H} NMR (CDCl;, 400 MHz, CDCl;, § (ppm):
11.72 (-N(CH,Me),), 50.29 (-N(CH,Me),), 200.77 (S,C-N=).

Synthesis of M, Cd;_,S1+0.5x (M = Ga/In and x = 0, 0.02, 0.04,
0.06, 0.08 and 0.1) by solventless thermolysis

In a typical procedure, precursors 2 and 1 or 3 were mixed in
different molar ratios provided in the ESI Tables S1 and S2,}
followed by making a thick paste with acetone prior to grind-
ing in a pestle and mortar. Acetone was allowed to evaporate
completely at room temperature. Following this, approximately
15 mg of the resulting, white-colored fine powder was placed
into a ceramic boat, which was subsequently placed in a reac-
tion tube. The reaction tube was then inserted in a tube
furnace and gradually heated to 400 °C for 1 h under a N,
atmosphere. After 1 h, the heating element was switched off
and the reaction was allowed to cool naturally to room temp-
erature. The product, M,Cd;_xSi+05x, Was collected for
analysis.

Results and discussion

Thermogravimetric analysis (TGA) of Ga(m), Cd(u) and In(m)
single source precursors

Studies of the thermal stability and decomposition of the indi-
vidual precursors were initially assessed. The TGA profiles
(Fig. 1) for precursors [Ga(DTC);], 1, [Cd(DTC),], 2 and [In
(DTC)s], 3, showed a single-step decomposition in the tempera-
ture range of 240-346 °C, 270-355 °C and 285-370 °C, respect-
ively, which is consistent with previous reports of Ga, Cd, and
In dithiocarbamate complexes.>>>*® The final decomposition
mass of each precursor was found to be 24% (Ga), 22% (Cd)
and 26% (In), which correlate to the expected Ga,S; (23%),
CdS (26%), and In,S; (29%), respectively. Following the assess-
ment of the thermal decomposition of the three metal dithio-
carbamate precursors, these were next decomposed individu-
ally at 400 °C or 450 °C, and the resultant material examined
by powder XRD (pXRD). The pXRD patterns indicated that
crystalline material was produced and could be indexed to
cubic Ga,S; (JCPDS: 00-043-0916), hexagonal CdS (JCPDS: 41-
1049), and cubic In,S; (JCPDS: 03-065-0459) (Fig. S1-S37). As
both temperatures were found to produce crystalline material,
the lower temperature (400 °C) was selected for the synthesis
of the doped - M,Cd;_,S110.5, (Where M = Ga/In).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Thermogravimetric analysis (TGA) profiles of (1) [Ga(DTC)s]
(expected for Ga,Ss: 22.9%), (2) [CA(DTC),] (expected for CdS: 25.5%)
and (3) [In(DTC)] (expected for In,S3; 29.1%).

Synthesis of Ga,Cd;_,S1+0.5x and powder X-ray diffraction
analysis

Ga was investigated as a dopant within the CdS lattice. The
solid [Ga(DTC);] precursor was homogeneously mixed as
described above with the solid [Cd(DTC),] precursor. The
mixture of [Ga(DTC);] and [Cd(DTC),] was then annealed by
solventless thermolysis®® to produce Ga,Cd;_,S;.q5y. Doping
(x) values were selected as 0 (i.e. pure CdS), 0.02, 0.04, 0.06,
0.08 and 0.10 (i.e. 10% dopant). The pXRD patterns of the
resultant Ga,Cd;_,S1.0.5, samples are shown in Fig. 2(a). The
PXRD pattern of all samples showed that hexagonal CdS was
achieved without any observable impurities of Ga,Ss;, indicat-
ing that Ga has been homogeneously incorporated into the
CdS lattice, which was confirmed by further characterisation
vide infra. The crystallite sizes of the materials were estimated
from the most intense (101) plane using the Scherrer
equation.®’ Crystallite sizes were found to be 12.9, 16.8, 16.5,
16.7, 18.1 and 16.6 nm for x = 0, 0.02, 0.04, 0.06, 0.08 and
0.10, respectively. Fig. 2(b) reveals the enlarged view of the
diffraction peak of the (101) plane for these samples. The
20max of the peak slightly shifts to higher 20 angles with
increasing concentration of Ga dopant, in a linear trend with
respect to mol% of dopant concentration. This shift may be
ascribed to the decrease in unit cell volume (Fig. 2(c)) with the
occupation of smaller Ga®" ions (0.076 nm) replacing the
larger Cd** (0.109 nm) ions'” in the cationic lattice positions.
Consequently, the lattice parameter of CdS was reduced,
leading to the reduction of the lattice plane distance (Fig. S4(a)
and (b)T). It was observed that d(,0,) decreases with an increase
in 26 (Fig. S4(c)T). Although this suggests that in this case Ga**
ions are incorporating substitutionally in the CdS lattice, pre-
vious reports have shown that interstitial incorporation can
also occur, depending on the synthetic method and dopant
concentrations.' "’

