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ABSTRACT We report the first

synthesis of colloidal CulnTe,,
CulnTe,_,Se, gradient alloyed quan-
tum dots (QDs) through a simple hot
injection method. We confirmed the
composition of synthesized QDs to
cationic rich phase of Culn, sTe, s and
Cug23Ing 36T€g105€0 2, With XPS and

ICP analysis, and we have also found
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that the gradient alloyed Cug 23Ing 36Teg 195€0 2, QDs exhibit greatly improved stability over the Culn, sTe, 5 QDs. The solution-processed solar cell based on the gradient
alloyed Cug53Ing 36Teq 10562, QDs exhibited 17.4 mA/cm? of short dircuit current density (J,.), 0.40 V of open dircuit voltage (V,), 44.1% of fill factor (FF), and 3.1% of

overall power conversion efficiency at 100 mW/cm? AM 1.5G illumination,
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olloidal quantum dots (QDs) have
C received considerable attention ow-

ing to their size-tunable properties
and their application to light-emitting diodes
(LEDs),"™* solar cells,>~° biolabeling,'® "
and so on. In particular, I-1lI—VI QDs such
as CulnS,"72° and CuInSe,?' 28 have been
considered as candidates for solar cells, and
consequently, extensive research has been
conducted to understand their synthesis and
application. CulnTe, is also a I-llI—VI semi-
conductor with a direct band gap of 1.02 eV
in the bulk state, which is smaller than that in
the cases of CulnS, and CulnSe,. CulnTe,
exhibits a stronger quantum confinement
effect and a larger Bohr radius than CulnS,
and CulnSe,, owing to the covalent property
of tellurium>® CulnTe, films have been
widely used for photovoltaic devices as they
have a high energy conversion efficiency.3®
The CulnTe, film can be fabricated through
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microwave irradiation, polyol synthesis, a sili-
cate matrix method, and so on.3>~*° However,
few studies have been conducted on colloi-
dal CulnTe,3**° Also, the stability is low
due to easily oxidative property of Te, and
photophysical properties are not satisfactory.
Although the core—shell structure can reduce
the lattice stress by the epitaxial growth on
the core surface, there is still much stress in
the core—shell boundary, which possibly trig-
gers the interfacial defect. In order to further
lessen the stress and exploit the effective
optical properties, compositional gradient-
type QDs were suggested. The CdSe/CdS/
ZnosCdosS/ZnS core/shell gradient QDs were
first developed in 2005 by Xie et al*® Bailey
et al. reported CdSe; _,Te,alloy QDs with a Se-
rich core and Te-rich shell*° Lim et al. devel-
oped InP/ZnSeS QDs with a gradient shell
using the reactivity difference between TOP-S
and TOP-Se precursors.' In this work, both
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Figure 1. (a) Absorption spectra of CulnTe, QDs and (b) XRD pattern which indicates (112), (204), and (116) planes of the
chalcopyrite structure. (c) XPS spectra of as-synthesized CulnTe, QDs. (d) TEM images of 2.4—2.8 nm diameter QDs.

new gradient CulnTe, ,Se, alloy QDs and ternary
CulnTe, QDs have been reported, and their application
to solar cells has been proposed.

