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After being doped with zinc, CulnS, quantum dots (QDs) exhibit desired tunable optical and electronic
properties, more specifically, photoluminescence emission and band gap. The former is mainly due to
the intrinsic donor—acceptor transition, which, together with the improved quantum yield and large
longest decay time, accounts for 95% of the whole emission profiles. The latter results in an enhanced
ket value of 2.99 x 10 s7% greater than that for pure CulnS, QDs by an order of magnitude.
Functioning as light harvesting materials in quantum dot sensitized solar cells, zinc doped CulnS, QDs
show broadened photoresponse up to ~950 nm. Incident photon-to-current conversion efficiency of
quantum dot sensitized solar cells achieves a maximum of 69% at 500 nm and can be maintained over

50% within the window below 750 nm. After the doping with zinc under optimized conditions, the
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Accepted 4th August 2017 average power conversion efficiency of solar cells under one full sun illumination demonstrates an

increase of 13.2%, from 5.21% for pure CulnS, QDs to 5.90% for doped CulnS,; QDs. It is proven that the

DOI: 10.1039/¢7ra066599 improved performance can be attributed to a broadened optoelectronic response range and accelerated
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1. Introduction

Due to quantum confinement and enhanced surface to volume
ratios, colloidal quantum dots (QDs) provide a unique platform
for designing new applications in solar cells, LEDs, and photo-
catalysts." The flexibility of QDs may lead to controllable band
edge energies and composition, tunable bandgap onset energies,
strong optical transitions, facile doping and synthesis strategies,
and enhanced multiple exciton generation (MEG).>*® Recently,
quantum dot-sensitized solar cells (QDSCs) have drawn great
attention with the use of QDs for the development of a suitable
sensitizer in the next generation of photovoltaic technologies.”®
Power Conversion Efficiencies (PCE) up to 11.16% and 11.61%
based on CdSeTe and Zn-Cu-In-Se QDSCs, respectively, were
reported by Zhong and coworkers.>'® Functioning as sensitizers,
QDs play vital roles in terms of light harvesting and corre-
sponding electron injection."*** The recent emergence of ternary
I-1II-VI, QDs offers a promising alternative to the binary
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chalcogenide QDs for their enhanced tunable optical and elec-
tronic properties, in addition to ecofriendliness.****

As a typical I-1II-VI, semiconductor,'® CulnS, possessing
direct band gap displays high absorbing coefficient and good
stability under solar radiation, and is compatible with the AMO0
solar spectrum (E; = 1.5 eV)."”"** These properties make CulnS,
QDs a good candidate as the sensitizer in quantum dot-
sensitized solar cells.® In order to meet the increasingly
demand of effective solar cells, considerable efforts have been
made to improve the performance of CulnS, QDs based
QDSCs.®'%202% Zhong and Hyeon groups have reported high
performance QDSCs with PCE of 7.04% (ref. 23) for CulnS,/ZnS
and 8.10% for CulnSe,,* respectively. However, the potential of
QDSCs has yet to be fully demonstrated. Beneficial from MEG,
the theoretical PCE of QDSCs could reach up to 44%.>*

