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ABSTRACT We present the synthesis of air-stable AglnSe,
nanocrystals via thermolysis of an Ag—In—thiolate complex fol-
lowed by an anion exchange reaction. Evolution of the Ag:In:Se ratio
with the reaction time demonstrates progressive incorporation of
In*" in 8-Ag,Se seeds. While their lattice stays in the metastable
orthorhombic crystal structure, the final AgInSe, nanocrystal shape
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near-infrared range, with a photoluminescence quantum yield up to an order of magnitude of 21%. The appearance of a shoulder within the

photoluminescence spectra between 845 and 890 nm is correlated to the presence of prismatic nanocrystals.
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he near-infrared (NIR) optical region

is interesting for many applications

such as biological imaging, solar cells,
and telecommunications." ™  Inorganic
semiconductor nanocrystals (NCs) are pro-
mising materials for these applications
because of their tunable absorption and
emission properties. They are considered
to be more chemically robust and photo-
stable than organic fluorophores and they
typically offer a higher photoluminescence
(PL) quantum yield (®f). They can also
be functionalized with different ligands to
target specific organs or diseases.

Only a few compounds with the narrow
bandgap (<~1.5 eV) needed to reach this
wavelength range have been synthesized
as colloidal NCs. Most NCs exhibiting effi-
cientabsorption and emission in this optical
region are based on toxic elements, such as
cadmium, arsenic, mercury, and lead.> "
Even if small Cd and Pb-based NCs have
shown favorable renal clearance, many un-
wanted side effects have been associated
with the use of these materials.'”®> More
recently, NCs based on less toxic elements,
such as silver, copper and/or indium have
been developed.” '® Among these, some
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| (Ag, Cu)—Ill (In, Ga)-VI (S, Se, Te), com-
pounds show tunable absorption and
emission wavelengths with reasonable ®¢
values and, furthermore, demonstrate po-
tential for nonlinear optical properties.
These |-Ill-VI, semiconductors are espe-
cially promising NC materials because of
their ability to form different alloys enabling
a modulation of their properties.?® For
example, the ®¢ of I-IlI-VI, NCs can be
modified through the LIl ratio or by insert-
ing Zn in the alloy.?** NCs can also be
covered with shells to protect the cores
and increase their ®:.'® However, before
tuning these alloys, it is relevant to synthe-
size stoichiometric I-IlI—VI, NCs that emit
radiatively in the NIR, as done for CulnS,,
CulnSe,, CulnTe,, and AgInS,.

Since 2006, a few syntheses of AginSe,
NCs have been reported, but the possibility
of photoexcitation and radiative emission
was demonstrated only for those prepared
by Bawendi's group.>~?” However, the small
size of their NCs resulted in visible photo-
luminescence from orange to red. Further
issues with these NCs were their nonstoichio-
metry, the presence of an important amount
of Ag® and the use of highly volatile and
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hazardous bis(trimethylsilyl)selenide in the synthetic
method. The synthesis of stoichiometric ternary NCs
can be difficult due to the necessity of balancing the
reactivity of the precursors, but can be done via
thermolysis with less hazardous precursors.?®

In this article, we present a synthetic method based
on the thermolysis of an Ag—In—thiolate complex fol-
lowed by an anion exchange reaction to obtain AgInSe;
colloidal NCs emitting in the NIR. The transmission elec-
tron microscopy (TEM) images revealed the presence of
spherical [I], pyramidal [ll], and prismatic [Ill] NCs, depend-
ing on reaction conditions. Energy dispersive X-ray spec-
troscopy (EDS) shows the progressive incorporation of
In** in the NCs whereas powder X-ray diffractograms
(XRD) exhibit peaks characteristic of an orthorhombic
phase. We propose a reaction mechanism taking into
consideration these observations. Absorption and photo-
luminescence spectroscopies were used to monitor the
reactions at different temperatures, which revealed a
correlation between NC shape and optical properties.

