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Near-infrared (NIR) semiconductor quantum dots (QDs) represent promising fluorescent probes
for biological and biomedical imaging. CulnSe, is a good candidate for these applications due to its
bandgap in the near-infrared and the reduced toxicity of its components compared to other NIR QD
materials (CdTe, CdHgTe, PbS, etc.). Here we present a simple one-pot synthetic route without
injection to make fluorescent sphalerite Cu—In—Se core and Cu—In—Se/ZnS core/shell QDs.
We show that the photoluminescence (PL) of the resulting core QDs can be tuned from ~700 nm
to ~1 um depending on the QD size (from ~2 to ~5 nm in diameter). The optical and structural
properties of these QDs are consistent with charge recombination via donor—acceptor levels instead
of direct excitonic recombination. Finally, we show that the growth of a ZnS shell around these QDs
increases their PL quantum yield substantially (up to 40—50% at 800 nm) and allows preservation of
their PL properties after solubilization into water and in vivo, as demonstrated by detection of the
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regional lymph node in a mouse.

Semiconductor nanocrystals or quantum dots (QDs)
have emerged as a novel class of light-absorbing and
-emitting materials for many applications (LEDs, photo-
voltaics, thin film transistors, etc.) because of their unique
electronic and optical properties.'* In addition, their
high extinction coefficient, brightness, and photostability
make them promising fluorescent probes for biological
imaging.*> These diverse and promising applications
have triggered considerable progress in the synthesis of
core and core—shell QDs composed of many II—VI,
IV—VI, and III—V materials (see, for examples, refs 6
and 7 and references therein). Because the bandgap of
these particles depends on both their size and composi-
tion, these QDs now span a broad wavelength range, from
the UV (CdS, ZnSe, etc.) to the infrared (PbS, PbSe, Cd;P»,
etc.). The near-infrared (NIR) range (~700—1100 nm)
corresponds to a spectral region of minimal absorbance
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and diffusion by biological tissues and is particularly
interesting for in vivo fluorescence imaging applications.®
Near-infrared QDs are therefore promising fluorescent
probes for several biomedical applications such as opti-
cally guided surgery.”'” However, so far applications of
QDs to the clinical field have been hampered by the high
toxicity of the NIR QD constituents asin CdTe, CdHgTe,
and PDbS. Other applications of NIR QDs, including photo-
voltaics, would strongly benefit from the development of less
toxic and more environmentally friendly QD materials.
CulnS, and CulnSe, are I-III—VI semiconductors
with direct bandgaps of 1.53 and 1.04 eV, respectively,
and are widely used as thin films in photovoltaic applica-
tions.!! ~'* There has been recently a renewed interest in
the synthesis of CulnS, and CulnSe, QDs for in vivo
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imaging or photovoltaics.'> "' Recent reports have shown
in particular that core/shell CulnS,/ZnS QDs may reach
reasonably high fluorescence quantum yields in the visible
and NIR range, up to ~800—850 nm, and offer promising
alternatives to II—VI QDs for in vivo fluorescence imaging
because of the absence of heavily toxic and/or carcinogenic
Cd, Pb and Hg metal ions.'”'*>> We have recently shown
that CulnS,/ZnS QDs present a much reduced toxicity
compared to CdTeSe/CdZnS core/shell QDs.** CulnSe,
QDs could also constitute promising probes for in vivo
imaging. In particular, they could reach longer wavelengths
(theoretically up to ~1200 nm) and so allow both excitation
and emission processes to occur in an optimal wavelength
range (~800—950 nm). Moreover, the toxicity of their
components is reduced compared to cadmium, lead, and
mercury. There have been relatively few reports on CulnSe,
QD synthesis, and most of them did not report any photo-
luminescence (PL).'%>*%726 Recently, Nose et al. reported
CulnSe, QDs emitting between 820 and 940 nm but with PL
quantum yields (QY) less than 5%.%" Allen et al. reported
the synthesis of Cu—In—Se QDs with PL QY up to 25%."
However, the latter QDs could not maintain their PL
properties in water due to the lack of a high bandgap shell
to protect the Cu—In—Se cores, and the synthesis in-
volved expensive and hazardous bis(trimethylsilyl)-
selenide precursor. In this manuscript we report a simple
synthetic scheme without injection using selenourea as a
selenium precursor, which yields Cu—In—Se core and
Cu—In—Se/ZnS core/shell materials emitting from ~700 nm
to ~1040 nm. We characterize their photophysical and
structural properties, discuss the origin of their photolumi-
nescence and demonstrate their application for biological
in vivo imaging.

