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In this report, we demonstrate the synthesis of binary sulfide Ag-In—-S NPs using a Ag—In thiolate
complex. Thermal decomposition of the thiolate complex provides Ag/AgInS, heterostructured
nanoparticles (NPs). A metathesis reaction between the thiolate complex and sulfur source leads to the
formation of nearly monodispersed AgInS, NPs with a chalcopyrite-like or orthorhombic structure.
AgInS, NPs with a chalcopyrite-like structure exhibited room temperature photoluminescence (PL).
Spectral shift of the PL band depending on the excitation laser intensity and characteristic behavior of
the PL decay time varying over a wide energy range within the PL band were observed. These results
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indicate that the PL of the AgInS, NPs may be attributed to the donor—acceptor (D-A) pair

recombination.

1. Introduction

I-1T1-VI, (AgMX,, CuMX,; M = Al, Ga, In; X = S, Se) and
related materials are considered to be the most promising
candidates as substitutes for II-VI semiconductor nanoparticles
(NPs). CulnS, (CIS) with a chalcopyrite structure has a large
absorption coefficient (CIS: ~10° cm™'), a large tolerance for
cosmic rays and an optimum band gap (~1.5¢V) for a photo-
voltaic cell. CIS thin films are suitable for absorber layers of
hetero-junction solar cells." Indeed, Honda Motor Co. and
Showa Shell Sekiyu K.K. started to mass produce I-I11I-VI, solar
cells with quantum efficiency >~12% in 2007.2 On the other
hand, Guo er al and Korgel et al. demonstrated low cost
CulnSe, (CISe) thin film fabrication by using a CISe NPs ink
spin coat technique.® Schoonman et al. fabricated a TiO,—CIS
NP composite film, and demonstrated that this composite film
served as a photovoltaic cell with 4% conversion efficiency.
Also, several reports demonstrated the room temperature pho-
toluminescence (PL) of I-ITI-VI, NPs, which were synthesized via
thermolysis of (PPhs3),Culn(SEt)4,* (PPh3),AgIn(SeC{O}Ph),,*
and dithiocarbamate® and —thiolate®®. PL quantum efficiencies
of these I-III-VI, NPs attained 5-20%. On the other hand, Tian
et al.” and Hamanaka et al.® reported the large nonlinear optical
properties of AgInS,(AIS) and CIS NPs comparable to the II-VI
semiconductor NPs. These attractive linear and nonlinear optical
properties encouraged us to finely investigate I-III-VI, NPs’
properties and to develop a novel synthesis route associated with
low cost and large scale production.

In the above mentioned investigations, various processes have
been used to successfully synthesize various chalcopyrite NPs.
Though fabrication of metal/semiconductor heterostructured
NPs and control of the crystalline structure are required to
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develop nano-size components for energy devices, there are few
reports dealing with these problems. In this report, the syntheses
of AgInS, NPs were conducted by thermolysis of Ag—In thiolate,
and metathesis reactions between a metal thiolate and a sulfur
source, in which the fabrication of Ag/AgInS, heterostructured
NPs and the control of the crystalline structure (chalcopyrite-like
or orthorhombic) were achieved. These results indicated the
general strategy for a synthesis of binary chalcogenide NPs with
a heterostructure and a metastable crystalline structure.

AgInS, NPs with small size dispersions have been synthesized
and examined with PL spectroscopy in conjunction with time-
resolved PL measurements. PL spectra indicate that AgInS, NPs
exhibit a broad PL band with large Stokes shifts at room
temperature. We have observed that the spectral shift of the PL
band is dependent upon the excitation laser intensity, and char-
acteristic behavior of the PL decay time varies over a wide energy
range within the PL band. The results indicate that the PL of the
AgInS; NPs can be attributed to the donor—acceptor (D-A) pair
recombination. To our best knowledge, this is the first report
dealing with a detailed PL mechanism of Ag—In-S NPs.

