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a b s t r a c t

The enhanced photoluminescence (PL) for In-rich copper indium sulfide quantum dots (CIS QDs) was
observed. The conduction electron-Cu vacancy recombination and the donor–acceptor pair (DAP) defect
recombination were considered to exist in CIS QDs at the same time. The temperature-dependent PL
study showed that the emission of these QDs might be mainly originated from the recombination be-
tween electrons in the quantized conduction band and holes in the copper vacancy acceptor when x was
0.500 (CuxIn1�xS). However, the temperature coefficient of PL peak position decreased when x was 0.237.
That meant the DAP recombination increased in the In-rich CIS QDs.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

There are numerous studies on the synthesis of semiconductor
nanocrystals or quantum dots (QDs) due to their importance in
optoelectronic, photovoltaic and biological applications [1]. Since
the synthesis of monodisperse CdSe QDs by hot injection using
organometallic precursors was reported [2], more work has been
devoted to II–VI and IV–VI semiconductors, such as CdSe, CdS,
CdTe, and PbS, PbSe, PbTe [3–7], due to their high quantum yield
(QY) of fluorescence with tunable emission wavelength. However,
toxic metals, such as Cd, Pb, and Hg, in the II–VI and IV–VI semi-
conductors, NCs have limited their possible applications. InP QDs
have been regarded as the promising emitters covering blue to
near-infrared (NIR). The covalent series of semiconductors are
gradually increased, but the colloidal synthesis of this kind of
nanocrystals is difficult [8]. InP QD's high-quality fluorescent
properties have been demonstrated comparable to those of Cd-
based QDs [9–12]. However, the synthesis of InP QDs may conflict
with green chemistry principles because those high-quality InP
QDs have to be achieved by using a highly expensive, toxic,
n Integrated Optoelectronics,
iversity, Changchun 130012,
unstable phosphorus (P) source of tris(trimethylsilyl)phosphine
(P(TMS)3). Besides, phosphides are known to be chemically less
stable compared with sulfides [13] limiting their use in a view-
point of practical application. As alternatives, ternary chalcopyrite-
type I–III–VI group semiconductors with less-toxic components
have been proposed [13–17].

Chalcopyrite semiconductors, such as Cu(In/Ga)(S/Se)2, have
been investigated mostly due to their potential in photovoltaic
devices, especially for use in space stations, because they are very
resistant to cosmic rays. In addition, the quantum structure of
chalcopyrite semiconductors enables them to emit in the visible
spectral range. Among them, CIS (the Bohr radius of exciton in CIS
is �4 nm [18]) seems to be a good candidate in the optical point of
view, along with the requirement of Cd-free materials [14,19–23].
Recently, there have been some publications on the synthesis of
CIS QDs and their luminescence properties [14,16,24–29]. Mean-
while, its composition-dependent optical properties have attracted
more and more attentions due to the possible improvement of PL
intensity, tunable band gap and further understanding of re-
combination in CIS QDs [30,31]. Omata et al. synthesized CIS QDs
with an average size of 2.9–4.1 nm. They determined that PL
emission was attributed to the recombination of electrons in the
donor level and holes in the quantized hole state [32]. The authors
proposed that the indium atom defects at copper sites or sulfur
vacancies acted as donors at �0.1 eV below the conduction band.
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Meanwhile, Kraatz et al. conclude that the optical transition re-
sponsible for the observed room-temperature PL in CIS/ZnS QDs
originated from high-lying intraband donor states most likely as-
sociated with indium–copper antisite defects [33]. Recently, Ca-
dirci et al. reported the ultrafast charge dynamics of CIS QDs using
transient absorption spectroscopy [34]. It was confirmed that the
cooling of hot photo-generated carriers to the band edge occurred
within 3–5 ps. Kim et al. investigated the PL, Raman, and TRPL
spectra of CIS QDs and concluded that the internal defect-related
emission process was highly promoted by the large Cu deficiency,
which was consistent with the improved PL intensity and the
formation of defect-ordered structure by the large Cu deficiency in
CIS QDs [35]. Chuang et al. synthesized CuInS2/ZnS core/shell QDs
with varying [Cu]/[In] ratios using a stepwise solvothermal route
[36]. They studied the QY but without the analysis of temperature-
dependent PL spectra of those CIS QDs. However, the research on
detailed recombination mechanism in CIS QDs with different Cu/In
ratios is still weak and we know such information is very im-
portant to establish the band structure model and to further im-
prove the optical properties of CIS QDs. Meanwhile, the electron–
hole recombination mechanism is the central issue for increasing
the device efficiency, though CIS QDs have already been employed
in several fields including solar cells [29] and light emitting diodes
[37,38].

