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CulnS, quantum dots prepared via a hydrothermal
method-
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This study was performed to investigate the origin of the photoluminescence (PL) properties of
hydrothermally-synthesized water-soluble CulnS, (CIS) quantum dots (QDs). The corresponding PL
decay profiles, time-resolved PL spectra, and excitation intensity dependence of the PL spectra were
evaluated. The decay profiles exhibited a strong dependence on the detection energy, and the peak of
the time-resolved PL spectra shifted to lower energies with increasing time. With increasing excitation
light intensity, the PL peak shifted to the high-energy side. These experimental results were consistent
with the characteristics of donor—acceptor pair emission. The PL properties of Cu-doped and non-
doped CdSe QDs, which show Cu-related and defect-related PL emission, respectively, were compared.
Based on these results, it was concluded that donor—acceptor pair emission is the underlying
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Introduction

Owing to their size, semiconductor quantum dots (QDs) exhibit
optical properties different from those exhibited by bulk crystals
because the electrons and excitons are under the influence of
three-dimensional confinement.*” The intrinsic energy of QDs can
be controlled by changing their size, and their photoluminescence
(PL) efficiency is very high.*® Owing to these characteristics, QDs
have garnered widespread attention in recent years and have been
actively studied for applications in displays, light-emitting diodes
(LEDs)," bioimaging," and solar cells.”” To date, the reported
studies on QD have been primarily focused on Cd-based QDs,
which exhibit high PL quantum yields (PLQYs)."*'® However, in
recent times, environmental load reduction has moved under the
spotlight as a necessary step for environmental sustainability.
Numerous worldwide efforts are being made in this direction in all
the fields of science and technology, and as a result of such efforts,
CulnS, (CIS) QD has emerged as a viable alternative to Cd-based
QD. CIS is a direct transition semiconductor with a bandgap
energy of 1.53 €V and absorption and PL wavelengths in the near-
infrared region. Therefore, CIS QDs are expected to become the
next-generation materials for solar cells, LEDs, display devices, and
bioimaging applications.”™

Although a series of studies have been conducted on CIS QDs,
in most of them, a hot-injection method has been employed for
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mechanism of the PL of the hydrothermally-synthesized water-soluble CIS QDs.

the QD synthesis.>*** However, the hot-injection synthesized QDs
are oil soluble and hence are not suitable for bioimaging appli-
cations. Therefore, in our previous study, we directly synthesized
water-soluble CIS QDs and CIS/ZnS core/shell QDs using the
hydrothermal method.**> We optimized the synthesis conditions
such as the Cu:In:S ratio, reaction temperature, and reaction time
and successfully fabricated CIS QDs exhibiting a PLQY of 4%.
Furthermore, an increase of 30% was observed in the PLQY of the
synthesized CIS/ZnS core/shell QDs.**

Majority of the previously reported studies on CIS QDs revolved
around the synthesis of CIS QDs with high PL efficiency; however,
recently, several studies have been performed to investigate the
origin of the PL of CIS QDs. Zhong et al. reported that the PL
characteristics of CIS QDs originates from “donor-acceptor pair”
(DAP) emission, based on experimental time-resolved PL spec-
troscopy and PL decay profile results.®® Furthermore, Li et al
experimentally measured the PL spectra, PL decay profiles, and
transient absorption spectra of CIS QDs and reported that their PL
characteristics are caused by the internal and surface defects.*

However, recently, Knowles et al. conducted detailed experi-
ments comparing the absorption spectra, PL spectra, PL decay
profiles, and magnetic circularly polarized PL properties of two
types of Cu-doped samples, namely Cu:CdSe and Cu:InP, as well as
of CIS QDs.* Based on the similar PL spectra along with the
magnitude of the Stokes shift and magnetic exchange splitting
energy of the singlet and triplet excited states for these three types
of QDs, they reported that the origin of the PL properties of CIS
QDs was same as that of the Cu-doped semiconductor QDs with
Cu' sites containing highly localized holes. Rice et al. also reported
that the PL characteristics of CIS QDs arise from a Cu-related PL
band. This result was established by comparing the experimentally
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obtained absorption spectra, magneto PL properties, and
magnetic circular dichroism of three types of QDs, namely, CIS,
Cu:ZnSe, and CdSe.** However, all these studies were primarily
centered on identifying the origin of the PL characteristics of oil-
soluble CIS QDs synthesized using a hot-injection approach.