To further boost the efficiency of QDSCs, it is desired to
obtain suitable QDs, which are featured by wide absorption
range, high conduction band edge, and limited trap state
defects, using simple and reproducible processes.”®*” It has
been demonstrated that type-I core/shell structured QDs
developed by the overgrowth of wider band gap ZnS or CdS shell
on QDs have enhanced luminescent emission efficiency and
stability.® For example, Zhong and coworkers showed type-I
core/shell QDs based QDSCs with PCE over 9% for CdSeTe/
CdS* and 7.04% for CulnS,/ZnS,* respectively. However, the
overgrowth of shell on QDs core may reduce charge recombi-
nation and act as injection barrier, which have conflicting
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effects on effective electron transportation.”® It is difficult to
make a compromise between these two effects. In addition, the
conventional syntheses by two separated steps for core and shell
growths using Schlenk technology are neither easy nor repro-
ducible, even after decades from the appearance of colloidal
method.”®*® Doped QDs provide a promising alternative.**
Dopant could alter electron wave in orbitals of host QDs,
producing moderate modulation on band gaps and further on
conduction band edges,**** hence, promoting electron injection
from QDs to TiO, photoanodes. Additionally, ternary CulnS,
QDs tolerate a large range of off-stoichiometric compositions
and complex crystal structure relevant with donor and acceptor
trap states.***¢ Donor and acceptor sub-bandgap states are
originated from Cu and In vacancies (V¢, and Vy,) and replacing
defects (Cuy, and Inc,).*>*” It has been shown that donor and
acceptor trap states in QDs could be adapted by the incorpo-
ration of dopant into the host structure. The successes of
Zn-Cu-In-Se,' Cu-In-Ga-Se,*® CulnSe,S, , (ref. 18) and Zn-
Ag-In-Se* QDs have been validated. Noted is that both of the
two reports on QDSCs with PCE above 11% were conducted
under the assistant of highly catalytic Ti/C counter electrodes
rather than on conventional Cu,S/brass.

Herein, a facile synthesis of zinc doped CulnS, QDs with
tunable photoluminescence is presented. A series of zinc doped
CulnS, QDs that is capped by oleylamine were synthesized by
thermal decomposition of organometallic precursors. It was
shown that tunable photoluminescence (PL), long lifetime and
enhanced quantum yield (QY) of zinc doped CulnS, QDs are
mainly attributed to the donor-acceptor pair recombination,
which accounts for over 95% of the whole emission profiles.
Water-soluble zinc doped CulnS, QDs were tethered on meso-
porous TiO, film electrode after ligand exchange. The fabricated
zinc doped CulnS, QDs-based QDSCs exhibit photoresponse
extended to ~950 nm and achieve average PCE of 5.90% under
one full sun illumination.

2. Experimental
2.1 Materials

All chemicals were used as received without further purifica-
tion. Copper diethyldithiocarbamate (Cu(dedc),, 97.0%) and
zinc diethyldithiocarbamate (Zn(dedc),, 99%) were obtained
from TCI; indium nitrate (In(NOj)z, 99.9%) from Alfa Aesar;
sodium diethyldithiocarbamate trihydrate (Na(dedc), 99%), and
n-hexane (95%) from J&K; oleylamine (>80%), dodecanethiol
(98%), and mercaptopropionic acid (MPA, >99%) from Acros.

2.2 Synthesis of In(dedc); precursors

The In(dedc); precursors were synthesized according to the
previous reports.* In a typical synthesis of In(dedc);, Na(dedc)
(6 mmol) and In(NO3); (2 mmol) were respectively dissolved in
100 mL and 50 mL de-ionized water, then the In(NO3); solution
was added dropwise to the Na(dedc) solution with magnetic
stirring. The white product was washed 3 times with de-ionized
water and dried under a vacuum at 60 °C for 3 h. As-synthesized
precursors were stored in desiccator at room temperature.
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2.3 Synthesis of zinc doped CulnS, QDs with tunable
composition

Zinc doped CulnS, QDs with tunable compositions can be
achieved by varying the relative molar ratio of precursors in the
source materials. In a typical synthesis of zinc doped CulnS,
QDs (ZCIS-10), Cu(dedc), (0.05 mmol), In(dedc); (0.1 mmol) and
Zn(dedc), (0.01 mmol) were loaded into a 50 mL rounded-
bottom flask, which was then filled with 4 mL of oleylamine.
After ultrasonic dispersing at room temperature, magnetic
stirring at room temperature was followed. The flask was
immersed into oil bath and maintained at 180 °C for 20 min
and then allowed to cool to room temperature by water bath.
The red dark product was collected by centrifugation, washed
several times with absolute ethanol and n-hexane. Pure CulnS,
QDs were synthesized with the absence of zinc precursors. For
simplicity, the sample for zinc doped CulnS, QDs with the ratio
of Zn/In precursors 0.025 was referred ZCIS-2.5 and so on.