Experimental Section

Chemicals. Tri-n-octylphosphine (CYTOP-380, TOP) was a
gift from CYTEC. Di-n-octylamine (98%, DOA) was purchased
from Acros Organics. Seleneourea was purchased from Strem
Chemicals (>99%, SeU). Oleylamine (>70%, OAm), 1-octa-
decene (90%, ODE), 1-dodecanethiol (>97%, DDT), copper(I)
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chloride (>99%, CuCl), indium(III) chloride (99.999%, InCly),
zinc chloride (98%, ZnCl,) and potassium ethylxanthogenate
(>98%, K(EtX)) were purchased from Sigma-Aldrich. Zinc
nitrate hexahydrate (>98%, Zn(NOj3), 6 H,O) and sodium
oleate (> 82%, Na(OA)) were purchased from Riedel-de Heén.
All chemicals were used as provided without further purification.
TOP, InCl;, and SeU were stored under an Ar atmosphere, and
SeU was additionally kept in the dark.

Cu—In—Se QD Synthesis. In a typical core synthesis, all
precursors (0.4 mmol CuCl, 0.4 mmol InCl;, 0.8 mmol SeU)
were introduced in a three-necked flask with 10 mL of ODE and
4 mL of TOP and briefly sonicated. Then, 4 mL of OAm and
2mL of DDT were added. The solution was stirred and degassed
for 30 min under vacuum. The flask was then refilled with argon
and the solution heated to final temperatures 7 ranging from
80 to 250 °C. Heating was stopped immediately after the target
temperature was reached and the flask was cooled down to room
temperature. The QDs were precipitated in ethanol (acetone
may be added typically up to 5% to avoid phase separation) and
centrifuged. Cu—In—Se cores were then redispersed in a non-
polar solvent, typically in 10 mL of hexane.

ZnS Precursor Preparation. Zinc bis(ethylxanthogenate)
(Zn(EtX),) was prepared from K(EtX) and ZnCl, as follows:
10 mmol of ZnCl, and 20 mmol of K(EtX) were separately
dissolved in 20 mL of distilled water. The solutions were slowly
mixed under stirring to form a white precipitate that was isolated,
washed for several cycles with water, and dried. Zn(OA), was
prepared from Zn(NOs), and Na(OA): 15 mmol of Zn(NOs),
dissolved in 40 mL of methanol were added to a solution of
30 mmol of Na(OA) dissolved in 200 mL of methanol. The
resulting white precipitate was isolated, washed, and dried.

Cu—In—Se/ZnS Core/Shell QD Synthesis. Half of the
CulnSe, cores prepared as indicated above were redispersed in
4 mL of ODE and 1 mL of OAm into a new three-neck flask.
The flask was degassed under vacuum at room temperature to
remove hexane and H,O traces. A solution of Zn(EtX), and
Zn(OA), (respectively 40 and 500 mg) dispersed in ODE (2 mL),
TOP (3 mL), and DOA (1 mL) was loaded into an injection
syringe. One milliliter of this solution was introduced at room
temperature into the flask, and the temperature was raised to
190 °C. The rest of ZnS precursors were added dropwise into the
flask in 1 h under argon atmosphere. The reaction flask was
cooled down at the end of the injection. The resulting Cu—In—Se/
ZnS QDs were precipitated in ethanol and acetone and redis-
persed in hexane.