In contrast, the studies on water-soluble CIS QDs were mostly
focused on the fabrication of CIS QDs.*™* To date, only a few
studies have been conducted to evaluate the origin of the PL
properties of water-soluble CIS QDs. In this paper, we report the
results of a detailed investigation on identifying the origin of the
PL properties of water-soluble CIS QDs, which were prepared using
the hydrothermal method. Typically, such experiments need to be
conducted at cryogenic temperatures to neglect the effect of non-
radiative recombination processes. In this study, we fabricated
film samples in which CIS QDs were uniformly dispersed and
measured their PL characteristics such as PL decay profiles, time-
resolved PL spectra, and the excitation intensity dependence of the
PL spectra at a low temperature of 15 K. We compared the exper-
imental results of CIS QDs with those of Cu'-doped Cu:CdSe/ZnS
QDs, which exhibit Cu-related PL emission, and non-doped CdSe
QDs, which show defect-related PL emission. These results showed
that the PL characteristics of the water-soluble CIS QDs originates
from the DAP emission.

Experimental section

In this study, CIS QDs were prepared using hydrothermal method
following the procedure described in ref. 32. First, a precursor
solution was prepared by mixing CuCl,-2H,0, InCl;-4H,0, and
Na,S-9H,0 as the Cu, In, and S ion sources, respectively, with the
ligand N-acetyl-L-cysteine (NAC) in ultrapure water as a solvent with
a molar ratio of 1: 2 : 2.4 : 18. Subsequently, this precursor solu-
tion was heated in an autoclave at 180 °C for 30 min to prepare the
CIS QDs. We confirmed the successful fabrication of CIS QDs, each
with a diameter of 5.4 nm and chalcopyrite structure, via trans-
mission electron microscopy and X-ray diffraction measure-
ments.* Next, we dispersed the colloidal CIS QDs into pullulan
films using the following procedure to study their PL properties at
low temperatures: initially, two aqueous solutions of CIS QDs and
pullulan were mixed; the resulting solutions were then spread on
a glass substrate and subsequently heated at 80 °C for 2 h to
evaporate the excess water.

The absorption spectra were measured using a double beam
spectrophotometer (JASCO V-650) with a resolution of 0.2 nm. The
PL spectra and decay profiles were acquired using an SHG:YAG
laser (532 nm) (CryLas GmbH, FDSS532-Q2), with a pulse duration
of 1.5 ns and a repetition frequency of 10 kHz, as the excitation
source. The emission from the sample was analyzed using a single
monochromator (Jobin-Yvon HR-320) with a resolution of 1 nm.
The excitation light intensity was adjusted using neutral density
filters, and the PL decay profiles were obtained using the time-
correlated single-photon counting method.

Results and discussion

The absorption spectra, PL spectra, and PL decay profiles of the
colloidal solution and film samples of the synthesized CIS QDs at
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Fig. 1 PL decay profiles of CIS QDs at 15 K, detected at the PL peak
energy (1.65 eV) as well as at energies that are higher (1.76 eV) and
lower (1.52 eV) than that of the peak energy. The inset shows the PL
spectrum at 15 K.

room temperature are shown in Fig. S1.T The PL decay profiles
were measured by detecting the PL intensity at the PL peak energy
of 1.66 eV. The experimental results for both the samples were
consistent, showing that the CIS QDs were dispersed in the film
while preserving the optical properties of the solution. To investi-
gate the origin of the PL in the CIS QDs, measuring the PL prop-
erties at cryogenic temperatures is crucial for suppressing the
nonradiative recombination processes; thus, the PL properties of
the synthesized CIS QDs were examined in detail at a low
temperature of 15 K using the fabricated film samples in which the
CIS QDs were uniformly dispersed.

Fig. 1 shows the PL decay profiles of the CIS QDs at 15 K,
detected at the PL peak energy (1.65 eV) as well as at energies
that are higher (1.76 eV) and lower (1.52 eV) than that of the
peak energy. These two off-peak energies correspond to the
energies at which the intensities become half of the peak
intensity. The inset shows the PL spectrum at 15 K. Evidently,
the PL decay exhibits a long decay profile of the order of
microseconds and is strongly dependent on the detection
energy. Fig. 2 shows a time-resolved PL color map of the CIS

800 750 700
Wavelength (nm)

650 600

Fig. 2 Time-resolved PL color map of CIS QDs at 15 K, which was
obtained by three-dimensionally plotting PL decay profiles measured
using different detection wavelengths in the range of 600-940 nm
with an increment of 5 nm.
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QDs at 15 K, obtained by three-dimensional plotting of the PL
decay profiles measured using different detection wavelengths
in the range of 600-940 nm with an increment of 5 nm. The
delay time dependence of the time-resolved PL spectra and the
PL peak energy are shown in Fig. 3. Evidently, the peak in the
time-resolved PL spectra shifts to lower energies with increasing
delay time, reflecting that the PL at higher energies involves
a higher radiative recombination rate and decays in a shorter
time. These experimental results suggest that the PL emitted by
the hydrothermally-synthesized water-soluble CIS QDs origi-
nates from DAP emission.

