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Graphical Abstract

Ultrasmall CulnSe, quantum dots were synthesized by a facile solvothermal method and used as a sensitizer in
CdS/CulnSe, quantum dots solar cell to improve the photovoltaic performance.
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Here we report first synthesis of ultrasmall CulnSe, quantum dots (QDs) with diameters below its
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exciton Bohr radius 10.6 nm by a solvothermal method. The synthesis is conducted in oleylamine
without any organometallic precursors. The quantum confinement effect has been identified in the

optical absorption spectra. Through pre-loading CulnSe, QDs on TiO, film, a good electron
transfer dynamics could be observed on CdS/CulnSe,/TiO, film. Under one sun of simulated
irradiation, the resultant quantum dot sensitized solar cell based on CdS/CulnSe, exhibited a power
conversion efficiency of about 2.27%, which was 55% higher than that of the single CdS sensitized
solar cell. It indicates that CulnSe, QDs have a great potential in photovoltaic applications.

1. Introduction

Quantum dots (QDs) with uniform sizes smaller than the bulk-
material exciton Bohr radius have received considerable
attention because of their unique properties afforded by the
quantum confinement effect. * These QDs confine electrons in a
small box and quantise the energy band possessed by bulk
materials into discrete energy states. QDs with quantum
confinement structures produce remarkable changes in optical
properties, leading various practical applications in biological
imaging,>® lasing,*® photovoltaics,>” and light emitting
diodes.®® Recently, 11-VI-type'®*? (such as CdSe and CdS) and
ternary chalcopyrite 1-111-VI,-type'®®® (such as CulnS,, AgInS,)
semiconductor QDs have been used as sensitizers for quantum
dot-sensitized solar cells (QDSSCs). QDs display an electron-
hole pair generation phenomenon with a quantum yield greater
than 100%, called a "multiple exciton generation™ or a "carrier
multiplication”. These quantum dots are being used to develop
solar cells that theoretically can exceed the Shockley-Queisser
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limit. The wvarious ternary chalcopyrite I-111-VI,-type
semiconductors are especially promising for QDSSC
applications due to their high absorption coefficient and their
direct band gap, which is well-matched to the solar spectrum.
Notably, CulnSe,, which is representative of the I-111-VI,-type
semiconductor, has attracted interest as a strong candidate for
solar cells due to its small direct band gap of 1.04 eV and its
large calculated exciton Bohr radius of 10.6 nm.®

CulnSe; nanocrystals with sizes ranging from 20 to 100 nm
have been synthesized extensively by several methods,

including  thermal  decomposition,'”  vapour-liquid-solid
techniques,®® solid state reactions,’® solution-liquid-solid
synthesis,?®®# organic solvent phase synthesis,'*?>*® and the

solvothermal method.?*2° Castro et al.'” have reported that
(PPh3),Culn(SePh), was wused to synthesize CulnSe,
nanoparticles at 200-300 <€, which resulted in a largely
aggregated chalcopyrite structure. Cui group®® successfully
synthesized CulnSe, nanowires with diameters ranging from
20-150 nm and lengths greater than 100 nm by vapour-liquid-
solid techniques and solid-state reactions, respectively. Wang et
al.?2 reported the synthesis of chalcopyrite CulnSe,
nanocrystals with a size of 38 nm by the organic solvent phase
synthesis method. Qian group?®?’ has synthesized CulnSe,
nanoparticles with diameters of 80 nm via solvothermal
reaction. However, compared to the successful synthesis of
CulnSe; nanocrystals with sizes larger than 20 nm, relatively
few studies have reported the synthesis of CulnSe, QDs with
sizes smaller than 10 nm because it is difficult to control the
size uniformity below the exciton Bohr radius.

Here we report the novel synthesis of CulnSe, QDs with average
diameters of 5 nm by a facile solvothermal method. Readily
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available CuCl, InCl; and selenium reagents in an oleylamine (OLA)
solvent were used to synthesize CulnSe, QDs without any
organometallic precursor or other toxic precursors, unlike traditional
solvothermal methods. Furthermore, QDSSCs were fabricated using
the as-synthesized CulnSe, QDs as the co-sensitizer with CdS
nanocrystals loaded on a multiporous TiO, film. The fabricated
CdS/CulnSe, QDSSCs had a 2.27% power conversion efficiency
under one-sun illumination (AM1.5G, 100 mW cm), which was
55% higher than that of CdS QDSSCs.

