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Highly Emissive and Color-Tunable CuInS 2 -Based Colloidal 
Semiconductor Nanocrystals: Off-Stoichiometry Effects 
and Improved Electroluminescence Performance
 The off-stoichiometry effects and gram-scale production of luminescent 
CuInS 2 -based semiconductor nanocrystals, as well as their application in elec-
troluminescence devices are reported. The crystal structures and optical prop-
erties of CuInS 2  nanocrystals can be signifi cantly infl uenced by controlling 
their [Cu]/[In] molar ratio. A simple model adapted from the bulk materials 
is proposed to explain their off-stoichiometry effects. Highly emissive and 
color-tunable CuInS 2 -based NCs are prepared by a combination of [Cu]/[In] 
molar ratio optimization, ZnS shell coating, and CuInS 2 –ZnS alloying. The 
method is simple, hassle-free, and easily scalable to fabricate tens of grams of 
nanocrystal powders with photoluminescence quantum yields up to around 
65%. Furthermore, the performance of high-quality CuInS 2 -based NCs in 
electroluminescence devices is examined. These devices have lower turn-on 
voltages of around 5 V, brighter luminance up to approximately 2100 cd m  − 2  
and improved injection effi ciency of around 0.3 lm W  − 1  (at 100 cd m  − 2 ) in 
comparison to recent reports. 
  1. Introduction 

 Colloidal semiconductor nanocrystals (NCs) have received consid-
erable attention because of their interesting optical properties [  1  ]  
and potential applications as light-emitting and solar-harvesting 
materials. [  2–8  ]  As new generation light-emitting materials, semi-
conductor NCs have size-tunable emissions due to quantum 
size effects; they also exhibit a high resistance toward photob-
leaching. [  9  ]  Study of their properties and exploration of potential 
applications demand large amounts of high-quality NCs with tun-
able and superior emissive properties. Previous works on highly 
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emissive and color-tunable NCs mainly 
focus on toxic materials containing cad-
mium or lead. [  10  ]  I–III–VI semiconductor 
NCs, including CuInS 2 , have low toxicity, 
tunable emissions in the wavelengths of 
the visible to near infrared region, high 
absorption coeffi cients, large Stokes shifts, 
and high emission intensities. [  11–23  ]  They 
are considered to be alternative low-toxicity 
materials for bio-imaging and solid-state 
lighting, [  17  ,  18  ]  as well as suitable candi-
dates to act as solar harvesters for solution 
process solar cell devices. [  19  ,  20  ]  Therefore, 
synthesis of high-quality CuInS 2 -based 
NCs is of great interest. 

 The synthetic chemistry of CuInS 2  
NCs has been extensively studied, based 
on approaches including precursor 
thermal decomposition, [  12–14  ]  hot-injection 
methods, [  15–17  ,  20  ]  hydrothermal 
methods, [  24  ,  25  ]  and microwave assisted 
methods. [  26  ]  To improve their photoluminescence (PL) emis-
sion properties, shell coating and alloying strategies have been 
adapted to produce high quality I–III–VI NCs. [  27 – 35  ]  Literature 
reports and our previous results have revealed that stoichiom-
etry control is very important in the production of highly lumi-
nescent CuInS 2  NCs. [  13  ,  14  ,  27–35  ]  In addition, CuInS 2  NCs have 
the characteristic of long PL lifetime, which was thought to be 
related to intrinsic defects. [  36  ]  Based on theoretical models and 
experimental works on bulk materials, the intrinsic defects of 
I–III–VI CuInS 2  and CuInSe 2  materials have been found to be 
related to off-stoichiometry effects. [  37  ,  38  ]  Although stoichiometry 
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control of CuInS 2  NCs has been reported, [  39  ]  it is still of great 
interest to further understand off-stoichiometry effects on the 
physical properties of CuInS 2  NCs. 