RESULTS AND DISCUSSION

AginSe, NC Synthesis. Following the synthetic method
presented by Zhong et al. for stoichiometric CulnSe,
NCs, we prepared an Ag—In—thiolate complex by
mixing silver oxide, indium acetate, and dodecanethiol
in octadecene.'” The complex is then thermodegraded
at high temperature in the presence of oleylamine as a
second ligand. A solution containing TBP—Se is quickly
injected, initiating an anion exchange reaction result-
ing in the formation of AginSe, NCs. This exchange
occurs because P—S bonds (403 kJ/mol) are stronger
than P—Se bonds (315 kJ/mol).?° Oleylamine offers a
better dispersibility of the NCs than does oleic acid
previously used by Zhong et al.'” Surprisingly, when
silver acetate, silver chloride, or silver iodide are used as
silver sources, a black precipitate is formed immedi-
ately after the injection of the TBP—Se solution. In our
synthetic conditions, no reaction is observed below
150 °C and precipitation of the product occurs above
250 °C, so the effects of reaction time were studied at
temperatures of 170, 190, 210, and 230 °C.

Physical and Morphological Properties of AgInSe, NCs. Ele-
mental analysis was performed on NC aliquots
sampled at different reaction times after the injection
of TBP-Se. The evolution of the Ag:n:Se ratio, as
measured by EDS, is reported in Table 1 and indicates
a composition close to Ag,Se at shorter reaction times,
followed by a gradual incorporation of In*" to finally
reach near-stoichiometric AgIinSe, NCs. We observe a
slight deviation from stoichiometry, with indium reach-
ing about 30% instead of 25% of the total composition
of mature NCs. The shortest reaction time for each
temperature corresponds to the first light-emitting
aliquots, which are mostly Ag,Se NCs containing
8—10% of indium. Measurement of the sulfur content
in the core was also attempted. However, since we
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TABLE 1. Atomic Percentages of Ag, In, and Se Measured
by EDS for AgInSe, NCs Prepared at Different Reaction
Temperatures and Times®

temperature (°C) reaction time (min) %Ag %In %Se
170 90 58£2 79£03 34+1
150 307 £03 245+06 44805
300 29+1 261+07 45+£1
190 15 5£6 N+6 3B+1
150 29+1 275+ 08 44+£2
300 260 £06 305+04 43.6=+05
210 5 51+4 10+ 2 38+2
60 304£03 273+£04 423£05
150 276 £ 07 32+£1 41 +£1
300 273 £04 30706 41.8+08
230 3 54+ 2 N2 35+1
90 274+ 06 30+£1 41+£2
180 27 +£1 301 4 £ 2

“ Results indicate the progressive incorporation of In**" in the Ag,Se NCs, leading to
the formation of near-stoichiometric AginSe, NCs.

Figure 1. TEM images of AgInSe, NCs synthesized between
170 and 230 °C for aliquots taken at different reaction times
indicated in the left corner. Images show the presence of
spherical [1] (a, ¢, e, and h), pyramidal [Il] (b, d, f, and i), and
prismatic [lll] (g and j) NCs.

used dodecanethiol as a ligand, it is the main contribu-
tion to the relative sulfur content detected; it is not
representative of sulfur anions in the core.

TEM images corresponding to the various aliquots
are shown in Figure 1. Three different NC shapes are
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observed. At all reaction temperatures, the first light-
emitting NCs are initially primarily spherical [I] and
are polydisperse in size. However, once the reaction
is complete, the mature NCs are either pyramidal [ll],
when synthesized at 170 and 190 °C (Figure 1b,d), or
prismatic [llll when synthesized at 210 and 230 °C
(Figure 1g,j). Figure 1f|l also shows the formation of
pyramidal NCs grown at 210 °C after 1 h and at 230 °C
after 10 min, prior to reaching maturity, indicating that
the prismatic shape comes from the ripening of the
pyramidal NCs. Image analysis shows no significant
effect of the temperature on the size of pyramidal NCs.
We measured essentially the same average diameter
of (10 £ 2) nm for pyramid-shaped NCs prepared at
190 °C after 5 h, 210 °C after 1 h,and 230 °C after 10 min
and (9 £ 2) nm for NCs synthesized at 170 °C after 5 h.
However, prism-shaped NCs [lll] synthesized at 210 °C
after 5 h have an average diameter of (16 £+ 3) nm and
those synthesized at 230 °C after 3 h have an average
diameter of (23 £ 6) nm.

