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The first metastable phase Ag, ZnS: α-In2S3 QDs were synthesized by ultrafast light-material interaction. The
multiple irradiation of millisecond flash pulses facilitated thermodynamic non-equilibrium superheating and
quenching for metastable QD formation, as well as sequential self-formation of α-In2S3 QD nucleation, Ag-doping
and ZnS-passivation by photo-responsive ionic kinetics. Upon multiple illumination of flash pulses, the synthesis
mechanism of Ag, ZnS: α-In2S3 QD was experimentally proved by atomic-resolution transmission electron mi
croscopy (AR-TEM), scanning TEM (STEM) and diverse spectral analysis. To verify the metastable phase QD
formation by superheating/quenching in reaction solution, the localized surface plasmon (LSP) properties and
instantaneous temperature increment were theoretically calculated using finite-difference time-domain (FDTD)
method. Finally, optoelectronic performance and long-term stability of as-synthesized QDs were evaluated by
demonstrating the broad wavelength metal-semiconductor-metal (MSM) photoelectric device.

1. Introduction
With the emergence of 4th industrial revolution, state-of-the-art
electronic technologies such as inorganic-based smart sensors, selfpowered blue energy and photoelectric devices have been extensively
studied that lead the paradigm conversion in human lifestyle [1–12]. In
particular, the development of display techniques has made great con
tributions to the faster visual information exchange in daily life.
Quantum Dot (QD) is one of the most spotlighted as a core nanomaterial
of future display due to their narrow emission bandwidth, color
tunability and high optical efficiency [13–16]. The optoelectronic
properties of sub-10 nm QD can be controlled by size/shape of nano
particles (NPs), atomic composition and core/shell structure [17,18]. Up
to now, conventional thermal techniques such as hot injection,
micro-fluidic, and microwave irradiation were utilized for mass

production of QDs [19–24]. However, they presented critical drawbacks
from the perspective of cost-efficiency and mass-production due to
long-term (~ 1 h) two-step procedures for core/shell assembly such as
substance injection in the middle of reaction. To overcome the limitation
of conventional QD techniques, a new concept with ultrafast one-step
synthesis has been required for next-generation display and optoelec
tronic applications.
Metastable nanomaterials have been recently spotlighted as
advanced electronic technology due to their extraordinary physical
properties and potential for expanding material selection [25–28]. The
metastable nanocrystal synthesis above phase transition point could be
facilitated by the kinetically trapped high-energy phases above the
equilibrium state, as well as high surface energy resulted from large
surface-to-volume ratio [29,30]. Several metastable crystals such as
metal oxides, multinary chalcogenides and carbon allotrope have been
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studied to investigate the optical and mechanical properties beyond
their thermodynamic limits of the traditional stable phase synthesis
[31–34]. However, little research has been done to synthesize the
metastable QDs using conventional thermal method because it was
technically difficult to increase enthalpy at the higher level of thermo
dynamic ground state for superheating and quenching above the boiling
temperature of reaction solution. In other words, synthesizing and
maintaining the metastable QDs at room temperature is extremely
challenging and limits optoelectronic applications.
Light-material interactions using intensive photonic energy sources
such as monochromatic laser and broad-wavelength flash lamp have
recently attracted significant interests for synthesizing the metastable
nanomaterials. The photon energy absorbed on materials can provide
the exceptional capability of ultrafast (ns ~ ms) nonequilibrium re
actions for the metastable phase material synthesis that cannot be
occurred by conventional thermal technique [35–38]. Xenon flash lamp
is one of the most promising light source for light-material interaction
due to its broad spectrum, high output power and large-scale process
ability [39–43]. Although many researches regarding light-assisted
nano-welding and crystallization have been explored, neither
light-induced QDs nor metastable QDs synthesis have been reported
since light-assisted process within liquid solution reactor was extremely
difficult. Therefore, development of metastable QD technique via ul
trafast one-step light-material interaction is important to overcome the
thermodynamic drawbacks of traditional solvothermal method.
Here we report a novel one-step synthesis technique of light-emitting

metastable phase Ag, ZnS: α-In2S3 QDs via millisecond flash light illu
mination. The α-In2S3 QD nucleation, Ag-doping on the core NP and
ZnS-passivation at the QD surface were sequentially self-formed by
photo-responsive ionic kinetics in reaction solution including metalorganosulfur single phase precursor. The synthesis mechanism of
metastable Ag, ZnS: α-In2S3 QDs was experimentally characterized by
atomic-resolution transmission electron microscopy (AR-TEM), scan
ning TEM (STEM) and various spectral analysis. To theoretically prove
the metastable phase QD formation by light-assisted superheating and
quenching in reaction solution, the localized surface plasmon (LSP)
properties of NPs and instantaneous temperature increment were
calculated using finite-difference time-domain (FDTD) simulation. To
validate the sequential self-formation of metastable QDs, the Ag-doping
and Zn-passivation were analyzed by photoluminescence (PL) mea
surement, x-ray photoelectron spectroscopy (XPS) analysis and timecorrelated single photon counting (TCSPC). Finally, to evaluate the
optoelectronic properties of the self-formed metastable QDs, broad
wavelength metal-semiconductor-metal (MSM) photoelectric device
was demonstrated.
2. Results
2.1. Overall concept of metastable QD synthesis via light-induced one-step
sequential self-formation
Fig. 1a schematically illustrates the overall concept of the one-step

