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Luminescent semiconductor nanoparticles, such as CdSe and
CdTe, have been intensively studied for applications such as bulk ZnS , I
biolabeling and design of novel optoelectronic devicEshecause :
their band gap emission is much more intense than those of bulk
materials and the peak wavelength can be adjusted in the whole
visible light region by controlling particle size. However, most
luminescent nanoparticles contain highly toxic elements, such as
Cd, Se, and Te, limiting the range of their uses.
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For improvement of photocatalytic ,Hevolution with visible- bulk I
light irradiation, we previously reported that the energy gy ( gl 1,
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of bulk particles (ca. 1Qqum) of ZnS-AgInS, and ZnS-CulnS
solid solutions could be controlled in a wide range of visible light ) ) .
Figure 1. X-ray diffraction patterns of ZAIS nanoparticles prepared by

. . e
by changllng the chemical compositiéht Thg Wavglength of the _ pyrolysis of (AgINKZNa_»(S;CN(CzHe)a)e. The value ok is indicated in
photoluminescence (PL) peak was blue-shifted with an increase in e figure. Reference patterns of bulk ZnS and Aglag also shown.

the fraction of ZnS, though PL of these bulk particles was observed ]

only at a very low temperature of 80 K. By analogy to-WI the thus-obtained brown powder, followed by further heat treatment
semiconductor nanoparticles, the PL intensity of these solid solution @t 180°C for 3 min in an N atmosphere. The resulting suspension
particles can be enhanced by decreasing the particle size to aVas subjgcted to centrifugation to remove large partlcles..Z.AIS
nanometer region. However, there has been no investigation of theN@noparticles were separated from the supernatant by addition of

20 / degree

PL properties of +I1I1 —VI, nanoparticles such as Culn@nd methanol. The wet precipitates were washed with methanol several
AgInS, and their solid solution particles other than a study on times and dissolved in chloroform for measurements. _
CulnS nanoparticles by Castro etland a study on ZnSCulnS The crystal structures of the prepared particles were investigated

solid solution particles by Maeda et &lin which PL was observed ~ DY X-ray powder diffraction (XRD) with Cu K radiation. As
at ambient temperature with quantum yield of less than 5%. In this Shown in Figure 1, the particles prepared witk= 1.0 exhibited
paper, we report a novel strategy to synthesize nanoparticles ofthree broad peaks at92= 26.7, 44.8, and 5273 which were
ZnS—AgIns,; solid solution (ZAIS) via a facile solution route. Their ~ @sSignable to diffractions of the (112), (204), and (312) planes,
PL color at ambient temperature was adjustable by changing theeSPectively, of tetragonal AglnScrystali® and the powder
fraction of ZnS in solid solution. therefore did not contain the crystal phases, such a$s AgInS;
Solid solution nanoparticles of ZrRAgInS, were prepared by except for Aging. Three broad peaks were also observed in the
thermal decomposition of a metal ion-diethyldithiocarbamate €@sé ofx = 0.4 and 0.6. Each peak was located between the
complex of (AgIN)Znyu—(S;CN(C;Hs),)s. The precursor powder co_rrespc_)ndlng pegks of bulk c_ublc ZH%nd te_tragonal Aging
was prepared by mixing 50 énof a sodium diethyldithiocarbamate ~ P€ing shifted to a higher angle with a decreaseah (AgIn)«Znz-—x-
aqueous solution (0.050 mol df) with 50 cn? of an aqueous (SQCN(C2H5)2)4 used as a precursor. These facts indicated that the
solution containing AgNg In(NOs); and Zn(NQ), with a mole obtained powde_rs were not_a m|>_<ture of ZnS_and Aglb8t a
ratio of x:x:2(1 — X) (total concentration of metal ions: 0.025 mol ZNS—AgInS; solid solution in which the fraction of ZnS was
dm-3) followed by washing with water and methanol several times enlarged with an increase in the _content ofZim the precursors
and drying. The results of elemental analyses were in good USed; as reported for bulk materiafs. .
agreement with those theoretically expected from (AgIny - ~ TEM observation (Figure S1) revealed that spherical nanopar-
(S,CN(CHs),)4 within experimental error. Fifty mg of precursor ticles had a clear lattice fringe with interplaner spacings of Q.33,
powder was put into a test tube and heat-treated atCs®r 30 0.32 and 0.32 nm ax = 1.0, 0.6 and 0.4, respectively, which

min in an N> atmosphere. Then oleylamine (3.09mwas addedto ~ "oughly agreed with those determined from diffraction peaks around

