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We report the scalable formation of CulnS,/ZnS nanocrystals using a two-stage microfluidic reactor
integrated with a real-time optical detection system, which is able to monitor reaction parameters prior
and subsequent to the addition of the shell material. By injecting a ZnS single source precursor in
droplets containing CulnS, cores and without the need of purification steps, we are able to obtain
core-shell nanocrystal populations emitting between 580 and 760 nm with significant narrower size dis-
tributions (90-95 nm) than for the same material systems synthesized on the macroscale. In-line
monitoring allowed for rapid assessment of optimum reaction parameters (Cu/In, S/(Cu + In), Zn/(Cu + In)
molar ratios, temperatures and reaction time) and enabled the formation of CulnS,/ZnS nanocrystals with
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Introduction

Investigation of effective strategies for the controlled formation
of non-heavy metal semiconductor nanocrystals (NCs) is of
high current interest with regard to replacing toxic binary
Cd- or Pb-chalcogenides commonly used in optoelectronic
devices and biological imaging applications.™? In this respect,
much effort has focused on the synthesis and characterization
of multinary I-III-VI, chalcogenides® including CulnS,,*™"*
CulnSe,,"* ™8 AgInS,,*'*** and Cu,ZnSnS,;.**® An intrinsic
advantage of such compounds when compared to binary non-
heavy metal chalcogenides is the tunability of their emission
across the visible to near IR regions of the electromagnetic
spectrum through control of particle size. Of all reported
Cd- and Pb-free NCs, CuInS, NCs have received perhaps the
most attention since they are recognized to be attractive candi-
date components in film solar cells and light-emitting devices,
and well-suited to use as in vivo biological probes.>*” CulnS, NCs
have a relatively narrow bandgap (1.53 eV) along with tunable
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chalcogenides, complex core-shell and doped nanostructures.

emission between 550 and 850 nm but typically exhibit low
photoluminescence quantum yields (10%) due to the preponderance
of surface defects. However, efficient surface passivation with a wide
gap shell-material, such as ZnS, leads to the formation of highly-
photostable CulnS,/ZnS NCs with photoluminescence quantum
yields (QYs) reaching up to 80%.>5"

Unfortunately, the robust synthesis of CulnS,/ZnS NCs
of defined composition with the controllable addition of
multiple ZnS monolayers remains a complex and time-consuming
challenge.>*” Unsurprisingly, the synthesis of CulnS,/ZnS in
conventional macroscale reactors results in NCs with properties
(such as average particle size, population size distribution and
photoluminescence quantum yield) that vary from batch-to-batch
due to unavoidable variations in environmental conditions within
the reactor. More importantly the addition of supplementary
reagents required for the formation of core-shell structures
remains a complex undertaking,**** since shell growth is ideally
achieved by successive ion layer adhesion and reaction (SILAR),
which requires core particle purification and its transfer to a
second reactor for shell growth.** Accordingly, such requirements
increase processing timescales and hinder the scalable produc-
tion of multinary composites with binary shells.

Over the past decade, microfluidic reactors have shown great
promise in engendering the controlled and on-demand produc-
tion of complex NC structures with uniform physicochemical
properties.**3*3%3¢ Rapid mass and heat transfer in micro-
fluidic environments, efficient decoupling of nucleation and
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growth stages, facile multi-step addition of reagents and fast
parametric screening of reaction parameters for rapid reaction
optimization are major advantages when compared to conventional
macroscale (batch) reactors. Indeed, continuous microfluidic
syntheses of semiconductor NCs with core-shell morphologies
have already been reported, including the formation of CdS/ZnS,*”°
CdSe/znS,*** CdTe/zZnS,*® ZnSe/ZnS,** InP/ZnS,** CdSe/CdS/ZnS,*”
CdSes/znS,*” Cu-In—(Zn)-S/Zn$**** and Ag-In-Zn-S/ZnS** NCs.
Unfortunately, the effectiveness of continuous flow microfluidic
reactors in generating core-shell NCs of defined size and com-
position is somewhat compromised by the interaction of fluid
with the microfluidic channel.**** Furthermore the parabolic
velocity profiles established over the cross-section of the channel
generate a significant (and unavoidable) residence-time distribu-
tion that in turn leads to NCs of varying size. This is particularly
problematic in the synthesis of core-shell NCs, since the forma-
tion of well-defined core-shell structures requires the delivery
of both low and precise concentrations of shell composites to
avoid secondary nucleation. These limitations can be suppressed
(or even eliminated) through the use of segmented-flow (or droplet-
based) microfluidic reactors and multi-step dosing of reagents.****
Recently, droplet-based microfluidic platforms integrated with
on-line analytics and optimization algorithms have shown
significant utility in optimizing the processes of various NCs
(CdSe,*>*® CdSeTe,*” Pbs,*”"*® PbSe,”” Cs-based perovskites*®)
and allowing excellent size control and reaction reproducibility.
In addition, such systems allow isolation of the reaction mixture
for formation of core particles and at the same time enable
precise addition of the shell material into individual droplets,
either by droplet-merging®® or direct injection,>”* to ensure
the controlled formation of multiple-layer shell deposition on
the surface of the core.**>® Interestingly, multi-step synthesis in
droplet-based formats for the synthesis of core-shell semicon-
ductor NCs has rarely been reported.”* This is most likely due to
the fact that dosing droplets with specific amounts of reagents
remains a non-trivial operation. Indeed, to our knowledge there
has been only one literature report describing the multistep
dosing of individual droplets for the sequential growth of NCs.*?