Optical Characterization. All optical measurements were per-
formed at room temperature with QDs dispersed in hexane or
water. Absorption measurements were carried out with a Cary SE
UV—vis-NIR spectrophotometer (Varian). Photoluminescence
(PL), photoluminescence excitation (PLE), integrated photolumi-
nescence excitation (IPLE) spectra and time-resolved fluorescence
were acquired using a FCS900 spectrometer (Edinburgh In-
struments) equipped with R928-P and R5509—72 photomultipliers
(Hamamatsu) and a USB2000 fluorimeter (Ocean Optics). PLE
and IPLE spectra of QD solutions with optical densities below
0.1 at 300 nm were recorded using excitation wavelengths ranging
from 300 to 800 nm. Each PL spectra was normalized by the
excitation intensity and then integrated over all emission wave-
lengths. This integrated intensity was plotted versus the excita-
tion wavelength to provide the IPLE spectrum. The sample
fluorescence quantum yields were evaluated in comparison with
rhodamine 6G in ethanol as reference (excited at 530 nm) or
Indocyanine Green in dimethylsulfoxide for NIR samples
(excited at 750 nm).
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Structural Characterization. For the following characteriza-
tions, QDs were washed by several cycles of precipitation/
redispersion with ethanol and acetone to remove excess organic
components. High resolution transmission electron microscopy
(HRTEM) images were acquired on a JEOL 2010 field electron
gun microscope operated at 200 keV. Elemental analysis was
performed by energy-dispersive X-ray spectroscopy (EDX) on a
Hitachi S-3600N scanning electron microscope operated at
20 keV. Powder X-ray diffraction (XRD) patterns were acquired
using a Philips X Pert diffractometer with a Cu K, source. The
widths of the XRD peaks are related to the crystallite size by the
Scherrer formula

0.89Acuka

FWHM = ————
W dcos(0)

where fwhm is the full width half-maximum of the peak, Acuk o 1S
the wavelength of the Cu K, X-ray source, d is the average
crystallite size. and @ is the diffraction angle.

Solubilization in Water. Cu—In—Se/ZnS QDs were precipi-
tated in ethanol and resuspended in chloroform before cap
exchange with dithiol sulfobetaine zwitterionic ligands in a
water/chloroform biphasic solution as previously described.?’
The resulting QDs were purified by ultrafiltration (Vivaspin,
10 kDa cutoff) and ultracentrifugation on 10—40% sucrose
gradients for 20 min on a Optima-Max Beckman-Coulter ultra-
centrifuge (MLS-50 rotor, 50,000 rpm). The QD band was
extracted, purified by ultrafiltration and finally resuspended in
20 mM NaCl aqueous solution.

Small Animal Imaging. Three 10-week-old female Balb/c mice
(Balb/cOlaHsd) (Harlan, Gannat, France) weighing 20 g were
used in these experiments. Mice were kept in 12 h light/dark
cycle and had access to food and water ad libitum. Specific
purified diet (TD.94045, Harlan Teklad, Madison, WI, USA)
was used to reduce tissue autofluorescence in the NIR spectral
region. The animals received care in accordance with established
guidelines of FELASA (Federation of European Laboratory
Animal Science Associations) and animal procedures were
performed in compliance with institutional and national guide-
lines. The injections were performed under gaseous anesthesia
with isoflurane (Forene, Abbott France, Rungis, France) by
introducing the mice into a chamber where the air flow with
4.5% of isoflurane was adjusted to 500 mL/min. The anesthesia
was maintained by placing the mice under a mask with 2.5% of
isoflurane and the air flow of 250 mL/min. Mice were injected
subcutaneously (s.c.) in the distal part of the right anterior paw
with 20 4L of a solution of ~ 800 nm emitting Cu-In-Se/ZnS
QDs (~0.5 optical density at 690 nm) in phosphate buffer saline
(PBS). After product delivery, the right paw was kneaded to
improve product migration. /n vivo optical imaging of QDs
was performed using a Fluobeam 700 NIR imaging system
(Fluoptics, Grenoble, France). This system is composed of a
laser emitting at 690 nm, a 750 nm long-pass emission filter and a
CCD camera. The power density of laser irradiation on tissue
was 7 mW/cm? and the CCD exposure time was 10 ms. The
region of interest (ROI) was depilated using a commercial hair-
removal cream before imaging. The QD injection point was
hidden to improve the visualization of the lymph node.