 The applications of luminescent NCs in electroluminescence 
(EL) devices has offered quantum dot-based LEDs (QD-LEDs) 
as new generation solid-state-lighting and display technolo-
gies, which possess advantages over competiting device types, 
including low cost, superior color tunability, large area, and 
compatible with various substrates. [  40–42  ]  High-quality NCs 
are necessary to achieve better device performance. QD-LEDs 
in previous reports are mainly based on CdSe NCs. [  43–45  ]  Very 
recently, I–III–VI NCs have appeared as cadmium-free active 
layers in QD-LEDs. [  34  ,  46  ,  47  ]  EL emissions ranging from green 
to NIR as well as white light emissions were observed in light-
emitting devices using ZnCuInS/ZnSe/ZnS or CuInSe 2 /ZnS 
NCs as emitting materials. [  34  ,  46  ,  47  ]  I–III–VI NCs also have the 
potential to be light down-converters for white LEDs. [  33  ,  48  ]  This 
research is at an early stage and improvements in effi ciency and 
reliability are greatly aspired to; a comprehensive exploration 
of I–III–VI NCs in light-emitting applications requires large 
amounts (at least grams) of high-quality (high PL QYs) NCs. 

 We recently reported a facile route to synthesize high-quality 
CuInS 2  NCs at the gram scale by using CuI, In(OAc) 3 , and 
1-dodecanethiol as precursors. [  13  ,  14  ]  In this work, we control 
the [Cu]/[In] molar ratio of colloidal CuInS 2  NCs by varying 
the ratio of copper and indium reagents. The off-stoichiometry 
effects on crystal structure and optical properties of CuInS 2  
NCs are observed and discussed. The mechanism underlying 
the stoichiometry-dependence of PL properties is discussed and 
the PL emission properties optimized by choosing a suitable 
[Cu]/[In] molar ratio. We further apply ZnS shell coating and 
CuInS 2 –ZnS alloying strategies to prepare high emissive and 
color-tunable I–III–VI NCs. We also examine the performance 
of as-prepared NCs in EL devices. The performance of light-
emitting devices is much better than Tan’s recent report [  47  ]  and 
among the best for non-cadmium materials. [  49  ,  50  ]    

 2. Results and Discussion 

 Ternary I–III–VI compounds with chalcopyrite structure 
(tetragonal phase) are viewed as derived materials of II–VI 
zinc-blende binary analogs. (For example, Zn 0.5 Cd 0.5 S is the 
binary analog for CuInS 2 ). [  37  ,  51–54  ]  Unlike their II–VI binary 
analogs, I–III–VI compounds can tolerate a large range of 
anion and cation off-stoichiometry, which gives them the ability 
to induce different doping defects. Either p- or n-type CuInS 2  
and CuInSe 2  materials can be produced via stoichiometry con-
trol. [  37  ]  This provides an effective route to tune their electronic 
properties for high-effi ciency photovoltaic cells. For I–III–VI 
NCs, crystal defects determine their PL emissions. [  34  ,  39  ]  The 
intrinsic off-stoichiometry effects of I–III–VI compounds may 
provide a route to optimize their PL properties. An earlier 
report by Maeda  et al . observed an off-stoichiometry effect on 
PL emissions in CuInS 2  NCs that were synthesized through a 
hot-injection method. [  39  ]  By tuning their [Cu]/[In] ratio, the PL 
emissions of CuInS 2  NCs can be greatly enhanced. This work 
focuses on the off-stoichiometry effects on the crystal structures 
and optical properties of CuInS 2  NCs. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 The amounts of elements offered for chemical reaction 
govern the resulting stoichiometry. We achieved composition 
control of the CuInS 2  NCs by varying the molar ratio of CuI 
and In(OAc) 3  precursors. The resulting samples were collected 
and purifi ed following the method described in the Experi-
mental Section. Energy dispersive X-ray (EDX) spectra were 
performed to quantitatively analyze the composition of these 
samples. A typical EDX spectrum is shown in Figure S1 and 
the chemical compositions of CuInS 2  NCs are summarized 
in Table S1 (Supporting Information). By tuning the weight 
ratio of CuI and In(OAc) 3  precursors, the [Cu]/[In] molar 
ratio of the resulting NCs was gradually changed from 0.3 
to 2.9. The off-stoichiometry range in CuInS 2  NCs is much 
larger than that of observations in bulk materials and Maeda’s 
report. [  37  ,  39  ]  According to Zunger’s theory of I–III–VI bulk 
materials, the larger off-stoichiometry for Cu-poor CuInS 2  
NCs can be explained by the easy formation of copper vacan-
cies and the existence of defect pairs of copper vacancies and 
In on Cu antisites (2V Cu   −    +  In Cu  2 +  ) pairs. [  3  7]  If we consider the 
use of dodecanthiol as reaction source and surface ligands, the 
large off-stoichiometry observed in Cu-rich CuInS 2  NCs may 
be partially due to the confi guration with copper-occupied sur-
face. This assumption is in accordance with the observed size-
dependent [Cu]/[In] molar ratio of CuInS 2  NCs [  14  ]  and other 
reports on PbSe NCs. [  55  ]  

