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Abstract 
We report on the photoluminescence (PL) mechanisms of the chalcopyrite 

AgInS2 nanocrystals with dodecanethiol surfactants. The nanocrystals present broad PL 
spectra (full width at half maximum of 0.4 eV) with large Stokes-shifts (0.8 – 1.0 eV). 
Time-resolved  PL measurements  revealed  that  the  PL decay  time depends  strongly  on  
the emission energies corresponding to the temporal red-shift of the PL bands. The PL 
bands also exhibit the blue-shift with increasing excitation intensity. These 
characteristic behaviors observed in the PL spectra indicate that the luminescence of the 
AgInS2 nanocrystals originates from the electron-hole pair emission via donor-acceptor 
pair-like recombination mechanisms. The quantum yield (QY) of PL is up to > 40 % 
which is at least 4-fold larger compared with QYs reported for other chalcopyrite 
nanocrystals without ZnS shell (< 10 %), indicating that surface passivation of AgInS2 
nanocrystals by dodecanethiol molecules efficiently eliminates surface defects act as 
non-radiative recombination centers. We conclude that the donor and acceptor states 
associated with the PL of AgInS2 nanocrystals originate from the lattice defects formed 
in the interior of nanocrystals, not on surfaces.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Keywords: semiconductor nanocrystal, quantum dot, chalcopyrite, I-III-VI2, 

luminescent quantum yield, DA pair recombination  



 3

1. Introduction 
In recent decades, semiconductor nanocrystals have attracted tremendous 

attention because of their unique electronic and optical properties and potential utility in 
applications for future photonic and electronic devices. Most researches have been done 
in binary semiconductor nanocrystals such as II-VI, I-III, IV-VI, and I-VII types [1,2]. 
Especially, development of chemical synthesis method of II-VI type nanocrystals such 
as CdSe and CdS open the way to mass production of size-controlled nanocrystals with 
highly luminescent properties which have been already used for fluorescent biological 
labeling [3,4]. However, most of the conventional binary semiconductors contain toxic 
heavy  metals  such  as  Cd,  Pb,  Hg,  As,  and  Se.  Thus,  alternative  nanocrystals  with  
non-toxic constituents are required from the viewpoint of restriction of hazardous 
substances. 

Recently, to comply with environmental regulations, ternary I-III-VI2 type 
(chalcopyrite) nanocrystals such as CuInS2 and AgInS2 have been intensively studied as 
substitutes for many binary nanocrystals with toxic elements [5-9]. A high 
photoluminescence quantum yield (PL-QY) of >80 % has been achieved by rapid 
progresses in fabrication technique of high quality I-III-VI2 nanocrystals and 
overcoating  them by  ZnS layers  [10].  Most  of  the  recent  research  on  PL properties  of  
I-III-VI2 nanocrystals have pointed out that intragap trapping sites due to defects are 
involved in radiative recombination routes of carriers [7,10-15]. However, detailed PL 
mechanisms have not been thoroughly elucidated. In this paper, we report on the results 
of a systematic investigation of the PL properties of chalcopyrite-type AgInS2 
nanocrystals by the steady-state and time-resolved PL spectroscopy.  
 
 
2. Experimental 

AgInS2 nanocrystals passivated by dodecanethiol molecules were synthesized 
via metathesis reaction between metal thiolate and sulfur-dodecanethiol complexes. The 
details of nanocrystal synthesis are described in Ref.[16]. Nanocrystal diameters (Davr) 
were controlled by the reaction temperature and changed between 2.5 and 4.3 nm. The 
chalcopyrite structures and nanocrystal sizes were characterized by x-ray diffraction 
(XRD)  and  transmission  electron  microscope  (TEM).  The  stoichiometry  of  the  
nanocrystals was determined by energy dispersive x-ray spectroscopy (EDX). The 
AgInS2 nanocrystals are slightly S rich with an Ag:In:S ratio of 1:0.91-0.96:2.3-2.7. The 
excess S content is probably due to the surfactant dodecanethiol molecules on the 
surface of the nanocrystals. 
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For steady-state PL measurements, a 532 nm (2.33 eV) line of a continuous 
wave (CW) Nd:YVO4 laser was used as an excitation source, and PL spectra were 
recorded by a 0.45 m monochromator and a cooled CCD detector. In PL decay 
measurements, a pulsed dye laser pumped by a XeCl excimer laser with a pulse duration 
of 10 ns operating at 10 Hz was used for excitation. PL was dispersed by a 
monochromator and decay curves were recorded using a photomultiplier tube and a 
digital oscilloscope. The QY of PL was determined by comparing the integrated PL 
intensity of nanocrystals dispersed in hexane to that of the standard dye, rhodamine 101 
in  ethanol  (QY  =  96  %),  with  identical  absorbance  at  the  excitation  wavelength  [17].  
The QY was estimated for three different concentrations where the absorbance at the 
excitation energy is not exceeding 0.1. 
 
