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High Reduction of Interfacial Charge Recombination
in Colloidal Quantum Dot Solar Cells by Metal Oxide
Surface Passivation

Jin Chang,*** Yuki Kuga,” Ivan Mora-Sero,” Taro Toyoda,™® Yuhei Ogomi,*®
Shuzi Hayase,** Juan Bisquert,” and Qing Shen**®

Bulk heterojunction (BHIJ) solar cells based on colloidal QDs and metal oxide nanowires (NW)
possess unique and outstanding advantages enhancing light harvesting and charge collection in
comparison with planar architectures. However, the high surface area of NW structure often
brings about large amount of recombination (especially interfacial recombination) and limits
the open-circuit voltage in BHJ solar cells. This problem is solved here by passivating the
surface of metal oxide component in PbS colloidal quantum dot solar cells (CQDSCs). By
coating thin TiO, layers on ZnO-NW surfaces, the open-circuit voltage and power conversion
efficiency have been improved over 40% in PbS CQDSCs. The transient photovoltage decay
and impedance spectroscopy characterizations indicated that the interfacial recombination was
significantly reduced by the surface passivation strategy. Efficiency as high as 6.13% was
achieved through the passivation approach and optimization for the length of ZnO-NW arrays
(device active area: 16 mm?). All solar cells were tested under air conditions, and exhibited
excellent air storage stability (without any performance decline over more than 130 days). This
work highlights on the significance of metal oxide passivation in achieving high performance
BHIJ solar cells. The charge recombination mechanism uncovered in this work would shed light

on the further improvement of PbS CQDSCs and/or other types of solar cells.

Introduction

Colloidal quantum dots (CQDs) have attracted significant
attention in the last two decades due to their unique
optoelectronic properties in various applications such as light
emitting diodes, field effect transistors,’ photovoltaic cells,> 3
photo-detectors,* and bio-imaging.® Their particular advantages
in the low-temperature fabrication, solution-based processing,
bandgap tunability via the quantum size effect, and the multi-
exciton generation (MEG) possibility have enabled them as
promising light-absorbing materials in various photovoltaic
applications.®°

Colloidal quantum dot solar cells (CQDSCs) — presently
dominated by lead chalcogenide-based solar cells — have
emerged as a new class of solar cells with efficiencies under
continuous evolution and recently proved promising results on
long term stability.'" '* Metal oxide/quantum dot heterojunction
solar cells have been recently introduced and shown several
advantages over previous architectures such as Schottky
quantum dot solar cells.”> This structure was initially
demonstrated by Aydil and coworkers in solar cells consisting
of n-type ZnO and p-type PbSe QDs.* '* ZnO/PbS CQDSCs
were subsequently reported by Nozik and co-workers in 2010,
resulting in the first certified efficiency of 3% for this type of
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device.® The following years had seen significant increase in
photovoltaic performances of CQDSCs with the development
in CQD surface passivation strategies. '"'® Recently, certified
efficiency of 8.6% has been reported by Bawendi and co-
workers for planar ZnO/PbS CQDSCs, which further indicate
the great potential of CQDSCs.!" Although the highest
efficiency was obtained using the planar structure, it does not
mean that this structure is the most favourable configuration. In
CQDSCs, the photocurrent density, J,., is limited by the low
carrier diffusion length (< 100 nm),'*?° which makes that only
the photogenerated charge at the depleted region plus diffusion
length could be collected. This fact limits the thickness of the
CQD layer (~300 nm), not sufficient to absorb all incident
above-bandgap solar radiation.”” Nanostructured TiO, pillars?!
and ZnO nanowire (NW) arrays®> > have been explored in
order to enhance the light-harvesting capacity using thicker
CQD layers interpenetrated by the NW arrays. This strategy is
efficient to boost the photocurrent density to values higher than
30 mA/cm®? But, on the other hand, this strategy also
increases the recombination loss due to the increase of the
interfacial area between NWs and CQDs, thus decreasing the
device performances, especially the open circuit voltage
(Vo) 25
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Previous investigations in CQDSCs have been mainly
focused on the properties of CQDs and films. Studies on the
metal oxide component have been rarely reported and mostly
focused on their morphological properties and doping effect.*
26 The surface passivation of metal oxide or interface
engineering at the metal oxide/quantum dot interfaces has
attracted relatively less attention, but could be similarly
important. In addition, reducing the charge recombination is
one of the most important ways to achieve high efficiency
photovoltaic devices. Considerable emphasis has been placed
on the interface recombination at the metal oxide/light absorber
interfaces in various photovoltaic technologies, such as dye-
sensitized solar cells (DSSCs), quantum-dot-sensitized solar
cells (QDSSCs), and organic photovoltaics (OPVs).>> 27! For
example, TiO, layers were introduced by Cao and co-workers
to modify the surface of mesoporous ZnO electrodes, which
improved the photovoltaic performances of CdS/CdSe
QDSSCs.*? Similarly, MgO layers were also employed to
modify the electrode surfaces and prevent the recombination
loss in CdS QDSSCs.** Although the charge recombination
mechanism in heterojunction CQDSCs is thought to be
different from that in liquid-based QDSSCs,* introducing a
thin passivation layer is expected to reduce the surface states of
metal oxide (such as ZnO-NWs) and enhance their photovoltaic
properties in CQDSCs.