The change in the PL intensity as a function of temperature can
often reflect the variation of the temperature-dependent non-ra-
diative recombination centers or the evolution of the PL me-
chanism. In this work, we investigated the photoluminescence (PL)
of In-rich CIS QDs, and achieved an 8 times enhanced PL efficiency.
The temperature-dependent PL was employed to analyze the re-
combination processes in In-rich QDs.
2. Experiment

2.1. Chemicals

Indium (III) acetate (In(Ac)3, 99.99%), oleic acid (OA, 99%) and
1-octadecene (ODE, 90%) were purchased from Alfa Aesar. Copper
(I) iodide (CuI, 98%), zinc oxide (ZnO, 99.99%) and 1-dodecanethiol
(DDT, 98%) were obtained from Aladdin Chemicals Co. Acetone,
methanol, hexane, and toluene were purchased from Sigma-Al-
drich. All chemicals were used directly without further treatment.

2.2. ZnO/OA/ODE solution

100.3 mg ZnO, 2.073 g OA and 10 mL ODE were loaded into a
25 mL three-necked flask. Then, the mixture was heated to 523 k
until a colorless solution was achieved. The clear solution was
cooled to 423 k for the next step.

2.3. Synthesis of CIS QDs with different Cu to In molar ratios
(CuxIn1�xS)

The synthesis of CIS QDs with x¼0.500 was performed in a
single flask. A mixture of 0.0376 g CuI (0.2 mmol), 0.0588 g In(Ac)3
(0.2 mmol), 2 mL DDT and 8 mL ODE was loaded into a 50 mL
three-necked flask. The reaction mixture was degassed under N2

for 30 min. The flask was heated to 383 K for 4 h until a clear
solution was achieved. The temperature was then raised to 503 K
in 10 min. As the temperature increased, the color of the reaction
solution progressively changed from colorless to yellow, then to
red. 10 mL toluene was injected into the flask to quench the re-
action when the temperature reached 503 K. In addition to the
above CIS QDs using a precursor molar concentration ratio of Cu:
In¼1:1, the QDs with In-rich compositions were synthesized by
using more amounts (0.4, 0.5, 0.6 and 0.8 mmol, corresponding to
x¼0.435, 0.294, 0.237, 0.227, respectively) of In precursor to pre-
pare CIS QDs at the same reaction condition.

2.4. Synthesis of CIS/ZnS core/shell QDs with different Cu to In molar
ratios (CuxIn1�xS/ZnS)

In the above CIS QD synthesis, before the injection of toluene to
quench the reaction, 12 mL ZnO/OA/ODE solution was injected into
the solution at 503 K dropwise. The solution was maintained at
this temperature for 2 h and was then cooled to 423 K for an-
nealing (2 h).

Prior to the characterization and further experiments, the
samples have to be purified to remove excessive reaction pre-
cursors and solvents, for which we resorted to our well-estab-
lished purification approach. Hexane was added to the sample
solution and methanol with twice volume was used for extraction
[4,7,39]. The extracted CIS QDs were redispersed in hexane, then
excess methanol and acetone were added to precipitate the QDs.
Finally, the purified QDs were dispersed in solvents (e.g., toluene)
for further measurements.

2.5. Characterization

Absorption spectra were measured on a Perkin-Elmer Lambda
950 UV–vis spectrophotometer. Photoluminescence (PL) spectra
were measured on a Perkin-Elmer Luminescence LS50B spectro-
photometer. The inductively coupled plasma (ICP) analyses were
carried out on a Perkin-Elmer Optima 3300DV spectrometer.
Transmission electron microscopy (TEM) observations were per-
formed on a JEOL EM-2010F microscope operating at 200 keV.
Samples for TEM studies were prepared by placing a 4 μL toluene
solution of nanocrystals on ultrathin carbon-film-coated copper
grids in a glove box. Time-resolved photoluminescence (TRPL)
measurements were performed on a fluorescence spectrometer
(mini-τ, Edinburgh Photonics) equipped with an EPL405 laser
diode.
3. Results and discussion

According to the ICP analysis, CIS QDs with different x (Cux

In1�xS, x¼0.500, 0.435, 0.294, 0.237, and 0.227) were prepared.
The PL spectra shown in Fig. 1a suggest that the PL emission of CIS
QDs is related to copper deficiency. The CIS QDs with x¼0.237 had
a highest PL intensity.