Fig. 1. (a) Schematic illustration of overall concept for one-step sequential self-formation of metastable Ag, ZnS: α-In2S3 QDs via ultrafast light-material interaction.
The metastable α-In2S3 QD nucleation, Ag-doping and ZnS-passivation were self-formed by photo-responsive ionic kinetics. (b) Comparison between the conventional
solvothermal and flash-induced In2S3 synthesis from the perspective of processing temperature and time-consumption.
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metastable QD synthesis via intensive flash pulse irradiation. To facili
tate the sequential self-formation to avoid material injection in the
middle of synthesis, the single phase precursor of metal-organosulfur
complex including Ag+, Zn2+, In3+ and S2- was fabricated using ther
mal decomposition method (details in Experimental section). The 50 mg
of the metal-organosulfur precursor was mixed with 1 ml of oleylamine
(OLA), which serves as polymer ligand, catalysts and reducing agent
[44,45]. An optically transparent quartz cuvette reactor was utilized to
maximize the absorption of intensive photon energy from ultraviolet
(UV) to near-infrared (NIR) light within the reaction solution. After
then, multiple irradiation of flash pulses with energy density and pulse
width of 80 J/cm2 and ~ 12 ms was conducted in N2 gas condition as
shown in Fig. S1. Upon multiple irradiation of flash pulses, the meta
stable Ag, ZnS: α-In2S3 QD was produced by sequential self-formation
including (i) nucleation of α-In2S3 QDs containing internal indium va
cancies (Vin), (ii) Ag-doping into the Vin of the QDs and (iii)
Zn-passivation at the sulfur-dangling bonds on the QD surface. After
finishing the synthesis, the solution was chemically washed and purified
with three times to remove residual metal-organosulfur precursor and
OLA solvent (details in Experimental section). The synthesis yield was
about 10% because the final amount of as-synthesized QDs was 5 mg out
of initial 50 mg precursor. Further experiments will be conducted to
improve the synthesis yield by optimizing the substance/ratio of pre
cursor and using other optical energy sources emitting different light
spectrum.
Fig. 1b shows the comparison between conventional thermalinduced and ultrafast flash-induced In2S3 QD synthesis from the