The DAP emission results from the recombination of elec-
trons trapped at the donor level and holes trapped at the
acceptor level, and the corresponding PL energy (Ep;) can be
expressed using the following equation:*'-*

Epp = E; — (Ep + Ea) + &*/4mer (1)

where E, is the band gap energy; Ep and E, are the binding
energies of the donor and acceptor, respectively; r is the
distance between the donor and acceptor; and ¢ is the dielectric
constant. As shown in eqn (1), the DAP recombination is char-
acterized by the PL energy changes due to the Coulomb inter-
action between the donor and acceptor. Therefore, when the
distance between the donor and the acceptor decreases, the PL
energies increase and vice versa. Moreover, a smaller distance
between the electron at donor level and the hole at acceptor
level results in a larger overlapping of their respective
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Fig. 3 (a) The delay time dependence of the time-resolved PL spectra
of CIS QDs at 15 K. (b) The dependence of the PL peak energy on the
delay time.
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wavefunctions, which in turn leads to a higher oscillator
strength, and the radiative recombination rate increases.
Therefore, for the PL originating from DAP emission, a higher
PL energy corresponds to a shorter PL decay time. The experi-
mental results shown in Fig. 1 and 3 are consistent with the
features of DAP emission.

Fig. S2, shows the excitation intensity dependence of the
CIS QD PL spectra at 15 K. Fig. 4a shows the enlarged PL spectra
near the PL peak, where the downward arrows indicate the PL
peak energy estimated from the minimum point of the second-
derivative PL spectra. The dependence of the PL peak energy on
the excitation intensity is depicted in Fig. 4b, which shows that
the PL peak shifts to higher energies with increasing excitation
intensity. The low-energy component of the DAP emission
corresponds to the donor-acceptor pair with a large distance
between them, and a larger donor-acceptor distance results in
a smaller oscillator strength. Consequently, with increasing exci-
tation intensity, the intensity of the higher energy component,
which is associated with a larger oscillator strength, increases
because the lower energy component is more likely to cause
saturation of the state. This implies that as the excitation intensity
increases, the DAP emission peak shifts to a higher energy. From
these experimental results of the photodetection energy depen-
dence of the PL decay profiles and the excitation intensity depen-
dence of the PL spectra, it can be concluded that the DAP emission
is the origin of the PL of water-soluble CIS QDs.
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Fig. 4 (a) Excitation intensity dependence of the enlarged PL spectra
near the PL peak of CIS QDs at 15 K. The downward arrows indicate the
PL peak energy estimated from the minimum point of the second-
derivative PL spectra. (b) The dependence of the PL peak energy on the
excitation intensity.
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Fig. 5 (a) PL decay profiles, detected at 1.83, 1.93, and 2.07 eV, in the
CdSe/ZnS QDs at a temperature of 15 K. The PL spectrum is shown in
the inset. (b) Excitation intensity dependence of PL spectra expanded
in the vicinity of the peak of the defect-related PL band. The inset
shows the dependence of the PL peak energy on the excitation
intensity.

However, recently, Knowles et al. compared the PL properties
of CIS QDs with those of Cu-doped Cu:CdSe and Cu:InP QDs
and reported that the origin of the PL of the CIS QDs was Cu-
related, i.e., mediated by Cu ions. Notably, these QDs were oil-
soluble and synthesized using the hot-injection method with
oleic acid as the ligand.* In the study reported in ref. 34, 1-
dodecanethiol was used as the solvent, S source, and ligand. In
contrast, in the present study, the precursor solution was
prepared by mixing NAC as the ligand and Na,S as the S source
with Cu and In ion sources. Therefore, the formation mecha-
nism of the oil-soluble and water-soluble CIS QDs might be
different. Furthermore, the ligand sources, oleic acid for the oil-
soluble QDs reported in ref. 35 and NAC for the water-soluble
QDs prepared in this study, were completely different, indi-
cating the possibility that the origin of PL of these QDs is
different.

Therefore, to assess whether Cu-mediated PL can be the
origin of the PL of the water-soluble CIS QDs, we hydrother-
mally synthesized water-soluble Cu:CdSe/ZnS QDs as well and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) PL decay profiles, detected at 1.82, 2.07, and 2.33 eV, for the
Cu:CdSe/ZnS at a temperature of 15 K. The PL spectrum is shown in
the inset. (b) Excitation intensity dependence of PL spectra expanded
in the vicinity of the peak of the Cu-PL band. The inset shows the
dependence of the PL peak energy on the excitation intensity.

investigated the photodetection energy dependence of the PL
decay profiles and the excitation intensity dependence of the PL
spectra. In addition, we investigated the possibility of defect-
related PL by synthesizing water-soluble CdSe/ZnS QDs and
performing similar experiments that were focused on evalu-
ating the defect-related PL characteristics of these QDs.