Herein, we report the design and construction of a two-stage
droplet-based microfluidic platform for the controlled synth-
esis of CulnS,/ZnS NCs. Such a platform allows for precise
control over reaction parameters such as the temperature (up to
240 °C) for CulnS, synthesis and ZnS shell growth, reaction
times (of between 2 and 3 minutes) in both reaction stages and
independent adjustment of Cu/In, S/(Cu + In) and Zn/(Cu + In)
molar ratios for the synthesis of size-tunable and photostable
CulnS,/ZnS NCs. The microfluidic platform allows for the
continuous formation of core-shell CulnS,/ZnS NCs by direct
injection of shell material to each individual droplet containing
CulnS, NCs without the need for purification of the core
particles. Moreover, an integrated photoluminescence optical
detection system allows real-time screening of material pro-
perties before and after shell growth. The resulting CulnS,/
ZnS NCs exhibit tunable emission between 580 and 760 nm
and are characterized by narrow emission linewidths between
90 and 105 nm. Additionally, the resulting photoluminescence
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quantum yields for CulnS, and CulnS,/ZnS NCs are 12% and
55% respectively.

Experimental

Chemicals

Copper(i) iodide (Cul, 99.999%), indium(m) acetate (In(OAc)s,
99.99%), sulfur (S), 1-dodecanethiol (DDT, 98%), 1-octadecene
(ODE, 90%), zinc acetate (Zn(OAc),, 99.99%) oleic acid (OA,
90%), oleylamine (OLA, 90%), ethanol over molecular sieve
(H,O < 0.01%), and n-hexane absolute over molecular sieve
(H,O < 0.01%) were purchased form Sigma-Aldrich, Switzerland.
Anhydrous toluene (99.8%) was purchased from ABCR Chemicals,
Germany. Galden PFPE carrier fluid was purchased from Blaser
Swisslube AG, Germany.

Preparation of precursors

CulInS, synthesis. For the copper precursor solution, Cul
(0.095 g, 0.5 mmol) and OLA (0.5 mL) were mixed with ODE
(3.3 mL) in a three-neck flask and stirred at 120 °C for 90 minutes
under argon. For the indium precursor solution In(OAc); (0.15 g,
0.5 mmol), OA (0.35 mL) and OLA (0.15 mL) were mixed with ODE
(3.3 mL) in a three neck flask and stirred at 120 °C for 90 minutes
under argon. For the sulfur solution, S (0.032 g, 1 mmol), DDT
(1 mL) and ODE (4 mL) were stirred at 120 °C for 90 minutes
under argon in a three neck flask. After cooling, all three solutions
and the Galden carrier fluid were loaded into 10 mL gastight glass
syringes.

CulnS,/ZnS synthesis. The Cu, In and S precursor solutions
were prepared in the exact same manner as described pre-
viously. For the zinc solution, Zn(OAc), (0.36 g, 4 mmol) and
OLA (1 mL) were mixed with ODE (4 mL) in a three-neck flask
and stirred at 160 °C for 20 minutes under argon. The solution
was then allowed to cool and then loaded into a 10 mL gastight
glass syringe.