Nam et al. [30] reported that the variations of optical band gap
and emission peak energy versus different Cu to In molar ratios
exhibited a tendency that the band gap and emission peak energy
increased with a higher degree of Cu-deficiency. A similar evolu-
tion of the PL peak from 674.0 nm to 670.4 nmwas observed when
x varied from 0.500 to 0.227. Meanwhile, Fig. 1a indicates that the
intensity of PL spectra increases with the concentration of In
which is similar to the previous report [31]. After x varied from
0.500 to 0.237, the PL intensity was almost 8 times enhanced as
shown in Fig. 1a. The increased In content resulted in more Cu-
deficiencies and hence the increase of related defect concentra-
tion; these two factors made the PL intensity much stronger. The
PL intensity decreased with the increasing copper deficient
(xo0.237). The PL quenching of the CIS QDs with high con-
centration copper deficient might be caused by the interaction
effects between defect states.

To analyze PL properties in-deep, the CIS QDs with x¼0.500
and x¼0.237 were chosen as samples a and b. Their absorption
and PL spectra are shown in Fig. 1c. TEM photographs in Figs. 1d
and 1e indicate that the particle sizes of samples a and b were



Fig. 1. PL spectra of CuxIn1�xS QDs with different x (a), schematic diagrams of the energy levels (b), absorption and photoluminescence spectra of CIS QDs at room
temperature (c) and TEM photographs of CIS QDs ((d), x¼0.500; (e), x¼0.237).
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2.7 nm and 2.3 nm, respectively. The broad absorption shoulders
can be seen in Fig. 1c. The shoulders were attributed to the optical
band gap, at which the electron–hole pair, i.e., the exciton, was
generated. The absorption peaks of samples a and b were 546 nm
and 530 nm, respectively. They were distinctly shorter than
800 nm that corresponds to the energy band gap of the bulk CIS
(1.55 eV). The PL emissions were achieved in the visible region as
shown in Fig. 1c. The emission peak widths of the present QDs
were broad; this was consistent with the observation that the
optical absorption shoulder was broadened as compared to that
observed for CdSe QDs [40]. The emission peaks of samples a and b
were 674 nm and 670 nm, and the full-width of the peak at half-
maximum (FWHM) were �111 nm and �114 nm, respectively,
which were significantly broader than those of high-quality CdSe
QDs [41] but were similar to the CuInSe2 QDs [42]. The wavelength
differentials of absorbance and PL spectra of CIS samples a and b
were 431 meV and 492 meV, respectively, which were too large to
be attributed to a direct excitonic recombination because the dif-
ferentials is at most 100 meV for excitonic recombination [2]. Such
large differentials indicated that the emission should be attribu-
table to the defect-related recombination.

According to the previous studies [43–48], sulfur vacancy (VS),
interstitial copper (Cui), and copper site substituted by indium (InCu)
behave as donors, whereas copper vacancy (VCu), indium vacancy
(VIn) and indium site substituted by copper (CuIn) behave as accep-
tors in CIS. Several electronic transitions can be observed in PL
among the defect levels, the conduction band (CB), and the valence
band (VB); the observed emissions depend on the ratio of chemical
compositions. In general, the transitions from CB to VIn and/or CuIn
and from VS and/or Cui to VB are dominant for the Cu-rich compo-
sition, and the transitions from VS to VCu and InCu to VCu, become
significant and cannot be ignored for the In-rich composition [49].

In CIS QDs, the effective mass of electron is much smaller than
that of hole. Therefore, the size-dependent increase in energy of
the conduction band should be greater than that of the valence
band. The increased energy of conduction band could be observed
in process of emission with decreasing size. In other words, the
energy of valence band was weakly dependent with size. Ac-
cording to the study of Nose et al. [49], the size-dependent shift of
emission (320 meV) in CuInSe2 QDs reached up to 71% of that in
the optical band gap (450 meV). This size-dependent shift was
observed in CIS QDs when the chemical composition was stoi-
chiometric [16,37]. The size dependent shift of emission (121 meV)
reached up to 75.2% of that in the optical band gap (161 meV) [16].
This proved that the shift from conduction band was 75.2%, which
indicated that the emission should relate to conduction band. A
time-resolved PL study showed that the PL lifetime of the
ZnCuInS/ZnSe/ZnS QDs was a characteristic feature that domi-
nated the transition from the conduction band to an acceptor level
[50]. Therefore, the DAP recombination was not dominating for
stoichiometric CIS QDs, but the conduction band-related transition
was notable. It thus can be reasonably concluded that PL emission
of CIS QDs involves three types of recombination at room tem-
perature: surface-related recombination, CB–VIn and/or CB–CuIn

recombination, and donor–acceptor pair (DAP) defect recombina-
tion. Fig. 1b is a simulation of the process of recombination. EA is
the acceptor state, ED is the donor state, and ES is the surface state.