2. [Experimental procedures
2.1 Synthesis process

The typical experimental procedures for the synthesis of AgInS,
NPs are described as follows: all reagents are used as received.
Ag-In thiolate solution: 0.4 mmol of silver(1) acetate (Ag(ace)) and
indium(mr) acetate (In(ace);) are mixed with 1-dodecanethiol
(DT) solution in a round-bottom flask, which is degassed by Ar
gas flushing for 2 h at 423 K. The case of thermal decomposition of
thiolate: After the addition of tri-n-octylamine (TOCA) into Ag-
In thiolate solution and Ar-flushing, the mixture solution is
heated up to 483-543 K for 2 h. The case of metathesis reaction
between metal thiolate and sulfur source: 5 ml of sulfur ligand (DT
or alkyl amine) solution, in which 26.2 or 104.8 mg (0.8 S x 1 or
3.2 S x 4) of sulfur powder is dissolved, is rapidly injected into
the Ag-In thiolate solution and heated up to 423-543 K for 2 h.
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Table 1 Experimental conditions

Alkyl Reaction
Sample name Ag(ace)/mg In(ace);/mg DT/ml S/mg amine‘/g temperature/K Appeared in
SA1 67.4 116.8 2.46 — 16.2 (TOCA) 493 Fig. 1(a),(b), Fig. 2(a)
SA2 67.4 116.8 15 26.2 2.15 (DA) 513 Fig. 1(c), Fig. 2(b), Fig. 3
SA3 67.4 116.8 17.6 26.2 — 423 Fig. 1(d) upper, Fig. 2(c)
SA4 67.4 116.8 17.6 104.8 — 423 Fig. 1(d) lower, Fig. 2(d), Fig. 3-5
SAS 67.4 116.8 17.6 26.2 — 513 Fig. 1(e), Fig. 2(e), Fig. 3
SA6 67.4 116.8 17.6 26.2 — 543 Fig. 1(f), Fig. 2(f), Fig. 3

“ DA: Dodecylamine, TOCA: Tri-n-octyl amine.

Experimental conditions are summarized in Table 1. Recovery of
NPs: After the solution has cooled to room temperature, ethanol
is added and precipitates are obtained. They are separated by
centrifugation to remove excess reagents and then redispersed in
hexane. This precipitate-redispersion procedure is repeated
several times to purify the precipitates.

2.2 Characterizations

2.2.1 TEM and XRD. For transmission electron microscope
(TEM) observation, a drop of AgInS, colloidal solution is placed
onto a carbon-coated TEM grid and examined with a Hitachi
HF-2000 field emission TEM operating at 200 kV with a resolu-
tion of 0.23 nm. The crystal structures of AgInS, NPs are iden-
tified by X-ray diffraction (XRD, Mac Science, M18XCE) using
sol samples dried onto glass plates.

2.2.2  Optical spectroscopy. The optical properties of AgInS,
NPs prepared by the metathesis reaction are studied by UV-Vis
and PL spectroscopy. UV-Vis absorption spectra are measured
in the wavelength range between 200 and 1200 nm using
a double-beam spectrophotometer (JASCO V-570). PL spectra
are measured by a spectrograph equipped with a cooled CCD
detector. A 532 nm (2.33 e¢V) line of a continuous-wave diode
laser is used as the excitation source. The calibration of the
relative spectral sensitivity of the PL spectrometer is done by
comparing a fluorescence spectrum of 4-dimethylamino-
4 -nitrostilbene—o-dichlorbenzol solution measured by our
system to its standard spectrum.’ In PL decay time measure-
ments, the sample is excited by a pulsed dye laser (repetition
rate: 10 Hz, pulse duration: 10 ns) and the detection energy
was selected by a monochromator. PL decay curves at the
selected energies are recorded by a photomultiplier tube and
a digital oscilloscope. All spectral measurements are carried out
for a colloidal solution of AgInS, NPs in hexane at room
temperature.