I—Il1-VI, materials exist mostly in two different
crystal phases: the thermodynamically stable tetrago-
nal phase and the metastable orthorhombic phase.”®
Here, the diffractograms obtained for all the NCs did
not correspond to the tetragonal phase of AginSe,
because of the extra peaks at 24, 27, 36, and 47°3°
Instead, they resemble orthorhombic AgInS, diffracto-
grams shifted toward smaller angles by about 2°,
including a small shoulder for the 43° peak distinguish-
ing between hexagonal and orthorhombic phases.?”*°
This shift is expected since the AgInSe, unit cell is larger
than the AgInS, unit cell. Furthermore, our diffracto-
grams match those acquired by Vittal's group, which
they attributed to orthorhombic AginSe, NCs, as in-
dicated by dashed lines in Figure 2.2> We also observed
sight variations in the relative intensity of the peaks
depending either on sample preparation for XRD
analysis or on the reaction conditions. The diffracto-
gram obtained for the NCs grown at 170 °C is also
slightly shifted toward smaller angles compared to the
others, probably due to the smaller content in indium,
as seen in Table 1. To the best of our knowledge,
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Figure 2. XRD patterns of NCs synthesized at 170, 190, and
210 °C after 5 h and at 230 °C after 3 h. The dashed lines
correspond to the positions of the peaks observed by
Vittal's group for orthorhombic AginSe,.
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tetragonal AgInSe, NCs were only observed by
Abazovic et al. so far, when they used a phosphine
and myristic acid as ligands.*® With our synthetic
method, when we replaced oleylamine with myristic
acid at 190 °C, we still obtained orthorhombic AginSe,
NCs and also an important amount of Ag®.

Reaction Mechanism. Ogawa et al. proposed a mec-
hanism for the synthesis of AgInS, NCs that could
explain the presence of the orthorhombic phase.’
An adaptation of this reaction mechanism could also
explain our observations of gradual incorporation of
indium in the NCs as well as their different shapes.
First, the reaction of silver and indium precursors
with DDT forms an Ag—In—thiolate complex. When it
is thermolyzed with an amine in the mixture, mono-
clinic Ag,S seeds and (R-NH)sIn complex are likely
obtained. Indeed, by increasing the reaction tempera-
ture, the solution color changes from light yellow to
brown, indicating the formation of Ag,S seeds. When
the solution is cooled before injecting the Se precursor,
it gives a gray-brown precipitate. XRD analysis of
this precipitate does not show if it contains Ag,S, as
these seeds were likely too small or too amorphous
(Supporting Information Figure S1). Proceeding with
the regular protocol, XRD analysis, performed up to
1 min after injecting the TBP—Se solution, shows the
formation of orthorhombic () Ag,Se NCs and progres-
sive consumption of the In complex (see Supporting
Information Figure S1). Since the Ag:Se ratio evolves
from 2:1 to 1:2 as presented in Table 1, the ripening
process should also involve incorporation of Se to reach
near-stoichiometric AginSe, NCs. Scheme 1 presents a
graphical summary of the proposed mechanism includ-
ing the evolution of the NCs' shape from spheres [I] to
pyramids [ll] to prisms [lll], as observed by TEM.

The thermolysis of an Ag—In—thiolate complex with-
out addition of a second ligand was shown to generate
AqP cores surrounded by AgInS, wires3' According to
Zhong et al., thermolysis of Cu—In—thiolate directly
leads to the formation of ternary CulnS, seeds. Without
the addition of a second ligand, CulnS, seeds would
tend to grow by oriented attachment, forming nano-
rods.?® Although a similar reaction mechanism might
be expected with a single different element in the

Ag,0 + In(OAc), + R-SH —29°C__, ag.in-Thiolate

Octadecene
TBP-S
X 170-230°C /. TBP-Se
Ag-In-Thiolate W Agzs +In(NC_H_ ),

|n3+

@ 17(1-52eso°c & 210230°C, RTINS
[1] [1I] [II]

Scheme 1. Proposed mechanism for the formation of
AgInSe, NCs.
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precursor, the divergence in thermolysis products jus-
tifies our proposition of initial nucleation of In-free Ag,S
seeds in the presence of a second ligand, in agreement
with the mechanism from Ogawa et al. for the formation
of AgInS, NCs.3'