2.4 Ligand exchange of QD and fabrication of TiO,
photoanodes

Ligand exchange of oil-soluble ZCIS QD to water-soluble QDs
was performed according to a literature method. Typically,
0.4 mmol MPA was first dissolved in 1.0 mL methanol, then the
PH of the solution was adjusted to 11 with the use of 30% NaOH
aqueous solution. The MPA solution was added into 15 mL ZCIS
QDs dichloromethane solution and stirred for 30 min to get the
precipitation of the ZCIS QDs. Then 10.0 mL de-ionized water
was added into the mixture and kept the stirring for another
20 min. The solution was separated into two phases and the
ZCIS QDs were transferred into the superincumbent water from
the underlying chloroform, the underlying phase was discarded
and the aqueous phase containing the MPA-capped ZCIS QDs
was collected. The aqueous dispersion was further purified by
centrifugation and decantation with the addition of acetone,
and the precipitate was redissolved in 1.0 mL de-ionized water.

The double layered mesoporous TiO, photoanodes were
fabricated on well-cleaned FTO glass. Before the 10.0 um thick
transparent 20 nm-TiO, layer was coated on the FTO substrate by
successive screen-printing of TiO, paste, the cleaned FTO glass
was treated with 40 mM TiCl, aqueous solution for the formation
of a compact TiO, layer on substrate, followed by another screen-
printing of 2.0 pm thick light scattering 200 nm-TiO, layer. Finally,
the film was heat treated in a hot plate at 500 °C for 30 min.

The doped CulnS, QD sensitizers were immobilized on the
TiO, mesoporous films by pipetting 30 uL QD aqueous disper-
sion (absorbance of 3.0 and pH of 11.0) onto the film surface
and maintaining 4 h before rinsed sequentially with de-ionized
water and ethanol and then dried with nitrogen. After the
immobilization, the sensitized TiO, films were coated with ZnS,
alternately dipping into 0.1 M Zn(NOs), and 0.1 M Na,S solution
for 1 min, rinsing with ethanol between dips.

2.5 Assembling solar cells

The sandwich-type cells were constructed by assembling the
photoanode and the Cu,S/brass counter electrode using

This journal is © The Royal Society of Chemistry 2017
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a 50 pm thick Scotch spacer. To prepare Cu,S/brass counter
electrode, brass foil was immersed in HCI solution (1.0 M) at
80 °C for 15 min and subsequently soaked into polysulfide
electrode solution for 2 min. The polysulfide electrode solution
was obtained by the dissolution of 2.0 M Na,S, 2.0 M S, and
0.2 M KCl in de-ionized water. A droplet (10 pL) of polysulfide
electrolyte was injected into the cell device. The area of the cells
was 0.25 cm?® For QDSCs fabricated under each condition,
several cells were performed and tested in parallel.

2.6 Characterization

The as-synthesized sample were drop cast on the Si low back-
ground sample holders and dried at room temperature in the
air, then the powder X-ray diffraction (XRD) patterns of the
prepared samples were recorded on Bruker D8 advance X-ray
diffractometer with graphite monochromatized Cu Ka (A =
1.5405 /f\) radiation with a step of 0.02° at a scanning speed of
4° min~' in 260 ranging from 10° to 80°. Scanning electron
microscopy (SEM) images were taken using a FEI Nova Nano-
SEM200 microscope. Composition analysis was performed by
EDS (oxford INCA). The transmission electron microscopy
(TEM) was carried out under JEOL JEM-2100F microscope
operating at an accelerating voltage of 200 kV. UV-visible
(UV-vis) absorption spectra of the samples were recorded on
a SHIMADZU UV-1800 spectrophotometer. Steady-state photo-
luminescence (PL) spectra and absolute quantum yield (QY)
were measured using a Fluoromax-4 spectrofluorometer
(HORIBA Jobin Yvon Inc.) equipped with a 150 W xenon lamp as
the excitation source. The absolute QYs of the samples were
determined by measuring emission and scattered light from the
sample and reference in an integrating sphere.** All the
samples were dispersed in dichloromethane and placed in
a cuvette inside the integrating sphere. The emitted and scatted
radiation was collected at 90° angle from the excitation, and
a baffle was placed beside the sample on the emission mono-
chromator side to avoid the collection of directly scatted light.
The PL decay dynamics were measured using time-correlated
single photon counting (TCSPC) set-up from Jobin Yvon
equipped with a 454 nm LED excitation source. Photocurrent
density-photovoltage curves (J-V) of QDSCs were derived with
a Keithley 2400 digital source meter (Keithley, USA) under AM
1.5G illumination (100 mW c¢m™?) by Oriel Sol 3A Solar Simu-
lator (94023A, Newport Stratford Inc., USA), calibrated with
a standard crystalline silicon solar cell. The incident photon-to-
current conversion efficiency (IPCE) was measured by using
solar cell quantum efficiency measurement system (QEX10, PV
Measurements, Inc.), and was calibrated with a NREL-certified
Si diode before measurement.

