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Abstract

Water-soluble CulnSz (CIS) quantum dots (QDs) were
hydrothermally prepared in the presence of N-acetyl-L-cysteine
(NAC) as a stabilizer, and the optimal hydrothermal synthetic
conditions for NAC-capped CIS QDs were investigated. The
photoluminescence (PL) quantum yield (QY) of the CIS QDs
synthesized under optimal conditions was 4%, which was
comparable with the highest QY reported for water-soluble CIS
core QDs. The introduction of a ZnS shell produced CIS/ZnS
core/shell QDs and further increased the PL QY to 30%.
Furthermore, bilayer structures consisting of Au nanoparticles
and CIS/ZnS QDs were fabricated using a layer-by-layer
method to enhance the PL of the CIS/ZnS QDs on the basis of
the localized surface plasmon resonance of Au nanoparticles.

1. Introduction

Electrons and/or excitons are three-dimensionally confined
in semiconductor quantum dots (QDs), thus resulting in the
quantum size effect.'* Consequently, semiconductor QDs
exhibit optical properties that are different from bulk crystals.
For example, the absorption and photoluminescence (PL)
energies of QDs can be controlled by changing the QD size,
and QDs have high PL quantum yields (QYs) even at room
temperature.5® QDs have been extensively studied for use in
various  applications, including light-emitting  diodes,®
biomolecular imaging,'° and QD solar cells.'

To date, most studies have focused on the QDs of type
11-VI semiconductors such as CdTe, CdSe, and CdS,*>-16 with a
particular focus on CdSe QDs with uniform size and high PL
QY.121415 However, these semiconductor QDs contain the toxic
element Cd, and their application in consumer products is
strictly regulated. CulnS2 (CIS) QDs have recently attracted
considerable attention as Cd-free QDs. CIS is a direct
transition-type semiconductor with a band-gap energy of 1.5
eV and a high absorption coefficient (o > 10° cm™2).Y
Furthermore, CIS QDs are expected to find applications in new
bioimaging materials because they exhibit PL in the
near-infrared region."-1°

CIS QDs are most commonly synthesized by a hot-injection
method, which relies on a chemical reaction in organic
solvent.’8-27 Uehara et al. reported the synthesis of CIS and
CIS/znS core/shell QDs with PL QYs of 5% and 15%,
respectively.?® Li et al. successfully synthesized CI1S/ZnS and
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CIS/CdS core/shell QDs with high PL QYs of 67% and 86%,
respectively.?® For applications in bioimaging, the QDs must be
water-soluble. Hot injection results in oil-soluble QDs;
therefore, ligand exchange is necessary to disperse the QDs in
water. However, ligand exchange is known to decrease the PL
intensity of QDs.!81930 Therefore, a method for the direct
synthesis of water-soluble CIS QDs with good optical
properties is still needed.3-34

Liu et al. synthesized mercaptopropionic acid-capped CIS
QDs by using a hydrothermal method and studied the effects of
experimental variables such as reaction time, reaction
temperature, and pH;*? the CIS QDs were synthesized at
150 °C for 21 h and exhibited a PL QY of 3%. Chen et al.
reported the synthesis of CIS QDs by using a reflux method at
95 °C in the presence of L-glutathione (GSH) as a ligand.%
Although the PL QY of the CIS QDs was only 3%, the authors
successfully synthesized CIS/ZnS core/shell QDs with a high
PL QY of 38%.2% Compared with conventional thermal
techniques, microwave irradiation enables the rapid and
efficient synthesis of QDs.3* For example, Xiong et al. used a
microwave-assisted approach to synthesize GSH-capped
CIS/ZnS QDs with a PL QY of 24% within a reaction time of
10 min.3®

When synthesizing water-soluble QDs via reflux and/or
hydrothermal methods, the ligand selection strongly affects the
PL properties and dispersion stability of the resulting QDs.
N-acetyl-L-cysteine (NAC) is a well-known nutritional
supplement derived from naturally occurring amino acids. In
addition to being nonvolatile and nontoxic, NAC possesses
good water solubility and excellent biocompatibility.3-4° To
date, NAC-capped CdTe/CdS,%637 CdTe, %8 and ZnSe
QDs,%240 have been successfully synthesized with excellent PL
properties. Therefore, NAC shows great potential for use as a
ligand in the synthesis of water-soluble CIS QDs.