RESULTS AND DISCUSSION

CulnTe, ternary QDs were synthesized with copper
iodide (Cul), indium acetate (In(OAc)3), and a tri-n-
octylphosphine telluride (TOP-Te) stock solution as
precursors and 1-dodecanethiol (DDT) as a surfactant.
The TOP-Te solution was added to a degassed 1-octa-
decene (ODE) solution at room temperature, and the
solution was heated to 250 °C. Then, a Cu—In complex
solution was rapidly injected to the solution under N,
atmosphere, and the mixture was immediately cooled
to room temperature. The detailed experimental pro-
cedure is provided in the Experimental Section. The
resultant CulnTe, ternary QDs showed an excitonic
absorption peak at approximately 720 nm (Figure 1a).
However, very weak photoluminescence (PL) was ob-
served owing to the trap site by lattice defects.
Figure 1b shows the powder X-ray diffraction (PXRD)
patterns of CulnTe, QDs, which show three prominent
peaks. These peaks are indexed to the (112), (204), and
(116) planes of the chalcopyrite structure of the
CulnTe, QDs, which is in good agreement with the
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data of the bulk CulnTe, (#JCPDS 82-0450). Figure 1c
shows the X-ray photoelectron spectroscopy (XPS)
data of CulnTe, QDs. The survey spectrum indicates
the existence of Cu, In, and Te, as well. The Cu2p3,
In3p5, and Te3d5 binding energy peaks were observed
at 932.7, 444.8, and 572.8 eV, respectively, which
confirms the existence of Cu®, In®*, and Te*"*' In
the Te spectrum, a broad and small tellurium oxide
peak was observed at 576 eV, indicating the easily
oxidative property of Te. The elemental composition
was measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES). According to the re-
sults, the molar ratios of Cu/In/Te are about 1:1.5:2.5,
which indicates that the quantity of In and Te is richer
than that of Cu, in contrast to the stoichiometric ratio
(1:1:2). The cationic property because of Cu™ and In**
jons is predominant over the Te?~ anion. These data
imply that anionic sites in the tetrahedral hole are more
likely to have lattice defects than the cationic site of the
structure framework. The quantitative tendency could
be also verified from the integrated areas of the Cu2p3,
In3p5, and Te3d5 peaks in the XPS spectrum. Figure 1d is
the transmission electron microscopy (TEM) image of
CulnTe, ternary QDs, which shows the nanocrystals of
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Figure 2. Compositional change of (a) absorption and emission spectra and (b) XRD patterns. (c) Atomic content of
Cug23lNo36T€0.195€0.2> alloyed QDs with ion sputtering and HCl etching. (d) TEM image of the sample at 1 h and the magnified image.

approximately 2.4 nm diameter after size selection. The
mean particle diameter can also be determined from the
Debye—Scherrer equation, which uses the full width at
half-maximum (fwhm) of the diffraction peaks. We
chose the (112) plane and calculated the equation,
which showed a similar result, a 2.8 nm diameter. The
fabrication of colloidal CulnTe, QDs was done success-
fully; however, their optical and application properties
were not noticeable. We designed new alloyed Culn-
Te, ,Se, QDs to improve the photophysical properties
of CulnTe, QDs. The better stability of selenium com-
pared with tellurium results in advancement of properties,
which can endow the potential for various applications.

For the representative synthesis of CulnTe,_,Se, alloy
QDs, a prepared thiol complex solution, which included
Cu, In, and Te precursors, was injected to a degassed ODE
solution already containing TOP-Se at 250 °C under N,
atmosphere. The precursor ratio of Cu/In/Te/Se was 1:1:1:2.
After the injection, the solution was cooled to 200 °C and
maintained for 1 h. Then, the solution was purified
through precipitation in an excess of ethanol and through
subsequent centrifugation. The detailed experimental
procedure is provided in the Experimental Section.