Optical Properties of AgInSe, NCs. Figure 3a presents
normalized PL spectra for spherical Ag,Se NCs contain-
ing 10% of indium [I] as well as transitory pyramidal [l]
and mature prismatic [lll] AginSe, NCs synthesized at
210 °C. The spectra for [I] and [ll] consist of only one
large PL peak, while a smaller shoulder at shorter wave-
lengths appears for prism-shaped NCs [lll]. The width of
the peaks could partially be attributed to the NC size
polydispersity. However, it is already well-known for
I—1lI—VI, materials that PL emission mostly comes from
transitions between states of donor—acceptor pairs
induced by defects in the NCs such as chalcogenide
vacancies, silver vacancies, chalcogenide interstitials,
silver interstitials, etc.'®32 3% Many of these trap states,
distributed in energy, can be populated through ther-
malisation after photoexcitation and then they relax
radiatively, so the resulting PL peak is always broader
than 100 nm. Transitions are expected to exhibit a large
Stokes shift relative to the NC absorption band. Indeed,
spectra in Figure 3b show almost no absorption at
wavelengths longer than 900 nm, despite a PL emis-
sion occurring after 1000 nm.

Figure 4a shows the central wavelength of the
broad peak varying between 955 and 1250 nm as a
function of reaction time. Redshifts of this peak can be
associated with the three steps in the reaction mechan-
ism. First, we observe redshifts of more than 70 nm in
the first minutes after the appearance of the photo-
luminescent NCs. This likely comes from a progressive
incorporation of In*" in the -Ag,Se NC seeds [l].
Then, we observe a plateau around (1080 £ 10) nm,
which could be associated with emission spectra

300 min [ III ]

60 min[ 1]

Photoluminescence
(Arb. Un.)

S5min[I]
b) 1000 1200 1400 1600 1800

Absorbance
(Arb. Un.)

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3. (a) PL spectra of NCs synthesized at 210 °C after 5,
60, and 300 min. Roman numerals correspond to the shape
of the NCs presented in Scheme 1: [I] sphere, [ll] pyramid,
and [lll] prism. (b) Absorption spectrum obtained for
AgInSe, NCs synthesized at 210 °C after 300 min.
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Figure 4. (a) Central wavelength of the broader PL emission
peak as a function of the reaction time. The plateaus around
1080 nm correspond to the emission from traps in pyramid-
shaped NCs [ll], resuming redshifting and growing into
prisms [lll] at higher temperatures. (b) Quantum yield,
relative to the maximum value of 21%, as a function of
the reaction time. Results are presented for NCs synthesized
at 170 °C (blue circles), 190 °C (green triangles), 210 °C
(orange squares), and 230 °C (red diamonds). The colored
lines are a guide to the eye.

characteristic of defects in pyramidal near-stoichio-
metric AgInSe; NCs [ll]. At 170 and 190 °C, this phase
seems to be stable, at least for the first 5 h of reaction.
However, this step is only transitory for reaction tem-
peratures of 210 and 230 °C and is shorter for higher
temperature. Indeed, the redshift resumed after 150
min and almost immediately at 210 and 230 °C,
respectively. This likely coincides with a shape transi-
tion from pyramidal [lI] to prismatic [lll] NCs and their
ripening since the mature NCs presented in Figure 2g,l
are prismatic and bigger.

Since pyramidal NCs [Il] all reach similar sizes and
emission spectra, we cannot conclude if the defects
and their radiative transitions are affected by changes
in pyramidal NC size. However, the prismatic NCs [llI]
continued growth and spectral redshift suggest that
the energy distribution of radiative trap states was
modified by the increasing NC size in this case, coin-
ciding with the appearance of radiative transitions
from a second set of trap states at higher energies.
Indeed, radiative transitions from these states appear
in the spectra after 120 min of reaction at 210 °C and
30 min at 230 °C, corresponding to the change in
morphology from [lI] to [lll] and ripening of the prism-
shaped NCs as well as progressive loss of their PL
intensity (Figure 4b).