 Samples with defi ned composition were further studied by 
X-ray diffraction (XRD) to analyze their structures.  Figure    1  a 
shows the XRD patterns of CuInS 2  NCs. Although there are 
very small amount of measurable secondary phase in some 
products, XRD pattern comparison suggests that the resulting 
samples may be of tetragonal phase (see Figure S2 in the Sup-
porting Information). Three obvious diffraction peaks corre-
spond to the (112), (220)/(204), and (312)/(116) planes of the 
tetragonal phase. The structure of these NCs was confi rmed to 
be tetragonal phase by using Raman spectroscopy, the results of 
which are shown in Figure  1 b. The appearance of a main peak 
at around 290 cm  − 1  corresponds to the A1 phonon model in the 
tetragonal structure of CuInS 2  crystals. [  56  ]  Except for the peak at 
around 290 cm  − 1 , the sample with [Cu]/[In] molar ratio of 2.9 
has another peak at approximately 475 cm  − 1 , which relates to 
the CuS phase. It is not surprising to detect vibrational models 
of CuS in copper-rich NCs, which is a well-known phenomenon 
in bulk CuInS 2  material. [  57  ]   

 In addition to the off-stoichiometry, I–III–VI materials also 
have structural anomalies relative to their II–VI analogs due 
to the existence of two cations as well as the bond alternation 
(bond lengths  R  Cu-S   ≠   R  In-S ). Since the structural parameters 
of ternary compounds play a signifi cant role in elucidation of 
their optical band properties, [  52  ,  53  ]  we here studied the unit cell 
parameters ( a ,  c ), tetragonal strain parameter (  η  ), and anion 
displacement parameter ( u ) of as-prepared CuInS 2  NCs as a 
function of [Cu]/[In] molar ratio. The unit cell parameters ( a ,  c ) 
were calculated as [  58  ]

  

d = a√
h2 + k2 + l2

(c/a)2  
 (1)   

where  d  is the interplanar spacing,  a  and  c  are unit cell para-
meters, and,  h, k, l  are Miller indices.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2081–2088
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   Figure  1 .     a) XRD patterns and b) Raman spectra of CuInS 2  NCs with different [Cu]/[In] molar 
ratios. c) Plots of unit cell parameters  a  and  c.  d) Tetragonal distorations and e) anion displace-
ment parameters of the CuInS 2  NCs as a function of their [Cu]/[In] molar ratios.  
Figure  1 c shows the variation of structural parameters  a  
and  c  with [Cu]/[In] molar ratio. For copper-rich samples, the 
 a  unit-cell parameter decreases with [Cu]/[In] molar ratio, 
while the  c  unit-cell parameter exhibits the contrary behavior. 
The tetragonal structure of I–III–VI ternary compounds can 
be considered as being derived from the zinc-blende structure. 
Because the bond length of In–S is about 5% larger than that 
of the Cu–S bond, the increase of the  a  unit-cell parameter may 
be due to the presence of In on Cu antisite defects, which is 
consistent with our assumption of the observed off-stoichiom-
etry. The tetragonal strain parameter (  η  ), defi ned as  η = c/2a   , 
provides the crystal distortion in comparison to the zinc-blende 
phase. The tetragonal strain parameter (  η  ) varies from 0.778 
to 1.027 for CuInS 2  NCs with different [Cu]/[In] molar ratio. 
This implies that the crystal structures of CuInS 2  NCs are dis-
torted for the copper-defi cient samples. For the copper-defi cient 
samples, the tetragonal strain parameter (  η  ) gradually decrees 
with decreasing [Cu]/[In] ratio, indicating that the tetragonal 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 2081–2088
deformation becomes more obvious with 
increasing copper defi ciency. The distortion 
deformation of approximately 22% of CuInS 2  
NCs is larger than their bulk counterpart 
(at most, it is 12% for bulk materials). [  53  ]  
This suggests that the Cu–S and In–S bond-
length mismatch effects were enhanced in 
nanoscale materials. The amount of anions 
that displaced from the ideal tetrahedral site 
is defi ned as anion displacement parameter 
( u ), which can be calculated as [  51  ] 