Bu et al. reported the synthesis of NAC-capped CIS
QDs;** however, the PL QY was very low (<1%). In this study,
we attempted to improve the PL characteristics of NAC-capped
CIS QDs by optimizing the synthetic conditions, including the
In/Cu molar ratio, S/(Cu+In) ratio, (Cu+In)/NAC ratio, and
reaction temperature. The CIS QDs prepared using the
optimized synthetic conditions exhibited an improved PL QY
of 4%. A high PL QY of 30% was obtained by preparing
CIS/ZnS core/shell QDs. A layer-by-layer (LBL) method was
then applied to prepare bilayer structures consisting of Au
nanoparticles (NPs) and CIS/ZnS QDs. The PL intensity of the
CIS/znS QDs in the bilayer structure was enhanced by a factor



of two on the basis of the localized surface plasmon resonance
(LSPR) of the Au NPs.

2. Experimental

2.1 Sample Preparation: CuCl2-2H20, NazS-9H20, and
aqueous ammonia (28%) were purchased from Kishida
Chamical. InCl3-4H20 and NAC were obtained from Kanto
Chemical. All chemicals were used as received without further
purification. Deionized (DI) water was purged with N2 gas for
30 min before use. Au NPs with diameters of 23 nm were
purchased from Tokuriki Chemical Research (Japan).

CIS QDs were synthesized hydrothermally as follows. First,
a precursor solution was prepared in accordance with the
procedure reported in Ref. [41]. Equal amounts of NAC (2.4
mmol) were added to two glass vessels containing 50 mL DI
water, and CuCl2:2H20 (0.4 mmol) and InCl3-4HO (0.4
mmol) were added. After mixing the two solutions, a dilute
ammonia solution was added to adjust the pH to 3.0.
Subsequently, 8 mL of Na2S-9H20 (0.1 M) solution was added
to prepare the precursor solutions of CIS. Finally, 10 mL of the
precursor solution was loaded into an autoclave and incubated
in an oven at varying temperatures for specified periods. To
determine the optimal conditions, various precursor solutions
were prepared with different molar ratios of Cu:In:S:NAC.

To improve the PL QY, we synthesized CIS/ZnS core/shell
QDs. First, ZnS precursor solution was prepared as follows.
Zn(ClO4)2:6H20 (0.53 mmol) and NAC (2.54 mmol) were
dissolved in 20 mL DI water, and the pH was adjusted to 5.0.
After adding NazS-9H20 (0.16 mmol), the precursor solution
was adjusted to pH 6.0. The ZnS precursor solution was added
to the already prepared CIS QD solution, and CIS/ZnS
core/shell QDs were synthesized under microwave irradiation.

To enhance the PL of the CIS/ZnS QDs on the basis of the
LSPR of Au NPs, bilayer structures consisting of Au NPs and
CIS/ZnS QDs were fabricated using a LBL method.*? The
bilayer structures were composed of three main blocks: a
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Fig. 1. (a) Absorption and (b) PL spectra of CIS QDs

synthesized with Cu:In:S = 1:1:2 at 180 °C and reaction

times of 5, 8, 15, and 20 min.

monolayer of Au NPs; a poly(diallyldimethylammonium
chloride) (PDDA) and poly(acrylic acid) (PAA) spacer layer
with structure PDDA/(PAA/PDDA)n, where the notation
(PAA/PDDA) represents n bilayers of PAA and PDDA; and a
monolayer of CIS/ZnS QDs. Therefore, the structure of the
bilayer was (Au NPs)/[PDDA/(PAA/PDDA)n]/(CIS/ZnS QDs).

2.2 Characterization and Spectroscopic Measurements:
X-ray diffraction (XRD) measurements were performed on a
Rigaku SmartLab diffractometer with Cu Ko radiation.
Transmission electron microscopy (TEM) images were
obtained using a JEOL JEM-2100 microscope. The monolayer
structures of CIS and CIS/ZnS QDs were prepared for X-ray
photoelectron spectroscopy (XPS) measurements as follows. Si
substrates were cleaned by immersion in fresh piranha solution
(1/3 [v/v] mixture of 30% H202 and 98% H2SO4) for 20 min.
The substrates were then rinsed with water and used
immediately after cleaning. Thereafter, a polyelectrolyte
adhesion layer consisting of positively charged PDDA was
deposited to enhance the QD binding. The monolayer structures
of CIS and CIS/ZnS QDs were then deposited onto the PDDA
layer.