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) p-XRD patterns of Ga-doped CdS with different mole frac-
tions of Ga,Cd;_,S1+05x 0 < x < 0.1; (b) an expanded view of (101) plane
diffraction for GayCd;_,Si1+05¢ and (c) unit cell volume A® of nano-
particles of Ga,Cd;_,Si1.05x as a function of Ga mol% where mol% is
defined as a % of total metals content i.e. [Ga]/([Cd] + [Ga])%.

Scanning electron microscopy (SEM), energy dispersive X-ray
(EDX) spectroscopy and inductively coupled plasma atomic
emission (ICP-OES) spectroscopy of Ga,Cd;_,S1+0.5x

Scanning electron micrographs (Fig. 3) revealed that samples
appeared as agglomerated microscale spheres, with no signifi-
cant morphological changes observable as a function of

Dalton Trans., 2023, 52, 3072-3084 | 3075
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Fig. 3 Secondary electron SEM images (10 keV) of doped and undoped samples of Ga,Cd;_,S1.0.5x X = 0 (a), x = 0.02 (b), x = 0.04 (c), x = 0.06 (d), x

=0.08 (e) and x = 0.10 (f).

dopant concentration. We note that microscale-sized particles
of Ga-doped CdS have also been observed from materials syn-
thesised by a solvothermal synthesis method."” Energy-disper-
sive X-ray (EDX) spectroscopy was also used to assess the hom-
ogeneity of Ga throughout the CdS materials. Fig. 4 shows the
EDX elemental distribution of Ga, Cd, and S for all doping
concentrations. It was found that Ga was homogenously dis-
tributed through all materials, which, coupled to the pXRD
data above, indicates no observable impurities in the syn-
thesised doped material. Inductively coupled plasma atomic
emission (ICP-OES) was also used to quantitatively measure
the atomic % of Ga within the systems (Table S3%). Fig. S5
demonstrates that a linear correlation between mol% of [Ga
(DTC);] in the starting mixture and the observed Ga mol% in
the products from the thermolysis reaction via both EDX and
ICP-OES is observed. These results confirmed the anticipated
Ga,Cd;_,S1+05¢ compositions relative to the stoichiometric
amounts of the complexes initially decomposed, again indicat-

3076 | Dalton Trans., 2023, 52, 3072-3084

ing that Ga®" ions are successfully (and homogeneously) incor-
porated into the CdS lattice.

Synthesis of In,Cd;_,S1.0.5x and powder X-ray diffraction
(pXRD) analysis

In was next investigated as a dopant in CdS to produce
In,Cd;_,S140.55, With x = 0, 0.02, 0.04, 0.06, 0.08 and 0.10. The
PXRD patterns of In,Cd;_,S;.05, are shown in Fig. 5(a). For
the x = 0.08 and 0.1 systems, crystalline impurities of
CdIn,S, ®* were present (as indicated by the (*) in Fig. 5). No
additional peaks were observed in the x = 0.02, 0.04 and 0.06
samples, suggesting that the In,Cd;_,S1.¢.5 iS the major crys-
talline product from the reaction. From this analysis, it is clear
that higher doping levels of In causes impurities, which was
not observed with Ga, but is in agreement with a previous
report of In-doped CdS.'® From the enlarged view of the (101)
reflection (Fig. 5(b)), the crystallite sizes were estimated using
the Scherrer equation and were found to be 12.9, 15.4, 14.5,

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 EDX spectroscopic mapping (20 keV) of Cd La, Ga La and S Ka for Ga,Cd;_,S140.5x Samples. (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08

and (e) x = 0.1 mole fractions of gallium. All scale bars correspond to 5 pm.