 
u = 1

4
+ α/a2

 
 (2)

   

where   α    =   R  CuS  2   −   R  InS  2 ;  R  CuS  and  R  InS  are 
cation-anion bond lengths. [  52  ]  

 The values of displacements parameters 
for CuInS 2  NCs, varying from 0.235 to 0.239, 
are close to the reported value 0.236 of bulk 
materials. Like the bulk phase, bond alterna-
tion is also manifest for the NC system. 

 We also studied the off-stoichiometry 
effects on the optical properties of CuInS 2  
NCs.  Figure    2  a shows the resulting CuInS 2  
samples with different [Cu]/[In] molar ratio 
in toluene and corresponding picture under a 
UV lamp. Under UV 365 nm light excitation, 
the PL emission properties of these samples 
vary with their [Cu]/[In] molar ratio. With 
the naked eye, we are not able to observe 
light emissions in the products with [Cu]/
[In] molar ratios of 2.5, 2.7, or 2.9 under UV 
radiation; the other samples, with [Cu]/[In] 
molar ratios of 1.6, 1.3, 0.8, 0.7, 0.4, and 0.3, 
are all red emissive without obvious differ-
ence. These samples were further studied 
by using UV-Vis absorption and PL spectra. 
Figure  2 b shows that both of the absorption 
and emission spectra shifted to shorter wave-
lengths with decreasing [Cu]/[In] molar ratio. 
PL peaks shifted form around 760 to 650 nm, maintaining the 
FWHM of approximately 120 nm. The PL QYs of these sam-
ples were measured by comparing the integrated emission of 
the QDs samples in solution with that of a fl uorescent dye fol-
lowing a published method. [  59  ,  60  ]  The PL QYs of CuInS 2  NCs can 
be signifi cantly infl uenced by their [Cu]/[In] molar ratio,with a 
maximum of around 11% for the sample with [Cu]/[In] molar 
ratio of 0.7. A schematic ternary (Cu–In–S) phase diagram is 
plotted to clarify the stoichiometry effects (see  Figure   2 c). It 
is clearly shown that most of the luminescent CuInS 2  sam-
ples locate in the copper defi cient region and the sample with 
around 30% defi ciency has an optimized PL QY. This observa-
tion is of profound signifi cance and provides essential guidance 
for the highly luminescent CuInS 2  NCs.  

 In previous reports by us and others, the PL spectra of 
CuInS 2  NCs have been found to be excitation-intensity- and 
wavelength-dependent. [  12  ,  13  ]  In this work, spectroscopic study 
indicates that the PL emission of CuInS 2  NCs is related to 
2083wileyonlinelibrary.comeim



