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Introduction

Synthesis of efficient near-infrared-emitting
CulnS,/ZnS quantum dots by inhibiting cation-
exchange for bio applicationt

Yi su Kim,I Yonghee Lee, Youngsun Kim,§ Donghyuk Kim, Hyung Seok Choi,
Jae Chul Park, Yoon Sung Nam™ and Duk Young Jeon™*

Near-infrared (NIR)-emitting CulnS,(CIS)/ZnS quantum dots (QDs) were synthesized using an off-
stoichiometry effect, and the tuned emission wavelength was 850 nm, which is suitable for deep tissue
imaging. Due to the unintentional occurrence of cation exchange, however, the emission wavelength of
the synthesized CIS core was blue-shifted after ZnS shell coating. In order to inhibit this blue-shift,
controlling the synthesis temperature during ZnS shell coating was required, and the selected synthesis
temperatures were 180 °C, 210 °C, 230 °C, and 250 °C. The effect of temperature on the emission
properties of CIS/ZnS QDs could be related to substitutional diffusion of Zn?* ions, as expressed by Fick's
law. The least blue-shifted emission wavelength was 810 nm and the amount of blue-shift was about
40 nm. Also, at each synthesis temperature, different dynamic behavior of the photoluminescence (PL)
peak components was observed when ZnS was coated on the surface of the CIS core. These PL peak
components are believed to be defect-related emission of CIS/ZnS QDs, and were analyzed by low-
temperature PL. Four PL peak components were observed and the change in each PL peak component
could be due to cation exchange. The degree of passivation by the ZnS shell at different synthesis
temperatures results in a PL quantum yield (QY) of 26-38%. To evaluate the possibility of applying CIS/
ZnS QDs to bio-imaging, an experiment to convert the hydrophobic surface of QDs to a hydrophilic one
was carried out using a human serum albumin (HSA)/N-hydroxysuccinimide-functionalized six-arm-
branched poly(ethylene glycol)(6-arm PEG-NHS) encapsulation method. The 6-armend PEG-NHS was
used as an amphiphilic ligand, and its fluorescence intensity was decreased to 57% of that of the initial
QDs after fabrication of the QD-HSA/PEG nanocapsules. The size of the nanocapsules was 140 +
21.6 nm, measured by SEM and TEM.

Cd-free QDs, can be suggested as an alternative material. I-III-
VI QDs, including CulnS, (CIS) QDs, have tunable emission in

Colloidal semiconductor nanocrystals, including quantum dots
(QDs), have drawn attention from the research community
because of their unique and efficient optical properties, as well
as potential applications such as in bio-imaging, light-emitting-
diodes (LEDs),"* and solar cells.** Typical II-VI QDs, such as
CdSe, CdS, and CdTe emit extensive color in the visible range
and show a high quantum yield (QY) of ~80%.>® However, they
contain toxic materials (Cd, Te), which limits their application.
In response to these considerations, I-III-VI QDs, also termed
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the range of visible to near-infrared (NIR) radiation, large Stokes
shifts,” and long decay time® relative to those of II-VI QDs, and
in this light CIS QDs are suitable for application to deep tissue
imaging. For bio-applications, especially in vivo imaging, not
only toxicity but also emission wavelength of QDs is the
important concern. In biological systems, there are many visible
light absorbers, such as hemoglobin, oxy-hemoglobin, fatty
tissue, and water.® Visible light emission from QDs can be
absorbed by these visible light absorbers, resulting in decreased
detectability. Therefore the best candidate emission range of
fluorescent probes is 650-900 nm in the NIR range. The emis-
sion wavelength of CIS QDs can be tuned by using an off-
stoichiometry effect, unlike other QDs which can be tuned by
using a size effect. B. K. Chen et al. reported that the crystal
structure and the optical properties of CIS QDs can be influ-
enced by controlling the [Cu]/[In] molar ratio.’® Although the
emission wavelength of QDs can be tuned in the NIR range, they
are restricted in fluorescent applications because of their poor
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luminescence efficiency." In order to improve their efficiency,
ZnS, having a larger bandgap that is suitable for type 1 band
alignment," a crystal structure that is similar the structure of
the CIS core, chemical stability, and non-toxicity, was chosen as
a shell material.® However, cation-exchange, where Zn>" ions
readily diffuse into the CIS structure and replace the Cu* or In**
ions, occurs during ZnS shell coating. Due to the cation-
exchange, the shallow surface of the QDs is alloyed to become
CulnZnS, (CIZS). The size of the core/shell QDs does not
decrease but their bandgap does. Consequently, the PL spectra
of CIS/ZnS QDs are blue-shifted.'*