Reactor design

Precision syringe pumps (neMESYS Low Pressure Syringe
Pumps, Cetoni GmbH, Germany) were used to inject the dis-
persed phase into a PEEK cross (P-729, Upchurch Scientific,
Germany) for initial mixing of the reagent solutions. Sub-
sequently, the solution and the carrier fluid (Galden, Blaser
Swisslube AG, Germany) were directed to a PEEK T-junction
(P-727 PEEK Tee, Upchurch Scientific, Germany) to form
20-30 nanoliter volume droplets. Typical flow rates for the
carrier phase were 25-100 pL min~* and 10-50 puL min "' for
the dispersed phase. The cross, the T-junction and the syringes
carrying the precursor solutions were connected through PTFE
tubing (ID 250 pm, OD 1/16”, Upchurch Scientific, Germany)
using PEEK fingertight fittings (F-127, Upchurch Scientific,
Germany). The carrier fluid was transferred to the PEEK cross
through FEP tubing (ID 750 pm, OD 1/16”, Upchurch Scientific,
Germany). The formed droplets containing the reaction mixture
were subsequently directed through PTFE tubing (ID 500 um,
OD 1/16”, Upchurch Scientific, Germany) coiled around a
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Fig.1 Two-stage droplet-based microfluidic platform for the controlled
synthesis of CulnS,/ZnS NCs.

copper-heating rod (diameter = 1.5 cm) (Stage 1) to allow the
initiation of reaction of the CulnS, NCs (core NCs) (Fig. 1). The
droplets containing the CulnS, NC solution were directed via a
high-purity PFA tubing (OD 1/16”, ID 500 pm) (for characteriza-
tion of the synthesized cores) to another T-junction (P-727 PEEK
Tee, Upchurch Scientific, Germany) where a solution of Zn
precursor was injected into each droplet. After the addition of
the Zn precursor droplets were transported through PFA tubing
(ID 500 pm, OD 1/16”, Upchurch Scientific, Germany) coiled
around a second copper-heating rod (diameter = 1.5 cm) (Stage 2)
for ZnS shell growth. Finally, high-purity PFA tubing (OD 1/16",
ID 500 pm) was connected with the PTFE tubing for a second
characterization measurement. The temperature of both copper
rods was controlled independently using two heating cartridges
(6.5 x 40 mm, 100 W, Farnell, Switzerland), embedded inside
the heating rods. Both temperatures were monitored using
thermocouples (Sensor, Thermoelement Type K - 0.5 mm, Farnell,
Switzerland), which were inserted into the copper blocks
close to the surface. Temperature control was realized using
two PID controllers (CN7800, Omega, USA) with an observed
temperature variation from the set point of less than 0.1 °C. The
formed droplets can be rapidly heated to the desired reaction
temperature within 100 ms.*® Control over the reaction time
is achieved by controlling the residence time of the droplets
in the heated zones.

Two-stage photoluminescence detection

The detection system consists of two identical photolumines-
cence detectors, located after the synthesis of the core NC
solution and after the growth of the shell (Fig. 1). For simplicity,
only one of the photoluminescence detection systems is now
described. A UV LED (M405L2-UV Mounted LED, 1000 maA,
410 mW, Thorlabs, Germany) was used as an excitation source.
The collimated beam was directed towards a dichroic beam
splitter (ZT405rdc-UF1, Chroma, Germany) and then focused
into the microfluidic channel using an aspheric lens (A240TM-f =
8.0 mm - NA 0.50, Thorlabs, Germany). Emission originating
from the microfluidic channel was then collected by the same
lens, passed through the dichroic beam splitter, a long-pass filter
(442 LP Edge Basic Longpass-Filter, AHF, Germany) and coupled
via a 10x objective (RMS10x — NA 0.25, Thorlabs, Germany) to a
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fiber spectrometer (PRo+, Ocean Optics, UK) through a 2 m long
multimode fiber with a core diameter of 400 um (QP100-2-UV-VIS,
Ocean Optics, UK). The spectrometer comprised a 20 um entrance
slit, a 600 lines mm ™' grating and a detector containing 2048
pixels. The spectrometer was operated between 400 and 1100 nm,
and data recorded using a 100 ms integration time. The UV LEDs
for both detection systems were controlled using LED drivers
(T-Cube LED Driver 1200 mA with Trigger Mode) which were
externally controlled by home-made LabView software, which
triggers the excitation sources in an alternate fashion and with
a time interval of several seconds, allowing observation of
the emission from both core and core-shell NCs. A laboratory-
grade fiber splitter was used to transfer emission from both
optical systems to the spectrometer. The entire system was
enclosed in a black box to minimize stray light pollution (see
electronic supporting information, Fig. S1, ESI} for an image of
the microfluidic platform).