A JASCO V-650 UV/Vis spectrophotometer and a JASCO
FP-8300 spectrofluorometer were used to record the absorption
and PL spectra, respectively. The excitation wavelength was
fixed at 405 nm. The PL intensity of each sample was
compared by dividing the PL intensity by the absorption
intensity at the excitation wavelength. PL QY's were measured
with an absolute PL measurement system (Hamamatsu,
CQQ20). A laser diode (405 nm; Hamamatsu PLP M10-040)
with a pulse duration of 100 ps and a repetition rate of 100 kHz
was used as the excitation light to measure the PL decay
profiles. A time-correlated single-photon counting method was
used to obtain the decay profiles.
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Fig. 2. (a) PL intensity of CIS QDs synthesized with In/Cu
= 1.2, 15, and 2.0 as a function of reaction time. (b)
Dependence of the relative PL intensity of CIS QDs on the
In/Cu molar ratio.
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Fig. 3. PL intensity of CIS QDs synthesized with
S/(Cu+In) = 0.4, 0.6, 0.8, and 1.0 as a function of reaction
time. The In/Cu molar ratio was fixed at 2.0.

3. Results and Discussion.

Figure 1 shows the absorption and PL spectra of the CIS
QDs synthesized with Cu, In, and S at a ratio of 1:1:2. The
reactions were performed at 180 °C for 5, 8, 15, or 20 min to
generate QDs with different mean sizes. The absorption and PL
energies of the QDs decreased with increasing reaction time,
thus indicating that QD mean size increased with increasing
reaction time. The PL intensity of the CIS QDs was maximized
at a reaction time of 15 min. However, the PL QY was very low
(<1%).

During the synthesis of CIS QDs, the In/Cu molar ratio is
known to strongly affect the PL intensity of the resulting QDs.
28,3343 Few studies have investigated the effect of the In/Cu
molar ratio on the synthesis of NAC-capped CIS QDs. To
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Fig. 4. PL intensity of CIS QDs synthesized with

NAC/(Cu+In) = 3.0, 4.5, 6.0, and 9.0 as a function of

reaction time. The Cu:In:S molar ratio was fixed at the
optimum value of 1:2:2.4.

maximize PL QY, we prepared CIS QDs from precursor
solutions with different In/Cu molar ratios with (Cu+In)/S = 1.
Figure 2(a) shows the PL intensities of the CIS QDs
synthesized from three different In/Cu molar ratios as a
function of reaction time. No PL was observed for the CIS QDs
synthesized with In/Cu < 1. The PL intensity of each sample
varied with reaction time, and this result is in agreement with
the results shown in Fig. 1. As reported previously,?:3343 the PL
intensity of the NAC-capped CIS QDs depended strongly on
the In/Cu molar ratio in this study. The maximum PL intensity
achieved in each sample is shown in Fig. 2(b), which plots the
PL intensity relative to that of the CIS QDs synthesized with
In/Cu = 1.0. The PL intensity of the CIS QDs increased with
increasing In/Cu molar ratio and was maximized at In/Cu = 2.0.
The PL intensity obtained at In/Cu = 2.0 was 23 times that
achieved at In/Cu = 1.0.

We then discussed the effect of the S/(Cu+In) molar ratio
on the PL intensity of CIS QDs. Although some studies have
investigated the effect of the In/Cu molar ratio on the PL
intensity of CIS QDs, few studies have focused on the effect of
the S/(Cu+In) molar ratio. We synthesized CIS QDs with
various S/(Cu+In) molar ratios in the range of 0.3-2.0. No PL
was observed in the CIS QDs synthesized with S/(Cu+In) > 1.
Figure 3 shows the PL intensity of the CIS QDs synthesized
with S/(Cu+In) = 0.4, 0.6, 0.8, and 1.0 as a function of reaction
time. In all cases, the In/Cu molar ratio was fixed at 2.0. The
S/(Cu+In) molar ratio clearly had a strong influence on the PL
characteristics of the CIS QDs. The PL intensity of the CIS
QDs decreased greatly when S/(Cu+In) < 0.8. At a reaction
time of 15 min or less, the difference in PL between the CIS
QDs synthesized with S/(Cu+In) = 0.8 and 1.0 was not obvious.
However, for S/(Cu+In) = 0.8, the PL intensity increased with
increasing reaction time, whereas the PL for S/(Cu+In) = 1.0
decreased. Therefore, the optimum S/(Cu+In) molar ratio was
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Fig. 5. PL intensity of CIS QDs synthesized at five

reaction temperatures as a function of reaction time. The

precursor solutions were prepared with the optimum
Cu:In:S:NAC ratio of 1:2:2.4:18.



determined to be 0.8.