To study the physical properties and stoichiometry of
the growing alloyed dots, aliquots of the reaction solution
were sampled at 0, 15, 30, 45, and 60 min. The chemical
compositions of QDs were determined through ICP-AES.
Elemental analysis showed that each sample has a similar
ratio of Cu and In and an increased Se/Te ratio during the
growth. The particle size also increased with the growth
(Supporting Information Figure S1). From the data, we can
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speculate that the CulnTe,_,Se, QDs are gradient alloys
with the highest selenium content at the surface. The Cu/
In/Te/Se precursor ratio of 1:1:1:2 resulted in Cug3lngz¢-
Tep.195€022 alloy QDs. The composition implies that the
dots are still indium-rich and have a cation-predominant
structure and that the Te precursors are more reactive as
compared with Se precursors. We performed the same
reaction with different precursor ratios; for example, for a
higher Te composition (Te/Se = 1/1), aggregation of QDs
occurred. Figure 2a shows the temporal evolution of the
emission and absorption spectra of the CulnTe,_,Se,
alloy QDs. After the Cu—In—Te complex solution was
injected, the first excitonic absorption peak appeared
approximately at 700 nm (Figure 2a, black solid line). As
the growth occurred gradually, the absorption peak
finally shifted to 800 nm (Figure 2a, pink solid line).
Photoluminescence showed a trap site and band emis-
sion until 30 min of growth time at the same time
(Figure 2a, blue solid line). After 1 h, the alloy QDs
showed emission peaks at approximately 855 nm
(Figure 2a, pink solid line). The data indicate that the
trap site can be effectively suppressed by selenium near
the surface, thus inhibiting the generation of vacancies.

To understand the better stability of selenium com-
pared with tellurium, we compared XPS data, as shown in
Figure S3. From the 576 eV of tellurium oxide at high-
resolution XPS peak analyses, we can see that the CulnTe,
QDs were oxidized to TeO, while the CulnTe,_,Se, alloy
QDs did not show an oxide peak. Here, it should be noted
that CulnTe,_,Se, alloy QDs provided good air stability.
PXRD also demonstrated the structure of the gradient
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Figure 3. Cyclic votammogram of CulnTe,_,Se, nanoparticles at different reaction times and ferrocene.

CulnTe,_,Se, alloy QDs. Figure 2b shows the compositional
change in the PXRD pattern of the CulnTe,_,Se, alloy QDs.
As the growth occurred, the diffraction peaks gradually
shifted toward bulk CulnSe,. This implies high content of Se
in the outside region, considering the increase in particle
size with time (Figure S4). To clarify the gradient internal
structure, we attempted ion sputtering and etching ex-
periment using HCl (Figure 2c). Though both data are not
quantitatively accurate, they show decreased selenium
and increased tellurium content, indicating richer sele-
nium close to the surface of the dots. TEM and magnified
TEM images of CugslngseTeg 95€02; alloy QDs show
nearly monodispersed 4 nm dots with crystallinity
(Figure 2d). Figure S1 shows that the particle sizes increase
from 2.5 to 4.0 nm with a standard deviation of 10—15% as
the Se mole fraction changes from 0.09 to 0.23.

In addition, we could observe all components including
Cuy, In, Te, and Se in the STEM-EDX data (Figure S2). To
apply the QDs to solar cells, band offsets should be
determined. Cyclic voltammetry (CV) measurement is an
easy and effective approach to evaluate the position of
both the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) energy
levels.*>>2 Figure 3 shows the CV data of CulnTe,_,Se,
QDs at different reaction time and ferrocene as a refer-
ence. The HOMO (or LUMO) levels of QDs are calculated
from the onset of the oxidation peak and HOMO (or
LUMO) of ferrocene using the following equation.

HOMO (orLUMO) (eV) = —4.8 — [(Eonset — E1/2(ferrocene)]

The value of —4.8 eV was obtained by the vacuum energy
level of ferrocene with Ag/AgCl reference electrode.

KIM ET AL.

Figure 2d shows the CV data of the Cug3lng3sT€0.195€0.22
QDs. The CV data exhibited the onset of an oxidation peak
at 0.1 V and the onset of a reduction peak at —4.7 V with
the Ag/AgCl reference electrode. The HOMO and LUMO
levels of the sample are —4.6 and —3.2 eV, respectively, for
a band gap of 140 eV.