Here we report the preparation of PbS CQDSC using ZnO-
NWs as the selective contact for electron, improving the V.
and power convention efficiency (PCE) over 40% through the
metal oxide surface passivation strategy. A maximum
efficiency over 6% has been achieved through the further
optimization of the length of ZnO-NW arrays. The photo-
generated charge recombination mechanism in CQDSCs were
revealed through the open-circuit transient voltage decay
measurements. Three dominated recombination paths (intrinsic
recombination, interfacial recombination and direct carrier
recombination) were clearly clarified for the first time. These
recombination paths occur in the time scales ranging from a
few ps to a few 10 ms. In addition, the prepared devices possess
a remarkable long term stability over more than 130 days in air.
Our results highlight the significance of metal oxide surface
passivation in heterojunction CQDSCs and the elucidation of
recombination mechanism in these devices, which would shed
light on the further improvement of cell performances.

Experimental

Materials

Zinc  acetate  dehydrate  (Zn(OAc),-2H,O, 99.9%),
ethanolamine (99.0%), 2-methoxyethanol (99.0%), zinc nitrate
hexahydrate (Zn(NO;),-6H,O, 99.0%), hexamethylenetetra-
mine (HMTA, 99.0%), boric acid (H;BO;, 99.5%), lead oxide
(PbO, 99.5%), oleic acid (OA, technical grade, 60%), cadmium
chloride (CdCl,, 95.0%), hexadecyltrimethyl ammonium
bromide (CTAB, 99.0%), and oleylamine (OLA, 99.0%) were
purchased from Wako Pure Chemical Industries. Ammonium
hexafluorotitanate ((NHy),TiFg, 99.99%), 1-octandecene (ODE,
95.0%), tetradecylphosphonic acid (TDPA, 97%), and
hexamethyldisilathiane (TMS, synthesis grade) were purchased
from Sigma-Aldrich. All chemicals were used as received
without purification.

Preparation of ZnO-NWs
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Fig. 1 Schematic illustration of the fabrication of ZnO-NWs and the surface
passivation by TiO, coating. Zn*" solution-1 contains zinc acetate and
ethanolamine in 2-methoxyethanol. Zn*" solution-2 is an aqueous solution
containing zinc nitrate hexahydrate and hexamethylenetetramine. TiO,
precursor is an aqueous solution containing ammonium hexafluorotitanate
and boric acid.

ZnO-NW arrays were grown on FTO glasses pre-coated with
compact seed layers by a modified literature method.”® Fig. 1
illustrates the basic procedure for the synthesis of NW arrays.
To prepare the sol-gel precursor for ZnO compact layer, zinc
acetate dehydrate and ethanolamine were dissolved in 2-
methoxyethanol to obtain 0.5 M zinc precursor (Zn>" solution-
1). Then, 300 pL of Zn*" solution-1 was dropped on cleaned
FTO glasses (25 mm x 25 mm) and spun-cast at 1000 rpm for 2
s plus 3500 rpm for 60 s, followed by baking at a temperature
T1 for 10 min in air. This spin-coat and annealing processes
were repeated to generate a uniform ZnO compact seed layer
with thickness around 100 nm. To grow ZnO-NWs, the seed-
coated FTO substrates were floated face down in Scott bottles
containing the aqueous Zn®" solution-2 (25 mM zinc nitrate
hexahydrate and 25 mM HMTA), and heated at 90 °C for 2-4 h.
After growth, the substrates were rinsed with pure water, dried
with nitrogen flow, and annealed at temperature T2 for 30 min.