Furthermore, the hydrophilicity has to be considered in
order to use QDs in bio-applications. QDs are generally
synthesized via organometallic methods, which are hydro-
phobic, and many researchers encounter difficulties in applying
QDs for bio-imaging. One of the proposed methods is an
amphiphilic organic/polymer ligand coating (exchange) to
transfer QDs into aqueous solution.*'* Without detachment of
the organic ligand from QDs, the amphiphilic ligand can be
attached on the organic ligand by hydrophobic-hydrophobic
interaction, and subsequently the outer surface of the QDs is
rendered hydrophilic because of the polar parts of the amphi-
philic ligand.

In this research, we provide two synthesis methods to obtain
NIR-emitting QDs. The first method is to tune the emission
wavelength of CIS QDs to the NIR range using an off-
stoichiometry effect, controlled by the ratio of two different
cation (Cu’, In*") reactants. In the second method, in order to
retain the NIR-emission wavelength of the emission from the
CIS core, we controlled the temperature during ZnS shell
coating at various temperatures, 180 °C, 210 °C, 230 °C, and
250 °C. The effect of temperature on inhibiting the cation-
exchange phenomenon was explained using a substitutional
diffusion mechanism. Additionally, the relation between the
blue-shift of the PL spectra and the different dynamic behavior
of PL peak components in the blue-shifted PL spectra with
varying ZnS shell synthesis temperatures was studied. The
resulting QDs were subsequently encapsulated with human
serum albumin (HSA)/poly ethylene glycol (PEG) nanocapsules
by an oil-in-water (O/W) emulsion method.

Experimental section

Materials

Copper(i) iodide (Cul, 99.995%), indium(u) acetate (In(OAc)s,
99.99%), 1-dodecanethiol (DDT, 97%), 1-octadecene (ODE,
90%), zinc acetate (Zn(OAc),, 99.99%), human serum albumin
(HSA, essentially fatty acid free), and dichloromethane (CH,Cl,,
>99.8%) were purchased from Sigma-Aldrich, and N-
hydroxysuccinimide-functionalized six-arm-branched poly(-
ethylene glycol)(6-arm PEG-NHS, MW = 15 kDa) was purchased
from Sun-bio.

Synthesis of CulnS, core

The basic synthetic procedure is available in a previously pub-
lished article.” 0.4 mmol of Cul, 0.2 mmol of In(OAc);, and 4 ml
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of DDT (16.6 mmol) were mixed with 16 ml of ODE in a 50 ml
three-neck flask. The reaction mixture was degassed under
a vacuum at 60 °C and stirred for 30 min. The solution was
subsequently heated to 210 °C and kept for 90 min under a N,
atmosphere. The color of the CIS core solution was changed
from transparent yellow to turbid dark brown. [Cu]/[In] ratios
were changed from 0.25 to 2. Afterward, the solution was cooled
to 60 °C and the remaining Cu precursor was removed by
precipitation without an additional polar solvent (6000 rpm, 4
min).

Synthesis of CulnS,/ZnS core/shell QDs

5 ml of as-prepared CIS core and 0.5 mmol of Zn(OAc), were
mixed in a 50 ml three-neck flask and degassed under a vacuum
at 60 °C with stirring for 30 min. The solution was then heated
to growth temperature and the temperature was kept for proper
duration at 180 °C, 210 °C, 230 °C, and 250 °C, respectively.
Aliquots were extracted at each synthesis time as time passed,
and transferred to quartz cuvettes to record the emission
wavelength of each sample. After synthesis, the solution was
cooled to room temperature and purified by precipitation with
an excess amount of ethanol. The precipitant was re-dispersed
in chloroform for characterization.