2. Experimental details

2.1 Materials

All reagents were of analytical grade and used without any
further purification, otherwise noted specifically. Oleylamine
(OLA, 80~90%, Acros), Selenium powder (99%, Tianjin
Chemical Reagent Co., Ltd), InCl; 4H,O (99.99%-In, Acros),

CuCl (Tianjin  Chemical Reagent Co., Ltd), 2-
Mercaptopropionic Acid (MPA, 95%, Aldrich),
tetramethylammonium hydroxide solution (25 wt.% in

methanol, Aldrich), Hexane, ethanol, methanol and ethyl
acetate were of analytical grade and obtained commercially.

2.2 Synthesis of CulnSe, QDs

The oleylamine solutions of copper/indium and selenium
were each prepared as reported in the literatures®®3, CuCl (0.01
mmol) and InCl;4H,O (0.01 mmol) were mixed with
oleylamine (0.99 mL) at room temperature, and the mixture
was heated to 120 <C under an Ar atmosphere. This heating was
maintained for 1 h with vigorous magnetic stirring until a clear
solution was formed. Then, 1 mL of oleylamine and 0.5 mmol
of Se powder were deposited into a separate flask, heated to
120 <€ for 0.5 h under vacuum, and placed under an Ar
atmosphere for the remainder of the synthetic reaction. The
solution was then heated to 250 <C and maintained at that
temperature for 10 min. Over the course of an hour, the solution
gradually changed from colourless to orange and then to
brownish red because of the dissolution of the Se powder in the
oleylamine. The copper/indium and selenium solutions were
then mixed in a Teflon-lined stainless steel autoclave (25 mL)
containing 15 mL of hexane under vigorous stirring at a
constant temperature of 170 <C for 2 h. After the autoclave was
cooled to room temperature, the product was precipitated with
an ethanol-methanol (1/2, v/v) solution. The OLA-capped QDs
were then obtained by centrifuging at 6790 rcf (><g) for 10 min.
For comparison, parallel experiments were also conducted at
different solvothermal temperatures.

For the application of CulnSe, QDs in QDSSCs, the as-
synthesized quantum dots were surface modified because it has
been reported that MPA-capped QDs load more efficiently onto
the TiO, film.® To synthesize the MPA-capped CulnSe, QDs,
dried OA-capped CulnSe, QDs were first dispersed in a
methanol solution containing 60 mM MPA and 70 mM
tetramethylammonium hydroxide. Then, the mixture was
ultrasonicated for 30 min. The MPA-capped CulnSe, QDs were
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precipitated with an ethyl acetate-hexane solution and then
redispersed in methanol 3%

2.3 Fabrication of Quantum Dot-Sensitized Solar Cells

A screen-printed TiO, film (6 um in thickness) was used as
the photoanode. A TiO, paste consisting 1.0 g of P25 powder,
0.5 g of ethyl cellulose, 0.4 g of terpinol in ethanol was printed
on a fluorine-doped SnO, (FTO, 14 Q square™, 2.2 mm
thickness, NSG Group, Tokyo, Japan) conducting glass
electrode, which was used as the transparent layer. Then, a 4-
um-thick light-scattering layer was spread on the top of the
transparent layer and subsequently sintered at 500 <C in
flowing compressed air for 1 h. The TiO, film was then dipped
into the methanol solution containing the MPA-capped CulnSe,
QDs for 24 h, resulting in the formation of a CulnSe,-sensitized
photoanode. For the CdS/CulnSe,-sensitized photoanodes, the
film needed to be dipped into a 0.05 M Cd(NO3), ethanol
solution for 30 s, rinsed with ethanol, and then dipped for
another 30 s into a 0.05 M Na,S methanol solution and rinsed
with methanol. This two-step dipping procedure was considered
to be a single SILAR cycle, and this SILAR cycle was repeated
11 times. A CdS-only-sensitized photoanode was also prepared
using the SILAR process.