3. Results and discussion

Ternary CulnS, QDs tolerate a large range of off-stoichiometric
compositions and complex crystal structures relevant with
donor and acceptor trap states, which have significant effects on
their optical and electronic properties.*® Doping zinc ionic into
QDs could disturb electron waves in orbits and enhance

This journal is © The Royal Society of Chemistry 2017
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electronic coupling, hence, also affecting the optoelectronic
properties of host CulnS, QDs. The absorbance spectra of zinc
doped CulnS, QDs with different zinc contents are shown in
Fig. 1. While they don't exhibit obvious exciton absorption
peaks, the doped QDs apparently have a series of absorbance
edges ranging from ca. 800 nm to ca. 670 nm. A substantial blue
shift of the optical absorbance band edges occurs with
increased concentration of doped zinc in CulnS, QDs, indi-
cating an increase in the determined optical band gaps of the
doped QDs. The optical band gaps of doped QDs can be derived
in the range of 1.55-1.85 eV. High-resolution TEM images
(Fig. 2a and b) show that the doped CuInS, QDs have uniform
diameters around 5 nm, independent of zinc concentration,
suggesting minor quantum confinement effects. Therefore, the
observed blue shift is mainly attributed to the widening of band
gaps as a result of the doped zinc. Quantitative elemental
analyses of the QDs by EDS (Table 1) suggested the composi-
tions of the QDs were roughly but systemically consistent with
the fed Cu/In molar ratios.

TEM image also shows that an individual QD has a clear
lattice fringe with interplanar spacing of 3.1 A, which can be
resolved as (112) lattice fringes and agrees well with those
determined from diffraction peak at 27.88° in the XRD patterns,
demonstrating crystalline nature of doped CulnS, QDs.
Furthermore, XRD patterns (Fig. 2c) exhibit three broad peaks
at 20 = 27.88°, 47.28°, and 55.06°, which are assigned to the
diffractions of the (112), (204), and (312) planes of the chalco-
pyrite CulnS, crystals, respectively. The three main peaks in
XRD pattern shows wider full-width at half-maximum (FWHM)
than bulk CulnS,, which can be explained by the broadening
effect of nanometer size of QDs. XRD analysis demonstrates
that zinc doped CulnS, QDs with different contents have
a chalcopyrite phase. With increased doped zinc concentration,
the major diffraction peaks essentially keep stable and no
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400
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600 700
Wavelength (nm)

800 900

Fig. 1 UV-vis spectra of zinc doped CulnS, QDs with different
contents.
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Fig. 2 (a, b) Typical TEM image of doped CulnS, QDs, and (c) XRD
patterns of doped CulnS, QDs with different zinc contents.

splitting appears. This indicates the incorporation of zinc ions
into CulnS, crystals and rules out phase separation or indi-
vidual nucleation of ZnS during the synthesis. It may therefore
be concluded that the doped zinc is homogeneous distributed
in CuInS, QDs matrix.