perspective of processing temperature and time-consumption. There are
three important temperatures for In2S3 synthesis including (1) boiling
point of the OLA (~ 637 K), (2) β ↔ α phase transition temperature
(~ 717 K) and (3) α ↔ γ phase transition point (~ 1049 K) [46,47]. In
case of the solvothermal In2S3 QD synthesis, it goes through a slow
procedures (~ 107 ms) of heating and cooling for two-step core/shell
assembly in thermodynamic equilibrium heat transfer condition [21].
Therefore, metastable α-In2S3 nucleation is technically impossible
because the OLA solvent would evaporate at 637 K as shown in Fig. S2.
In contrast, the flash-induced QD synthesis technique can facilitate the
thermodynamic non-equilibrium superheating and quenching of reac
tion solution above phase transition temperature of In2S3 within an
extremely short time (~ 10 ms). Therefore, the metastable phase Ag,
ZnS: α-In2S3 QD only can be produced by ultrafast light-material
interaction.
2.2. Mechanism of light-induced Ag, ZnS: α-In2S3 QDs synthesis and its
PL performance
Fig. 2a displays the light-induced synthesis mechanism of metastable
Ag, ZnS: α-In2S3 QDs that were verified by high-angle annular dark-field
(HAADF) STEM images and corresponding reaction schematic illustra
tions. Upon multiple irradiation of flash pulses on reaction solution, the
sequential self-formation of QDs was occurred based on the photoresponsive ionic kinetics. After illumination of 1 ~ 2 pulses, the inter
mediate silver sulfide NPs (~ 13.4 nm size) was produced from incor
poration of Ag+ and H2S species dissociated from alkyl-ammonium
Fig. 2. (a) Mechanism of the light-induced onestep sequential self-formation of metastable Ag,
ZnS: α-In2S3 QDs according to the number of
irradiated flash pulses on reaction solution,
which were analyzed by HAADF STEM images
and corresponding reaction schematic illustra
tions. (b) AR-TEM image of the metastable Ag,
ZnS: α-In2S3 QDs presenting 2.5 nm size and ao
~ 5.358 Å. The white scale bar is 0.5 nm. The
upper inset displays the corresponding FFT
patterns. The lower inset is the electron
diffraction simulation and theoretical lattice
spacing of {111} and {222} planes. The right
insets are the element mappings of STEM-EDS
analysis. (c) PLQYs of metastable QDs at each
reaction step.
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sulfide composed of OLA (R1-NH2) and organosulfur compound (R2-CS2)
as shown in Fig. 2a–i [48,49]. The OLA solvent catalyzed generation of
the reactive H2S and explosive nucleation of the silver sulfide NPs [50].
The chemical bonding between H2S (soft Lewis base) and Ag+ (soft
Lewis acid) for production of the silver sulfide NPs was occurred prior to
the incorporation with Zn2+ or In3+ (hard Lewis acid) based on the hard
soft acid base (HSAB) theory [51]. The synthesized intermediate silver
sulfide NPs had heterogeneous structure including metallic Ag-rich and
semiconductive Ag2S phase due to the Ag precipitation at the sulfur
vacancies (Vs) in the matrix (see Fig. S3). This precipitation was facili
tated by (i) high silver mobility among interstitial sites of the sulfur
sub-lattice, (ii) redox potential difference between Ag+/Ag (+ 0.8 V)
and S/S2- (− 0.44 V) and (iii) surface stabilization effect of the reducing
agent (OLA) [52–54]. Fig. 2a–ii demonstrates the α-In2S3 nucleation by
the superheating around the confined area near the Ag2S/Ag NPs after
irradiation of 3 ~ 4 pulses. The superheating was stimulated by the
LSP-coupling at the crystalline defects of silver sulfide NPs as well as
interface between Ag-rich and Ag2S phase [52]. To experimentally
validate the α-In2S3 nucleation by superheating generated by the
Ag2S/Ag NPs, several control experiments were performed as shown in
Fig. S4. The four different metal-organosulfur complex precursors
including Ag-(sodium dedc), Zn-(sodium dedc)2, In-(sodium dedc)3 and
ZnIn-(sodium dedc)3 were fabricated and mixed with OLA to make re
action solution. After flash-induced synthesis via same irradiation
number of light pulses (8 pulses), each solution was washed/purified
and dispersed in 3 ml of chloroform to identify the synthesized nano
particles. The silver sulfide NPs were synthesized only for the Ag-(so
dium dedc) precursor, and nothing was produced for other three
Ag-deficient precursors (Zn-, In- and ZnIn-). The control experiments
proved that light-induced nucleation of In2S3 QD could only occur in the
presence of the silver sulfide NPs. Fig. 2a–iii shows the crystalline
dissociation of intermediate Ag2S/Ag NPs as well as the occurrence of
Ag-doping into the Vin of core and Zn-passivation at the sulfur-dangling
bonds of the QD surface by illumination of 5–6 pulses. The residual In3+
catalyzed the dissociation of Ag-S bonding in Ag2S phase and repro
duction of Ag+ [55]. In contrast, the Ag-rich phase was maintained
without dissociation due to the small amount of Ag-S bonds. To verify
the crystalline dissociation phenomenon of Ag2S phase caused by the
neighboring In3+, control experiments of flash-induced synthesis using
In3+-deficient precursor (including only Ag, Zn and S ions) were con
ducted as shown in Fig. S5. The synthesized Ag2S/Ag NPs using
In3+-deficient precursor presented gradual increment of size (maximum
~ 80 nm) via multiple irradiation of flash pulses due to the continuous
Ostwald ripening rather than crystalline dissociation of Ag2S phase [56].
Fig. 2a-iv presents the final high-performance metastable Ag, ZnS:
α-In2S3 QDs after irradiation of 7–8 pulses. The optical efficiency of
metastable QD was improved by large amount of Ag-doping into the Vin,
as well as ZnS-passivation at the sulfur-dangling bonds of the QD sur
face. To verify the gradual Ag-doping and ZnS-passivation according to
the number of irradiated flash pulses, STEM-EDS analysis was conducted
to investigate the change of atomic ratio in metastable QDs (see Fig. S6).
After finishing the light-induced QD synthesis, the incorporation of
capping ligand (OLA) on the surface of Ag, ZnS: α-In2S3 QDs was also
confirmed via Fourier-transform infrared (FT-IR) analysis as presented
in Fig. S7.
Fig. 2b shows an atomically characterized metastable Ag, ZnS:
α-In2S3 QD by AR-TEM (Titan G2 60–300, FEI company) and elemental
mapping via STEM-EDS. The cubic crystallinity of 2.5 nm-sized α-In2S3
QD was verified by the lattice parameter (a0) of 5.358 Å and its Fourier
transform (FFT) patterns (upper inset) [46]. The a0 was calculated from
measuring the lattice spacing of {111} and {222} planes using digital
micrograph. The measured lattice spacing of {111} and {220} planes in
cubic In2S3 QD were 2.846 Å and 1.714 Å, respectively. These lattice
spacing were 92% and 90.5% matched with those of the electron
diffraction simulation (lower inset) since the theoretical lattice spacing
of {111} and {222} were 3.093 Å and 1.894 Å, respectively. To clearly