ICP-MS Measurements. The right axillary lymph node was
dissected at four hours post injection and dissolved with 70%
HNOs; under heating. Its concentration in indium was measured
by inductively coupled plasma-mass spectrometry (ICP-MS,
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Figure 1. (A) Absorption spectra and (B) PL spectra of Cu—In—Se core
QDs. Samples were synthesized by fast heating (77 = 140—250 °C), slower
heating to 77 = 80 °C (B, purple) or 77 = 250 °C with a | hrise (A, black),
and intermediate heating to 7y = 250 °C (B, brown).

Laboratoire Ascal, France) and compared with the QD injec-
tion solution to determine the injected dose percentage (%ID) in
this lymph node.

Results and Discussion

Cu—In—Se Core Synthesis. The Cu—In—Se cores were
synthesized in a one-pot route without injection. Copper
and indium chlorides were solubilized in ODE using TOP,
OAm and DDT ligands, and mixed with selenourea in
proportions corresponding to CulnSe, stoichiometry.
After degassing, the solution was heated under argon.
We tested different types of heating conditions, either
“fast” heating, where the final temperature (75) is reached
in about 10—15 min, or “slow” heating, where the final
temperature is reached in about 1 h. Above 40—50 °C, the
solution turns limpid and colorless, indicating the com-
plexation of metal chlorides by TOP and SeU dissolution.
The solution turns yellow then red at around 110—130 °C
for fast heating or starting at 80 °C for slow heating,
indicating nanocrystal nucleation. As the temperature
increases, the solution turns darker. This synthesis is
somewhat similar to the one recently reported by Koo
et al.>® which does not produce fluorescent QDs. This is
due to several notable differences: here, selenourea was
added directly to the flask instead of being separately
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Figure 2. X-ray diffractograms of Cu—In—Se cores synthesized at 160 °C
and reference (bulk CulnSe, chalcopyrite*').

dissolved in OAm. We note that absence of OAm in the
reaction led to slow nucleation and rapid aggregation of
the resulting materials. Another difference is the presence
of TOP: in the absence of TOP, QDs were formed but
did not show any fluorescence. Finally, we noted that
the presence of DDT increased the colloidal stability
of the QDs in particular at high temperatures: without
DDT, the QDs were unstable above 200 °C. In com-
parison, the QD reaction solution with DDT could be
heated to 250 °C without QD precipitation, which we
attribute to stronger binding of DDT ligands compared
to OAm or TOP, and this allowed us to reach longer
wavelengths.

We will now discuss the optical and structural proper-
ties of the obtained Cu—In—Se QDs and the origin of
their photoluminescence. The obtained nanocrystals
showed absorption and photoluminescence spectra that
are dependent on the final temperature 7¢ (Figure 1A, B).
Absorption spectra shifted to redder wavelengths with
increasing temperature. PL spectra from fast heating
syntheses ranged from 750 nm for 7; = 140 °C to ~950 nm
for Ty = 250 °C. PL quantum yields increase from ~4%
for Ty = 140 °C up to ~20% for Ty = 180 °C and fall
down for redder wavelengths to ~3% for the sample
synthesized at T¢ =250 °C with an intermediate heating
(~20 min). We observed that the optical properties of the
Cu—In—Se nanocrystals only evolved very slowly with
time when kept at the final temperature for 7y > 100 °C.
Slower heating syntheses induced a nucleation at lower
temperatures (~80 °C) and redder wavelengths than fast
heating syntheses for the same final temperatures,
Figure 1A. Quantum dots synthesized at 250 °C with a
one hour temperature rise were non fluorescent, but
intermediate heating speed (15—20 min) gave PL emission
>1040 nm. In contrast to II—VI QDs, the resulting QD
absorption spectra do not display any sharp absorption
features, and the PL spectra were broad, typically 110—
150 nm fwhm, consistently with what was previously
reported for CulnS, and CulnSe, QDs.'” 2122 Here
we will try to determine whether these optical proper-
ties are due to some dispersion in size, shape, and/or
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composition of the resulting nanoparticles, or to intrinsic
optical properties, by examining the QD structural prop-
erties.