Offline particle characterization

Toluene (300 pL) and ethanol (300 pL) were added to the crude
solution followed by centrifugation to separate the synthesized
NCs from the organic ligands (4500 rpm for 5 minutes).
Collected NCs were redispersed in hexane, and again precipi-
tated with ethanol for two additional washing steps and then
redispersed in 300 pL of hexane. Absorption spectra and offline
photoluminescence measurements for photoluminescence quantum
yield estimation, were collected using Fluoromax-4 and Fluorolog
iHR 320 spectrofluorimeters (Horiba, Germany). Photoluminescence
quantum yields of the synthesized NCs in hexane were calcu-
lated by comparison of the integrated emission with that of a
Rhodamine 6G solution in ethanol (QY = 95%, e, = 530 nm). To
avoid reabsorption of emitted light, the optical density of all
samples at the excitation wavelength was kept below 0.1.

SQD ) Absdye ) I’ZQD2

QY = QYdye . dee AbSQD ndyez (1)

Here QYqy. is the absolute photoluminescence quantum yield
for Rhodamine 6G (95% in ethanol),> S is the integrated
area under the corrected fluorescence spectrum, Abs is the
absorbance at 488 nm and 7 is the refractive index of toluene
or ethanol. All optical measurements were performed at
room temperature. X-ray diffraction measurements (XRD)
(using an Oxford Excalibur Diffractometer equipped with a
Sapphire CCD) were performed using MoKa radiation. XRD
samples were prepared by evaporating a concentrated NC
hexane suspension on a glass slide. For high-resolution trans-
mission electron microscopy (TEM) samples were dispersed in
ethanol and droplets of the suspension were deposited on a
lacey carbon foil supported on a Cu grid (Okenshoji, Japan).
Images of the synthesized NCs were obtained using an FEI
Technai F30 microscope operated at 300 kV. An energy-
dispersive X-ray spectrometer attached to this microscope
(EDAX Gemini) was used to perform a qualitative elemental
analysis at selected areas.
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Results and discussion
Parametric screening of CuInS, nanocrystal synthesis

The integration of the droplet-based capillary reactor with
in-line fluorescence detection (Fig. 1) allows the rapid screen-
ing of reaction parameters that control particle growth and the
optical characteristics of the synthesized NCs. Herein we focus
on the synthesis of CulnS, NCs following previously reported
macroscale synthetic procedures with Cul and In(OAc); as the
metal precursors and DDT as the sulfur source and capping
ligand (since it forms thiolates with various metal salts, which
decompose during heating leading to the corresponding metal
sulfides). Stoichiometric sulfur was additionally used to accelerate
reaction kinetics by ensuring an excess of the sulfur source inside
the formed droplets. In flask-based syntheses, metal precursors
mixed together in an ODE solution followed by hot injection of
DDT solution into the reaction mixture to form CulnS, NCs in the
sub-10 nm range. However, this procedure entails the detailed
investigation of compositional effects on optical properties of the
particles, since metal salts are pre-mixed at defined ratios prior
to injection of DDT. An important variation with respect to
previously reported synthetic methods is the separation of all
precursor solutions (dissolved in ODE together with OA and OLA),
allowing for a precise control of precursor reactivities during the
synthesis. Accordingly, parameters such as Cu/In and S/(Cu + In)
molar ratios could be explored for the first time in detail.