prove the metastable cubic structure of Ag, ZnS: α-In2S3 QDs, additional
HRTEM images and FFT patterns with electron diffraction simulations at
different zone axis were presented as shown in Fig. S8. The cubic
structure of the metastable QDs was also verified by the X-ray diffraction
(XRD) analysis as shown in Fig. S9a. The XRD peaks of Ag, ZnS: α-In2S3
QDs matched with the reference peaks of cubic α-In2S3 in spite of peak
broadening occurred by various size and shape of NPs and existence of
intermediate Ag2S/Ag NPs. To compare the crystal structure between
light-induced metastable QDs and stable phase QDs by traditional sol
vothermal synthesis, the stable β-phase In2S3 QD was produced and the
XRD peaks were analyzed as shown in Fig. S9b. The stable β-phase In2S3
presented tetragonal structure rather than a cubic crystal. Therefore, it
has been proved that the metastable QD can only be synthesized via
light-induced method rather than the conventional thermal technique.
The uniform Ag-doping and Zn-passivation into the metastable α-In2S3
QD were also confirmed by EDS elemental mapping as shown in right
inset images.
Fig. 2c displays the gradual increment of average PL quantum yields
(QYs) for metastable QDs according to the increased number of flash
pulse irradiation. The gradual PLQY increment of each reaction stage
was resulted from the sequential self-formation (i) nucleation of α-In2S3
QDs and (ii) Ag-doping into the Vin of α-In2S3 and ZnS-passivation on the
surface of metastable QDs. The maximum PLQYs (~ 42%) of final Ag,
ZnS: α-In2S3 QDs was achieved by the elimination of non-radiative
recombination centers including sulfur-dangling bond and surface oxy
gen state of the metastable QD surface. On the other hand, the PLQYs
started to decrease by irradiating more than 8 pulses due to the ripening
and oriental attachment between QDs as shown in Fig. S10. As a result,
high performance metastable QD could be achieved through the lightinduced one-step sequential self-organization without two-step core/
shell assembly of conventional solvothermal method that was compa
rable to the previously reported β-phase In2S3/ZnS QDs [24]. This novel
one-step sequential self-formation of QD could be a potential break
through to solve the limitation of conventional solvothermal QD syn
thesis from the perspective of process-simplicity and time-consumption.
2.3. Theoretical calculation of LSP-coupling and temperature increment
of reaction solution
Fig. 3a demonstrates LSP-induced electric field (E-field) and heat
generation (Q) around the Ag2S/Ag NPs, α-In2S3 QDs and OLA by FDTD
simulation. The input physical properties for the calculation of LSP
properties were thermal conductivity, heat capacity, density and molar
mass of each material as shown in Table S1. A linearly polarized
monochromatic plane wave with a wavelength of 400 nm was used as
optical excitation in accordance with the intensive UV and NIR wave
length of our flash lamp (see Fig. S11). The LSP-induced E-field and Q
were calculated according to the size of Ag2S/Ag NPs including (i)
~ 10 nm, (ii) ~ 6 nm, and (iii) ~ 3.5 nm with assumption of constant
size for the α-In2S3 QD and OLA solvent [57]. As a result, intensive
E-field and Q were generated at the interface of metallic Ag-rich and
dielectric Ag2S phase of silver sulfide NPs owing to the
deep-subwavelength LSP-coupling [58]. In contrast, a relatively weak
E-field and Q were produced for the α-In2S3 QDs because of less optical
absorption cross-section than that of the Ag2S/Ag NPs. The OLA hardly
contributed to LSP-assisted superheating and quenching of solution
since the optical absorption was very weak at longer wavelength than
400 nm. The FDTD calculation of the E-field and Q by excitation of NIR
electromagnetic plane wave (λ ~ 850 nm) was also performed as shown
in Fig. S12. The NIR excitation also displayed that the intensive E-field
and Q generation in reaction solution was mainly achieved from the
LSP-coupling of silver sulfide NPs and metastable QD rather than OLA
solvent.
Fig. 3b shows the theoretically calculated heat power density (HPD)
of the Ag2S/Ag NPs, α-In2S3 QDs and OLA after intensive flash light
irradiation in reaction solution. The HPD values of the Ag2S/Ag NPs was
4
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Fig. 3. (a) FDTD results demonstrating LSPinduced E-field and Q around the silver sulfide
NPs, metastable QDs and OLA solvent of the
reaction solution according to the number of
flash pulse illumination. The linearly polarized
monochromatic plane wave (λ ~ 400 nm) was
used as optical excitation. (b) The theoretically
calculated HPD of the Ag-rich phase, Ag2S
phase, α-In2S3 QD and OLA solvent via lightinduced LSP-coupling. (c) FDTD calculation of
temperature profile of the reaction solution
after multiple irradiation of flash pulses (1–2,
3–4, 5–6 and 7–8 pulse). The inset image pre
sents the intensive heat generation at the
localized hot spots adjacent to the cuvette
reactor.