XRD patterns for fast and intermediate synthesis samples
were consistent with CulnSe, sphalerite (zinc blende) struc-
ture (Figure 2) with three major peaks at (26.70 £ 0.04)°,
(44.59 £ 0.05)°, and (52.53 = 0.12)° for the (112), (220), and
(312) lattice planes, respectively. We noted the absence of
any significant diffraction peak at 35.48° in contrast to the
chalcopyrite structure reported with other synthetic proce-
dures.'®'® This suggests that the indium and copper cations
are not ordered in the crystal structure. Similar synthetic
conditions using copper iodide and indium acetate reacted
with DDT in absence of selenourea yielded CulnS, QDs."”
We therefore investigated whether our QDs are composed
of pure Cu—In—Se or of a Cu—In—Se/Cu—In—S alloy. The
presence of sulfur would cause a shift of the XRD peaks
toward those of CulnS, (the lattice parameter difference
between these two materials is about 5%). Here the positions
of the diffraction peaks suggest that the QDs do not
contain a significant fraction of sulfur atoms for all fast
heating samples. In contrast, the S/Se ratio for the sample
synthesized by slow heating to 250 °C (1 h temperature
rise) was not negligible (estimated to ~30% with a linear
approximation between the peak positions of CulnSe,
and CulnS; materials) since the XRD peaks were shifted
to 27, 44.9, and 53.2° for (112), (220), and (312) lattice
planes, respectively. This may be due to a higher depletion
of selenourea precursors as the reaction yield increases.

High-resolution transmission electron microscopy
(HRTEM) of samples synthesized by fast and intermedi-
ate heating showed monocrystalline particles ranging
from nearly spherical ~3 nm QDs for 77 = 180 °C to
slightly faceted ~5 nm (triangular) QDs for 7y = 250 °C
(see the Supporting Information, Figure S1). Synthesis at
250 °C with a slow heating (1 h temperature rise) gave
both faceted and round NCs larger than 8 nm that were
not fluorescent (see the Supporting Information, Figure S1).
However, for particles smaller than 5 nm, the low contrast
offered by the QDs did not allow accurate determination
of their size. We therefore used the Scherrer formula to
estimate the size of the Cu—In—Se core QDs from the
XRD peak widths. The resulting XRD sizes were well
correlated with TEM sizes but were slightly smaller for
the sample synthesized with a slow heating to 250 °C
(1 h temperature rise, see the Supporting Information,
Figure S2). Broadening of the XRD peaks for this specific
sample could be attributed to strain and/or composition
heterogeneity as indicated by the incorporation of S dis-
cussed above. However, XRD size estimation measure-
ments of our Cu—In—Se QDs showed that all QDs were
smaller than the bulk exciton of CulnSe, (2ag = 10.8 nm),
and that the size progressively increases with the reaction
temperature (see the Supporting Information, Figure S2).
This is consistent with the observed progressive red shift
of the QDs due to confinement effects.

To examine the effect of size on the bandgap of these
Cu—In—Se QDs, we represented the energy correspond-
ing to the effective bandgap derived from absorption
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Figure 4. Evolution of the In/Cu ratio in Cu—In—Se core QDs during the
fast heating synthesis.

spectra (see the Supporting Information, Figure S3) as a
function of the inverse of the QD square diameter (Figure 3,
blue triangles). This shows that the effective bandgap
energy varies approximately linearly with 1//% as expected
from a simple excitonic confinement model. Extrapolat-
ing this curve to infinite size gives a bandgap value of
1.02 4+ 0.03 eV, which is comparable to the value of bulk
CulnSe,. These data are well-correlated with those re-
ported by Allen et al.'® for Culn, ;Ses QDs, as shown in
Figure 3 (green dots). In contrast, the CulnsSeg samples
give higher bandgap in particular for smaller QDs
(Figure 3, red squares). This may be attributed to the
larger difference in composition between these latter QDs
and ours (see below), and the corresponding differences in
the bulk bandgap and the quantum confinement contri-
bution (carrier effective masses, etc.).