The cells were prepared by sealing the QD-sensitized
FTO/TIO, electrode and a Cu,S-coated counter electrode®
using a 50-pum-thick Bynel (DuPont) hot-melt gasket. The
active area of the cell was 0.16 cm? A solution of 1 M sodium
sulfide and 1 M sulfur dissolved in water was used as the liquid
electrolyte.

2.4 Characterization

The X-ray powder diffraction (XRD) patterns were
recorded using a Rigaku D/max-2500/PC diffractometer with
Cu Ko radiation (A = 0.15406 nm). High-resolution
transmission electron microscopy (HRTEM) images were
obtained using a FEI Tecnai G2 F30 S-Twin transmission
electron microscope. The absorption spectra were recorded
using a Jasco V550 UV-Vis spectrometer on quartz plate (1 mm
in thickness) with CulnSe, QDs, CdS and CdS/CulnSe, QDs
sensitized TiO, mesoporous thin film (2 um in thickness).

2.5 Measurement

The current density-voltage (I-V) characteristics were
measured with a Keithley 2400 Sourcemeter, and the cell was
subjected to the irradiation of a solar simulator (Abet-
technologies, USA, SUN2000) operating at one sun
illumination (AM1.5, 100 mW cm). The incident photon to
current conversion efficiency (IPCE) was measured with a
QE/IPCE Measurement Kit (Oriel, USA, M66901) in the
wavelength range of 400-900 nm. Time resolved transient
absorption spectra were recorded using a transient absorption
(TA) spectrometer with femtosecond resolution®. The laser
used for excitation was a Hurricane Ti:Sapphire laser system
(Spectra Physics) capable of 800 nm laser pulses of 1 mJ pulse
! (width of 130 fs) at a rate of 1 kHz. A fraction (5%) of the
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beam was used to generate a probe pulse. The second harmonic
(400 nm, 500 nJ pulse™®) was used for excitation of the sample.

3. Results and discussion

Fig. 1(a) shows the powder X-ray diffraction (XRD) pattern
of the as-synthesized CulnSe, QDs. The diffraction peaks were
indexed to the tetragonal chalcopyrite structure of CulnSe,
(JCPDS No. 40-1487); however, the observed diffraction peaks
were broadened due to the small crystal size. Using the Debye-
Scherrer formula, the average crystal size was determined to be
5 nm. The TEM image of CulnSe, QDs, shown in Fig. 1(b),
reveals that these QDs have an average diameter of 5 nm,
which is close to the size calculated from the XRD
measurement. The inset in Fig. 1(b) is the HRTEM image of a
single quantum dot displaying a visible lattice fringe, indicating
that the as-synthesized CulnSe, QDs are highly crystalline. The
observed lattice spacing was calculated to be ~0.32 nm,
corresponding to that of the (112) planes of CulnSe,.

(204)/(220)
(116)(312)

Intensity (a.u.)

20 0

20 (degree)

Fig. 1 (a) XRD pattern and (b) TEM images of the CulnSe,
QDs grown at 170 <C for 2 h. The inset to (b) shows the
HRTEM image of a single quantum dot.

The UV-Vis absorbance spectrum of the colloidal CulnSe,
QDs was measured to probe their optical band gaps. This result
shows an absorption peak centered at approximately 440 nm
(Fig. 2). The band gap of the CulnSe, QDs was determined
from the fundamental absorption edge of the spectrum,®® which
is shown in the inset of Fig. 2. Using the direct band gap
method,'2 the band gap of the CulnSe, QDs was calculated to
be 2.24 eV. The distinct blue shift of the absorption wavelength
of the as-synthesized CulnSe, QDs relative to that of bulk
CulnSe, indicates that the size of the CulnSe, QDs is
undoubtedly in the quantum confinement region.

The as-synthesized CulnSe, QDs, the CdS QDs and
combination of them were loaded onto the TiO, electrodes,
respectively. Fig. 3 shows the UV-Vis absorption spectra of the
CulnSe,/TiO,, CdS/TiO, and CdS/CulnSe,/TiO, photoanodes.
The absorption onset occurred at ~550nm for the CulnSe,
photoanode and at ~600 nm for the CdS photoanode. The co-
sensitization effect of CdS/CulnSe, was clearly observed by the
extension of the absorption range and the increase in the
absorbance. The enhancement absorption of the CdS/CulnSe,
photoanode shifted to the long wavelength region due to the
remission of the quantum confinement effect on the CulnSe,
QDs.