relatively higher than that of the metastable In2S3 QD from 400 to
1000 nm wavelength [59]. The HPD of OLA exhibited 104 times lower
than silver sulfide and QD NPs because most of the incident electro
magnetic wave (> 97%) and photon energy were absorbed by the silver
sulfide NPs and metastable QDs rather than OLA solvent. Therefore, the
light-induced superheating and quenching phenomena were facilitated
by the intermediate NPs including Ag2S/Ag NPs and metastable QDs.
Fig. 3c presents FDTD calculation of temperature increments in re
action solution according to the number of irradiated flash light (pulse
width ~ 12 ms) by solving heat diffusion equation. The incident inten
sive photon energy into the reaction solution was immediately trans
formed to the superheat and increased the local temperature for
metastable QD synthesis (details in the Experimental section). The
calculated maximum temperatures of solution were 487 K, 1450 K,
1140 K, and 610 K by irradiation of 1–2 pulses, 3–4 pulses, 5–6 pulses,
and 7–8 pulses, respectively. Those temperature variation of reaction
solution were resulted from the size difference of intermediate Ag2S/Ag
NPs depending on the number of irradiated flash pulses. After super
heating, the quenching process was followed since the characteristic
heat transfer time (~ 100 ms) in reaction solution was much longer than
flash pulse width (~ 12 ms) [57]. These superheating and quenching
were occurred in extremely confined region (≤ 300 µm) of cuvette
surface because decay length of multiple pulse irradiation (304 µm,
19 µm, 40 µm, and 166 µm by irradiation of 1–2 pulses, 3–4 pulses, 5–6
pulses and 7–8 pulse, respectively) were about two orders shorter than
that of the cuvette length (104 μm) [60]. As a result, the instantaneous

LSP-induced superheating and quenching above boiling temperature of
OLA solvent were homogenized in extremely confined region as shown
in the inset image [61,62]. In addition, those superheating depending on
the number of flash pulses were consistent with theoretical heat gen
eration of silver sulfide NPs, metastable QDs and OLA, as well as the
optical absorption spectra of reaction solution as shown in Fig. S13.
2.4. PL spectra shift of metastable QD and silver sulfide NPs
Fig. 4a shows the PL peak shifts of metastable QD and intermediate
silver sulfide NPs according to the multiple illumination of flash pulses
to experimentally investigate the Ag-doping on α-In2S3 QD and disso
ciation of Ag2S/Ag NPs. The four solutions (after light-induced synthesis
and washing/purification with 3 times) flash-irradiated with 2, 4, 6 and
8 pulses with PLQYs of 0.5%, 2.3%, 12% and 27%, respectively, were
utilized to analyze the PL peak shifts. The metastable α-In2S3 QD had
two PL peaks of the host emission (~ 405 nm) and dopant emission
(~ 585 nm) in the range of visible light wavelength (400–700 nm) [63].
The host emission peak of QD was originated from the donor-acceptor
pair (DAP) recombination between electron of donor level (Vs and in
dium interstitials) and hole of acceptor level (Vin or substituted oxygen).
The dopant peak of QD was induced from the permanent emission center
of Ag D-state levels within band-gap [24]. Without Ag-doping on the
α-In2S3 QDs by 4 pulse irradiation (black line), only intensive host
emission peak was emerged. On the other hand, the gradual Ag-doping
on the metastable QD by additional flash pulse illumination (5–8 pulses)
5

T.H. Im et al.