To evaluate the effect of the composition on the sample
bandgaps and PL emissions, we studied the In/Cu ratio
for fluorescent samples. The composition of the QDs was
estimated by EDX spectroscopy and confirmed the presence
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Figure 5. Photoluminescence excitation spectra corresponding to differ-
ent emission wavelengths (colored arrows) from 600 to 820 nm, and the
corresponding PL spectrum excited at 350 nm (black).

of Cu, In, Se in diverse proportions (see the Supporting
Information, Table ST1). The spectra also showed the
presence of sulfur atoms (S/Se ~30%) for all samples
obtained by fast heating. As discussed above in XRD
measurements, the sulfur was not incorporated into the
QD cores in a significant fraction, suggesting that the DDT
ligands participate in the QD surface passivation. The
cation/anion proportions were as expected consistent with
degrees of oxidation of Cu™, In**, and Se’*~. The In/Cu
ratio in the QDs varies during the synthesis: the initial QDs
are rich in indium (In/Cu = ~2 for QDs emitting at A¢,, =
750 nm) and progressively reaches In/Cu stoichiometry for
larger QDs (Figure 4). Many different compositions exist
for Cu—In—Se crystals (CulnSe,, Culn; 5Se;, Culn,3Sey,
CulnsSes, CulnsSeg, etc.), which reflects the high stability of
defect pairs: 2 copper vacancies with a substitution of
indium on a coppersite (2Ve,  + Incy” ™). 2 These materials
exhibit very close lattice parameters so the resulting XRD
patterns are not distinguishable within our peak widths.
To understand the variations of QD composition during the
fast heating synthesis, we estimated the In/Cu ratio of the
atoms deposited on the QDs between the first sample taken
at 140 °C and subsequent reaction times/temperatures using
the In, Cu, Se composition and the size of the different QD
samples (see the Supporting Information). The In/Cu ratio
of the deposited material is close to one at all times (see the
Supporting Information, Figure S4). This suggests that
the QDs initially nucleate with a high In/Cu ratio and that
the subsequent growth corresponds to deposition of sto-
ichiometric CulnSe,. Even though the QD bandgap de-
pends on the composition (the bulk bandgap of CulnSe, is
1.04 eV, whereas that of CulnsSes is 1.21 eV.?), our results
suggest that the shifts in absorption and emission spectra
during the synthesis are mainly due to a progressive increase
in size resulting in a decrease of quantum confinement
effects, and to a lesser extent to a difference in composition.

(28) Zhang, S. B.; Wei, S. H.; Zunger, A.; Katayama-Yoshida, H. Phys.
Rev. B1998, 57, 9642-9656.
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Lett. 2000, 77, 94-96.
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These structural properties provide a framework to
better understand the optical properties of our Cu—In—
Se QDs. Cu—In—Se PL spectra are broad even for smaller
QDs (fwhm ~110—150 nm) and exhibit large Stokes shifts
(from ~130 to ~100 nm with increasing wavelength) com-
pared to II—VI QDs, as was previously reported for
CulnS, and CulnSe, """ In addition, we noted that
photoluminescence excitation (PLE) spectra do not vary
much with the selected emission wavelength within a
QD population (Figure 5). This indicates that QDs with
nearly identical absorption properties exhibit very differ-
ent Stokes shift and emission spectra, in contrast to what
isobserved with II—=VI QDs. So the broad PL spectra may
not be attributed only to size and/or composition hetero-
geneity but must arise from the nature of the PL emission.
The PL decay of these Cu—In—Se QDs is dominated by
a decay time that is much longer than what is usually
observed for II—VI materials (see the Supporting Infor-
mation, Figure S5A): 170—275 ns compared to ~10—20 ns
for CdSe QDs.*° These results are also inconsistent with
a photoluminescence produced by band-edge exciton
recombination. They instead suggest that the exciton
energy is rapidly transferred to defect levels within the
bandgap, and that the radiative recombination then
occurs as a donor—acceptor transition. These donor—
acceptor pairs may be linked to the observed presence of
2Veu + Inc, ) defect pairs, as discussed above and as
previously discussed in other reports.?! Even though the
emission is not directly due to band edge recombination,
the PL spectra still shift to the blue when the particle size
decreases due to quantum confinement, albeit slower
than the absorption spectra (see the Supporting Informa-
tion, Figure S6). This indicates that the energy of the
donor and acceptor electronic levels involved in the
radiative recombination are correlated with the energy
of the valence and conduction bands.