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 The typical absorption spectrum of the CulnSe, QDs

dispersed in toluene. The squared absorption coefficient plotted

as a function of energy (inset) displays a linear trend for a direct
transition.
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Fig. 3 UV-Vis absorption spectra of TiO, films sensitized with
CulnSe,, CdS and CdS/CulnSe,QDs.
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To assess the photovoltaic application of the CulnSe, QDs,
QDSSCs with different sensitizers were fabricated in typical
sandwich geometry, consisting of QDs sensitized with TiO,
electrodes, a polysulfide electrolyte, and a Cu,S-coated counter
electrode. Fig. 4(a) shows the photocurrent-voltage (I-V)
characteristics of the QDSSCs that were produced using
CulnSe,, CdS, and CdS/CulnSe, QDs as sensitizers, named as
CdS, CulnSe,, and CdS/CulnSe, QDSSC, respectively. The
open circuit potential (Voc), short circuit current density (Jsc),
fill factor (FF), and total energy conversion efficiency (n) of
these cells are listed in Table 1. The efficiencies measured for
CulnSe, and CdS QDSSCs were 0.10% and 1.46%,
respectively. For the CdS/CulnSe, QDSSC, Voc and FF
decreased compared with CdS QDSSC, and Jsc increased
markedly to 9.82 mA cm?. The efficiency obtained for a
CdS/CulnSe, QDSSC was 2.27%, which was 55% greater than
that of a CdS QDSSC. Additionally, the photocurrent of the
CdS/CulnSe, QDSSC was greater than the sum of the
photocurrents of single CulnSe, and CdS QDSSCs. This result
indicates that the photocurrent of the CdS/CulnSe, electrode
increases significantly with the pre-loaded CulnSe, QDs, which
is advantageous to the electron injection and the hole recovery
of CdS electrodes. To investigate the combination-sensitization
effect of CulnSe, and CdS QDs on the cascade structures, the
incident photon to current conversion efficiencies (IPCE) were
measured from the Jsc monitored at different excitation
wavelengths. The IPCE measurements are shown in Fig. 4(b).
These results coincide with the efficiencies shown in Fig. 4(a).
As these results reveal, IPCE values as high as 75% can be
achieved by the CdS/CulnSe, QDSSC, but the value obtained
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by the CdS QDSSC was only ~50%. The IPCE results indicate
that excited electrons in CdS/CulnSe, QDSSC can be injected
into TiO, and collected by the electrode more efficiently than
the CdS QDSSC. Overall, these findings indicate that CulnSe,
QDs could efficiently improve the performance of CdS QDSSC
with cascade structures. A previous literature reported the
introduction of ZnS into CdS/CdSe cosensitized solar cell can
boost the cell efficiency up to 4.22%,'? we expect similar
approach may enhance the cell efficiency further.

°£ 12 (a) —4— CdS/CulnSe, QDSSC | —a—CaSiCulnSe, nnssc(b) 80
S 10 —e—CdS QDSSC —e—CdS QDSSC
3 |44t ssursiasy,,,  —#—CuinSe, QDSSC —=—CulnSe, QDSSC 60
E s ", 3
. (2]
%‘ eeeesestaenn,,,,, Y m
a2 6 e, “A\ 403
5 ., \ &
T e, A,
€ ., “\ 20
@ 2 - A
5 RN
C e L. . ' : —s
0.0 0.1 0.2 03 04 0.5 400 500 600 700 800 900
Voltage (V)

Wavelength (nm)

Fig. 4 (a) I-V characteristics and (Zb) IPCE spectra of QDSSCs
measured under 100 mW cm™ of simulated AM 1.5G
irradiation.

Table 1 Results obtained from the photocurrent-voltage (1-V)
measurements of the QDSSCs using various electrodes.