Nano Energy 84 (2021) 105889

Fig. 4. (a) PL peak shifts of both metastable QDs in the visible light (400–700 nm) wavelength and intermediate silver sulfide NPs in the NIR (850–1400 nm) range
according to the number of flash irradiation (4–8 pulses). The inset images present the as-synthesized QD solution after chemical washing and purification pro
cedures. (b) XPS spectra of the In element. (c) XPS spectra of the Zn element. (d) TCSPC data of the QD solution presenting gradual increment of τavg according to the
number of flash pulses.

caused the increment of dopant peak intensity. The light-induced
Ag-doping on the metastable QD was mainly occurred at the Vin of
core surface because the host matrix (α-In2S3) expels the dopants (Ag)
from the internal lattice to surface, which is called “self-purification”.
This phenomenon could be proved by increment of the dopant peak
intensity while that of the host peaks were maintained [63]. According
to the number of irradiated flash pulse increased from 4 to 8 pulses, the
PL peaks of Ag, ZnS: α-In2S3 QD were shifted toward longer wavelength
(red-shift) by reduced quantum confinement effect (size growth of QD)
as well as increased electronic energy levels of Ag in the balance band
[24]. In case of the intermediate Ag2S/Ag NP, there was only one PL
peak at ~ 1300 nm in the range of NIR (850–1400 nm) [55]. As the
increased number of flash irradiation from 4 to 8 pulses, the PL peak of
silver sulfide NPs was gradually shifted toward shorter wavelength
(blue-shift) due to crystalline dissociation of the Ag2S phase. As shown in
Fig. S14, the average size of the silver sulfide NPs decreased from
~ 13.4 nm to ~ 5.2 nm leading to the enhanced quantum confinement
effect. As a result, we could validate the Ag-doping on the Vin of QD core
surface and crystalline dissociation of silver sulfide NPs by shifts of their
PL spectra.

major peaks with binding energies (BEs) at 442.5 eV (In 3d5/2) and
450 eV (In 3d3/2) presenting a spin-orbit splitting of 7.5 eV. On the other
hand, the gradual Ag-doping on metastable QD by additional flash
irradiation (5–8 pulses) caused the peak shift to higher BEs due to
electronegativity difference between Ag-dopant (χ ~ 1.93) and In (χ
~ 1.75) as well as increment of In3+ effective charges [64].
Fig. 4c presents XPS spectra of Zn element of metastable QD based on
the number of irradiated flash pulses to validate the Zn-passivation on
the surface of metastable QDs. Two characteristic peaks of Zn at 1021 eV
(2p3/2) and 1044 eV (2p1/2) presented spin-orbit splitting of 23 eV. In
the early stage of light-induced QD synthesis (4 pulse), the intensity of
Zn peaks was very low since Zn-passivation was rarely occurred. Along
with the increased number of flash irradiation (5–8 pulses), the peak
intensity was continuously increased by densely formed ZnS passivation
on the metastable QD surface. In addition, the peaks shifted toward a
higher BEs after ZnS-passivation due to the electronegativity difference
between In3+ (χ ~ 1.75) and Zn2+ (χ ~ 1.65) as well as reduction of Zn
valance electron density resulted from the Zn-S-In bonds in the In2S3
matrix [65].
Fig. 4d shows the time-correlated single photon counting (TCSPC)
analysis to investigate the decay properties of metastable QDs according
to the number of irradiated flash pulses. The decay profiles via optical
excitation of 370 nm for each metastable QD were fitted by a triexponential function Eq. (1). Also, the PL emission life times (τavg)
were calculated by the Eq. (2) to compare the optical enhancement of
the metastable QDs based on the increased number of flash irradiation.

2.5. XPS peak shifts and TCSPC to confirm to verify the light-induced
sequential self-formation
Fig. 4b shows XPS spectra of In element of metastable QD according
to the number of flash pulse irradiation to verify the Ag-doping on
metastable α-In2S3 QDs. The undoped α-In2S3 QDs (4 pulse) had two
6
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months) and 19% (after 6 months). The degree of photocurrent degra
dation over time was almost same in case of excitation with 670 nm and
850 nm as presented in Fig. S16. The long-term stability of light-induced
metastable Ag, ZnS: α-In2S3 QDs was also examined as presented in
Fig. 5d. The crystal structure of metastable QDs kept in constant tem
perature/humidity of 25 ◦ C /20% for 6 months was analyzed by
comparing the HR-TEM images before and after 6 months. The temporal
stability of metastable QDs was also excellent because the cubic crys
talline structure was maintained without phase transition. In addition,
there were no XPS peak shifts of In and Zn element for the metastable
QDs stored in room temperature for 6 months (only degradation of peak
intensity occurred) as presented in Fig. S17a and b. The long-term sta
bility was also verified from the XRD and PL spectra comparison be
tween as-synthesized Ag, ZnS: α-In2S3 QDs and stored sample for two
months as shown in Fig. S17c and d. Both of XRD and PL spectra only
exhibited intensity degradation without significant peak shifts.