The PL quantum yield of our Cu—In—Se core QDs was
still sensitive to surface oxidation. In particular, transfer
of the Cu—In—Se QDs into water by ligand exchange
resulted in an immediate loss of the QD PL. It was
therefore necessary to grow a high bandgap ZnS shell
around the cores to protect them from their environment.

Cu—In—Se/ZnS Core/Shell Synthesis and In vivo Imag-
ing. Zinc sulfide was chosen to overcoat the CulnSe, QDs
for its large bandgap (3.61 e¢V), which provides a type I
band alignment®'*? with Cu—In—Se cores and its rela-
tively close crystalline structure (zinc-blende). The lattice
mismatch between ZnS and CulnSe, is about 7%, which
should allow epitaxial growth of several ZnS monolayers
without introducing excessive strain on the cores.*® ZnS
presents a reduced toxicity, which is crucial for a surface
material that will be in contact with biological tissues.
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Figure 6. Photoluminescence spectra of Cu—In—Se (blue) and
Cu—In—Se/ZnS QDs normalized by their optical density at the excita-
tion wavelength (530 nm), during the growth of a ZnS shell on cores
synthesized at 140 °C (from green to red, corresponding to injected
volumes of ZnS solution of 0.5, 1, 3, and 4 mL).
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Figure 7. Normalized absorption (red line) and IPLE (crosses) spectra of
a core—shell sample after the ZnS shell growth. The absorption spectrum
of the corresponding Cu—In—Se cores (7 = 140 °C) is shown in blue.
Inset: zoom.

Moreover, this material is well-resistant to oxidation.
Several methods have been developed to grow ZnS shell
on QDs, e.g., CdSe, CdS, and more recently, InP’ or
CulnS,."""'”* Here ZnS shell growth was performed by
dropwise injection of zinc bis(ethylxanthogenate) and
zinc oleate at 190 °C.** The high reactivity of these
precursors allows using a relatively low reaction tempera-
ture and avoids interdiffusion of Zn into the cores and
excessive dissolution of the Cu—In—Se cores with OAm.

For all samples, the fluorescence quantum yield was
strongly enhanced during the growth of ZnS. For exam-
ple, for cores synthesized at 140 °C, ZnS shell growth
resulted in a QY increasing about 10-fold, from ~4 to
43% as shown in Figure 6, which is to the best of our
knowledge the highest PL QY reported for Cu—In—Se
QDs. This may indicate an improved surface passivation
of the core by ZnS. We found that under excitation, the

(34) Protiere, M.; Reiss, P. Nanoscale Res. Lett. 2006, 1, 62-67.
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Figure 8. PL spectra of Cu—In—Se/ZnS QDs corresponding to core
samples synthesized at, from left to right, 7y = 140, 160, 200, 220, and
250 °C with fast heating and 250 °C with intermediate heating. The
emission maxima range from 700 nm to ~1030 nm.

fluorescence of samples emitting at visible wavelengths
was detected by eye even at high temperature (200 °C)
during the synthesis. This was not the case of core QDs
where nonradiative recombinations from surface states
prevailed. ZnS shell growth could be followed by a pro-
gressive increase in the high energy (A < 350 nm) portion
of the integrated PLE (IPLE) corresponding to the shell
contribution (Figure 7). The intensity increase between
350 and 440 nm was probably due to a small diffusion of
Zn into the cores. Using IPLE instead of the usual single
emission wavelength PLE is preferable with broad PL
spectra as it avoids selecting QD subpopulations. Final
IPLE and absorption spectra were similar but showed a
small amount of ZnS nanocrystals nucleation, as con-
firmed in XRD measurements (data not shown). Fluores-
cence spectra were progressively shifted to the blue (partic-
ularly for smaller cores) during shell growth, which could
be due to interdiffusion of zinc into the cores. Final PL
maxima covered a wide spectral range from 700 to 1030 nm
(Figure 8) with ~40—50% of QY for App, < 800 nm and
decreasing to ~10% for the reddest sample at ~1000 nm.