The bandgap of CulnS, NCs is highly dependent on the
Cu/In molar ratio, where “Cu-deficient”” CulnS, NCs are found
to have wider bandgaps. However, further investigation is
required to elucidate the effects of the Cu/In ratio on physico-
chemical properties. Fig. 2a shows the evolution of photo-
luminescence emission spectra of CulnS, cores, which were
prepared using Cu/In molar ratios (R,) between 0.3 and 1.8 at
180 °C. In the current experiments, the reaction time was
maintained at 15 seconds, demonstrating rapid formation of
CulnS, NCs when compared to flask-based approaches (with
reported reaction times between minutes and hours). Indeed,
for reaction times in excess of 90 seconds we determined that
reaction time is not a size-tuning parameter for the synthesis of
CulnS, cores (indicating that the reaction reaches completion
within a few seconds, see ESI,T Fig. S2). As observed in Fig. 2a,
a systematic increase in the Cu/In molar ratio leads to a red
shift in the emission spectrum from 695 to 760 nm and an
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Fig. 2 Variation of (a) emission spectra and (b) FWHM of CulnS, with a
systematic variation of the Cu/In (R;) molar ratio at 180 °C. The reaction
time was fixed at 14.7 s and the S/(Cu + In) (R,) molar ratio is equal to 2.6.
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Fig. 3 Variation of (a) emission spectra, (b) emission peak wavelength and
(c) FWHM of CulnS, NCs through a systematic variation of R, from 0.35 to
2.65. Other parameters were: Ry = 0.4, reaction time = 147 sand T =
180 °C. The inset in (b) shows colloidal solutions of various CulnS, in
toluene under UV lamp (1 = 365 nm) irradiation. (d) Selected absorption
spectra of CulnS; NCs at various R, corresponding to the PL spectra.

associated increase in the full width at half maximum (FWHM)
from 118 to 140 nm. The blue shift associated with a reduction
in Cu concentration is consistent with previous reports>*>” because
of the lowering of the valence band due to the weakened repulsion
between Cu d and S p orbitals in Cu-deficient nanoparticles which
results in band gap widening. Monodisperse CulnS, cores, with
FWHM values between 115 and 125 nm, were synthesized when
the Cu/In molar ratio was varied between 0.3 and 0.4.

Another critical reaction parameter affecting particle size and
thus the ensuing optical properties of CulnS, cores is the molar
ratio between S and (Cu + In) (R,). For this reason, we sought to
develop an improved understanding of optimum R, molar ratios in
the synthesis of monodisperse CuInS, NCs. For all the experiments
in this study, R, was set to 0.3, which was defined as the optimum
R, value. Fig. 3 reports the effect of R, on the photoluminescence
emission spectra, emission peak and FWHM and absorption
characteristics. Variation of R, from 0.35 to 2.65 leads to a blue-
shift in the band-edge emission from 780 to 700 nm (Fig. 3a and b).
The inset in Fig. 3b shows emission from various CulnS, NCs
formed using different R, molar ratios under UV illumination.
Moreover, analysis of the effect of R, on the FWHM and absorption
spectra, indicates that high values of R, (>1.2) lead to band edge
emission of narrow linewidth (from 118 to 120 nm) and well-
defined absorption peaks (see for example the absorption spectrum
for an R, value of 2.65). Importantly, CulnS, NCs synthesized with
Cu/In and S/(Cu + In) molar ratios of 0.4 and 2.65 respectively,
exhibit photoluminescence quantum yields of 12.4%, which is
equivalent to the highest photoluminescence quantum yields
reported for flask-based syntheses over timescales of many minutes.

Parametric screening of CuInS,/ZnS nanocrystal synthesis

Surface passivation of CulnS, NCs by means of epitaxial growth
of a wider band-gap material (commonly ZnS) has proved to be
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an efficient strategy for enhancing both stability and photo-
luminescence quantum yields. Although several methods have
been proposed for shell addition, they have proved to be rather
time-consuming and operationally complex, leading to signifi-
cant batch-to-batch variabilities and offering limited possibilities
for scale-up.>”*®° The majority of these methods are based on
the dropwise addition of the shell material into a sample
containing purified CulnS, cores. Alternative methods have
been suggested, and involve the addition of a single source
precursor that decomposes at high reaction temperatures.®*®'
Herein, we leverage a similar idea, where Zn(OAc), thermally
decomposes to ZnS. This allows for the direct injection of a Zn
precursor solution (Zn(OAc), and OLA in ODE) into droplets
containing CulnS, cores, without any intermediate purification
steps. In this case, Zn can be injected into the flowing droplets
as a continuous laminar stream. Variation of the flow rate
of the Zn precursor solution allows for the addition of user-
defined concentrations of Zn, affording control over the number
of ZnS monolayers introduced. Due to the large excess of the
sulfur precursor during the synthesis of the CulnS, cores, no
additional sulfur source was used for surface passivation. The
resulting droplets were then directed into the second heating
zone for further growth of the ZnS shell. Importantly, a second
in-line photoluminescence detection system allowed for rapid
assessment of photoluminescence variations after the formation
of CulnS,/ZnS NCs and thus further optimization of reaction
parameters.