; 26—28° in the corresponding XRD patterns (Figure 1). The average
Nagoya University. ; ot ; ;

1Ca’?al3>//sis Researgh Center, Hokkaido University. sizes (standard deviations) were determined by TEM images to be
8 Center for Advanced Research of Energy Conversion Materials, Hokkaido 4.4 (0.79), 4.4 (0.85), and 4.1 nm (0.88 nm)xat= 1.0, 0.6 and
”Upé\@rglghiversity of Science. 0.4, respectively: suggesting t.hat change in.the composit.ion. of t.he
U Osaka University. precursor used did not greatly influence the size and size distribution
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Figure 2. Absorption spectra (a) and photoluminescence spectra (b) of
ZAIS nanoparticles. The value &fin (AgIn)xZnza—x(S2CN(CzHs)2)4 used
as a precursor is indicated in the figure. The excitation wavelength in PL
measurement was 350 nm. The inset in panel a shows photographs of UV-
illuminated ZAIS nanopatrticle solutions.

of the resulting nanoparticles. FTIR spectra of particles (Figure S2)
showed the characteristic peaks assigned to oleylaththe:bands

at 3007 and 1583 cm were due to the olefinic €H stretching

and the NH deformation, respectively, indicating that oleylamine
was adsorbed on the ZAIS surface to prevent coalescence betwee
nanoparticles.

The absorption spectra of ZAIS particles (Figure 2a) were
structureless, regardless of the kind of precursor used. Although
the wavelength of absorption onset was not clearly identified,
AgInS; nanopatrticles (ZAIS prepared wit+ 1.0) seemed to have
an absorption onset around 700 nm (correspondingytofEL.8
eV). Since thek, of tetragonal bulk Aginghas been reported to
be 1.8 eV, most of the AginShanoparticles possessed an energy
gap similar to that of bulk material. On the other hand, the
absorption onset was blue-shifted with a decrease Bince the
particle size was almost same regardlesg whlue, as mentioned
above, it could be assumed that the size quantization effect might
hardly affect the difference iy between particles prepared. So
this fact indicated that thEy of ZAIS nanoparticles was enlarged
with an increase in the fraction of ZnS in solid solution, as reported
for the bulk material? It should be noted that the particles prepared
with x = 0 were not dissolved in chloroform, probably because of
the formation of large ZnS particles during the heat treatment of
the corresponding precursor.

The nanometer-sized particles of ZAIS exhibited intense emission
at room temperature (inset of Figure 2a), though PL of bulk
materials was observed only at a very low temperature of 80 K as
reported in our previous papkrThe peak wavelength of PL was
blue-shifted from 720 to 540 nm with a decrease inxhalue as
shown in Figure 2b, similar to that in the case of the absorption

spectra. This enabled us to obtain a desired emission color in the 18) f;o

visible light region by control of the energy structure of ZAIS
nanoparticles. PL excitation spectra of ZAIS particles (Figure S3)
agreed well with the corresponding absorption spectra, indicating
that PL originated from photoexcitation of the ZAIS particles. The

optical properties of particles such as absorption and PL spectra

were almost constant for at least 2 months when solutions were
stored under Blatmosphere in the dark. It should be noted that the
full-width at half-maximum intensity (fwhm) of the PL peak was
considerably largeX100 nm) in each case, probably because of
the radiative transitions in doneacceptor levels and/or the
emission from surface defects sites. This behavior is remarkably
different from PL properties of some other semiconductor nano-
particles such as CdSe and CdTe, for which intense band gap
luminescence was observed with fwhm of less than ca. 36 nm.
The quantum yield of PL fluctuated depending on the composition
of precursors used, but the highest quantum yield of ca. 24% was
obtained for ZAIS nanoparticles prepared with= 0.86, which

was much higher than the quantum yields reportedfdH VI ,-
based semiconductor nanopatrticles, such as Gfi®d ZnS-
CulnS solid solutiont”

In conclusion, we have successfully prepared highly luminescent
ZnS—AgInS; solid solution nanoparticles containing no highly toxic
elements. The resulting particles exhibited broad PL spectra but
the emission color could be tuned from green to red, depending on
their chemical composition. This property will offer advantages for
use in visible and near-IR lighting. Furthermore, the tunability of
electronic energy structure of solid solution nanoparticles will be
useful to adjust the redox activity and the absorption property for
applications, such as photocatalysts and quantum-dot solar cells.
Work in this direction is currently in progress.
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