FU
LL

 P
A
P
ER

208

www.afm-journal.de
www.MaterialsViews.com

   Figure  2 .     a) Photograph of the resulting CuInS 2  samples with different [Cu]/[In] molar ratio 
in toluene and corresponding picture under a UV lamp. b) Absorption and PL spectra of as-
prepared CuInS 2  NCs with different [Cu]/[In] molar ratios. c) Schematic ternary (Cu–In–S) phase 
diagram (the samples with PL emissions are illustrated by painting squares various colors, with 
the depth of color representing the value of PL QYs). d) PL decays of CuInS 2  NCs with [Cu]/[In] 
molar ratio of 1.3 (i), 0.8 (ii), 0.7 (iii), 0.4 (iv), and CuInS 2 /ZnS NCs (v).  
copper defi ciency. All of these results suggest a donor-acceptor-
pair (DAP) recombination mechanism. The PL QYs of CuInS 2  
NCs depend on the defect concentration. If the DAP states are 
formed by 2V Cu   −    +  In Cu  2 +   pairs. The PL QY was found to have a 
maximum value at a defect concentration of one defect pair per 
three units of CuInS 2 . To further understand PL properties in 
CuInS 2  NCs, we studied the PL dynamics of CuInS 2  NCs. The 
time-resolved PL spectra of CuInS 2  NCs with different [Cu]/
[In] molar ratio at their emission peak are shown in  Figure   2 d. 
The CuInS 2  NCs with [Cu]/[In] molar ratio of 0.7, having the 
highest PL QYs among the CuInS 2  cores, exhibit longer PL life-
time than the other samples. Based on these, a simple model, 
schematically described in  Figure    3  , was proposed to explain the 
PL properties of CuInS 2  NCs. The excitons generated by light 
absorption of CuInS 2  NCs transform to the DAP defect states 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We

   Figure  3 .     A schematic diagram used to demonstrate the PL properties 
of CuInS 2  NCs.  
and recombine to give out emissions. The PL 
quenching of the samples with high concen-
tration DAP defect states may be due to the 
interaction effects between DAP states.  

 To optimize the PL properties, we prepared 
CuInS 2 -based core/shell NCs with PL emis-
sions covering most of the visible window 
(ca. 500–750 nm) (  Figure     4  a,b) by incorpo-
rating Zn into CuInS 2  NCs with [Cu]/[In] 
molar ration of 0.7, as well as coating a ZnS 
shell layer. The obtained NCs can be purifi ed 
and dried under inert conditions, producing 
high luminescence NC powders ( Figure   4 c). 
The obtained core/shell NCs have PL QYs of 
40–65% for all samples (see the Supporting 
Information, Table S2). By simple scaling 
up the synthesis, this protocol can easily 
produce tens of grams of red emissive mate-
rials per batch experiment ( Figure   4 d). High-
resolution transmission emission micro-
scopy (HRTEM) images (Figure  4 e) of the 
sample, obtained from the large amount syn-
thesis, shows that the obtained NCs are high 
crystalline and have an average diameter of 
around 5 nm. Figure  4 f shows the XRD pat-
terns of the core/shell NCs with red (peak at 
617 nm), yellow (peak at 553 nm), and green 
(peak at 527 nm) emissions, indicating the 
resulting NCs are of high quality.  