PL spectra of zinc doped CulnS, QDs (Fig. 3a) display broad
blue shift emission peaks with higher zinc contents, from
760 nm for ZCIS-2.5 to 680 nm for ZCIS-50. It should be noted
that the blue shifted PL peaks for ZnS shell was within a smaller
degree than that for zinc alloying QDs. By introducing zinc ions,
ZnS-Culns, alloy compounds would be formed via alloying ZnS
with a wider band gap and CulnS, with a narrower band gap.
The band gap of doped CulnS, QDs becomes wider with the
increased contents of doped zinc. The PL peaks of doped CulnS,
QDs exhibit large FWHM from 137 nm for ZCIS-2.5 to 104 nm
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for ZCIS-50. Usually, large FWHM is observed in the ternary I-
III-VI semiconductor QDs due to the characteristic donor-
acceptor pair transition or surface defect states.®**

The sensitivity of QY with zinc concentration was investi-
gated (Fig. S11). The results showed that a minor content of zinc
(ZC1S-2.5) may increase QY from 0.2% for pure CulnS, QDs to
1.9%, approximately by a magnitude order. QY keeps increasing
with increased zinc content to 3.1% for ZCIS-5.0, and 4.7% for
ZCIS-7.5, 4.2% for ZCIS-10, 4.2% for ZCIS-25, and 4.9% for ZCIS-
50. The low QY of pure CulnS, QDs indicates the extensive
existence of surface defect and/or internal trap state, the latter
of which can be effectively suppressed by the doping of zinc. It
has been reported that QY can also be increased by overcoating
wider band gap ZnS or CdS layer on CulnS, QDs. Klimov et al.
demonstrated QY of CulnS, nanocrystals could reach as high as
80% after CdS overcoating growth.>® Zhong and coworkers re-
ported CulnS,/ZnS core/shell structured QDs with QY 10-fold
higher than that of CulnS, QDs.”®* Many studies have reported
QY of ternary nanocrystals with widely ranged values,"”**
which are affected by several factors such as synthesis strategy,
types of ligands, cation ratios, and core/shell structure. Deng
et al.** reported Cu-Zn-In-S nanocrystals with QY as high as
over 70-80%. According to those strategies on synthesis,
dodecanethiol was used as capping agent. Most studies on
semiconductor nanocrystals used dodecanethiol and oleyl-
amine, which controls the reactivity of metal ions by tailoring
the phase and shape of targets.'>'7?%34%4* However, dodeca-
nethiol would hinder electron transport for tight adsorbance on
QD surface in photovoltaic application,*>*® and thus was avoi-
ded in the present work on purpose.

The intrinsic defects, surface defects, and size-dependent
band gap of QDs are involved in the PL emission.** Different
electron-hole recombination mechanisms may correspond to
different PL decay lifetimes. To understand the mechanisms
underlying the dependence of QY on zinc contents, PL decay
dynamics of doped CulnS, QDs were investigated by time
correlated single photon counting (TCSPC) technique. As shown
in Fig. 3b, their PL decay curves can be fitted by biexponential
equation I(t) = a; exp(—t/t4) + a, exp(—t/1,).*” Also, the average
lifetimes 7,y is used to estimate the PL decay time, which can be
defined by Tae = (171 + @272)/(qT1 + @p7,). The fractional
intensities F;, defined as (o 14)/(a1 71 + 57,), gives the weights of
the two components and signifies the proportion of the excited
state population that radiatively decays through each pathway.

Table 1 The elemental analyses of zinc-doped CulnS, QDs with gradient composition (EDS)

QDs Cu (atom%) In (atom%) S (atom%) Zn (atom%) Zn/In ratios in QDs (%)
ZCIS-50 21.41 18.64 56.33 3.63 19.5

ZCIS-25 23.67 20.65 53.46 2.22 10.8

ZCIS-10 22.42 22.94 53.53 1.11 4.8

ZCIS-7.5 24.05 22.08 52.72 1.15 5.2

ZCIS-5.0 23.23 21.28 54.71 0.79 3.7

ZCIS-2.5 24.38 22.50 52.53 0.60 2.7

CIS 22.53 22.02 55.46 — —
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Fig. 3 PL emission spectra (a) and decay curves (b) of doped CulnS, QDs with different contents.