16.7, 17.7 and 18.8 nm for x = 0, 0.02, 0.04, 0.06, 0.08 and
0.10, respectively. From this further analysis of the (101) plane,
it was again observed that the diffraction peak shifts to higher
260 angles compared to the undoped sample. This shift is lower
than for the Ga-doped samples, which is likely due to the
larger size of the In** cation (0.094 nm), which is closer to the
size of Cd** (0.109 nm). As a result, the lattice parameter of the
CdS was slightly reduced, leading to the reduction of the
lattice plane distance (Fig. S6f). It was observed that d(oq
decreases slightly from 3.181 to 3.161 A (Fig. S6%).
Furthermore, Fig. 5(c) shows the unit cell volume fluctuating
with increasing In doping, this can be attributed to In*" repla-
cing Cd** in the lattice structure.

Scanning electron microscope (SEM), energy dispersive X-ray
(EDX) and inductively coupled plasma atomic emission
(ICP-OES) spectroscopies for In,Cd;_,S1.0.5x

Representative SEM images of all In,Cd;_,S;+¢.5, are displayed
in Fig. 6. Similar morphologies are observed with the In-doped
CdS to the Ga-doped CdS (Fig. 3), with agglomerated micro-

This journal is © The Royal Society of Chemistry 2023

spheres observed for all systems. Analogous to the Ga-doped
CdS, the In-doped CdS also showed no significant morphologi-
cal changes with the increase of indium doping levels up to
6 mol% (Fig. 6). EDX and ICP-OES spectroscopies (Table S47)
were again utilised on the In-doped CdS and again confirmed
the expected In,Cd;_,S1.0.5, compositions relative to the stoi-
chiometric input [In(DTC);]. Fig. 7 displays the EDX elemental
mapping images of the In,Cd;_,S1+0.5x Samples, again showing
homogeneous distribution of In throughout the CdS materials,
in agreement with the pXRD patterns in Fig. 5. As with the Ga-
doped CdS samples, the In,Cd;_,S;+0.5x Systems were found to
observe a linear trend of expected In concentration vs.
observed In concentration by both EDX and ICP-OES analyses

(Fig. S77).

Raman spectroscopy of M,Cd;_,S;.¢.5x (M = Ga/In)

Raman spectroscopy was used to investigate all Ga- and In-
doped CdS samples. Fig. 8 shows the obtained Raman spectra
of all investigated samples, which all confirm hexagonal CdS
was achieved for all samples.”**®> CdS has two main longitudi-
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Fig. 5 (a) pXRD patterns of In-doped CdS with different mole fractions
of In,Cd;_,Si+05x X = 0, 0.02, 0.04, 0.06, 0.08 and 0.1. Pink stars
indicate the presence of minor crystalline impurities of Cdln,Sy;
(b) expanded region corresponding to the (101) diffraction peak for
In,Cd1_,S14+05x X = 0, 0.02, 0.04, 0.06, 0.08 and 0.1; (c) unit cell volume
(A3) of In,Cd;_,S1+0.5x as a function of In mol% where mol% is defined as
a % of total metals content i.e. [In]/([In] + [Cd])%.

! and

nal optical (LO) bands centred ca. 297.39 cm™
597.19 cm™!, which correspond to 1LO and 2LO for hexagonal
Cds.>*"%*%* The broad intense peak of 1LO is slightly shifted
towards shorter wavelength compared to the literature (in both

Ga- and In-doped samples), which may be due to the grain-
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size effect.”® No change was observed in the Raman spectra for
the doped samples, indicative of the CdS maintaining its
parent phase purity,""® despite the presence of a minor
CdIn,S, impurity as observed in the pXRD analysis.