To apply the synthesized Cug,3IngzeTeq 195€0.22 (CITSe)
QDs to solar cells, we simply fabricated an n—p hetero-
junction solar cell, as depicted in Figure 4a. We con-
structed the solar cell with FTO/bI-TiO/mp-TiO,/CITSe
QDs/Au as the transparent conducting electrode/block-
ing layer/n-type wide band gap semiconductor/p-type
narrow band gap semiconductor/counter electrode layer.
For the formation of multiply layered CITSe QDs, we spin-
coated the CITSe QD solution on the 3-mercaptopropio-
nic acid (3-MPA)-treated FTO/bl-TiO,/mp-TiO, film and
repeatedly spin-coated 1 wt % of 1,2-ethanedithiol (EDT)/
ethanol solution and CITSe QD solution. Here, the 3-MPA
on the surface of mp-TiO, helps the CITSe QDs to be
uniformly coated on the surface of TiO, and the EDT
molecules more closely link the CITSe QDs. Upon illumi-
nation from external light, the CITSe QDs absorb the light
and generate electron—hole pairs, as shown in Figure 4b.
The generated electrons are then transported to the TiO,
electrode, and simultaneously, the holes travel to the
multiply packed CITSe QD layer before reaching the Au
electrode. The SEM cross-sectional image of the real
device in Figure 4c shows that, apparently, the CITSe
QDs are well infiltrated in the pore of a 1 um thick mp-TiO,
film and form a ~50 nm thick overlayer on top of mp-TiO,
film because we used relatively larger single-crystalline
TiO, nanoparticles (particle size = ~60 nm, anatase).
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Figure 4. (a) Schematic illustration of device architecture,
(b) energy band diagram, (c) SEM cross-sectional image of
real device; the inset exhibits the EDS line profile of Ti and
Se. SEM top-surface images of (d) bare mp-TiO, film and (e)
CITSe QDs deposited on mp-TiO, film.

The EDS line profiles of Ti and Se in the SEM cross-sectional
image confirm that the CITSe QDs are infiltrated into the
bottom of the mp-TiO, layer. Figure 3d,e shows the SEM
surface images of the bare TiO, film without a CITSe QD
layer and TiO, film coated with a CITSe QD layer. These
images clearly indicate that the top surface of mp-TiO, film
was fully covered by a CITSe QD overlayer.

Figure 5 exhibits the device performance of CITSe
QD-based heterojunction solar cells with and without
heat treatment because it is well-known that either a
postchemical treatment in EDT solution or a heat
treatment can improve the device efficiency owing to
the improved interfacial contact between colloidal
quantum dots. Hence we compared the pristine
(CITSe-pristine) and the post-heat-treated (CITSe-heat
treated) CITSe QD solar cells. Figure 5a shows that both
devices exploit the light up to the 1000 nm wavelength
region, and the post-heat-treated one has more im-
proved external quantum efficiency (EQE), displaying
over 60% across the entire visible region. The more
broadened EQE spectrum, up to a 1000 nm wave-
length, than the band gap of the CITSe colloidal QDs
(Eq = 1.45 eV) might be associated with the interaction
of tightly packed QDs by short EDT linker molecules.
These results confirm that the post heat treatment at
150 °C for 10 min under N, atmosphere is effective to
improve the performance of a multiply layered CITSe
QD-based heterojunction solar cell. Here, it should be
noted that the current CITSe QD-based device was
fabricated by a simple spin-coating process without

EXPERIMENTAL SECTION

Materials. Copper(l) iodide (99.999%), indium(lll) acetate
(99.99%), 1-dodecanethiol (98+%), and 1-octadecene (90%) were
purchased from Aldrich. Stock solutions of 1 M trioctylphosphine
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Figure 5. (a) EQE spectra and (b) J—V curves of pristine
(CITSe-pristine) and post-heat-treated (CITSe-heat treated)
CITSe QD-based solar cells.

selenization at high temperature or by a toxic hydra-
zine method. The photocurrent density—voltage (J—V)
curves in Figure 5b indicate that the post-heat-treated
CITSe QD device has better efficiency by the improve-
ment of a short circuit current density (J;. = 14.5—17.4
mA/cm?), an open circuit voltage (Vo =0.35—-0.40V), a
fill factor (FF = 36.2—44.1%), and an overall power
conversion efficiency (7 = 1.9—3.1%) at 100 mW/cm?
AM 1.5G illumination.