QDSSC Voc (V) Jsc(MA cm?) FF N (%)
CulnSe; 0.201 1.10 45.9 0.10
cds 0.439 6.85 48.4 1.46
CdS/CulnSe,  0.497 9.82 46.6 2.27

Time-resolved transient absorption spectroscopy is a
convenient way to probe the charge separation and charge
transfer processes in quantum dots as well as confirm the
existence of species that exist primarily on the picosecond time
scale. In the present study we deposited CdS on quartz slide, on
TiO, and CulnSe, sensitized TiO, (CulnSe,/TiO,) film to
measure the pump-probe transient absorption spectroscopy. Fig.
5(@), (b) and (c) show the time-resolved transient absorption
spectra recorded at different times following 400 nm laser
excitation of CdS/SiO,, CdS/TiO,, and CdS/CulnSe,/TiO..
When excited at 400 nm, the CdS/SiO,, CdS/TiO, and
CdS/CulnSe,/TiO, films showed a bleaching in the 460-510 nm
region. As the previous studies reported that with increasing
decay time the bleaching recovers as the separated charges
disappear either via recombination or by electron transfer to
TiO,.¥” The transient bleaching, which represents charge
separation within the CdS nanocrystals, recovers over a period
of several nanoseconds to occur at a faster rate. Quick removal
of one of the charge carriers by an acceptor species causes the
bleaching recovery.®® Fig. 5(d) compares the bleaching
recovery recorded following 400 nm laser pulse excitation of
CdS/SiO0,, CdS/TiO, and CdS/CulnSe,/TiO, at the
corresponding bleaching maximum. On TiO, (bare TiO, and
CulnSe,-sensitized TiO,) films, the recovery become faster as
the electrons are transferred across CdS/TiO,
(CdS/CulnSe,/TiO,) interface. These recovery traces exhibit
multiexponential behavior and can be fitted to biexponential

RSC Advances, 2014, 00, 00-00

RSC Advances

kinetics convoluted with the instrument response function using
eq 1 with fitted values in Table S1(ESI +).
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Fig. 5 Time-resolved transient absorption spectra recorded
following 400 nm laser pulse excitation of CdS quantum dots
deposited on (a) SiO, slice, (b) TiO, and (c) CulnSe, pre-
sensitized TiO, porous film. (d) The bleaching recovery
normalized to peak response. The monitoring wavelengths are
at the bleaching maximum.

F(t) =y, +ae /™ +ae/™ (1)

In the present experiments, on CdS/SiO, slice, it exhibits
the lowest bleaching recovery (t,=17.9 ps and 1,=194.8 ps) due
to the excited electrons disappear via recombination but not
transfer, because SiO, is electronically insulating and will not
participate in the interparticle electron transfer process. While
the bleaching recovers faster in the CdS/CulnSe,/TiO, sample
(t11=7.0 ps and 1,=80.8 ps) than CdS/TiO, (t;=9.1 ps and
1,=117.8 ps), arises as the electron transfer to CulnSe,/TiO,
dominates the deactivation of excited CdS. For comparison
purposes, an average lifetime has been determined using eq 2.3°

<r>= =Gt @

For CdS alone, it exhibits a relatively long-lived bleaching
recovery with average lifetime of 183 ps. A decrease in the
average CdS bleaching recovery lifetime was evident when
deposited on TiO, film and a dramatic decrease on
CulnSe,/TiO, film with average lifetimes of 107 and 70 ps,
respectively. If we assumed that electron transfer is the
dominant pathway responsible for the faster bleaching recovery
of CdS on TiO, (bare TiO, and CulnSe, sensitized TiO,)
surface, we can estimate the electron transfer rate using the eq 3,

1 1
Ker = - @)
Tcds/Tio,  FCds/sSio,
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The electron transfer rates for CdS/TiO, and
CdS/CulnSe,/TiO, are 2.97 X 10° and 7.92 X 10° s%
respectively. Based on these results, it can be observed that an
increase in the electron transfer rate constant caused by
sensitized CulnSe, QDs on TiO, film. This means that more
efficient electron injection dynamics in CdS/CulnSe,/TiO, film,
which consisted with the better performance of CdS/CulnSe,
QDSSC.