3. Results
3.1 Synthesis

Fig. 1(a)—(f) show TEM images of Ag-In—S NPs obtained by the
thermolysis of Ag-In thiolate and metathesis reactions. The
thermolysis of thiolate leads to the formation of irregular shape
NPs, shown in Fig. 1(a) and (b). The high resolution TEM image
(Fig. 1(b)) reveals that the dendrite-like crystals grow on a core
NP with a polyhedral shape (arrow in Fig. 1(b)). Fig. 1(c)-(f)
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Fig. 1 TEM images of AgInS, NPs obtained under various experi-
mental conditions. (a) Ag/AgInS, composite NPs synthesized via ther-
molysis of Ag—In thiolate, (b) high resolution TEM image of Ag/AgInS,
composite NPs, (c)—(f) AgInS, NPs synthesized via the metathesis reac-
tion. Using S-DA: (c) 513 K (S x 1). Using S-DT: (d, upper) 423 K
(S x 1), (d, lower) 423 K (S x 4), (¢) 513 K (S x 1), and (f) 543 K (S x 1).
The arrow in (b) indicates the Ag core NP.

show the Ag-In-S NPs obtained by the metathesis reaction
between Ag-In thiolate and various sulfur sources: Fig. 1(c) for
S-dodecylamine (S-DA) and Fig. 1(d)—~(f) for S-dodecanethiol
(S-DT). Fig. 1(c) reveals that the metathesis reaction between
Ag-In thiolate and S-DA provides NPs with relatively low
polydispersity and 5.6 + 1.1 nm average diameter. Compared
with S-DA, the average size of NPs obtained by using S-DT is
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relatively small. TEM images of NPs synthesized using S-DT at
various sulfur concentrations and reaction temperatures are
shown in Fig. 1(d)—(f), (d, upper) 423 K (S x 1), (d, lower) 423 K
(S x4),(e) 513 K (S x 1)and (f) 543 K (S x 1), respectively. The
sizes of NPs and their distributions increase with the increase in
the reaction temperature. However, the effect of sulfur concen-
tration on the NPs’ size was not confirmed (see Fig. 1(d) upper
(S x 1) and lower (S x 4)). In addition, the higher reaction
temperature lead to the formation of NPs with a triangle shape
(shown in Fig. 1(f)).

Fig. 2(a), (c), (d), (e) and (f) show the XRD patterns of the NPs
obtained by the thermolysis of Ag-In thiolate (a) and the
metathesis reaction between Ag-In thiolate and S-DT (c)—(f).
They exhibit diffraction patterns which resemble that of AgInS,
with a chalcopyrite (see Fig. 2(g)) or zinc blende structure.
AglnS, with the chalcopyrite structure exhibits a diffraction peak
at 260 = 35.04°, which corresponds to (211). However, the (211)
peak could not be detected in these XRD patterns. The relative
intensity /(211)/1(112) is <1, being too small to be detected.
Therefore, the crystalline structure of the NPs could not be
identified as either the chalcopyrite (2a # c) or zinc blende
(2a = ¢; random ordering, chalcopyrite-like) structures.

In Fig. 2(a), the co-existence of a Ag metallic phase with an fcc
structure is also confirmed by the characteristic peaks indicated
by filled circles in Fig. 2(a). As mentioned above, NPs obtained
by the thermolysis of thiolate consist of a polyhedral core and
dendrite-like crystals. These results indicate that thermolysis of
Ag-In thiolate provided Ag(core)-AgInS, (dendrite-like) heter-
ostructured nanomaterials. Fig. 2(b)—(f) indicate that the sulfur
source plays an important role in the polymorphism of Ag—In-S
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Fig. 2 XRD patterns of AgInS, NPs obtained under various experi-
mental conditions. (a) Ag/AgInS, composite NPs synthesized via ther-
molysis of Ag-In thiolate, (b)—(e) AgInS, NPs synthesized via the
metathesis reaction. (b) Using S-DA (S x 1) at 513 K; (c)—(e) using S-DT
at: (¢) 423 K (S x 1), (d) 423 K (S x 4), (e) 513 K (S x 1), (f) 543 K
(S x 1); and (g) AglnS, chalcopyrite structure. Filled circles and triangles
represent the peak positions of Ag with fcc structure and AgInS, with
orthorhombic structure, respectively.
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NPs. NPs obtained using the metathesis reaction between Ag—In
thiolate and S-DA take an orthorhombic structure (indicated by
filled triangles, JCPDS 00-025-1328). Using S-DT leads to the
formation of NPs with a chalcopyrite or zinc blende structure
(see Fig. 2(g)). FWHM values of NPs at various reaction
temperatures, (c) 423 K (S x 1), (e) 513 K (S x 1) and (f) 543 K
(S x 1), indicate that the NPs’ size depends upon the reaction
temperature. The average sizes of NPs estimated by the Scherrer
equation are (c) 2.5, (e) 3.4 and (f) 4.3 nm respectively. On the
other hand, the sulfur concentration does not affect the size of
the NPs (see Fig. 2(c) and (d), 2.5 nm). These results are
consistent with those obtained from the TEM images shown in