3. Results and Discussion 

Absorption and PL spectra of AgInS2 nanocrystals with Davr = 2.5, 2.6, 3.4, and 
4.3 nm dispersed in hexane are shown in Fig. 1, respectively. A shoulder absorption 
peak is observed around 2.3 – 2.6 eV in each sample, which is larger than the bandgap 
energy of bulk AgInS2 with chalcopyrite structure,  1.87 eV [18].  The peak energies of 
these absorption bands were estimated from the extrema of the second derivative spectra 
and peak positions are marked by the arrows in Fig. 1. The absorption bands exhibit a 
blue-shift with decreasing nanocrystal diameter. Such a size-dependent blue-shift of the 
absorption peak is attributed to a quantum confinement effect of carriers in nanocrystals, 
and thus, we conclude that the origin of the absorption bands is the transition between 
the lowest quantized levels of the valence and conduction bands.  

The PL spectra show broad emission bands with large Stokes-shifts from the 
absorption peaks. Such spectral features are typical of type I-III-VI2 nanocrystals 
[10-14,16]. Large Stokes-shifts of 0.8 – 1.0 eV and full width at half maximum 
(FWHM) of about 0.4 eV suggest that the PL is derived from the recombination of 
electrons and holes where either or both kinds of carriers trapped in intragap levels, not 
from the transition between the quantized energy levels in conduction and valence 
bands. A size-dependent blue-shift similar to the absorption bands is also observed in 
the PL spectra, but the dependence is weak compared with the absorption band because 
the trapped carriers suffer relatively weak confinement due to their localized nature 
compared with carriers in the conduction and valence bands.  

To understand the detailed PL mechanisms of AgInS2 nanocrystals, we measured 
the excitation intensity dependence of the PL spectra and the PL decay profiles. PL 
spectra of AgInS2 nanocrystals were measured with changing excitation intensity by a 
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factor of ×1 to ×103 (0.0027 mW – 2.7  mW).  Some of  the  spectra  for  nanocrystals  
with Davr = 2.5, 3.4, and 4.3 nm are picked up and shown in Figs. 2(a), (b) and (c), 
respectively. As the excitation intensity is increased, the peak of the PL band is shifted 
to higher energy in any-sized nanocrystals. Figures. 2(d) – (f) show PL decay curves for 
corresponding nanocrystals in Figs 2(a) – (c) measured at various detection energies in 
PL bands  following  pulsed-laser  excitation  at  2.58  eV.  Obviously,  the  decay  times  are  
strongly dependent on the emission energy where the decay is faster for higher emission 
energies. These characteristics observed in both the excitation-intensity dependence of 
the PL band and PL decay behaviors are well-known features of a donor-acceptor (DA) 
pair recombination [19]. 

In a DA pair recombination, the coulomb interaction between donor and 
acceptor modifies their binding energies compared to their isolated states. Hence, the 
photon energy emitted from a DA pair with a separation r is given by the following 
formula. 