In order to further analyze the recombination states in these
two CIS QDs, temperature-dependent PL spectra were measured.
Fig. 2a and b shows the PL spectra of CIS QD samples a and b at a
temperature range of 50–373 K. A red-shift and the peak broad-
ening were observed with the increased temperature. Meanwhile,
the decrease of PL intensity was observed. The energy of the defect
states was weakly dependent on temperature. Therefore, the large
variation of peak positions with temperature in PL spectra de-
monstrated that the dominated recombination might not be DAP
recombination, but the electron–hole recombination from the CB

to acceptor levels for CIS QD samples a and b.
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The changes of the peak position at different temperatures are
shown in Fig. 2d. The PL peak of sample a with x¼0.500 shifted
from 665 nm to 683 nm, while the PL peak of sample b with In-
rich composition varied from 664 nm to 676 nm. The temperature
coefficient was smaller in In-rich CIS QDs (sample b). In chalco-
pyrite CIS, the bond strength of Cu–S bond is weaker than that of
In–S bond, suggesting that the VCu forms preferably and accord-
ingly causes the generation of anti-site defects [25,51]. For In-rich
CIS QDs, the major defects can be VCu, InCu, and VS [23,49,51] and
their concentrations are high. Therefore, the increased con-
centrations of donor and acceptor caused the enhancement of DAP
recombination that was weakly dependent on temperature. The
increase of In composition induced the DAP recombination in CIS
QDs [52]. The temperature dependent PL spectra of CuxIn1�xS/ZnS
QDs with x¼0.500 (sample c) and x¼0.237 (sample d) were also
measured. The surface states were eliminated by introducing the
shells. The changes of the normalized intensity and peak position
at different temperatures are shown in Fig. 3. The decreased PL
intensity of samples c and dwere similar, which is the same to that
of CIS QDs without shells. The PL peak of core/shell sample c with
x¼0.500 shifted from 609.5 nm to 627.7 nm, while the PL peak
of sample d with In-rich composition varied from 612.2 nm to
Fig. 2. Temperature dependent photoluminescence spectra of CuxIn1�xS samples a (x
(normalized) with temperature (c) and the evolution of PL peak position with tempera

Fig. 3. Relationship of PL intensity (normalized) with temperature (a) and the evolution
d (x¼0.237).
622.3 nm as shown in Fig. 3b. The reduced temperature coefficient
with increasing In compositions was the same to that of CIS QDs
without shells. This result indicates that the increase of In com-
position caused the increase of donor and acceptor concentrations,
which caused the enhancement of the weakly temperature de-
pendent DAP recombination, and this enhancement was not re-
lated with surface states.

As shown in Fig. 2c, the data of temperature-dependence of the
normalized PL intensities for x¼0.500 and x¼0.237 almost over-
lapped. According to the data, the variations of normalized PL
intensity with different temperatures were similar in the two
samples. In order to investigate the nonradiative relaxation pro-
cess in QDs, we analyzed the temperature dependence of the
normalized PL intensity. The PL intensities of CIS QDs with dif-
ferent x as a function of inverse KBT are shown in Fig. 4. The PL
intensity of the QDs decreased rapidly when temperature in-
creased, and it could be attributed to the thermal activation and
the thermal escape of carrier. The temperature dependence of the
PL intensity can be described by the following equation [53]:

I T
N

A E k T B E k T
( )

1 exp( / ) [exp( / ) 1] (1)
PL

a B LO B
M

0=
+ − + − −
¼0.500) and b (x¼0.237) in the range of 50–373 K. Relationship of PL intensity
ture (d).

of PL peak position with temperature (b) of CuxIn1�xS/ZnS samples c (x¼0.500) and



Fig. 4. Normalized PL intensity of CuxIn1�xS QDs with different x as a function of
1/KBT (top) and the fitting parameters (bottom). Solid lines are the fitting results
according to Eq. (1).