Fig. 1(d)().

3.2 UV-Vis absorption and photoluminescence characteristics

Fig. 3 shows the UV-Vis absorption spectra of NPs prepared by
the metathesis reaction between thiolate and the sulfur source. In
the UV-Vis absorption spectra, a shoulder or broad peak around
2.2-2.6 eV is observed. We have estimated the peak positions of
these absorption bands from the extrema of the corresponding
second derivative spectra. Energy positions of the absorption
bands are determined to be 2.61, 2.38, and 2.26 eV for NPs with
diameters of 2.5 (SA4), 3.4 (SAS) and 4.3 nm (SA6) synthesized
by the use of S-DT, respectively, and 2.22 eV for 5.6 nm (SA2)
NPs synthesized by the use of S-DA, which are marked by the
arrows and vertical dashed lines in Fig. 3.

PL spectra of AgInS, NPs with diameters of 2.5 (SA4), 3.4
(SAS) and 4.3 nm (SA6) synthesized with S-DT are shown in
Fig. 3. The broad emission bands with FWHM of 370-400 meV
and peak energies of 1.61, 1.51, and 1.45 eV are observed for NPs
with diameters of 2.5, 3.4, and 4.3 nm, respectively. We could not
measure the PL spectra below 1.2 eV due to low sensitivity of the
CCD detector. In order to investigate the PL emission mecha-
nism of AgInS, NPs, we have measured the PL spectra by
varying the excitation intensity over a wide range and the PL
decay time. The PL spectra of AgInS, NPs with a diameter of
2.5 nm (SA4) observed for various excitation intensities are
shown in Fig. 4(a), and emission peak energies are plotted versus
relative excitation intensity in the inset of Fig. 4(a). The
results show that the PL emission energy increases from 1.594 to
1.614 eV with increasing relative excitation intensity from
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Fig. 3 UV-Vis absorption and PL spectra of AglnS, NPs synthesized
using S-DT at 423 K (2.5 nm (SA4), —), 513 K (3.4 nm (SAS), ---), and
543 K (4.3 nm (SA6), ---). The UV-Vis absorption spectrum of AgInS,
NPs synthesized using S-DA at 513 K (5.6 nm (SA2)) is shown as a dotted
curve. Down arrows indicate the position of absorption peaks or
shoulders of each spectrum.
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Fig. 4 (a) Excitation intensity dependence of the PL spectra of AgInS,
NPs synthesized at 423 K using S-DT (2.5 nm (SA4)). The inset shows
the relationship between the emission peak energy and relative excitation
intensity. (b) PL intensity measured at the peak energy vs. relative
excitation intensity. The line represents the result of the fitting analysis.

0.0008 to 1. In Fig. 4(b), the PL intensity at the emission band
maximum (/) is plotted as a function of the excitation intensity
(L). The experimental data can be well fitted by an 7 « L* law,
and an exponent k is determined to be 0.97.1°

PL decay profiles following a pulsed laser excitation at 2.58 eV
were measured at various detection energies between 1.44 and
2.30 eV. Some of the decay curves obtained for NPs with
a diameter of 2.5 nm (SA4) are shown in the inset of Fig. 5. The
decay curves exhibited non-exponential features for any emission
energies, so the PL decay curves were fitted by the following
equation assuming the two exponential components:
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Fig.5 The effective PL decay times of AgInS, NPs synthesized at 423 K
using S-DT (D = 2.5 nm (SA4)) plotted as a function of emission energy
(@) and the corresponding time-integrated PL spectrum. The inset shows
the PL decay curves measured at various emission energies.