As reported in Refs. [18], [21], [32], and [35], the molar
ratio of ligand to cation is also an important factor when
synthesizing CIS QDs. Figure 4 shows the PL intensity of CIS
QDs synthesized with NAC/(Cu+In) = 3.0, 4.5, 6.0, and 9.0 as
a function of reaction time. The molar ratio of Cu, In, and S
was fixed at the optimum value of 1:2:2.4. Although the
reaction time dependence was similar for each sample, the PL
intensity was the highest in the CIS QDs synthesized with
NAC/(Cu+In) = 6.0. Therefore, NAC/(Cu+In) = 6.0 was
selected as the optimal ligand—cation molar ratio.

Finally, we optimized the reaction temperature during the
synthesis of NAC-capped CIS QDs. Figure 5 shows the PL
intensity of CIS QDs synthesized at five different reaction
temperatures as a function of reaction time. The precursor
solutions were prepared with the optimum Cu:In:S:NAC ratio
of 1:2:2.4:18. The PL intensity varied greatly with reaction
temperature. The PL intensity first increased with reaction
temperature until 180 °C and then decreased with further
increasing temperature. QDs began to precipitate after 60 min
at 180 °C, after 40 min at 200 °C, and after 20 min at 220 °C.
This phenomenon is attributed to the thermal decomposition of
the NAC ligand [36, 37]. The results indicate that the optimum
reaction temperature was 180 °C and that the PL intensity of
the QDs synthesized at 180 °C was maximized after 30 min of
reaction time. The PL QY of the CIS QDs prepared under the
optimized conditions (Cu:In:S:NAC = 1:2:2.4:18, reaction
temperature = 180 °C, and reaction time = 30 min) was 4%. To
the best of our knowledge, this PL QY is comparable to the
highest value reported for water-soluble CIS core QDs.

Figure 6(a) shows a typical XRD pattern of CIS QDs. The
XRD pattern shows three broad but distinct peaks
corresponding to the (112), (204)/(320), and (116)/(312) planes
of the chalcopyrite CIS lattice structure, thus demonstrating
that CIS QDs were successfully formed. Figure 6(b) shows a
TEM image of the CIS QDs. The mean diameter of the CIS
QDs of 5.4 nm was estimated from this TEM image.

The preparation of core/shell QDs greatly improves the PL
properties of QDs. ZnS, which is a wide-gap semiconductor, is
the most commonly used shell material because of the
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Fig. 6. (a) XRD pattern and (b) TEM image of CIS QDs.

following reasons: (1) ZnS shell layers can be epitaxially
grown on CIS QDs because the lattice mismatch between CIS
and ZnS is approximately 2%-3%.7 (2) ZnS does not contain
toxic elements. (3) Given that CIS/ZnS QDs are type | QDs in
which electrons and holes are confined in the core, the ZnS
shell suppresses the nonradiative recombination rate at the
surface, thereby increasing the PL intensity. Thus, CIS/ZnS
core/shell QDs were prepared to further increase the PL QY of
the NAC-capped CIS QDs.

The XPS spectra of the CIS QDs and CIS/ZnS core/shell
QDs were measured to evaluate the differences in their surface
compositions. Figure 7 shows the Cu 2p (a), In 3d (b), and S 2p
(c) XPS spectra of the CIS QDs (solid curves) and CIS/ZnS
core/shell QDs (broken curves). The signal intensities in the Cu
2p and In 3d spectra of the CIS/ZnS QDs are significantly
lower than those in the CIS QDs spectra; by contrast, the
intensities in the S 2p spectra were similar for the CIS and
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Fig. 7. (a) Cu 2p, (b) In 3d, (c) S 2P, and (d) Zn 2p XPS spectra of CIS core QDs (solid curves) and CIS/ZnS core/shell QDs

(broken curves).
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Fig. 9. PL spectra of bilayer structures of (Au
NPs)/[PDDA/(PAA/PDDA)n]/(CIS/ZnS QDs) structures
with n = 0, 2, 6, 8, and 10. The broken curve corresponds
to the PL spectrum of the monolayer CIS/ZnS QD
structure as a control.

CIS/ZnS QDs. The Zn 2p signal was clearly observed in the
CIS/ZznS QD spectrum (Fig. 7[d]). These XPS results clearly
demonstrate the presence of the ZnS shell in the CIS/ZnS QDs.