Fabrication of QD-HSA/PEG nanocapsule for bio-imaging

Its basic synthetic procedure is available in a previously pub-
lished article.” 5 mg of CIS/ZnS QDs and 5.65 mg of 6-armed N-
hydroxysuccinimide (NHS)-functionalized polyethylene glycol
(PEG) were dissolved in 0.5 ml of dichloromethane (DCM). HSA
solution was prepared by dissolving 2.5 mg of HSA in 10 ml of
deionized (DI) water. The mixture of QDs and NHS-PEG was
dropped into the HSA solution (pH 9) saturated with dichloro-
methane and subsequently sonicated at low temperature (<4 °C)
for 5 min using a Branson Sonifier 450 (frequency of 20 kHz
with a duty cycle of 20 and an output control of 3.5). The
emulsified solution was transferred to a rotary evaporator and
the dichloromethane was rapidly evaporated under a reduced
pressure at 45 °C. After evaporation, the dried QD-HSA/PEG
nanocapsule was dispersed in 3 ml of DI water for further
characterization.

Characterization

Photoluminescence (PL) spectra were recorded using a Hitachi
F-7000 luminescence spectrometer and absorption spectra were
obtained on a Shimadzu UV-1800 spectrophotometer. The QY
were measured by comparing an integrated emission of QDs in
chloroform with emission of Rhodamine 6G in ethanol. (QY of
R6G = 95%). Transmission electron microscopy (TEM) images
were taken using a JEM-ARM200F. Powder X-ray diffraction
(XRD) patterns were obtained using a D/MAX-RB (12 kW) from
RIGAKU. Low-temperature PL spectrum was taken using a Lab-
RAM HR UV/Vis/NIR PL and SEM images were taken by a Hita-
chi S-4800. Zeta potential of QD-HSA/PEG nanocapsule was
measured using the particle size analyzer (Malvern, Zeta sizer
nano zs). The X-ray photoelectron spectroscopy (XPS) analysis

was conducted using multi-purpose X-ray photoelectron

This journal is © The Royal Society of Chemistry 2017
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spectroscopy (Sigma probe, Thermo VG scientific). The samples
for XPS analysis were prepared by spin-casting QD solution on
a glass substrate. The measured XPS spectra were calibrated
with the position of C 1s peak at 284.6 eV.

Results and discussion
Structural and optical characterization of CIS core

The structural analysis of the CIS core was carried out by TEM
and XRD. The TEM image presented in Fig. 1a shows that
a tetrahedron-shaped CIS core was synthesized (size: 4-5 nm).
The tetragonal structure of CIS showed three main peaks, cor-
responding to (112), (220)/(204) and (312)/(116) planes, as
referenced in JCPDS (Fig. 1b). In the case of [Cu] : [In] =1 : 1, all
three peaks were well matched to those of bulk tetragonal CIS.
However, as the portion of Cu increased, all three peaks were
shifted to smaller angles, on the other hand, the peaks of the
sample with [Cu] : [In] = 0.25 : 1 were slightly shifted to larger
angles. These shifts of the XRD patterns indicate that crystal
distortions occurred due to the off-stoichiometry effect. Crystal
distortions could be generated, due to the change in bonding of
either Cu” or In®" to the same cation sites in the chalcopyrite
structure, and the difference in the bonding length between Cu-
S and In-S, and these might cause the shift toward lower angle.
The (PL) spectra with different [Cu] : [In] ratios are shown in
Fig. 2. As the portion of Cu was increased, the PL peaks were
red-shifted from 680 nm to 850 nm. In the case of the Cu-rich
CIS core, repulsion between the d-orbital of Cu and the p-
orbital of S is enhanced due to the large amount of Cu’ ions
in the CIS structure, and subsequently the valence band of the
CIS QDs increases and its intra-band gap also changes.”” PL QY
of the CIS core synthesized with [Cu] : [In] = 0.25 : 1 was around
1%. More crystal distortions ([Cu]:[In] = 1:1 to [Cu]:[In] =
2 :1) increase the defect concentration and QY (up to 4%);
however, an excessive amount of distortions leads to a decrease
of QY due to quenching of exciton carriers.'® When the ratio of
[Cu]/[In] was over 2, no PL emission was observed and a CIS core
could not be synthesized. Additionally, each broad emission
peak indicates the emission processes of the CIS core are related
to surface or intrinsic donor-accepter defect levels."®