 Our preparation of high-quality CuInS 2 -

based NCs provides us an opportunity to explore the application 
of these materials in LEDs. The highly luminescent samples 
with emission peak at 606 and 577 nm were used to fabricate 
light-emitting devices. The structure of a typical ITO/hole trans-
port layer (HTL)/NCs/electron transport layer (ETL)/Ca/Al was 
employed to fabricate QD-LEDs. Poly[ N,N -bis(4-butylphenyl)-
 N,N -bis(phenyl)benzidine] (poly-TPD) and tris-(8-hydroxyquin-
oline) aluminium (Alq 3 ) were chosen as HTL and ETL layers, 
respectively. More details of the device fabrication and character-
ization are provided in the Experimental Section. The normal-
ized EL spectra (square symbol lines) and their corresponding 
PL spectra (circular symbol lines) with maxima at 606 and 577 
nm are shown in  Figure    5  a,d. The EL spectra have similar line 
shapes to the PL spectra, with some broadening compared to 
the PL plot, indicating that the device emissions are mainly due 
to the NCs. Figure  5 b,e plot the measured luminance–current–
voltage ( L – I – V ) characteristics of the LED devices with red and 
yellow colors. The luminous effi ciency and power effi ciency of 
the fabricated devices were calculated and are plotted in  Figure  
 5 c,f. The turn-on voltages ( V  on ), defi ned as the bias voltage 
applied to an LED producing a brightness of 10 cd m  − 2 , are 
approximately 4.8 V for red color devices and 5 V for yellow 
color devices. It is noteworth that the turn-on voltage of yellow 
devices is much lower than that of the CuInS 2 /ZnSe/ZnS-based 
devices in our recent report. This implies that the barrier height 
for the charge injection of CuInS 2 /ZnS is minimized com-
pared to CuInS 2 /ZnSe/ZnS multiple-shell NCs. The maximum 
luminance reached approximately 1700 cd m  − 2  (at 14 V) for red 
devices and around 2100 cd m  − 2  (at 15 V) for yellow devices. 
inheim Adv. Funct. Mater. 2012, 22, 2081–2088
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   Figure  4 .     a) Optical image of CuInS 2 /ZnS or (CuInS 2 –ZnS)/ZnS NCs in toluene and corresponding picture under UV 365 nm excitation. b) PL spectra of 
as-prepared CuInS 2 -based emissive NCs. c) The obtained NC powders with green, yellow, and red colours. d) Optical picture of the sample (around 11 g) 
obtained from large-scale synthesis, and the cooresponging picture under UV excitation (inset). e) HRTEM image of the sample obtained from large-scale 
synthesis. f) XRD patterns of core/shell NCs with red (peak at 617 nm), yellow (peak at 553 nm), and green (peak at 527 nm) emissions.  

   Figure  5 .     a,d) The PL spectra and corresponding EL of two selected CuInS 2  based core/shell samples with PL emission peak at 606 and 577 nm. 
b,e) Current density and luminance of the devices with red and yellow emission colors as a function of applied bias. c,f) Current effi ciency and power 
effi ciency of red and yellow devices as a function of current density.  
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A luminous effi ciency of 0.92 cd A  − 1  and a power effi ciency of 
0.61 lm W  − 1 , at an injection current density of 1.18 mA cm  − 2 , 
corresponding to a brightness of 10 cd m  − 2 , were observed for 
red devices. For the yellow devices, the luminous effi ciency was 
0.88 cd A  − 1  and power effi ciency 0.58 lm W  − 1 , at an injection 
current density of 1.03 mA cm  − 2 , corresponding to a brightness 
of 10 cd m  − 2 . At standard display brightness (100–500 cd m  − 2 ), 
the red device shows moderate luminous effi ciency of 0.70 at 
100 cd m  − 2 , changing to 0.52 at 500 cd m  − 2 ; and, the yellow 
device a luminous effi ciency of 0.65 at 100 cd m  − 2 , changing 
to 0.47 at 500 cd m  − 2 . The power conversion effi ciency reached 
a maxima at near turn-on and then decreased to 0.32 and 
0.29 lm W  − 1  (at 100 cd m  − 2 ) for the red and yellow devices, 
respectively. The device performance of our samples is much 
better than our recent report, [  4  7]  indicating that the as-prepared 
materials in this work are of high quality.    

 3. Conclusions 

 This work has demonstrated off-stoichiometry effects on the 
crystal structure and optical properties of CuInS 2  NCs utilizing 
a simple model adapted from the bulk materials. Although 
the model for CuInS 2  NCs should be further developed, it can 
explain the observed structural and PL emission evolutions with 
the [Cu]/[In] molar ratio. Importantly, we are able to synthesize 
highly emissive and color-tunable colloidal CuInS 2 -based NC 
powder at tens of grams scale by choosing a suitable [Cu]/[In] 
molar ratio, adapting the alloying and shell-coating strategies. 
The synthetic method is simple, hassle-free, and can be scaled 
to produce tens of grams without hindering the quality of NCs. 
The as-prepared highly luminescent NCs are high quality with 
superior emission properties in the wavelength range 500 to 
800 nm. We examined the performance of these samples in 
EL devices. The performance of light-emitting devices is much 
better than the previous reports. The observed maximum lumi-
nance is approximately 1700 cd m  − 2  (at 14 V) for the red devices 
with emission peak at 606 nm, and approximately 2100 cd m  − 2  
(at 15 V) for the yellow devices with emission peak at 577 nm. 
The current effi ciency is nearly two times higher than that pre-
viously reported. [  47  ]  The availability of gram-scale highly emis-
sive and color-tunable CuInS 2 -based NCs opens the door to 
explore their applications as in vivo biomarkers, phosphors, 
and labels in other fi elds.   