The presence of multiple PL peaks was already ob-
served in CulnS, and AgInS,.2*> According to Mao
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et al., the main large peak observed for AgInS, would
be radiative emission from intrinsic trap states, while
the more energetic and narrower one would come
from surface defects. Whereas their relative PL inten-
sity of higher to lower energy peaks decreases with the
surface/volume ratio as the NCs grow, ours follow the
opposite trend (see Supporting Information Figure S2).
Our results instead suggest a correlation with the NC
shape: although PL spectra of [I] and [Il] may potentially
contain some weaker and convolved version of this
narrow peak at high energy, it is only observed for
prismatic NCs. It is possible the nature of radiative
defects of pyramidal [ll] and prismatic [lll] NCs might
not be the same, especially if they are located on
different NC facets. In contrast to the behavior of
AgInS, NCs, we observed fluctuations in the spectral
position of the higher energy peak between 845 and
890 nm, but there is no systematic correlation with the
reaction time. To the best of our knowledge, correla-
tion between relative intensity of PL peaks and shape
of I-IlI—VI, NCs has not been previously shown, and
further investigations on the defects of I—IlI—VI, NCs
will be needed to better understand their nature and
their impact on photophysical properties in different
surroundings.>®

We measured a (®f) as high as an order of magni-
tude of 21% for NCs synthesized at 190 °C with a
reaction time between 60 and 150 min, used as
normalization reference in Figure 4b. Since Cu-based

EXPERIMENTAL SECTION

Chemicals. The following chemicals were used: silver(l) oxide
(Ag20, 99+% metal basis, Alfa Aesar); indium(lll) acetate
(In(OAC)3, anhydrous 99.99% trace metal basis, Acros Organics);
1-dodecanethiol (DDT, 98%, Alfa Aesar); 1-octadecene (ODE,
technical grade 90%, Alfa Aesar); oleylamine (OLA, technical
grade 70%, Sigma Aldrich); selenium powder (Se, ~100 mesh
>99.5% trace metal basis, Sigma Aldrich); tributylphosphine
(TBP, 97%, Sigma Aldrich); tetrachloroethylene (TCE, technical
grade, Anachemia); acetone (certified ACS, Fisher Scientific);
indocyanine green (ICG, Cardiogreen, Sigma Aldrich).

Synthesis of AginSe, NCs. AgInSe, NCs were synthesized using
0.025 mmol (5.8 mg) of Ag,0, 0.05 mmol (14.6 mg) of In(OAc)s,
and 0.25 mL of DDT dissolved in 5 mL of ODE. The solution
was degassed under vacuum for 30 min at 90 °C to form the
Ag—In—thiolate complex and 0.25 mL of OLA was injected in
the reaction flask. The solution was degassed for and additional
30 min under vacuum and was then put under N, atmosphere
using a standard Schlenk-line technique. The solution was
heated to 170, 190, 210, or 230 °C and 0.2 mL of Se precursor
was quickly injected. This Se precursor was prepared by dissol-
ving 1 mmol (79 mg) of Se in 0.25 mL of TBP and 0.75 mL of ODE.
After precursor injection, the suspension was allowed to react
for 5 h at constant temperature, except for the reaction at 230 °C
that was stopped after 3 h to avoid precipitation of the sample.
Subsequently, 0.1 mL aliquots were taken after 1, 3, 5, 10, 15,
30 min and then every 30 min until the end of the reaction. The
aliquots were dispersed in 1 mL of TCE for the different analyses.
The suspension was purified by centrifugation in acetone and
dispersed in 3 mL of TCE.

UV—Visible Measurements. Absorption spectra of the samples
and the reference fluorophore were recorded at room

LANGEVIN ET AL.

I—1l1—VI, NCs are known to quickly lose their PL when
exposed to air, it was also relevant to characterize the
stability of this emission.'® We used purified pyramid-
shaped AgInSe, NCs prepared with a 5-h synthetic
reaction at 190 °C for the air-stability test. One day after
the synthesis, we measured a ®¢ of 13% and a PL
wavelength centered at (1073 &+ 5) nm that remained
stable for at least one week. After a month, we ob-
served a slight blue shift of 20 nm and measured a ®¢
of 15%. This could be attributed to the precipitation of
larger and possibly slightly prismatic NCs, since size-
selective precipitation is known to affect PL spectrum
of 1-IlI—VI, NCs.>” Therefore, we conclude that our
NCs are already reasonably stable for at least one
month at ambient conditions without addition of any
shell.