I(1) :Aexp(—é) +Bexp(— é) (1)

We have estimated the PL decay time by the effective values t*,
which are defined by:

_ At 4+ B’L'B
~ A+B

* 2
where parameters 4, B, 1o, and tg were determined by fitting
analysis. The results of the fitting analysis indicate that the values
of 74 and 7 vary over a wide range depending on the detection
energy. The values of 7, and tg are estimated to be ~20 ns
and ~200 ns, respectively, for 2.30 eV, and monotonously extend
to ~130 ns and ~800 ns for 1.44 eV. Simultaneously, relative
contribution ratios of the shorter and longer decay components
AIB decrease from 3 for 2.30 eV to 0.1 for 1.44 eV. In Fig. 5, the
effective decay times t* calculated using eqn (2) are plotted as
a function of emission energy together with the PL spectrum of
the same AgInS, NPs. The t* value increased from ~60 ns
to ~760 ns with decreasing emission energy from 2.30 to 1.44 eV,
indicating that the PL decay time depends strongly upon the
emission energy, such that the decay is faster for the higher
emission energy. Similar characteristic dependencies of the PL
peak energy and PL intensity on the excitation intensity, and
similar tendencies in the spectral variation of the PL decay time,
were observed for NPs with diameters of 3.4 (SAS5) and 4.3 nm
(SA6) (not shown).

4. Discussion
4.1 Formation mechanism of AgInS, NPs

Metal thiolates polymerize to form a gelatinous compound,
which is thermally decomposed to highly monodispersed metal
sulfide NPs.!" The thiol group serves not only as a sulfur source,
but also a bridging ligand which coordinates multiple metal ions.
This fact reminds us to introduce a metal thiolate mixture into
a synthesis of chalcopyrite NPs. Indeed, I-11I Cu—In thiolates were
used as single-source precursors for syntheses of CulnS, NPs with

"'E"'\.:F "ul
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Fig. 6 Schematic illustrations of formation mechanisms. (a) Thermal
decomposition of Ag—In thiolate, (b) metathesis reaction between Ag—In
thiolate and (RSH),S, and (c) between Ag-In thiolate and (R’,NH),S.
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a chalcopyrite structure.*® However, in the case of thermal
decomposition of Ag-In thiolate, metal nuclei were generated and
then grew into metal-semiconductor heterostructured NPs.
Because of the electron donor nature of the thiol molecule, Ag—
thiol bonds decomposed into RSSR and Ag° (shown in Fig. 6(a)).
Then, indium sulfide species formed via the thermolysis of
In-thiolate complexes. Ag’ in coexistence with sulfur sources is
thermodynamically unstable,’® consequently, indium sulfide
species reacted with Ag® to form AgInS, dendrites on the NP’s
surface. The detailed mechanisms are under investigation.