 4. Experimental Section  
 Materials : Copper(I) iodide (CuI, Alfa Aesar, 98%), indium(III) acetate 

(In(OAc) 3 , Alfa Aesar, 99.99%), zinc acetate dehydrate (Zn(OAc) 2 , Alfa 
Aesar,  ≥ 97%), zinc stearate (Zn(St) 2 , Xilong chemical corporation, 84.6%), 
1-dodecanethiol (DDT, Alfa Aesar, 98%), 1-octadecene (ODE, Alfa Aesar, 
90%), oleic acid (OA, Alfa Aesar, 90%), oleylamine (OLA, J&K Scientifi c, 
90%), Rhodamine B (RhB, Aldrich), poly[ N , N -bis(4-butylphenyl)- N , N -
bis(phenyl)benzidine] (poly-TPD), tris-(8-hydroxyquinoline) aluminium 
(Alq 3 ) were used without further purifi cation.  

 Synthesis of CuInS 2  NCs : In a typical synthetic procedure of CuInS 2  
NCs with [Cu]/[In] molar ratios of 0.7, CuI (0.076 g, 0.4 mmol) and 
In(OAc) 3  (0.464 g, 1.6 mmol) were mixed with dodecanethiol (1 mL) in 
a 50 mL three-necked fl ask, which was followed by the addition of ODE 
(10 mL). The reaction mixture was degassed under vacuum for 20 min 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
at 120  ° C. Next, oleic acid (0.5 mL) was added into the reaction fl ask, 
and the solution was continuously degassed for 20 min, then purged 
with nitrogen for 20 min. Subsequently, the solution was heated to 
210  ° C for 60 min under nitrogen fl ow until a deep red colloidal solution 
was formed. Afterward, the reaction solution was cooled to room 
temperature and precipitated by adding excess acetone. The fl occulent 
precipitate was centrifuged at 8500 rpm for 5 min and the supernatant 
decanted. This process was repeated a minimum of three times and 
the precipitation was then dispersed in a nonpolar solvent (toluene, 
chloroform) or dried to powder for characterization. 

 CuInS 2  NCs with [Cu]/[In] molar ratios of 0.3, 0.4, 0.7, 0.8, 1.3, 1.6, 
2.5, 2.7, and 2.9 were synthesized by varying the raw materials ratio.  

 Synthesis of (CuInS 2 -ZnS)/ZnS NCs : Zinc stock solution was fi rst 
prepared as follows. Zn(OAc) 2  (0.528g, 3 mmol), OLA (2 mL), and 
ODE (2 mL) were added to a 50 mL three-necked fl ask. The solution 
was degassed for 30 min and purged with nitrogen for 30 min. Next, the 
solution was heated to 130  ° C under nitrogen fl ow until a clear colorless 
solution was formed. The obtained Zn stock solution was maintained 
at this stage for following injection. For a typical synthetic reaction of 
(CuInS 2 -ZnS)/ZnS NCs with yellow emission (peak at 586 nm), CuI 
(0.038 g, 0.2 mmol), Zn(OAc) 2  (0.088 g, 0.5 mmol) and In(OAc) 3  (0.232 g, 
0.8 mmol) were mixed with dodecanethiol (2 mL) and ODE (4 mL) in 
a 50 mL three-necked fl ask. The reaction mixture was degassed under 
vacuum for 20 min at 120  ° C. After that, oleic acid (1 mL) was added 
into the reaction fl ask, and the solution was continuously degassed 
for another 20 min, followed by purging with nitrogen for 20 min. The 
solution was then heated to 230  ° C for 30 min under nitrogen fl ow until 
a colloidal solution was formed. Subsequently, Zn stock solution (4 mL) 
was added dropwise into the reaction mixture. The washing process was 
the same as that described for CuInS 2  NCs. The precipitates were dried 
under vacuum for 1 h at 50  ° C to get NC powders. (CuInS 2 -ZnS)/ZnS 
NCs with emissions from 520 to 610 nm were prepared by varying the 
fraction of zinc in the core precursor mixture from 0% to 50%.  