CONCLUSIONS

In conclusion, we report on the first synthesis of
colloidal CulnTe, and CulnTe,_,Se, gradient alloyed
nanoparticles, achieved through hot injection meth-
ods, and we also propose the application of these
nanoparticles to solar cells. The band gap of the
Cug3lng3sTen.105€02, gradient alloyed nanoparticles
was determined through CV. The solar cell has a short
circuit current density of 17.4 mA/cm?, an open circuit
voltage of 0.40 V, a fill factor of 44.1%, and an overall
power conversion efficiency of 3.1% at 100 mW/cm?
AM 1.5G illumination.

selenide and 1 M trioctylphosphine telluride were prepared by
using a selenium pellet (Aldrich, 99.99+%), tellurium powder
(Tokyo Chemical Industry, 99.997%), and trioctylphosphine
(Strem Chemicals, 97%). Absorption spectra were measured by a
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Scinco PDA S-3100 UV/vis spectrophotometer. Transmission elec-
tron microscopy (TEM) images and STEM-EDX were taken on a FEI
Tecnai G2 F30 Super-Twin transmission electron microscope
operating at 300 kV. X-ray diffraction (XRD) patterns were obtained
using a Rigaku Ultima Ill diffractometer equipped with a rotating
anode and a Cu Ka radiation source (4 = 0.15418 nm). Inductively
coupled plasma-optical emission spectrometry (ICP-OES) was
employed using the OPTIMA 5300DV, PerkinElmer (USA). Cyclic
voltammograms of QDs were measured by a CHI624D electro-
chemical analyzer/workstation.

Preparation of CulnTe, QDs. Copper iodide (0.2 mmol, 38 mg),
indium acetate (0.2 mmol, 58 mg), 2 mL of 1-dodecanethiol, and
1 mL of octadecene were mixed in a 25 mL flask A. The solution
was degassed at 90 °C for 2 h. After degassing, the solution
cooled to room temperature under nitrogen flow and 0.2 mL of
1 M TOP-Te was added. Octadecene (8 mL) was degassed in
another 25 mL flask B at 100 °C for 2 h. Under nitrogen atmo-
sphere, flask B was heated to 250 °C and flask A solution was
quickly injected into flask B. After the injection, the solution was
cooled to room temperature. Then, the products were precipi-
tated with ethanol and centrifuged to purify the particles.

Preparation of CulnTe,_ ,Se, Nanopartides. Copper iodide (0.2
mmol, 38 mg), indium acetate (0.2 mmol, 58 mg), 2 mL of
1-dodecanethiol, and 1 mL of octadecene were mixed in a
25 mL flask A. The solution was degassed at 90 °C for 2 h. After
degassing, the solution cooled to room temperature under
nitrogen flow, and 0.4 mL of 0.5 M TOP-Te was added. Octade-
cene (8 mL) was degassed in another 25 mL flask B at 100 °C for
2 h, and 0.4 mL of 1 M TOP-Se was added. Under nitrogen
atmosphere, flask B was heated to 250 °C and flask A solution
was quickly injected into flask B. After the injection, the solution
was cooled to 200 °C and maintained for 1 h. Then, the products
were precipitated with ethanol and centrifuged to purify the
particles.

Electrode Preparation for Cydic Voltammetry. The tests were
carried out in a three-electrode system. The used electrodes
are glassy carbon electrode as working electrode, platinum wire
as counter electrode, and Ag/AgCl electrode as reference
electrode. The QDs were dispersed in hexane, and then the
samples were added dropwise on the glassy carbon electrode.
The measurement was carried out in N,-saturated acetonitrile
solution containing 0.1 M lithium perchlorate (LiClO,), and the
scan rate was 50 mV/s.