~E ] g
45
a0 Cuinse, ADs

Tds

Patential vs. Vacuum (ev)

75 o,

Fig. 6 (a) Schematic illustration and (b) the corresponding
energy level schematic diagram of the photoelectrode

consisting of a TiO, film sensitized with CulnSe, QDs and CdS.

The schematic illustration of the cascade structural
photoelectrode and the corresponding energy diagram are
shown in Fig. 6 to elucidate the probable charge transfer
mechanisms involved in the irradiated electrodes. The band
gaps of TiO, and CdS are ~3.2 eV and 2.4 eV (conduction band
edge to the vacuum are approximately 4.0 and 3.6 eV),
respectively.*® Based on the analysis of Fig. 2, the band gap of
the as-synthesized CulnSe, QDs is ~2.2 eV. It was reported that
the CulnSe;, conduction band edge is 0.2 eV above the CdS
conduction band edge.**As shown in Fig. 6(b), under white
light illumination, the combined sensitizers are both exited. For
CulnSe;, QDs, the photogenerated electrons transfer from their
conduction band to TiO,. For CdS, similar to that of CulnSe,,
photogenerated electrons transfer into TiO, where CdS are
attached to TiO, directly (Fig. 6, dash line). However, where
CdS are contacted with CulnSe, QDs, the interconduction band
transfer of electrons from CdS to CulnSe, QDs is prohibited
because the edge of the conduction band of the CulnSe, QDs is
higher than that of the CdS. As the literature reported, the
electrons in the conduction band of the CdS would scavenge the
holes in the CulnSe, QDs, which can substantially enhance the
separation of photogenerated charges in the CulnSe, QDs and
thus enhance the photocurrent of the electrode.™

We also synthesized CulnSe, QDs at different solvothermal
temperatures. As shown in Fig. S1, the QDs synthesized at
different temperatures showed different colors. The TEM image
in Fig. S2 showed that the average sizes of QDs synthesized at
190°C are 20 nm. Because of quantum confinement effect, the
QDs with large sizes show darker colors. The as-synthesized
quantum dots were used as sensitizers for the QDSSCs. The I-V
characteristics of these QDSSCs are shown in Fig. S3 and
Table S2 (ESIT). The efficiencies measured for a
CdS/CulnSey(150 <C) QDSSC and a CdS/CulnSe,(190<C)
QDSSC were 1.63% and 1.10%, respectively (shown in Table

This journal is © The Royal Society of Chemistry 2014

S2 ESIT). The different efficiencies of these solar cells should
be caused by the quantum dots synthesized at different
temperatures. In the case of low solvothermal temperature at
150 <C, it was possible that Ostwald ripening did not affect
crystal growth, and the uniform QDs with small sizes were
obtained. However, due to the short reaction time, the crystal
structures of the QDs (150 <C) were not intact compared to that
of QDs (170 <C). Thus the corresponding the CdS/CulnSe,
(150 <) QDSSC exhibited lower photocurrent value and
efficiency than the CdS/CulnSe, (170 <) QDSSC.
Contrastingly, when the solvothermal temperature increased to
190 <C, the reaction proceeded fast and Oswald ripening started
to increase the sizes of quantum dots. Therefore, the CulnSe,
QDs obtained at 190 <C were larger than that of 170 <C,
implying that steric hindrance may hinder the binding of QDs
(190 <C) to the TiO, film. The photocurrent and voltage of
CdS/CulnSe, (190 <€) QDSSCs were both lower than those of
CdS/CulnSe, (170 <€) QDSSCs, which resulted in poor
efficiencies.

4. Conclusions

In summary, ultrasmall CulnSe, quantum dots below 5 nm
have been successfully synthesized by a facile solvothermal
method. The CulnSe, QDs were used as a combination-
sensitizer for the cascade structure of the CdS/CulnSe,
QDSSCs to improve their performances. Under one sun of
simulated irradiation (AM1.5G, 100 mW cm?), the cell
efficiency reached a promising 2.27%, which was 55% higher
than that of the single CdS sensitized solar cell. A good electron
transfer dynamics could be observed on CdS/CulnSe,/TiO, film.
The preliminary CulnSe, layer is not only energetically
favorable to electron transfer but behaves as a hole scavenger
for excited CdS.
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