 Characterization : Absorption spectra were recorded on a V-570 
UV-Vis spectrophotometer. PL spectra were taken using a FP-6600 
luminescence spectrometer. The PL QYs of samples were measured 
by using rhodamine B as a standard reference (rhodamine B dissolved 
in ethanol, QY: 97%) and comparing integrated PL intensities using 
the standard procedure. [  59  ,  60  ]  The PL emission of rhodamine B was 
measured with excitation wavelength at 520 nm. The QYs of CuInS 2  NCs 
calculated as

 
QY = QYR ×

I

IR
×

AR

A
×

n2

n2
R  
 (3)

   

where  QY  is the quantum yield,  I  is the measured integrated PL 
emission intensity,  n  is refractive index ( n   =  1.497 for toluene;  n   =  1.362 
for ethanol) and  A  is the optical density at the excitation wavelength ( A  
is typically around 0.05). The subscript R refers to the parameters of the 
reference. All the CuInS 2  NC samples were measured using FP-6600 
spectrophotometer with excitation wavelength at 500 nm. HRTEM 
images were taken on a JEM-2100F transmission electron microscope 
with an acceleration voltage of 200 kV. XRD measurements were 
carried out on a Rigaku D/max-2500 X-ray diffractometer with graphite 
monochromated Cu K α  radiation (  λ    =  1.5418 Å) with a scanning rate 
of 1 degree min  − 1 . The Raman spectra were recorded by using Horiba 
Jobin-Yoon T6400 Raman spectrometer.  

 Device Fabrication : All the devices were fabricated on commercially line-
patterned indium tin oxide (ITO) coated glass having a sheet resistance 
of 10  Ω  sq  − 1 . The width of the ITO lines is 2 micrometer. Substrates were 
ultrasonically cleaned with a standard regimen of detergent, acetone, 
and isopropyl alcohol for 15 min each, followed by UV ozone treatment 
for 15 min. PEDOT:PSS (Baytron-P, Bayer AG) was spin-coated onto a 
UV-ozone treated ITO substrate and then dried at 150  ° C in a vacuum 
oven for 15 min. Poly-TPD in 1,2-dichlorobenzene (20 mg mL  − 1 ) was 
spin-coated on the top of the PEDOT at 2000 rpm for 60 s in the glove 
box. The polymer layers were dried for over 30 min at approximately 
150  ° C in the glove box. QD dispersions in toluene were then spin coated 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2081–2088
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at 2000 rpm for 60 s on top of the poly-TPD. After a subsequent drying for 
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a vacuum chamber and a 30 nm thick Alq 3  layer was thermally deposited 
with base pressure of 3  ×  10  − 4  Pa. After that, a 10 nm Ca and 100 nm 
thick Al cathode was deposited using a shadow mask with 2 mm width. 
The active area of the devices was thus 4 mm 2 . Film thicknesses were 
monitored using a calibrated quartz crystal microbalance (QCM). The 
current–luminance–voltage ( I – L – V ) characteristics were measured using 
a computer-controlled Keithley 236 SMU and Keithley 200 multimeter 
coupled with a calibrated Si photodiode. EL spectra were measured by an 
Ocean Optics 2000 spectrometer, which couples a linear charge coupled 
device (CCD)-array detector ranging from 350 to 1100 nm.   
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