Imu 1372 Culns;

30 3 40 45 S50 55 60 65 70
2 theta

Fig.1 (a) TEMimage of CIScorewhen[Cu] : [In]=2: 1, size =4-5nm

and tetrahedral structure of CIS core. (b) XRD patterns of CIS core as
a function of [Cu] : [In] ratios, 36—1450.
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Fig. 2 PL spectra of CIS core with different [Cu] : [In] ratios. The
emission wavelength of maximum peak is 681 nm, 726 nm, 806 nm,
820 nm, and 850 nm, respectively (left to right).

Structural and optical characterization of CIS/ZnS core/shell
QDs

The CIS core in which the [Cu]:[In] ratio is 2:1 and the
emission wavelength is 850 nm was chosen to prepare the CIS/
ZnS core/shell QDs. The ZnS shell was grown by adding Zn
acetate as a Zn precursor without an additional S precursor to
the CIS core solution under a N, atmosphere at 60 °C and
maintained at various temperatures: 180 °C, 210 °C, 230 °C, and
250 °C.

Fig. 3a shows XRD patterns corresponding to four different
CIS/ZnS QDs. After the samples were coated by a ZnS shell, three
main peaks were shifted to larger angles, which match with
XRD peaks of ZnS. These shifts mean indicate that formation of
the ZnS shell occurs by over-coating or CIZS alloying by inter-
diffusion. According to TEM images shown in Fig. 3b-f, the
size of the core/shell QDs does not decrease but their bandgap
increases due to the cation-exchange. A CIZS alloy could be
generated based on unchanged size of the CIS/ZnS core/shell
particle compared to that of the CIS core. As the synthesis
temperature increased, a shift to larger diffraction angle from
ZnS was observed. This indicates that a larger amount of Zn>*
diffused into the CIS structure and alloyed to become CIZS,
which contains more Zn** ions. Based on the XRD data, we
could also confirm structural rigidity of CIS/ZnS QDs. As the
temperature increased, the pattern became sharper with better
signal-to-noise ratios, and these results showed that the crys-
tallinity was improved due to diffusion of Zn>" ions into the CIS
core with occupation of vacancies and other defects.

We conducted an elemental analysis (XPS) on the CIS core
synthesized at 210 °C and CIS/ZnS core/shell QDs grown at
210 °C by utilizing X-ray photoelectron spectroscopy. The XPS
spectra and the elemental analysis data for Cu, In, S, Zn are
shown in Fig. S1 and Table S1,T respectively. For both CIS core
and CIS/ZnS core/shell QDs, some distinctive peaks appeared in
common at ~952 eV and ~932 eV corresponding to Cu 2p 1/2
and Cu 2p 3/2, respectively, and at ~452 eV, ~444 eV associ-
ated with In 3d 3/2 and In 3d 5/2, respectively, and at ~162 eV

RSC Adv., 2017, 7, 10675-10682 | 10677
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Fig. 3 (a) XRD patterns corresponding to four different CIS/ZnS QDs
synthesized at different temperatures, 180 °C, 210 °C, 230 °C, and
250 °C, respectively (bottom to top). TEM images of (b) CIS core
([Cul: [lIn] = 2:1) and CIS/ZnS QDs synthesized at (c) 180 °C, (d)
210 °C, (e) 230 °C, and (f) 250 °C, respectively. All samples have
a tetrahedron structure and the size is (b) 4.0-5.0 nm (c) 180 °C: 4.6—
5.4 nm (d) 210 °C: 4.2-5.4 nm (e) 230 °C: 4.5-5.5 nm (f) 250 °C: 4.0—
5.5 nm.

corresponding to S 2p 1/2. Two peaks which are exhibited in Zn
2p region and located at ~1044 eV and ~1021 eV were shown for
CIS/ZnS core/shell QDs, while any signal indicating the pres-
ence of Zn was not shown in the XPS spectra for CIS core. The
contribution of the signals for each atomic constituent was
shown in Table S1.} For CIS core, the compositional ratios of
Cu, In, and S were 26.7, 21.9, and 51.4, respectively. After ZnS
shell formation, the ratio of S was 78.2, which indicates S-rich
surface stoichiometry of the ZnS shell.