No significant growth was measured in TEM between
the cores and the corresponding core/shell QDs, probably
because of the small thickness of deposited ZnS compared
to the size distribution (see Figure S7 in the Supporting
Information). The shapes were mostly similar to the Cu—
In—Se core QDs. PL measurements showed that spectral
widths and decay times of core and core/shell QDs were
similar (see Figure S5 in the Supporting Information),
suggesting that surface passivation did not modify the
nature of the emission and therefore that the defects at the
origin of the PL emission are located inside the Cu—In—
Se cores (data not shown).

Water solubilization of Cu—In—Se/ZnS QDs emitting
at 800 nm was performed by exchanging the initial hydro-
phobic ligands with new hydrophilic ligands composed
of a dithiol anchor group and a compact sulfobetaine
zwitterionic group.?” The exchanged QDs were stable in
water and standard biological buffers for long periods of
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Figure 9. In vivo fluorescence imaging of the right flank of a mouse
before (left) and 4 h after subcutaneous injection of QDs (right). The
injection point is hidden to improve visualization of the lymph node.

time (at least several months) and retained high quantum
yields (typically 20% for PL ~ 800 nm compared to
~40% in organic solutions; this PL decrease is similar
to what has been previously reported for, e.g., CdSe-
based QDs**). We finally tested these core/shell QDs for
in vivo imaging in small rodents by performing imaging of
the right axillary lymph node. Lymph node status is a key
prognostic factor in patients with breast cancer, because it is
the first regional step of lymphatic drainage and metastasis
of the primary tumor. Lymph node imaging using near-
infrared fluorescent QDs may offer a promising alternative
to the current procedures involving consecutive injections
of radioactive colloids and blue dyes.*”*® The QDs were
purified by ultracentrifugation and ultrafiltration and
~20 uL (~0.5 optical density at 690 nm) were injected
subcutaneously into the right anterior paw of healthy
mice. The regional lymph node was visible as soon as a
few minutes and for several hours after injection by near-
infrared fluorescence imaging (Figure 9 and the Support-
ing Information, Figure S8), and the QD accumulation in
the right axillary lymph node at 4 h postinjection corre-
sponded to 1.42 £ 0.42% of the injected dose as indicated
by ICP-MS measurements of In concentration, which is
consistent with what was previously observed with other
I1-VI or I-III—VI, near-infrared QDs.'***3*4" This
demonstrates that the Cu—In—Se/ZnS core/shell QDs
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maintained their optical properties in vivo for at least
several hours.

Conclusion

We have presented here a novel and simple scheme for
the synthesis of fluorescent Cu—In—Se core and
Cu—In—Se/ZnS core/shell QDs. This synthesis could be
easily scaled up since it does not require injection or
hazardous precursors. The core sizes were controlled by
the final temperature of the synthesis or by the speed of
the temperature rise. The resulting core—shell QDs offer
PL emission tunable from 700 to 1000 nm directly depen-
dent on the particle size, with quantum yields ranging
from ~50% for smaller QDs to 10% to larger QDs in
organic solvents. Their photophysical properties are con-
sistent with donor—acceptor recombination rather than
direct band edge exciton recombination. Zinc sulfide shell
growth provided good PL stability in aqueous environ-

Cassette et al.

ment, as was demonstrated with in vivo imaging of
regional lymph nodes in mice. These QDs represent a
novel class of Cd-, Hg-, and Pb-free emitters in the near-
infrared range up to 1 um that extend the spectral range
offered by previously reported CulnS,-based QDs.
Further careful studies will be needed to determine the
toxicity of these Cu—In—Se/ZnS QDs, and we expect that
these QDs could find numerous applications in light
emitting devices or for in vivo imaging with reduced
toxicity.
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