After identifying the optimum conditions for synthesizing
high quality CulnS, cores, we then explored the amount of ZnS
precursor needed to achieve monodisperse and highly lumi-
nescent CulnS,/ZnS NCs, and the effect of the Zn/(Cu + In)
molar ratio (R;) on emission and absorption characteristics.
Fig. 4a and b present the raw photoluminescence spectra and
extracted FWHM as a function of R;, whilst maintaining a total
reaction time of 32 s. It is noticeable that overcoating with ZnS
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combined effects of surface passivation by ZnS and shrinking of
the core.®>%® Furthermore, an increase in R; results in a dramatic
enhancement in the emission intensity while the emission max-
imum remains constant. Such variations are directly accessible
through integration of the in-line photoluminescence detection
system and therefore allow for real-time assessment of the
CulnS,/ZnS NC synthesis. In addition, the FWHM of CulnS,/ZnS
NCs are as low as 93 nm, suggesting the formation of core-shell
structures with narrower emission linewidths than those pre-
viously synthesized in batch reactors. Such narrow emission line-
widths demonstrate the excellent control of reaction conditions
afforded by the two-step droplet-based microfluidic platform.
Although, variation of R; is critical in defining the emission
characteristics of core-shell NCs, ZnS passivation of CulnS, has
no discernable affect on absorption spectra (4c), thus excluding
the possibility of diffusion of Zn ions into the core. Importantly,
after shell growth, photoluminescence quantum yields of CulnS,/
ZnS NCs emitting between 635 and 690 nm exceed 40%, whereas
the maximum value attained for 659 nm emitting core-shell
structures was 55% (see Table 1). These results suggest that the
synthesized core-shell NCs exhibit similar photoluminescence
quantum yields to those synthesized in flask-based reactors. We
believe that additional Zn injection steps (for the sequential
growth of ZnS shells) would allow for the formation of core-shell
structures with even higher stabilities and enhanced photo-
luminescence quantum efficiencies.

Composition and structure of the synthesized CulnS,/ZnS
nanocrystals

Energy dispersive spectroscopy (EDX) was used to determine the
chemical composition of the synthesised NCs (see ESI,T Fig. S3)

Table 1 QY measurements of CulnS,/ZnS NCs

results in a dramatic increase in emission intensity when Z0/(Cu+1In) QY (%) Emission (nm) FWHM (nm)
compared to the bare CulnS, cores. Moreover, an increase of 0.2 25 634 99
the Zn/(Cu + In) molar ratio from 0.2 to 2.3 leads to the blue- 10 35 638 96
. . . . 2.5 37 654 101
shift of photoluminescence maxima from 700 (core particle 5, 55 659 93
emission) to 660 nm. Such a blue shift can be attributed to the  10.0 45 679 96
120
a CulnS/ZnS =0 b c CulnS/ZnS
—33 115
6.2
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3 154 110 3
& £ g
5 S 105 E
(2]
= 100 <
w
95
L L i ' 90 L \ L
500 600 700 800 900 0 5 10 15 20 300 400 500 600 700 800
Wavelength (nm) F(3 Wavelength (nm)

Fig. 4 The effect of Zn/(Cu + In) molar ratio (Rz) on emission and absorption characteristics of CulnS,/ZnS NCs. Tuning of (a) emission spectra,
(b) FWHM by a systematic variation of Rs from 0.2 to 2.3. (c) Absorption spectra CulnS,/ZnS NCs while Rz is equal to 1, 5, and 12. Other parameters were:

Ry = 0.3, R, = 2.65, reaction time = 32's, Tcore = 180 °C and Tgpey = 230 °C.
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Fig. 5 TEM images of (a) CulnS, core, (b) CulnS,/ZnS core/shell NCs. (c) High-resolution TEM image of CulnS,/ZnS NCs showing the lattice plane
spacings corresponding to the (111) and (220) planes of the cubic structure.

and confirmed the presence of Cu, In, S and Zn in the CulnS,/
55 o ZnS core/shell NCs. TEM and powder XRD were employed to
f characterize the morphology and crystal structure of CulnS,/ZnS.
30 N TEM images of CulnS, and CulnS,/ZnS NCs are shown in Fig. 5
25 I and indicate that they are dispersive and nearly spherical in
I shape (see ESI,¥ Fig. S4 for additional TEM images). Indeed,
07 VAR lattice plane spacings (Fig. 5¢) of 0.32 nm and 0.2 nm correspond
to the (111) and (220) planes of the cubic structure of CulnS,
respectively.