As shown in Table 2, the PL relaxations can be decomposed into
fast and slow decay components. The fast decay components
are within tens of nanoseconds with contributions of less than
5%, while the slow decay parts are hundreds of nanoseconds
and account for more than 95% to the whole emission profiles.
With increased zinc content, the lifetimes of fast components
keep stable with enlarged shares, while the lifetimes of slow
components decrease with reduced shares. The fast decay
(19-25 ns, depending on doped zinc contents) can be attributed
to the intrinsic recombination of core states and surface defect
states. The slow decay (160-180 ns) is due to donor-acceptor
pair transition, which can be verified by the aforementioned
broad emission peaks of the doped CulnS, QDs (FWHM of the
peaks is distributed within range of 104-137 nm). It is well
known that intrinsic defects in ternary CulnS, semiconductors
are deep trap states for their enhanced configurable degree of
freedom in atomic packing models.**** Zhang et al.** also re-
ported similar results that, in ZnS-CulnS, alloyed nanocrystals,
donor-acceptor transition accounts for a large fraction of the
total PL emission spectra. Castro et al.*® attributed some donor
and acceptor states for the origin of fluorescence of CulnS, QDs
to sulfur vacancy and copper indium substitution as the donor,
cupper vacancy as the acceptor. Sulfur vacancy and interstitial
copper create donor levels, and copper vacancy and interstitial
sulfur act as acceptor levels in CulnS, QDs.**** Therefore,
cation vacancy plays a fundamental role in donor-acceptor pair
mechanism of PL.

During water-soluble ligand exchange in base circumstance,
the reactivity of the MPA was enhanced by removing the thiolic

Table 2 Fitting parameters deriving from the equation /(t)

QD T,/NS  T,/ns /% /% Fi/%  Fy/%  Tae/nS
ZCIS-50 21.7 160.9 24.88 75.12 4.3 95.7 154.9
ZCIS-25 20.2 161.0 23.53 76.47 3.7 96.3 155.8
ZCIS-10 22.4 182.7 19.63 80.37 2.9 97.1 178.0
ZCIS-7.5 21.0 172.7 20.52 79.48 3.0 97.0 168.1
ZCIS-5.0 20.5 178.5 17.88 82.12 2.4 97.6 174.6
ZCIS-2.5 24.4 185.9 23.37 77.89 3.8 96.2 179.8
CIS 19.4 222.7 16.81 83.19 1.7 98.3 219.2