Absorption spectra of CIS/ZnS QDs with different shell
coating temperatures are shown in Fig. S2.1 At lower tempera-
ture, for example, 180 °C and 210 °C, the absorption spectra
were unchanged, but at higher temperature, 230 °C and 250 °C,
the absorption spectra were blue-shifted as the duration of
synthesis increases. Comparing the absorption spectra of all
samples that were synthesized for the same duration, the
absorption spectra were more blue-shifted with increasing
synthesis temperature (Fig. S31). The blue-shift of the absorp-
tion spectra reflects a reduction of core size by cation-exchange.
Therefore, the smaller blue-shift in the absorption spectra

10678 | RSC Adv., 2017, 7, 10675-10682

View Article Online

Paper

recorded at lower temperature indicates less reduction of core
size.

After finishing ZnS shell coating for all samples, the PL
intensity increased due to the stronger quantum confinement
effect by shell passivation (Fig. 4). The temporal evolution of the
emission spectra of CIS/ZnS QDs during ZnS shell coating at
230 °C and 250 °C, respectively, is shown in Fig. 4a and b. A
blue-shift of PL was already detected at the beginning stages,
and the PL spectra were blue-shifted proportionally as the
synthesis time increased. However, at the terminal stage, the PL
peaks were degraded. On the other hand, for the samples
prepared at 180 °C and 210 °C, there was no degradation of PL
peaks, with PL increased straightly (Fig. 4c and d). In order to
access the amount of blue-shift as a function of synthesis time
at lower synthesis temperature, we synthesized CIS/ZnS QDs at
180 °C and 210 °C for long duration of about 570 min and
660 min until the PL spectra degraded, respectively (Fig. S41). In
the case of the sample prepared at 180 °C, the PL spectra
maintained the initial emission wavelength for longer duration
than in the case of the sample prepared at 210 °C (210 °C:
90 min, 180 °C: 300 min). Therefore, the blue-shift of the PL
spectra was inhibited effectively compared to the samples
synthesized at higher temperatures.

The tendencies of blue-shift of absorption and PL spectra
can be explained by the effective size of the CIS core becoming
smaller due to the cation-exchange phenomenon. During ZnS
shell coating, the Zn** ions diffused into the surface of the CIS
core, and replaced both Cu* and In*" ions and made a CIZS
alloy. The effective size of the CIS core consequently became
smaller. The present results show that the emission wave-
lengths of CIS/ZnS QDs tend to maintain their peak position
and their intensities increase as the shell coating temperature
decreases, and this small blue-shift of the PL spectra at low
temperature also indicates that cation exchange was suppressed
at low temperature.

The classic substitutional diffusion theory suggests that the
activation energy for diffusion is determined by temperature,
and the governing equations are given in eqn (1)-(3), where A

Ci
H

g

a

PL intensity(a.u.)
PL intensity(a.u.)

)
§
g
K

1500 210min

PL intensity(a.u.)

wavelength(nm) wavelength(nm)

Fig.4 Temporal evolution of emission spectra of CIS/ZnS QDs during
ZnS shell coating at (a) 250 °C, (b) 230 °C, (c) 210 °C, and (d) 180 °C,
respectively.

This journal is © The Royal Society of Chemistry 2017
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and B are two different atoms to substitutionally diffuse, Q is
the activation enthalpy for diffusion, and C is the concentration
of atoms, respectively.*

3Cap
=D : 1
J=Dap—5_ 1)
Dap = Daopo exp( - %A; ) (2)
dCa
Jy = (D — Dg) —— 3
v = (Dy D) 2 ®)