Argon lon Etching X-ray Photoelectron Spectroscopy. The data were
obtained with a Ka. model from Thermo Electron Corporation.
The samples were etched using an argon ion gun of 2000 eV for
30's, 1 min, and 3 min.

Chemical Etching Method with HC(l. Two samples of dried QDs
(10 mg) were added to a 10 mL vial which contained 2 mL of
BuOH. Then, 2 mL of 3 M HCl solution was added to the first
sample, and 2 mL of 6 M HCl solution was added to the second
sample. Both solutions were mixed by sonication for 2 min. As a
result, a two-phase solution consisting of a colored upper phase
of butanol and dots and a lower phase of a colorless HCl solution
was obtained. The lower phase of HCl solution was removed.
The upper phase was reprecipitated with ethanol. Then, ICP
measurement was conducted.

Device Fabrication. In a typical procedeure, a 50 nm thick
TiO, blocking layer (bl-TiO,) was deposited on a FTO glass
(Pilkington, TEC8) by spraying 20 mM titanium diisopropoxide
bis(acetylacetonate) solution at 450 °C. A 1 um thick mp-TiO,
film (TiO, particle size = ~60 nm, anatase phase)12 was then
screen-printed on the bl-TiO,/FTO substrate and was sintered at
500 °Cfor 1 hiin air atmosphere. The mp-TiO, film was dipped in
30 mM of aqueous TiCl, solution at 60 °C for 1 h, rinsed with
pure water, and sintered again at 450 °C for 15 min for the
intimate contact between TiO, nanoparticles. The CulnTe;_,Se,
solution was then deposited on the mp-TiO,/bl-TiO,/FTO substrate
by multiple spin-coatings as described in the literature.'® In a typical
deposition process, the mp-TiO, film was treated with 10 wt % of
3-mercaptopropionic acid (3-MPA; Aldrich) in ethanolic solution
(Burdick & Jackson) to uniformly coat the CulnTe;_,Se, QDs on the
surface of mp-TiO,. The excess 3-MPA in the mp-TiO, film was
removed by cleaning with ethanol and chloroform. The 100 uL of
CulnTe;_,Se, QDs in hexane (Aldrich)/1,2-dichlorobenzene (Adrich)

KIM ET AL.

(10/1 v/v) solution (15 mg/1 mL) was spin-coated on the 3-MPA-
treated mp-TiO; film at 2500 rpm for 20 s. In order to form multiply
layered CulnTe;_,Se, QDs, 250 uL of 1 wt % EDT (Aldrich)/ethanol
(Burdick & Jackson) solution was spin-coated at 2500 rpm for 20 s,
and the CulnTe;_,Se, QD solution was then spin-coated at
2500 rpm for 20 s. By the repeated spin-coating process of EDT
solution and CulnTe; _,Se, QDs solution, we could form the multiply
layered CulnTe;_,Se, QD films on the mp-TiO,. Finally, A 60 nm
thick Au electrode was then deposited by thermal evaporation
under pressure of 5 x 107 Torr. For the better electrical contact, a
lead pad was formed on the end of FTO and Au electrode by using
ultrasonic solder. For the intimate contact between the Culn-
Te;_,Se, colloidal quantum dots, the device was then heat-treated
at 150 °C for 10 min in N, atmosphere. The active area of the device
was fixed to 0.16 cm?.

Device Characterization. The J—V curves were measured by a
source meter (Keithley 2420) and a solar simulator (class A,
91195A; Newport) calibrated by Si reference cell (certified by
NREL) at 1 sun and dark state. The J—V curves were measured by
masking the active area with 0.096 cm® metal mask. The external
quantum efficiency (EQE) spectrum was measured by a light
source (300 W Xe lamp, Newport, 66902), a monochromator
(Newport Cornerstone 260), and a multimeter (Keithley 2002).
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