In order to synthesize nearly monodispersed AgInS, NPs with
a homogeneous structure, the reaction between Ag-In thiolate
and the sulfur source (S-DT ((RSH),S) or S-DA ((R’,NH),S))
was selected instead of thermolysis of Ag—In thiolate. Because of
the electron donor nature of the thiol and amine groups, these
sulfur sources easily release H>S or S*~ at room temperature.*®
The formation mechanisms are considered to be as follows:
a thiol ion (RS7) in a Ag-In bridged complex is exchanged for
a S*>” ion to form a ~Ag-S-In— unit, which polymerizes to form
a Ag-In-S lattice (shown in Fig. 6(b)). However, this model
cannot well explain the formation of AgInS, NPs with an
orthorhombic structure. Therefore, an alternative pathway,
a “cation doping process”, should be taken into account to
elucidate the formation pathway of AgInS, NPs with an ortho-
rhombic structure. The cation doping process consists of the pre-
formation of monosulfide NPs such as Ag,S and In,S;, a cation
exchange on the surface of the monosulfide NPs, and the diffu-
sion of dopant cations (step 3)* (Fig. 6(c)). In this case, a binary
sulfide NP (AgInS,) has the same sulfur sub-lattice as the seed
NP; that is, the formation of NPs with chalcopyrite-like and
orthorhombic structures requires monosulfide NPs with an fcc
and an orthorhombic sulfur sub-lattice, respectively. Crystalline
Ag,S is known to have a monoclinic structure at <452 K,
a bec structure at <859 K, an fcc sulfur sub-lattice (y-Ag,S)
at >859 K'** and an orthorhombic sulfur sub-lattice in the nano
size range at ~413 K**, In,S; crystals also take a defect sphal-
erite structure (a-In,S;) at >693 K, which has an fcc sulfur
sub-lattice’>. Therefore, under our experimental conditions
(<543 K), the cation doping process can provide AgInS, NPs with
orthorhombic structure via the pre-formation of orthorhombic
Ag,S NPs. However, because the formation of fcc seed NPs
(v-AgsS and a-In,S;) is thermodynamically less favored at lower
than 859 (y-Ag,S) and 693 K (a-In,S3), the cation doping process
cannot explain the formation of chalcopyrite-like AgInS,. Our
experimental results indicate that the co-existence of aliphatic
amines (such as DA, hexadecylamine, oleylamine and so on) in
sulfur sources plays an important role in the formation of
orthorhombic AgInS, NPs. In the case of (RSH),S, the AgInS,
with chalcopyrite-like structure is formed via the scheme shown in
Fig. 6(b). When S-DA is used as a sulfur source, the difference in
the affinity of DA for metal ions may lead to the decomposition of
Ag-In thiolate. Consequently, the formation of AglnS, with
orthorhombic structure proceeds via the scheme shown in
Fig. 6(c). The formation mechanism must be further examined.

4.2 Optical properties of AgInS, NPs

4.2.1 Absorption spectral features. The absorption peak
energies of 2.22-2.61 eV are estimated for AgInS, NPs with the

average diameters of 2.5-5.6 nm in this study. The bulk crystals
of AglnS, with chalcopyrite and orthorhombic structures have
direct band gaps with energies of 1.87 and 1.98 eV, respectively.'®
The observed peak energies are 0.2-0.7 eV larger than the
bulk band gap values and exhibit the remarkable size-dependent
blue-shift with decreasing NP size. A similar size-dependent shift
is also observed in the PL spectra shown in Fig. 3. These
observations strongly suggest a quantum confinement effect on
carriers in these AgInS, NPs, as reported for many kinds of
semiconductor NPs, including I-ITI-VI, NPs.!” Therefore, we
conclude that those absorption bands are due to the transition
between the lowest quantized levels of the valence and conduc-
tion bands in AgInS, NPs.

4.2.2 PL mechanism. Metathesis-synthesized AgInS, NPs
exhibit broad PL bands (FWHM ~0.4 eV) with large Stokes
shifts (0.8-1.0 eV) from the lowest transition energy as shown in
Fig. 3, suggesting that the PL originates in intra-gap levels, not in
the transition between quantized energy levels in conduction and
valence bands. The PL band exhibits the blue-shift with an
increase of the excitation laser intensity (Fig. 4(a)). This obser-
vation is a characteristic phenomenon of pair-recombination of
electrons and holes trapped by defect sites such as donors and
acceptors, D-A pair recombination.’® The excitation power
dependence of the PL band for NPs with a diameter of 2.5 nm
can be described by the power law (I « LF) with k = 0.97
(Fig. 4(b)). According to Schmidt et al., the exponent k is below
1 for free-to-bound and D-A pair recombination, while k is
above 1 for excitonic emission.!® Thus, the value of kK = 0.97 is
consistent with our tentative assignment that the PL of metath-
esis-synthesized AgInS, NPs is ascribed to the D-A pair
recombination.