These equations are Fick's first law, diffusion coefficient, and
total flux, respectively. The fraction of atoms with more than the

mean energy, which is expressed by (exp( — %)) , isneeded

to exchange different cations. The diffusion coefficient
decreases exponentially with decreasing temperature. There-
fore, the diffusion rate becomes lower at lower temperature
compared to the rate at higher temperature. Consequently,
a small amount of Zn>* ions diffuse into the surface of the CIS
core at lower temperature due to weak driving force for diffu-
sion (Fig. 5). The cation-exchange phenomenon occurring
during ZnS coating follows this classic substitutional diffusion
theory and can be inhibited by decreasing the synthesis
temperature. Therefore, at the lower synthesis temperatures for
the ZnS shell, NIR-emitting QDs could be synthesized more
effectively. However, the blue-shift of the PL spectra is not
simply explained by the PL peak movement, but it includes the
dynamic behavior of the PL peak components. The normalized
PL spectra of CIS/ZnS QDs shows that one PL spectrum may
contain several peak components rather than a single compo-
nent, and each component shows different dynamic behavior as
the duration of synthesis increases (Fig. 6). In the PL spectra,
multiple emissions were observed for CIS/ZnS QDs. The
different evolution trends of the PL peak components are
summarized in Table 1 with synthesis temperature and dura-
tion. The components of the PL spectrum from the CIS core
were analysed by low-temperature PL (Fig. 6e). According to the
low-temperature PL spectrum, that from the CIS core is
composed of four peak components; 685 nm, 750 nm, 800 nm
and 865 nm, with intervals of about 50 nm. These four PL peaks
indicate that at least four different defect levels affect the
emission process, in contrast with other kinds of QDs that emit

@ Zn*

@ Cu* @ In*

Fig. 5 Temperature dependence of inter-diffusion of Zn ions on the
surface of core. (a) Relatively high T and (b) low T.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Normalized PL spectra of CIS/ZnS QDs with (a) 180 °C, (b)
210 °C, (c) 230 °C and (d) 250 °C, respectively. Each spectrum contains
three or four peak components and different evolution of peak
components was observed. Arrows indicate different evolution trends
of each PL peak component (e) low-temperature PL spectrum of CIS
core measured at 4 K. (a) Relatively high T and (b) low T.

through band-edge emission. These emission wavelengths of
peak components are also well matched with those of peak
components of the samples for 180 °C, 210 °C, 230 °C, and
250 °C, respectively.

The four peak components shown in Fig. 6e are originating
from the various defect constituents present on the Cu-rich CIS-
based QDs as shown in the Fig. S5.f The peak of 865 nm
corresponds to the transition between In. and Vj,, and the
peaks of 800 nm and 750 nm are associated with the recombi-
nation between In; and V;, and Vg and Vj,, respectively. The
highest energy (680 nm) is come from the transition between Vg
to valence band of QDs.>"*?

The low-temperature PL data reveal that the PL peak
components in PL results can be reasonable. According to the
present results, temperature control also can influence the
evolution of the PL peak components in the PL spectra. As the
synthesis temperature increased, the higher energy peaks
became dominant but the lower energy peaks became minor in
the blue-shifted PL spectra of CIS/ZnS. The peak components
are related to the emission process through defect levels of CIS/
ZnS QDs. The change in peak components also indicates
a change in the emission process between different defect
levels. In terms of the energy band diagram, the concentration
of defect levels related to lower energy peaks could be decreased
due to cation exchange during the ZnS shell coating while the
concentration of defect levels related to higher energy peaks
could be increased. Therefore, we could assume that the cation-
exchange between Zn>" jons and In®*' ions can affect each

RSC Adv., 2017, 7, 10675-10682 | 10679
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Table 1 The observation of the different evolution trends of three or four PL peak components during ZnS coating with different temperature

Temperature PL Peak 1 (nm) Peak 2 (nm) Peak 3 (nm) Peak 4 (nm)
180 °C Wavelength — 775 nm 815 nm 865 nm
Proportion of PL intensity — Increase Maintain Decrease
Position — Blue-shift Maintain Maintain
210 °C Wavelength 775 nm 815 nm 865 nm
Proportion of PL intensity Increase Decrease Decrease
Position Blue-shift Maintain Maintain
230 °C Wavelength 690 nm 720-770 nm 810 nm 865 nm
Proportion of PL intensity Increase Maintain Decrease Decrease
Position Maintain Blue-shift Maintain Maintain
250 °C Wavelength 680 nm 710-760 nm 810 nm —
Proportion of PL intensity Increase Maintain Decrease .
Position Maintain Blue-shift Maintain —

concentration of In; and Ing, defect levels, but further analysis
of this is required.