This journal is © The Royal Society of Chemistry 2017

hydrogen with a strong base, which ensured a dense and
compact coverage of the MPA ligand on the surface of QDs by
the thiolic end.*® MPA-capped doped CulnS, QDs were depos-
ited and absorbed onto the surface of TiO, mesoporous films,
facilitated by their interaction with carboxyl groups.** Then,
three cycles of ZnS passivation coating using SILAR method
were carried out. Sandwich-type cells were constructed by
assembling QD-sensitized TiO, film electrode and Cu,S/brass
counter electrode, which were separated with hollowed Scotch
spacer. Then polysulfide electrolyte was injected and inhaled to
the layers by capillary effect. The -V curves of the solar cells
under the illumination of an AM 1.5G solar simulator with an
intensity of 100 mW cm ™ (1 full sun) are shown in Fig. 4a, and
the extracted photovoltaic parameters are collected in Table
S1.f It is noted that for the photovoltaic performance
measurement at least three cells were constructed. The trends
of the photovoltaic parameters are shown in Fig. 5 as functions
of zinc contents. FF about 51.1 (£3.9)% and V,. about
0.526 (£0.04) V are not sensitive to zinc contents where as J.
has a maximum of 22.1 (+3.5) mA cm > at ZCIS-5.0 due to the
compromising between charge recombination and injection
barrier effects. Correspondingly, a maximum PCE of
5.9 (£0.5)% was achieved at the doped CulnS, QDs of ZCIS-5.0.
After the doping with zinc at optimized conditions, the average
PCE of QDSCs under one full sun illumination is increased from
5.21% for pure QDs to 5.90% for doped QDs, a remarkable
increase of 13.2%. As a comparison, Js. and PCE of pure CulnS,
QDSCs were measured to be 18.9 (£0.9) mA cm > and
5.21 (+0.3)%, respectively. Although the obtained efficiencies
are lower than the values of 7.06% for glaring CulnS,/ZnS
QDSCs* and 11.6% for Zn-Cu-In-Se QDSCs," the improve-
ment of photovoltaic performance in doped CulnS, QDSCs is
still encouraging, especially, taking the facile synthesis into
consideration. The remarkable enhanced J,. for QDSCs of
ZCIS-5.0 (from 18.9 to 22.1 mA cm™ %) was thought introduced by
increased efficient electron injection from both extended pho-
toresponse range, which confirmed by red shifted absorption
band edges in UV-vis absorption spectra (Fig. 1), and moderate
lifetime PL with increased QY (Fig. 3a and S17), while other
QDSCs possessed either or neither of the two sources.
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Fig. 4 Photovoltaic performances of doped CulnS, QDs sensitized QDSCs with different zinc contents. (a) Current—voltage characteristics,

recorded under AM 1.5 radiation with an incident power of 100 mW cm

IPCE represents the percentage of incident photons that are
converted to charge carriers and collected at the electrode
surface. The IPCE spectra shown in Fig. 4b exhibit photo-
responses roughly matching with the absorption spectra of
QDs. The photoresponse ranges in the IPCE spectra are wider
than the corresponding absorption ranges of doped CulnS,
QDs, which can be ascribed to the light scattering effect by
200 nm TiO, particles in mesoporous TiO, layer. The IPCE
spectrum of ZCIS-5.0 based QDSCs exhibits a strong photo-
response over 50% within the window below 750 nm and rea-
ches the maximum value of 69% at 500 nm, while the other
QDSCs show the weak photoresponse either in shorter wave-
length window or low convert efficiency, consistent with the
aforementioned Js. trend (Fig. 4a). The J,. values obtained by
integrating IPCE spectra are 12.15, 13.14, 14.68, 14.49, 15.81,
15.07 and 14.10 mA cm 2, respectively. They are generally

~2_(b) Incident photon conversion efficiency (IPCE) curves.

smaller than the corresponding values by j-V characteristics.
The systematic discrepancy can be may be explained by limited
charge separation and collection efficiencies due to lower light
intensities from monochromator in IPCE than that of AM 1.5G
illumination in j-V characteristics.** Previously reported pho-
toresponse range of CdSe and CdS/CdSe QDs sensitizers in
QDSCs are typically less than 700 nm.***’ In the current work,
the ranges are extended to near-infrared region (ca. 950 nm),
which were realized by properly controlling band gap of doped
CulnS,, resulting in effective light harvesting utilization and
reinforced photocurrents.

Electron injection rate from absorber to the conduction
band of TiO, is an important parameter in QDSCs.*® It has been
demonstrated that the excited-state features of QDs depend on
the substrate to which they are attached.”®*® To evaluate the
kinetics of charge transfer from QDs to TiO,, PL decay
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Fig. 5 The photovoltaic parameters of doped CulnS, based QDSCs with different zinc contents.
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measurements were carried out for QDs deposited on both TiO,
and insulating SiO, substrate.*® An additional deactivation
route was formed after doped CulnS, and pure CulnS, QDs
deposited on TiO, mesoporous films, in which electrons could
easily transfer to TiO, for their lower conduction band edge. As
compared in Fig. 6, the recoveries of bleaching of doped CulnS,
of ZCIS-5.0 and pure CulnS, QDs on insulating TiO, are rela-
tively faster than those on SiO,, which. These results confirm
promoted electron injections from QDs to TiO,.*