Here, we first discuss the PL properties of the CdSe/ZnS QDs.
Fig. 5a shows PL decay profiles, detected at 1.83, 1.93, and
2.07 eV, in the CdSe/ZnS QDs at a temperature of 15 K; the PL
spectrum is shown in the inset. The main PL band on the high
energy side corresponds to band-edge PL and that on the low
energy side originated from defect-related PL, which was the
focus of this study. Noticeably, the decay profiles of the defect-
related PL are independent of the detected energy. Fig. 5b shows
the excitation intensity dependence of PL spectra of the CdSe/
ZnS QDs at 15 K; these spectra are expanded in the vicinity of
the peak of the defect-related PL band. In addition, the excita-
tion intensity dependence of the PL peak energy is shown in the
inset. The peak energy of the defect-related PL in the CdSe/ZnS

RSC Adv, 2021, 11, 33186-33191 | 33189
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QDs does not change with increasing excitation intensity. The
results of the detection energy dependence of the decay profiles
and the excitation intensity dependence of the spectra of the
defect-related PL of the CdSe/ZnS QDs are completely different
from those of the PL shown by the CIS QDs (Fig. 1 and 4).
Therefore, the possibility of defect-related PL as the origin of
luminescence in CIS QDs can be ruled out.

Next, we discuss the PL properties of the Cu:CdSe/ZnS QDs.
Fig. 6a shows PL decay profiles, detected at 1.82, 2.07, and
2.33 eV, for the Cu:CdSe/ZnS at a temperature of 15 K; the inset
shows the PL spectrum at 15 K. The main band on the low
energy side of the band-edge PL originates from Cu-related PL.
We focused our investigation on their Cu-related PL properties.
Similar to the results obtained for the CIS QDs, the PL decay
profiles of the Cu-related PL band depended on the detection
energy, and the profiles became shorter as the detection energy
increased. Fig. 6b shows the excitation intensity dependence of
the PL spectra of Cu:CdSe/ZnS QDs at 15 K; the spectra are
expanded in the vicinity of the peak of the Cu-PL band. Notably,
the excitation intensity dependence of the PL spectra of oil-
soluble CIS QDs has not yet been reported. Similar to the
features of the defect-related PL of CdSe/ZnS QDs, the PL peak
energy in this case also does not shift with increasing excitation
intensity (Fig. 6b, inset). This result is in stark contrast to those
of the CIS QDs, shown in Fig. 4. Thus, although the detection
energy dependence of the PL decay profiles of the CIS QDs and
Cu:CdSe/ZnS QDs showed similar behavior, a clear difference
was observed in the excitation intensity dependence of their PL
spectra. Based on these results, the possibility of Cu-related PL
being the origin of the PL of the water-soluble CIS QDs can be
ruled out as well, and we conclude that DAP emission is the
origin of the PL characteristics of the hydrothermally-prepared
water-soluble CIS QDs.

Conclusions

To elucidate the origin of the PL emission exhibited by
hydrothermally-prepared water-soluble CIS QDs, their PL
properties were investigated in detail at a cryogenic temperature
of 15 K, where the effects of nonradiative recombination
processes can be neglected. The PL decay profiles were depen-
dent on the photodetection energy, and shorter decay profiles
were obtained at higher detection energies. Further, the peak in
the time-resolved PL spectra shifted to the low-energy side with
increasing time. However, a higher excitation intensity caused
the PL peak to shift toward the higher energy side. These
experimental results are consistent with the characteristics of
DAP emission; that is, a smaller distance between the donor and
acceptor results in a higher PL energy, higher oscillator
strength, and shorter PL decay time; in addition, the state
saturation is reduced with increasing excitation intensity.
Furthermore, to examine the possibility of defect-related PL,
which was previously considered to be the origin of the PL of
CIS QDs, and the possibility of Cu-related PL, which has been
proposed as the PL origin for oil-soluble CIS QDs in recent
years, as the possible mechanisms in the water-soluble CIS QDs,
water-soluble CdSe/ZnS and Cu:CdSe/ZnS QDs were prepared by
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the hydrothermal method. The excitation intensity dependence
of the PL spectra and the photodetection energy dependence of
the PL decay profiles were investigated for these prepared QDs.
We observed that the peak energy of the defect-related and Cu-
related PL bands did not change, even when the excitation
intensity was increased. Thus, defect-related and Cu-related PL
mechanisms can be eliminated, and we can conclude that DAP
recombination is the origin of the PL characteristics of water-
soluble CIS QDs.
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