CONCLUSION

In conclusion, we synthesized, via thermolysis fol-
lowed by an anion-exchange reaction, AginSe, NCs with
a @ as high as an order of magnitude of 21% emitting
between 800 and 1300 nm. The reaction mechanism
most likely implied gradual incorporation of In*' in
spherical 5-Ag,Se NCs, thus only allowing the formation
of the metastable orthorhombic phase of AgInSe,. These
NCs became pyramid-shaped and, depending on the
reaction temperature, eventually ripened into larger
prism-shaped NCs, which was linked to the appearance
of a shoulder on the higher energy side of the PL spectra.

temperature with a Varian Cary 50 Conc UV—visible spectro-
phometer from 300 to 1100 nm. The absorbance at 488 nm
was kept between 0.05 and 0.1 to have enough PL intensity
in subsequent measurements while avoiding autoabsorption
from the NCs.

Photoluminescence Measurements. PL spectra were recorded
between 800 and 2000 nm with a Jobin Yvon Nanolog
equipped with a Symphony-Il CCD detector. Indocyanine Green
(ICG) dissolved in dimethyl sulfoxide (DMSO) was used as a
reference fluorophore (¥ = 0.1 3).'® The excitation wavelength
was set to 488 nm for AgInSe, NCs and 795 nm for ICG. The
excitation and emission slits were set at 10-nm resolution and a
540-nm high-pass filter was used to cut the second harmonic of
the excitation. Each spectrum was obtained by adding 10 scans
of 5 s. PL was corrected by the lamp intensity at each wave-
length to allow a comparison between the NCs and the
reference fluorophore. The PL peaks position was determined
by fitting one or two log-normal distribution on the spectra with
a spectrum treatment software (Fityk).

Energy Dispersive X-ray Spectroscopy. EDS measurements were
obtained with a Quanta 3D FEG scanning electron microscope
from the FEI Company using an EDAX Si(Li) detecting unit. NC
samples were centrifuged with acetone two additional times to
remove as much ligands and impurities as possible and were
dispersed in chloroform. Drops of each suspension were then
put on an aluminum surface and scanned with a 10 kV electron
beam to separate sufficiently the Ag La and In La lines.

Powder X-ray Diffraction. Diffractograms were acquired using
a Siemens/Bruker X-ray diffractometer with a 2D Hi-Star XRD
detector. The radiation source was a Kristalloflex 760 with
a nickel window emitting the Cu Ko line (1 = 1.5418 A) with
an accelerating voltage and current of 40 kV and 40 mA,
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respectively. Purified NC suspensions were again centrifuged
twice with acetone to remove as much ligands as possible prior
to the analysis. Diffractograms were recorded from 10 to 60°.
The background signal was automatically subtracted by the
diffraction pattern treatment software GADDS.

Transmission Electron Microscopy. The NCs were imaged with a
JEOL JEM 1230. For each sample, 200 NCs were measured by
fitting circles around NCs and extracting their diameter using an
image treatment software (ImageJ).

Fluorescence Quantum Yield. ®¢ was determined as presented
by Williams et al.3® First, UV—visible absorption spectra were
acquired for the ICG reference at different concentrations.
Measurements were taken at low concentrations in order to
avoid reabsorption that would result in nonlinear effects affect-
ing the calculated @ values. PL spectra were then recorded
for each dilution and the data of integrated PL intensity (in
photons) vs absorbance at 4,5, = 795 nm for ICG and A.,s =
488 nm for AgInSe, NCs was plotted. The same procedure was
followed for every NC sample. @ was calculated with eq 1:

2
P = D <2:23NC5> (%) (1)
ICG bmso
where Grad is the gradient of the data plotted and 7 is the
refractive index of the solvent. In the case of aliquot, absorption
and emission spectra were acquired for one concentration
that was below absorption saturation at A,,s = 488 nm. Their
integrated emission intensity was then compared to the value
obtained for the associated final NC sample to calculate the
relative ®f.
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