Biexponential decay model was used to fit the lifetime traces.
The fitting results and calculated average lifetime (t,,) are listed
in Table 3. The rate constants of electron transfer from QD to
TiO,, ke, can be estimated by comparing the PL decay processes
of the QDs on TiO, to those on SiO,, following eqn (1).

ket = Utayrio,) — UTavsioy (1)

where 7ay(rio,) and 7ay(sio,) are the average lifetimes of QDs on
TiO, and SiO, substrates, respectively. Using eqn (1) and t,,
values in Table 3 gives ket = 2.99 x 10'° s~* for doped CulnsS,
QDs (ZCIS-5.0) and 0.276 x 10'® s™' for pure CulnS, QDs,
different by a magnitude order. The conduction band of doped
CulnS, QDs provides the driving force of electron injection. The
upper conduction band, originated from zinc doped in CulnS,
QDs, results in an enhanced driving force, corresponding to
a higher value of k., which explains the larger rate constant of
electron transfer for ZCIS-5.0 QDs than that for pure CulnS,
QDs. A similar correlation of the electron transfer rate with the
conduction band energy of QDs was established by varying the
particle size or composition.”** Earlier studies with quantized
CdSe and CulnS, have shown size dependent electron injection
process dictated by the energy gap between the conduction
band of CdSe or CulnS, and TiO, as well as acceptor density of
states.”® However, the dilemma will be encountered if the donor
and acceptor sub-bandgap states from excess defects hold the
energy level of conduction and valence bands. Other than
intrinsic conduction band, the trap site (donor level) lying close
to the conduction band of the QDs may dominate electron

View Article Online
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Table 3 Fitting results of PL emission decay of doped and pure CulnS;
QDs on TiO, and SiO, substrates

Sample /NS /% T/NS /%  Taye/NS ket (x10'%/s7Y)
ZCIS-5.0@TiO, 0.22 32.72 3.4 67.28 3.3 2.99
ZCIS-5.0@Si0, 17.3 9.39 238.1 90.61 236.4

CIS@TiO, 3.55 80.68 41.4 19.32 314 0.276
CIS@SiO, 23.05 9.92 240.12 90.08 237.8

injection. According to successively decreased PL lifetimes and
reduced share of their slow components, doped CulnS, QDs
with high zinc contents may produce additional defects, which
diminish the driving force for electron injection and lead to
deteriorated performance of QDSCs.

4. Conclusion

In this paper we report a facile synthesis of doped CulnS, QDs
under air circumstance by the organometallic high temperature
method. Owing to the modulation on doped zinc contents,
features of tunable photoluminescence of doped CulnS, QDs
with improved lifetime and QY have been demonstrated. It was
shown that donor-acceptor pair recombination contributes to
above 95% of the whole emission profiles. The optical and
electronic properties of doped CulnS, QDs have significant
effects on the performance of QDSCs. ZCIS-5.0 QDs based
QDSCs exhibited PCE of 5.90% under one full sun illumination,
higher than the value of 5.21% for pure CulnS, QDs. The
improvement is mainly originated from broadened optoelec-
tronic response range up to ~950 nm. IPCE values are over
~50% within the window below 750 nm and a maximum of 69%
is obtained at 500 nm. Furthermore, faster electron injection of
doped CulnS, from QDs to TiO, films, with k.. increased from
0.276 x 10'°s™" t0 2.99 x 10'° s, plays another important role
in increasing PCE. The facile synthetic approach combined with
composition modulation on dopant provides practical guidance
to the future development of high performance QDSCs.

(a) ZCIS-5.0

Intensity (a. u.)

(b) CIS

' 1 ! L 2 1 1 ' :
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Fig.6 PLemission decay plots of doped (a) and pure (b) CulnS, QDs on TiO; (olive for decay and blue for fit) and SiO, (black for decay and red for

fit) films, respectively.
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