UV-Vis spectroscopy and photoluminescence (PL) of
M,Cd;_,S1+0.5¢ (M = Ga and In)

The optical attenuation properties of these samples were
measured by UV-Vis spectroscopy from a dispersion of the par-
ticulate material in DMSO (Fig. S8 and S9t). The optical
attenuation through each sample was broadly constant across
the visible part of the spectrum before rising strongly in the
UV. The approximately constant optical attenuation in the
visible, despite this region encompassing the likely absorption
edge for the material (for bulk CdS, the band gap is 2.4 eV ie.
520 nm), suggests that scattering dominates over absorption at
these wavelengths. Photoluminescence (PL) analysis was thus
used instead to assess the band gap of these materials.

Fig. 9(a) shows PL spectra for the undoped and doped
Ga,Cd;_,Si+0.5» samples obtained using an excitation wave-
length of 350 nm at room temperature. Two broad bands are
evident, similar to the blue and green bands previously
observed in Cu-doped CdS thin films** and nanoparticles®® as
well as Fe-doped CdS nanorods.®” A sharp excitation-depen-
dent peak at 390 nm is also observed in the PL spectra, which
has been identified as the first-order Raman scattering from
the DMSO solvent.®® The blue band emission has been attribu-
ted to the excitonic emission of CdS, which corresponds to a
band gap energy of ~2.7-2.9 eV, similar to those reported by
Mandal et al.®® CdS nanomaterials like these, are often found
to possess band gap energies higher than those reported for
bulk CdS (2.4 eV), depending on their size and shape due to
strain, surface effects, or quantum confinement (CdS exciton
Bohr radius = 5.8 nm).**””" On the other hand, the green band
emission has been attributed to deep surface defect trap
states'® (Cd and S vacancies®®). The relative intensities of these
bands can be increased and decreased depending on the con-
centration of dopants.”*®” In this case, undoped CdS shows
only the blue band emission (suggesting a low density of
surface defects in the undoped sample) with two broad fea-
tures centred at 411 nm and 436 nm, with similar intensities,
as well as a shoulder at 463 nm. As the Ga doping concen-
tration is increased, the intensity of the shoulder increases,
matching the intensity of the other two features for samples
with 2%, 4% and 6% Ga and becoming the most intense
feature for samples with 8% and 10% Ga. More noticeably, the
green band (centred at 524 nm) emerges in the spectra as the
Ga doping percentage is increased, until it almost matches the
intensity of the blue band at 4% doping concentration. This is
accompanied by an overall increase in PL intensity as the Ga
concentration is increased where the blue band is slightly
more intense than the green band in all cases. These obser-
vations suggest that introducing Ga dopants into the CdS
structure has an effect both in the blue and green band emis-
sion of the samples. In the blue band, substitution of Cd ions
by Ga appears to modify the near band extended states, acting

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 SEM images (10 keV) of doped and undoped samples of In,Cd;_,S1105x X = 0 (@), x = 0.02 (b), x = 0.04 (c), x = 0.06 (d), x = 0.08 (e) and x =

0.10 (f).

as a shallow donor and red-shifting the emission. Additionally,
it has been shown that introducing dopants such as Ga and
Al in the CdS lattice causes a decrease in surface sulfur,
introducing surface defect states that are responsible for the
green band emission.'®

Room temperature PL spectra of indium-doped samples
were also obtained using an excitation wavelength of 350 nm,
as shown in Fig. 9(b). In this case, the blue band with its three
previously described features (centred at 411 nm, 436 nm, and
463 nm) is significantly more prominent than the green band,
which appears only as a shoulder for all indium doping levels.
This suggests that in contrast to Ga**, In®>" mainly affects the
excitonic emission at the band edge without introducing a sig-
nificant amount of surface defects, maybe because its ionic
radius is closer to that of Cd*".

The recombination dynamics of the blue and green bands
in the PL emission were further investigated by analysing the

This journal is © The Royal Society of Chemistry 2023

PL decays obtained from Time-Correlated Single-Photon
Counting (TCSPC) experiments as shown in Fig. 10, for the
undoped samples as well as for those doped with 4% and 10%
of Ga and In. It can be seen in Fig. 10 that in all cases, the PL
decay is faster for the undoped sample than for doped
samples. These were fitted by global bi-exponential decay
equations of the form:

Ipp = Yo +Are 7Y 4 Ape (1)

where Ip;, is the normalized PL intensity, y, is an offset, z; are
the time constants and A; are their corresponding amplitudes
(i=1,2).