Fig. 5. PL decay curves of CuxIn1�xS QDs (graph) and the fitting parameters (table).
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where IPL (T) is the integrated PL intensity at temperature T, N0 is
the initial carrier population of emitting states, Ea is the activation
energy of surface defect states, m is the number of longitudinal-
optical phonons for assisted thermal escape of carriers from dots,
and A and B represent the ratios of the radiative lifetime in QDs
and the capture time from emitting centers by nonradiative re-
combination centers. The parameters Ea, ELO, and m for the sam-
ples of CIS QDs are summarized in Fig. 4 (bottom). In our previous
study, the ELO was determined to be 35.5 meV and 35.1 meV for
ZnCuInS/ZnSe/ZnS QDs with the sizes of 2.7 nm and 2.3 nm,
respectively. [50]. It is accordance with the ELO from this work
which was 35.1 meV for sample a and 35.0 meV for sample b. As
shown in Fig.4, the fitting parameters of Ea, ELO, andmwere almost
the same in CIS QDs with x¼0.500 and x¼0.237. Therefore, the
interaction of carrier and phonon was similar in the different
samples. In other words, the thermal activation and thermal
escape of carrier were similar in CIS QDs with different Cu/In
ratios, which indicated the similar energy structure of the two
samples. In addition, this could be interpreted that the energy of
an optical phonon was not to be strongly size-dependent [50] and
component-dependent and it was the reason of the similar m. The
nonradiative relaxation process with a small activation energy
(40–50 meV) resulted in a decrease in the PL intensity. It is known
that many defects such as VCu as acceptor and VS, InCu as donors
[32], resulting in recombination of a donor–acceptor pair and the
conduction band-acceptor transition in the luminescence process
in CIS QDs. Therefore, the PL of CIS QDs probably came from
several kinds of recombination including the surface-related
radiative recombination, the quantized conduction-band state to
a localized intra-gap state recombination, and the DAP recombina-
tion. The x of CIS QDs (Cu1�xInx) varied from 0.500 to 0.237, the
relative change of the different recombinations was caused by the
change of VCu, VS, InCu.

In order to further analyze the above results, the time-resolved
PL spectra of CIS QDs with different Cu/In ratios have been mea-
sured. The time-resolved PL of CIS QDs is shown in Fig. 5. The long
emission lifetime and the large differences between the PL band
and the band-edge absorption feature, coupled with the observa-
tion of a size-dependence of emission wavelength [16,37], are in-
conformity with either strictly band-edge recombination or re-
combination between two localized states. Instead, they indicate
that the radiative recombination in these NCs involves a transition
from a quantized conduction-band state to a localized intra-gap
state. The PL decays were not single-exponential, indicating the
existence of several emission centers in the QDs. The decay traces
of the samples were fitted with a tri-exponential function:

I t A t A t A t( ) exp( / ) exp( / ) exp( / ) (2)1 1 2 2 3 3τ τ τ= − + − + −

where A1, A2 and A3 were fractional contributions of PL decay
lifetimes of τ1, τ2 and τ3, respectively. The fitted results are shown
in Fig. 4 (table), with τ1 of 33.633 ns for sample a (x¼0.500) and
27.643 ns for sample b (x¼0.237), τ2 of 145.939 ns for sample a
and 128.775 ns for sample b, and τ3 of 470.035 ns for sample a and
417.711 ns for sample b. According to the previous reports, the
shorter lifetime (τ1) may be due to the surface-related radiative
recombination [16,54], the medium one (τ2) may be due to the
recombination a quantized conduction-band state to impurity
level (defect state) [54,55], and the longer lifetime (τ3) can be
attributed to the DAP recombination [14,16,56]. The proportions of
lifetime τ2 and τ3 for sample b (In-rich) were greater than that for
sample a (x¼0.500). And the proportion of lifetime τ1 for sample b
was smaller than that for sample a. The increased In content
resulted in more Cu-deficiencies and hence the increase of related
defect concentration. Related defects included the copper site
substituted by indium (InCu) and copper vacancy (VCu) in In-rich
QDs as discussed above. Therefore, the defect-related recombina-
tion could be enhanced including the near band-edge (from CB to
VCu) and DAP (from InCu to VCu) recombination. Comparing with
the recombination from CB to VCu, the contribution of DAP
recombination increased dramatically while x decreased from
0.500 to 0.237. This could be confirmed by the increased propor-
tions of A2 and A3 for sample b as shown in Fig. 5. And the ratio of
A3 (sample b/sample a) was 1.5, which was higher than that of A2.
As a result, the proportion of DAP recombination was boosted by
the increase of In composition.
4. Conclusion

The ternary CuxIn1�xS QDs with different chemical composi-
tions were prepared. There was possible defect-related multi-type
recombination in CIS QDs: CB–VIn and/or CB–CuIn recombination
and DAP defects recombination resulted in the broad PL spectra
and large Stokes shifts. The enhanced PL intensity of In-rich QDs
was observed because of the increased concentration of In. The
temperature-dependent PL was observed and was attributed to
the recombination between electrons in the quantized conduction
band and holes in the copper vacancy acceptor when x was 0.500.
However, higher In composition would induce the DAP re-
combination in CIS QDs. Therefore, the temperature coefficient
decreased when x changed to 0.237, because the temperature-in-
dependent DAP recombination was enhanced in In-rich CIS QDs.
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