We have observed the characteristic behavior of PL decay time
depending on the emission energies, where the effective decay
time increases with a decrease in the emission energy (Fig. 5).
Such a behavior also agrees with a characteristic property of the
PL due to the D-A pair recombination. In a D-A pair emission
process, the Coulombic interaction between donor and acceptor
modifies their binding energies, hence the distant pairs have
lower transition energies. The recombination probability
between electrons and holes on close pairs is higher than that
between the distant pairs, because of a larger overlap of their
wavefunctions. Therefore, the recombination rate for a high-
energy transition becomes high compared with that for a low-
energy transition, resulting in shorter decay times for higher
emission energies that are coincident with the PL decay behavior
observed in this study. Similar variations of the decay time
depending on the emission energies were observed in the PL of
CulnS, and CdS NPs which are assigned to the D-A pair
emission.'?* Consequently, the observations on the PL spectra
and PL decay times indicate that the PL of the metathesis-
synthesized AgInS, NPs is due to the D-A pair recombination.
For the D-A pair emission in bulk semiconductors, the variation
of the PL decay time amounts to two or three orders of magni-
tude." The effective decay time measured in this study varies
over an order of magnitude (60-760 ns), which is much smaller
than the variation for bulk semiconductors. In NP systems, the
distance between donors and acceptors is limited by the NP
diameter, resulting in such a small variation of the decay time.
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The broad spectral features observed in our AgInS, NPs origi-
nate mainly in emission mechanisms due to the D-A pair
recombination, but the PL band may be slightly broadened due
to the size distribution of NPs.

In bulk AgInS, crystals with chalcopyrite structures, intra-gap
levels with donor- and acceptor-characters are created by several
kinds of defects, such as vacancies and interstitial atoms, and PL
bands with various energies are observed in addition to the band
edge emission. These PL bands are interpreted as a free-to-bound
transition and D-A pair recombination.* Former studies on
chalcopyrite AgInS, thin films indicated that Ag vacancies and
interstitial S atoms tend to create acceptor levels, while S
vacancies and interstitial Ag atoms create donors.?* Therefore,
similar defects present in AgInS, NPs are probably related to the
D-A pair PL. Additionally, defects on surfaces of nanoparticles
may take an important role in D-A pair recombination
processes.

Recently, broad emission bands similar to those observed in
this study were reported for CulnS, NPs, and the main parts of
the emission bands were assigned to the D-A pair transi-
tion.'?22% The intrinsic defects, not the surface defects, were
proposed as the trapping sites associated with the D-A pair
transition.?>?* However, previous studies on CdSe and CdS NPs
provided experimental evidence that the emission bands with
large Stokes shifts were due to the D-A pair recombination of
electrons and holes trapped at the surface defects such as
vacancies, dangling bonds, and oxygen adatoms.?*** Presum-
ably, the same kinds of surface defects are present in AgInS, NPs
and create the trapping sites for the D—A pair recombination. In
accordance with this assumption, two PL decay times 7
(shorter) and 7p (longer) may be interpreted in terms of the D-A
pair recombination of electrons and holes trapped in the intrinsic
(core) defects, and the surface defects, respectively.

5. Summary

A Ag/AgInS, nanocomposite and AgInS, NPs with chalcopy-
rite-like and orthorhombic structures were successfully synthe-
sized via thermolysis and sulfurization of metal-thiol complexes.
Size tuning was conducted—very fine AgInS, NPs with a chal-
copyrite structure could be obtained; the particle size could be
tuned within 2.5-4.3 nm by changing reaction temperature. The
PL peak of AgInS, NPs with an average size of 2.5 nm exhibits
a marked Stokes shift at room temperature and its peak energy is
about 1.6 eV. The excitation intensity dependence of the PL peak
energy, and the wide variation in the PL decay times depending
on the emission energy, suggest that the observed PL is attributed
to the donor-acceptor recombination.
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