Figure 8(a) shows the PL spectra of the CIS and CIS/ZnS
QDs. The addition of the ZnS shell caused the PL peak to shift
toward higher energy. The inset shows the absorption spectra of
the CIS and CIS/ZnS QDs. The absorption peak of CIS/ZnS
shifts to the higher energy side compared with CIS similarly to
the PL peak. Generally, the preparation of core/shell QDs
increases the effective confinement size, thus causing the PL
energy to shift toward a lower energy value.***® The
high-energy shift observed in this study for the CIS/ZnS QDs
might be explained by the following:® (1) CIS-ZnS alloy
formed at the interface, and/or (2) the CIS core QDs were
etched during the growth of the ZnS shell layer, thus decreasing

the core size.

The PL intensity of the CI1Z/ZnS core/shell QDs was seven
times greater than that of the CIS QDs. The PL decay profile of
the CIS/ZnS QDs was longer than that of the CIS QDs (Fig.
8(b)). These results clearly demonstrate that the formation of
the ZnS shell suppressed nonradiative recombination, thus
resulting in PL enhancement in the CIS/ZnS QDs. The PL QY
of the CIS/ZnS QDs was approximately 30%. Thus,
water-soluble CIS/ZnS QDs that are exhibiting high PL QY
were successfully prepared.

Finally, we discuss the enhancement of PL in CIS/ZnS QDs
on the basis of the LSPR of Au NPs. When semiconductor QDs
and metal NPs are close to each other, the PL of the system is
enhanced by LSPR, and PL quenching arises from energy
transfer from the semiconductor QDs to the metal NPs.46-5!
These effects depend strongly on the distance between the QDs
and NPs. Kim et al. fabricated layered structures that comprise
semiconductor QDs and Au NPs and reported that the interlayer
distance is an important factor in PL enhancement.*?> By using
LBL assembly, we prepared bilayer structures consisting of Au
NP and CIS/ZnS QD monolayers separated by a polyelectrolyte
spacer layer: (Au NPs)/[PDDA/(PAA/PDDA)n]/(CIS/ZnS
QDs). Figure 9 shows the PL spectra of the bilayer structures of
n=0,2, 6,8, and 10. The broken curve in Fig. 9 corresponds to
the PL spectrum of the monolayer CIS/ZnS QD structure as a
control. The PL intensity was higher in the bilayer structures
than in the control sample and increased with increasing spacer
layer thickness until n = 8. Further increases in n beyond eight
caused the PL intensity to decrease. These results clearly
demonstrate that the PL intensity of CIS/ZnS QDs can be
enhanced on the basis of the LSPR of Au NPs.

As discussed in Ref. [42], there are two effects for the PL
enhancement: the enhancement of the electric field
enhancement and of the radiative recombination probability
due to localized surface plasmon excitation. In the latter case,
the PL-decay time becomes shortened, while that does not
change in the former case. Figure S1 shows PL-decay profiles
of the monolayer structure of CIS QDs and the bilayer
structures of n = 0 and 8. The PL-decay profiles in the bilayer
structure with n=0 and 8 are consistent with that in the
monolayer structure of the CIS QDs. This result demonstrates
that the electric field enhancement due to localized surface
plasmons is the dominant effect for the PL enhancement in the
present bilayer structure.

4. Conclusion

We determined the optimal conditions for the synthesis of
water-soluble CIS QDs. The optimum Cu:In:S:NAC molar
ratio for synthesizing NAC-capped CIS QDs was found to be
1.0:2.0:2.4:18. The PL QY of the CIS QDs synthesized under
the optimum conditions was 4%, which is comparable with the
highest value that has been reported for water-soluble CIS core
QDs. The addition of a ZnS shell to the CIS QDs to form
CIS/ZnS core/shell QDs increased the PL intensity by seven
times compared with the CIS QDs. From the viewpoint of PL
dynamics, the addition of the ZnS shell suppressed nonradiative
recombination processes to produce the enhancement in PL
intensity. The CIS/ZnS QDs exhibited a PL QY of
approximately 30%. Finally, the PL intensity of the CIS/ZnS
QDs was successfully doubled by taking advantage of the
LSPR of Au NPs.
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Synthesis of water-soluble CulnS; quantum dots by a hydrothermal method and their

optical properties
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Figure S1 shows PL-decay profiles of the monolayer structure of CIS QDs and the

bilayer structures of n =0 and 8.
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Fig. S1. PL-decay profiles of the monolayer structure of CIS QDs and the bilayer

structures of n =0 and 8.
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