(1)
(2)

, where τ1, τ2, and τ3 are the PL decay time, and A1, A2 and A3 are the
relative weight of the decay components at t = 0. The fitting parameters
and average lifetimes of each sample were summarized in Table S2. The
gradual increments of τavg were achieved by the light-induced sequen
tial self-formation of Ag-doping on Vin of α-In2S3 QD as well as ZnSpassivation on the sulfur dangling bonds of QD surface.
2.6. Demonstration of MSM photoelectric device
To evaluate optoelectronic performance of light-induced metastable
Ag, ZnS: α-In2S3 QDs, the MSM photoelectric device was demonstrated
as shown in Fig. 5a. The dark current (without optical excitation) and
photocurrent were measured under sweeping bias up to 2 V using lownoise current preamplifier (details in Experimental section). The opti
cal excitation wavelengths on the photoelectric device were 405 nm,
532 nm, 670 nm and 850 nm with power of 1.5 mW. The maximum
photocurrent of device was achieved via excitation of 405 nm wave
length. Fig. 5b exhibits the time dependent photo-response of photo
electric device displaying rapid increment and decrease of transient
photocurrent by various optical excitation (405, 532, 670 and 850 nm
wavelength). The device presented remarkably fast response speed of
~ 500 μs in both turn-on state (off → on) and turn-off state (on → off) as
exhibited in Fig. S15a. In addition, excellent driving reliability of
optoelectric device was successfully achieved as presented in Fig. S15b.
The long-term stability of the photoelectric device over time (~ 6
months) was evaluated as shown in Fig. 5c. The time-dependent optical
responses of a photoelectric device under 405 and 532 nm laser exci
tation were analyzed after 2 and 6 months from device fabrication to
observe the degradation of performance. As a result, the device stored at
room temperature exhibited excellent temporal stability over time
because there were only performance degradation of 9.5% (after 2

3. Conclusions
In summary, we developed a novel synthesis technique of the first
metastable QD via light-material interaction. The one-step sequential
self-formation of α-In2S3 QD nucleation, Ag-doping and ZnS-passivation
were occurred by photo-responsive ionic kinetics using metalorganosulfur single precursor. The mechanism of sequentially selfformed metastable Ag, Zn: α-In2S3 QD was experimentally character
ized by AR-TEM, STEM and diverse spectral analysis. The maximum
PLQYs of the metastable Ag, Zn: α-In2S3 QD was ~ 42%. The lightinduced LSP-coupling and thermodynamic nonequilibrium super
heating/quenching during the synthesis was theoretically calculated
using FDTD simulation. The Ag-doping and ZnS-passivation on the
α-In2S3 QDs were verified by investigating the peak shifts of PL spectra
and XPS according to the number of irradiated flash pulses. To evaluate
the optoelectronic performance of metastable Ag, Zn: α-In2S3 QDs, a
broad wavelength MSM photoelectric device was demonstrated. The
long-term stability of metastable QD and photoelectric device over 6
Fig. 5. (a) I-V characteristics of MSM photo
electric device with 6 × 11 array. The dark and
photocurrent was analyzed by optical excitation
of 405 nm, 532 nm, 670 nm and 850 nm
wavelength (1.5 mW power). (b) Timedependent response of photoelectric device at
a bias of 2.0 V. (c) Time-dependent optical
response of a photoelectric device with excita
tions of 405 nm and 532 nm after 2 and 6
months. The photocurrents analyzed after 2
month (blue graph) and 6 months (green graph)
presented only 9.5% and 19% of degradation,
respectively, which was comparable to the asprepared device (red graph). (d) HR-TEM
image with corresponding FFT patterns (upper
inset) and electron diffraction simulation
(lower inset) of light-induced QD synthesized 6
months ago.
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months was successfully verified by analyzing the temporal variation of
QD crystal structure and photoelectric device performance.

spectrum of Flash lamp, the decay length was derived from spectrumweighted Beer’s law expressed as

4. Experimental section

Aavg = 1 − exp( − αavg L)
∫ 1000nm

4.1. Single phase precursor fabrication

Aavg =

The (Ag, In)xZn2(1− x)(S2CN(C2H5)2)4 precursor was fabricated by
mixing 50 ml deionized (DI) water, sodium diethyldithiocarbamate tri
hydrate aqueous solution (~ 2.50 mmol), and silver nitrate (SigmaAldrich), Zinc nitrate hexahydrate (Sigma-Aldrich) and Indium (III) ni
trate hydrate (Alfa-Aesar) with a molar ratio of 1:1:0.5 (total concen
tration of metal ions ~ 1.25 mmol). The mixed solution was washed
with methanol and dried for 3 times to fabricate impurity-free precursor
powder. After drying process, the powder was annealed in 180 ◦ C tube
furnace under N2 atmosphere for 30 min to evaporate residual solvent.