The study on the PL decay of QDs was investigated by
utilizing time-correlated single photon counting (TCSPC) tech-
nique, and the PL decay curves of CIS and CIS/ZnS QDs were
characterized at 685 nm, and 800 nm (Fig. S6t). The PL decay
curves were de-convoluted into three exponential components
(71, T2, and t3). For CIS-based QDs, fast decay component (1) is
associated with the emission from the surface/interface-trapped
states, and the slow ones (1, and t3) correspond to the defect-
related donor-acceptor transitions.>® The average PL lifetimes
increased from 150.6 ns to 296.0 ns for CIS core, and from 317.3
ns to 513.9 ns for CIS/ZnS core/shell QDs, as the PL spectral
region moves at longer wavelengths (from 685 nm to 800 nm).
After ZnS shell formation, the average PL lifetime increased,
and the decay amplitude fraction of the fast decay component
(r1) decreased for both wavelengths (24.94% to 14.29% at
685 nm, and 23.41% to 9.18% at 800 nm), which indicates the
increased rate of the defect-related donor-acceptor transition as
the surfaces-state varies.”

The enhancement of QY as a function of synthesis duration
is shown in Fig. S7.7 In the initial stages of ZnS shell coating, QY
increased and later saturated at about 30%. The improvement
of QY is determined by diffusion of Zn>" ions on the shallow
surface of the CIS core. Therefore, if a proper amount of Zn**
ions diffuse and occupy the non-radiative sites of shallow
surface of CIS core, the QY will be strongly enhanced during ZnS
shell coating without regard to the synthesis temperature.
However, as the temperature became higher, the rate of
increase of QY, which means the rate of reaching the maximum
value of QY, increased relative to that at low temperature. As
more Zn>" ions diffuse into the core, the cation-exchange occurs
more actively at high temperature, the Zn>" ions rapidly occupy
the trap sites on the surface of the core, and finally the rate of
increase of the QY becomes faster.

In addition, a decreasing QY was observed in the end stages
of shell growth, and the QY decreased faster at high tempera-
ture than at low temperature (250 °C: after 75 min, 230 °C:
150 min, 210 °C: 210 min, 180 °C: not decreasing until 660 min).
Similar to the explanation of the increasing rate of QY, at high
temperature, the Zn monomer consumption rate becomes
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faster because of active cation-exchange, and in the end stages,
the degradation of QDs can occur because of an insufficient ZnS
source with continuous heating. In this study, the maximum
value of QY was 38% at 720 nm and the average QY was 30%
from 720 nm to 810 nm. Compared to the recently published
values of QY for NIR-emitting CIS/ZnS QDs, highly efficient NIR
emitting CIS/ZnS QDs were synthesized.'***?>¢

Characterization of CIS/ZnS QDs-HSA/PEG nanocapsules

For potential applications of QDs to bio-imaging, the synthe-
sized CIS/ZnS QDs were encapsulated within shell-crosslinked
nanocapsules (NCs) using HSA and 6-armed PEG, which can
generate a very stable, biocompatible interface suitable for long-
term blood circulation. NCs were fabricated by using CIS/ZnS
QDs synthesized at 210 °C for 60 min, having a QY of 29%.
CIS/ZnS QDs and 6-armed PEG-N-hydroxysuccinimide (NHS)
were dissolved in dichloromethane, injected into aqueous HSA
solution (1 mg ml™'), and sonicated to prepare an O/W emul-
sion. During this process, the NHS terminal groups of the PEG
molecule were conjugated to the primary amines of HSA at the
surface and formed cross-linked shell layers comprising PEG
and HSA.” Fig. 7a shows the dispersibility of the QD-HSA/PEG
nanocapsule in DI water compared to initial QDs in dichloro-
methane. Both samples were transparent, and thus not only the
initial QDs but also the QD-HSA/PEG nanocapsules were well
dispersed in each solution. Also, under 365 nm UV excitation,
the QD-HSA/PEG nanocapsule solution exhibited the same
emission color as the initial hydrophobic QDs, as shown in the
optical micrograph (Fig. 7b). The emission wavelength was
almost retained after fabrication of nanocapsules but the fluo-
rescent intensity decreased to 57% of that of the initial QDs
(Fig. 7c). The dispersibility in DI-water and maintenance of the
optical property of QDs indicate that the initial hydrophobic
QDs were changed to hydrophilic QDs. The structural properties
of the QD-HSA/PEG nanocapsules are shown by SEM and TEM
images. In Fig. 8a, the SEM images show the shape and size
distribution of the nanocapsules. Spherical-shaped nano-
capsules were observed without any significant aggregation.
The size of the nanocapsules is about 140 + 21.6 nm with
a narrow distribution. TEM images also show the shape of the
nanocapsules, including inorganic quantum dots and organic