( ) reEEEhν dag e2++-=  (1) 

Here, Eg is the band-gap energy, and Ea and Ed are the binding energies of the acceptor 
and donor, respectively, and e is a dielectric constant. Thus, the emission energy from 
the nearer pairs is higher than that from the distant pairs, because the coulomb 
interaction term is larger for nearer pairs. A recombination between nearer pairs is more 
probable than a recombination between distant pairs due to greater wave function 
overlap, which results in faster decay for higher emission energies in the PL band. Such 
decay behavior leads to the temporal red-shift of the PL spectrum. In addition, the 
contribution of nearer pairs with large recombination probability becomes dominant in a 
DA pair emission process under high intensity excitation, while the contribution of 
distant  pairs  is  relatively  larger  under  low  intensity  excitation.  This  is  because  only  a  
fraction of the donors and acceptors are excited under low excitation condition and 
hence only distant pairs recombine while at high excitation intensity most of the donors 
and acceptors are excited and nearer pairs also recombine. Therefore, the PL spectrum 
exhibits blue-shift with increasing excitation intensity. Both of them coincide well with 
PL characteristics shown in Fig. 2. 

Temporal behaviors characteristic of the DA pair emission are obviously 
represented in time-resolved PL spectra. Time-resolved PL spectra can be constructed 
from the PL decay curves measured at various detection energies. Those of AgInS2 
nanocrystals with Davr = 2.6 nm are shown in the inset of Fig. 3 for delay times of 0 and 
1 ms. The peak of the PL spectrum is found to be shifted to lower energy and the 
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high-energy component of the PL spectrum is reduced at 1 ms after the excitation. The 
peak energies and FWHMs of the time-resolved PL spectra were estimated by spectral 
fitting analysis assuming a Gaussian profile of PL bands, and their time-evolutions are 
shown in Fig. 3. Peak energy decreases down about 0.09 eV in the first 1 ms time delay, 
and the FWHM simultaneously decreases from 0.46 to 0.31 eV. Such a temporal 
behavior of the PL spectrum is interpreted in terms of higher recombination rate of the 
nearer DA pairs and strong evidence of the DA pair emission. Therefore,  we conclude 
that the PL mechanisms of AgInS2 nanocrystals is ascribed to the pair recombination of 
electrons and holes trapped at defect sites with donor and acceptor characters. 

Although the contribution of the distant pairs in the nanocrystals is dominant in 
the PL spectrum at the long delay time in DA pair emission, the PL spectra of AgInS2 
nanocrystals are still broad for the long delay time as shown in Fig. 3. Similar broad PL 
spectra with large Stokes-shift assigned to the DA pair recombination were also 
observed in CdS and CdSe nanocrystals and [20,21]. Such spectral profiles were 
ascribed to the strong carrier-phonon interaction due to deeply trapped carriers at defect 
sites located on the surface. Large Huang-Rhys factors (110 for CdS and 18 for CdSe) 
were deduced from spectral shapes, indicating that the phonon sidebands constitute the 
dominant contribution to the entire PL spectra. Both the large spectral width and large 
Stokes-shift observed in the PL spectra of AgInS2 nanocrystals may be also attributed to 
the strong carrier-phonon interaction. 

Figures. 2(d) – (f) show that an additional decay component with shorter decay 
times of < 200 ns appears at emission energies corresponding to the high energy tail of 
the steady state PL spectra, while the decay curves for relatively low emission energies 
exhibit nearly single-exponential profile with decay times of microsecond to 
sub-microsecond scale. This short-lived component may not originate from the pair 
recombination process but from the other recombination processes such as a 
near-band-edge  emission.  Further  experiments  on  the  PL  dynamics  are  required  to  
determine the origin of the entire PL spectrum of AgInS2 nanocrystals. 

The donor and acceptor states concerning to the electron-hole pair emission of 
AgInS2 nanocrystals  may  have  their  origin  in  surface  defects  that  act  as  trap  sites  for  
carriers similar to CdS and CdSe nanocrystals mentioned above and/or in intrinsic 
lattice defects such as vacancies, interstitial atoms, and antisite defects formed in the 
interior of nanocrystals. The PL-QYs of the as-synthesized chalcopyrite nanocrystals 
are usually below 10 % [10,11,13-15]. The QYs increase and exceed 60 % by capping 
the nanocrystals with ZnS layers [10,13,15]. The remarkable enhancement of the QYs is 
interpreted as elimination of the surface defects which mainly act as the non-radiative 
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recombination centers. In the present study, the PL-QY of AgInS2 nanocrystals with Davr 
= 2.6 nm was estimated to be 46 %, which is exceptionally high among as-synthesized 
chalcopyrite nanocrystals without ZnS capping. The high QY represents that less 
amount of the surface defects remains in these nanocrystals due to the surface 
passivation by dodecanethiol molecules, and thus, implies that the PL does not originate 
from the surface defects but from the intrinsic defects inside of nanocrystals. In bulk 
chalcopyrite AgInS2, vacancies and interstitial atoms of sulfur and silver are formed as 
native defects. These defects have donor- and acceptor-characters and act as trapping 
centers  in  DA  pair  emission  [22].  It  is  probable  that  similar  defects  are  formed  in  the  
interior of AgInS2 nanocrystals and provide the electron-hole pair emission. 