, where (λ), Aavg and S(λ) were frequency-dependent absorption,
spectrum-weighted average total absorption in unit cell and spectral
energy density of flash lamp, respectively. The absorbed optical energy
from precursor solution was ~ 83% (66.4 J/cm2) of original flash pulse
energy (80 J/cm2) due to the photon reflection and scattering at quartz
cuvette, as well as collimation error of flash lamp reflector. The αavg and
L (= p) were average absorption coefficient defined as inverse of decay
length and thickness of unit cell, respectively.

4.2. Washing and purification of reaction solution after synthesis

4.5. PL spectral analysis of the NPs

After the multiple irradiation of flash pulses on optical cuvette
reactor, the as-synthesized QDs were collected and mixed with 12 ml of
Chloroform (Sigma-Aldrich) and 0.5 ml of Methanol (Sigma-Aldrich) for
washing procedure. The mixed solution was centrifuged for 5 min at
12,000 rpm, and QDs were purified by removing and drying the solvent.
The washing process was repeated with three times to get rid of the
residual precursor and OLA.

The PL spectra shift of the meta-QDs and intermediate Ag2S/Ag NPs
were analyzed according to the multiple illumination of flash pulses. The
ultraviolet excitation spectra (normal wavelength ~ 365 nm) were ob
tained with the fiber-coupled LEDs (thorlabs, M365FP) with short pass
filter for blanking weak visible light from the LEDs. The emission spectra
were collected by a spectrometer (Andor, Kymera 328i) coupled with a
charge coupled device (Andor iDus DU401A-BVF).

4.3. Mass-loss temperature measurement of reaction solution

4.6. Metal-semiconductor-metal (MSM) photoelectric device and I-V
characteristics

The high resolution thermogravimetric (TG) analysis (TG209 F1
Libra, NETZSCH) was performed to investigate the temperaturedependent weight loss of OLA and reaction solution of 4 pulse, 5
pulse, 6 pulse and 8 pulse irradiation. The initial weight of all materials
filled in the aluminum oxide (Al2O3) crucible were fixed at 3 mg, and
increased the temperature with rate of 30 ◦ C/min.

S(λ)A(λ)dλ

300nm
∫ 1000nm
300nm

S(λ)dλ

In order to demonstrate the MSM photoelectric device, assynthesized Ag, ZnS: α-In2S3 dispersed in 3 ml chloroform was spincoated on silicon on insulator (SOI) wafers with 3000 rpm for 30 s.
After then, it was dried on 100 ◦ C hot-plate for 10 min to evaporate the
solvent. The anode and cathode of Cr (10 nm)/Au (100 nm) were
deposited via thermal evaporator (base pressure ~ 101 Torr) using
11 × 6 array shadow mask (gap size of 50 µm2). In order to measure the
photocurrent by optical excitation, the irradiated laser with spot size of
30 µm2 was defocused using 20x objective lens (NA 0.40). The on/off
illumination for transient photocurrent was chopped with 100 Hz fre
quency by an optical chopper (300CD, Scitec Instruments). The timedependent device performance was also measured by a low noise cur
rent preamplifier with a fast sampling rate of 500 KS/s (NI 6343 X Series
Data Acquisition, National Instruments).

4.4. Temperature increment calculation of solution by solving heat
diffusion equation
In order to calculate the temperature increments of reaction solution,
the flash-induced heat transfer calculation was performed in our syn
thesis system. In the condition of liquid phase containing high-density
NPs, complicated multi-scale/multi-physics temperature computation
via intensive light absorption is required to investigate the physical
phenomena such as heat diffusion, fluid convection and phase trans
formation. Instead of rigorous multi-physics calculation, we solved heat
diffusion equation for our synthesis system expressed as
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∂T
ρCp = ∇⋅(κ∇T) + Q
∂t
Where ρ, Cp, and κ were density, heat capacity, and thermal conductivity
of material, respectively. T and Q represent confined temperature and
spectrum-weighted homogenized heat generation density. The structure
was modelled optical quartz cuvette with dimension of
5 × 10 × 20 mm3 containing precursor solution. The ambient temper
ature (293.15 K) of cuvette bottom surface played a role of heat sink by
metal layer. Other cuvette surfaces were convective heat flux boundary
with transfer coefficient of 1000 W/m2K that was upper limit of air
convection for cooling mechanism. The convective cooling occurred
from thermally induced OLA flow has been ignored. To avoid scale
mismatch problem of the heat source (nm scale) and the structure (mm
scale), nonhomogeneous Q distribution was used as effective Q by
considering volume average of total absorption. The spatial distribution
of effective Q was assumed to be a form of exponential function which
decayed from the Cuvette boundary. Depending on the frequency
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