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 (a) Photoimages of CIS/ZnS QDs in DCM (left) and QD-HSA/
PEG nanocapsule in DI water (right) and (b) under 365 nm UV-lamp,
(left) initial QDs (middle) QD-HSA/PEG nanocapsule after filtering
(right) QD-HSA/PEG nanocapsule before filtering. (c) PL spectrum of
initial QDs and QD-HSA/PEG nanocapsule. PL intensity of nano-
capsule: 57% of initial QDs. (a) Relatively high T and (b) low T.

(b)
(a) SEM images, (b) TEM images of QD-HSA/PEG nanocapsules.

Fig. 8

HSA/PEG shell (Fig. 8b). The zeta potential of the prepared QD-
loaded HSA/PEG nanocapsules was —16.7 mV, which indicates
the presence of negatively charged HSA (the isoelectric point of
HSA is about 5) on the surface of the NCs. Inorganic CIS/ZnS
QDs have 4-5 nm tetrahedron structures inside the shell, and
organic shell is observed as a shaded region surrounding QDs

This journal is © The Royal Society of Chemistry 2017
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because the organic shell does not have crystallinity (thickness:
9 nm). Therefore, from SEM and TEM images, it is found that
QD-HSA/PEG nanocapsules with appropriate hydrodynamic
diameter were fabricated without agglomeration.

Conclusions

We have described the synthesis process of efficient NIR-
emitting CIS/ZnS QDs by controlling the ZnS shell synthesis
temperature. The CIS core was prepared using an off-
stoichiometry effect, and the proper [Cu] : [In] ratio was 2 : 1
and the tuned emission wavelength was 850 nm (size: 4-5 nm).
However, during ZnS shell coating to improve the QY, an
adverse effect was observed because of cation-exchange. To
inhibit cation-exchange, we controlled the temperature during
ZnS shell synthesis, at 180 °C, 210 °C, 230 °C, and 250 °C,
respectively. At the lowest temperature, 180 °C, the least Zn>*
ions diffused into the CIS core and the diffusion rate became
slower than that at higher temperature because the activation
energy to diffuse was affected by temperature. Temperature
control during synthesis of the ZnS shell led to not only a blue-
shift but also evolution of the PL peak components in the PL
spectra of CIS/ZnS QDs. The difference in the dynamic behavior
of PL peak components during ZnS shell synthesis at the
different synthesis temperatures indicates that the degree of
Zn® ion diffusion during ZnS shell coating could affect the
emission process through defect levels of CIS/ZnS QDs.
Consequently, CIS/ZnS QDs, having 810 nm emission wave-
length and 30% of QY, were synthesized at 180 °C with inhibi-
tion of both cation-exchange and blue-shift of PL spectra.
Finally, in order to apply the synthesized NIR-emitting CIS/ZnS
QDs to bio-imaging, QDs were encapsulated as a form of QD-
HSA/PEG nanocapsules by the O/W emulsion method and
successfully transferred to an aqueous phase. As shown by these
results, because the nanocapsules were fabricated to appro-
priate size for bio-imaging (140 nm =+ 21.6 nm), and finally the
NIR-emitting CIS/ZnS QDs synthesized with inhibited cation-
exchange have the potential application to in vivo imaging.
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