The XRD pattern of the CulnS, core is relatively broad
‘ ~_ showing three distinct reflection peaks indexed to the (111),
o L | . L (220) and (311) planes of the cubic CulnS, structure (Fig. 6).
0 10 20 30 40 Upon surface passivation of CulnS, cores with a ZnS shell, the
260) pattern of the cubic lattice is maintained, and diffraction peaks
Fig. 6 XRD pattern of CulnS,/ZnS core/shell NCs. become sharper and shift to marginally larger angles. These
results confirm that high quality CulnS, and CulnS,/ZnS NCs

with a cubic structure have been synthesized successfully.
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Fig. 7 The effect of the temperature of stage 1 (core NC synthesis) on (a) emission spectra, (b) FWHM and (c) absorbance spectra of CulnS,/ZnS NCs.
Other parameters were: Ry = 0.4, R, = 2.65, Rz = 3, reaction time = 32 s and Tghey = 230 °C. (d) Colloidal solutions of various CulnS,/ZnS in toluene under
UV lamp (4 = 365 nm).
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Effect of temperature on the spectral properties

A key feature of the two-stage microfluidic platform is the
ability to independently control of the temperature of the first
stage (Tcore When synthesizing the CulnS, cores) with respect to
the second stage (Tsnenn when synthesizing the CulnS,/ZnS core—
shell NCs). This feature allows for direct tuning of emission and
absorption spectra of CulnS,/ZnS NCs originating from CulnS,
cores with different diameters. Temperature-dependent emis-
sion and absorption spectra of the core-shell structures are
shown in Fig. 7. Notably, photoluminescence emission spectra
can be tuned from 580 to 760 nm by increasing T.or. from
100 to 240 °C. Fig. 7b shows that the optimal temperature range
in stage 1 that provides for a satisfactory FWHM of the band
edge emission is between 140 and 200 °C. Absorbance spectra
in Fig. 7c are in accordance with in situ photoluminescence
measurements and clearly illustrate the size focusing and broad-
ening evident in Fig. 7b.

Finally, we investigated the effect of Tghey on the photo-
luminescence properties of the core-shell structures by varying
the temperature of the second stage between 150 and 230 °C.
Results demonstrate minimal emission tuning via a variation
in Tghen, suggesting complete shell growth even at temperatures
below 200 °C. Emission intensities were higher for NCs synthe-
sized at a Tgpe of 230 °C (Fig. S5, ESIT), however reactions at
temperatures higher than 230 °C led to the formation of large
aggregates.

Conclusions

We have designed a two-stage droplet-based microfluidic
platform with integrated photoluminescence detection for the
synthesis of CuInS,/ZnS NCs, that allows for the rapid screen-
ing of reaction parameters controlling core and shell synthesis.
The two stage microfluidic platform allows for ZnS passivation
of the CulnS, cores without the need for any intermediate
purification steps and affords the rapid production of high-
quality CulnS, and CulnS,/ZnS NCs with photoluminescence
quantum yields reaching 12 and 55% respectively. Moreover,
we have shown for the first time that compositional screening
of the core and core-shell structures enables the facile identifi-
cation of optimum reaction conditions for the synthesis of
“monodisperse’”” CulnS,/ZnS NCs with FWHMs between 90 and
95 nm. Stable core-shell structures emitting between 580 and
760 nm were synthesized by individual assessment of reaction
temperatures at the two positions. Adoption of the proposed
methodology could further improve the photoluminescence
quantum efficiency of similarly synthesized NCs through
multi-step addition of the Zn precursor during the second
heating stage. This would allow for sequential growth of the
shell material leading to core-shell structures containing a
defined number of monolayers. Finally but significantly,
high-throughput production of high-quality ternary and core-
shell ternary-binary NCs possessing narrow size distributions
can be produced using a scaled out version of the proposed
two-stage platform. This would eventually boost the production

This journal is © The Royal Society of Chemistry 2016
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of efficient non-heavy metal QDs in large volumes, which is
expected to advance the adoption of semiconductor nanocrystals
in lighting and display applications.
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