We note here that the doping element makes no signifi-
cant difference to the lifetimes within the resolution limit
of the experiment and that the measured lifetimes are in
agreement with those previously reported for other CdS
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Fig. 7 EDX spectroscopic mapping (20 keV) of Cd La, In La and S Ka for In,Cd;_,S;1.0.5x sSamples. (a) x = 0.02, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08
and (e) x = 0.1 mole fractions of gallium. All scale bars correspond to 5 pm.
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Fig. 8 Raman spectra of (lhs) Ga,Cd;_,S1+0.5x Where x = 0, 0.02, 0.04, 0.06, 0.08 and 0.1 and (rhs) In,Cd;_,S1+0.5x Where x = 0, 0.02, 0.04, 0.06,

0.08 and 0.1.

structures.”> Further increasing the dopant concentration to
10% does not increase the lifetimes further, but modifies the
fractional amplitudes associated to these same time con-

3080 | Dalton Trans., 2023, 52, 3072-3084

stants. This variation in amplitude with doping element is
only significant at the maximum doping concentration
studied here (10%).
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Fig. 9 (a) PL spectra of undoped and Ga-doped CdS nanoparticles (b) PL spectra of In-doped CdS nanoparticles at an excitation wavelength of
350 nm.
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Fig. 10 PL decays recorded at the wavelengths corresponding to the blue band for (a) 4, (b) and the green band for (c) 4 and (d) 10 mol% dopant
concentrations all compared to the undoped sample. The fit to the bi-exponential decay equation is also shown.

The changes in lifetimes and associated amplitudes seen in the figure, the time constants for the blue band are
observed for the decays of the blue and green band emissions approximately constant with doping whilst for the green band
are summarized and shown graphically in Fig. S10.1 As can be there is a modest increase in the time constants between the
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undoped and doped samples. Conversely, there is no clear
trend with doping for the amplitude coefficients in the green
band, but a decrease in A; and increase in 4, with doping in
the blue band. Although the blue band is broadly associated
with excitonic recombination and the green with defect recom-
bination, which increases with doping, there is evidently sig-
nificant overlap between them and so PL transients measured
across the spectrum will have components associated with
both types of process. This makes identification of com-
ponents with either process difficult,”* however, the change in
A, and A, with doping for the blue band suggests the shortest
time component is associated with excitonic recombination
and the longest with defect recombination. Currently, fast
recombination rates of photo-excited species is one of the sig-
nificant limitation in photoelectrocatalysis.'>”>7> Overall, the
modest increase in PL lifetime with doping indicates a corres-
ponding improvement in the lifetime of photogenerated elec-
trons and holes, which will benefit the photocatalytic activity.

Conclusions

The Ga and In-doped CdS and pure CdS materials were syn-
thesised by solventless thermolysis from  diethyl-
dithiocarbamate precursors. The powder X-ray diffraction pat-
terns of the doped and undoped samples confirmed that it
produces a hexagonal CdS and that both Ga and In can be suc-
cessfully incorporated into the CdS lattice without producing
any impurities for all Ga doping concentrations (up to
10 mol%) and In up to 6 mol%. EDX and ICP-OES spectrosco-
pies confirmed the presence of Ga- and In-dopant ions in the
CdS matrix. SEM images of the particulate products show
microscale agglomerates of spherical nanoparticles. The
Raman spectra showed that the 1LO and 2LO peaks of the Ga
and In-doped CdS nanoparticles were not shifted to higher or
lower  wavenumbers when compared to Cds.
Photoluminescence measurements of the samples showed that
an apparent band gap of these materials is ca. 2.7-2.8 eV.
Moderate doping seems to slow down recombination by
increasing the lifetimes of excitonic and surface state emis-
sions, but particularly for the latter, demonstrating enhanced
charge carrier lifetime and that these doped materials are
therefore excellent candidates for enhanced photocatalysis. We
have therefore demonstrated that the use of solventless ther-
molysis of single source precursors is a facile, simple, rapid,
and low temperature approach towards doped Ga,Cd;_,S1+0.5x
and In,Cd;_,Si+0.5x, Which could easily be extended to other
dopant metals and parent metal sulfide materials due to the
vast library of available precursors from transition, main
group, and lanthanide metals.
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