We have also estimated the PL-QY of CdSe/ZnS core/shell-type nanocrystals 
commercially provided by Aldrich (Lumidot 610) by the same method. The QY is 
determined to be 36 %, which is coincident with the QY of 30 – 50 % ensured from the 
supplier. In Fig. 4, PL spectra of the CdSe/ZnS nanocrystals and AgInS2 nanocrystals 
with almost the same concentrations are shown together with the absorption spectra. 
The PL of the CdSe/ZnS nanocrystals is due to the exciton recombination, therefore the 
spectrum is relatively sharp compared with the AgInS2 nanocrystals. But the AgInS2 
nanocrystals without ZnS shell investigated in this study exhibit high PL-QY 
comparable to CdSe/ZnS nanocrystals. Therefore, chalcopyrite AgInS2 nanocrystals 
represent potential for alternative materials to cadmium-based nanocrystals in 
applications such as light-emitting devices and fluorescent biological tags used in vivo. 

 
4. Conclusion 

Chalcopyrite AgInS2 nanocrystals passivated by dodecanethiol molecules with 
average  diameters  of  2.5  –  4.3  nm  were  synthesized  and  their  PL  properties  were  
investigated. The absorption and PL peak energies shift to higher energy as the 
nanocrystal size decreases due to a quantum confinement effect of carriers in 
nanocrystals. The PL bands are broad and exhibit large Stokes-shifts, and ascribed to the 
DA pair-like recombination of carriers because of the excitation intensity dependence of 
the PL peak energy and the wide variation in the PL decay times depending on the 
emission energy. The PL-QY is estimated to be 46 %, to our best knowledge, which is 
the highest value among as-synthesized I-III-VI2 type nanocrystals without ZnS capping 
layers.  Such  a  high  PL-QY  implies  that  creation  of  the  surface  defects  act  as  
nonradiative recombination centers is sufficiently suppressed by surface passivation. 
Consequently, lattice defects with donor- and acceptor-characters are formed in the 
interior of AgInS2 nanocrystals and provide major contributions in the electron-hole pair 
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emission. 
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Figure Captions 
 

 

 
Fig. 1 Absorption spectra (dashed curve) and PL spectra (solid curve) of AgInS2 
nanocrystals dispersed in hexane.  
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Fig.  2  (a)  –  (c)  PL  spectra  of  AgInS2 nanocrystals measured with different excitation 
laser  intensities  between  2.7  mW  and  0.0027  mW  (from  top  to  bottom).  (d)  –  (f)  PL  
decay curves of AgInS2 nanocrystals detected at different emission energies. Average 
diameters of AgInS2 nanocrystals are 2.5 nm ((a) and (d)), 3.4 nm ((b), (e)), and 4.3 nm 
((c), (f)), respectively. 
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Fig.  3 Time evolution of the peak energies (circles) and FWHMs (triangles) of the PL 
bands of AgInS2 nanocrystals with Davr = 2.6 nm. The inset shows the time-resolved PL 
spectra measured at 0 ms and 1 ms after the excitation. The solid lines in the inset 
represent the results of the spectral fitting analysis. 
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Fig. 4 Absorption spectra of AgInS2 nanocrystals with Davr = 2.6 nm (dashed curve) and 
CdSe/ZnS core/shell nanocrystals (Aldrich Lumidot 610, dot-dashed curve), and their 
PL spectra (solid curves) with the same absorbance at the excitation energy, 2.33 eV. 