Preparation of ZnO@TiO,-NWs

It is well known that ZnO nanocrystals usually possess
significant amount of surface defects, as reflected by their
unique defective emission in the visible light range.*® In
photovoltaic applications, the undesired defects often act as the
recombination site and reduce the device performances. To
reduce the surface defects of ZnO-NWs, thin TiO, layers were
coated on ZnO surfaces because TiO, possesses similar band
structure but less amount of defects compared with the ZnO
counterpart.®® The TiO, layers were grown by a chemical bath
deposition (CBD) method. Typically, ZnO-NW arrays were
immersed in a TiO, precursor containing equal molar ratio of
(NHy),TiF¢ and H;BO; for 5 s at 10 °C. The concentration of
TiO, precursor solution was adjusted in the range of 1-25 mM
to optimize the thickness of TiO, layer. After TiO, coating,
substrates were rinsed with pure water, dried with nitrogen
flow, and annealed at temperature T3 for 30 min.

Synthesis of PbS QDs

Colloidal PbS QDs were synthesized according to a modified
literature method.? In this work, 6 mmol PbO and 15 mmol OA
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were mixed with 50 mL ODE in a 100 mL three-neck flask.
The mixture was stirred and degassed at room temperature and
100 °C for 30 min and 1 h, respectively. Then, the solution was
heated to 120 °C under nitrogen for another 1h, followed by the
injection of TMS solution (3 mmol TMS mixed with 10 mL
pre-degassed ODE) at 115 °C. After injection, the heater was
removed immediately while keep stirring the solution. When
the solution was cooled down to 75 °C, a CdCl,-TDPA-OLA
solution containing 1 mmol CdCl,, 0.1 mmol TDPA, and 3 mL
OLA was injected into the PbS colloidal. After cooling down to
room temperature, the reaction solution was mixed with 150
mL acetone and centrifuge at 4000 rpm for 5 min to precipitate
PbS QDs. The obtained precipitation was re-dispersed in 20 mL
toluene, washed with 40 mL acetone followed by
centrifugation. This purification process was repeated twice to
remove the unbound OA ligands in PbS colloidal. After
purification, the obtained PbS QD precipitation was dried by
nitrogen flow and dispersed in 15 mL octane. The concentration
of PbS colloidal was approximately 50 mg-mL™" assuming that
the reactant TMS was completely transformed into the PbS
product.

Fabrication of PbS CQDSCs

To fabricate PbS heterojunction solar cells, PbS colloidal
QDs were deposited on ZnO-NW and ZnO@TiO,-NW arrays
by a typical layer-by-layer method using a fully automatic spin-
coater. Each spin-coating cycle consists of three steps: PbS
deposition, ligand exchange, and solvent rinse. Generally, PbS
colloidal (100 pL) was dropped on NW array-coated FTO
substrates and spun-cast at 2500 rpm for 15 s. Then, CTAB
solution (30 mM in methanol) was dropped onto the substrate
and spun dry after a 60 s wait. The ligand exchange step was
conducted twice to ensure complete ligand exchange with the
oleic acid capped on PbS surfaces. The substrate was then
rinsed three times with methanol to remove excess unbound
ligands. For typical ZnO/PbS solar cells, this spin-cast process
was repeated 20-25 cycles depending on the length of NW
arrays. Finally, a 100 nm Au contact was thermally evaporated
on the PbS layer through a mask to create four identical cells on
each substrate. Control solar cells with the planar architecture
were fabricated by spin-coating PbS layers on compact ZnO
layers with identical methods as described above. The thickness
of ZnO and PbS layers were 100 nm and 300 nm, respectively.

Device Characterization

The current density-voltage (J-V) measurements were
performed using a Keithley 2400 source meter under dark and
AM 1.5G irradiation (100 mW/cm?), respectively, with a
Peccell solar simulator PEC-L10. The IPCE spectra were
measured under illumination using a Nikon G250
monochromator equipped with a 300 W Xe arc lamp. The
transient open-circuit voltage decay measurements were carried
out using a 532 nm diode laser with the pulse duration of 5 ns
and repetition rate of 4 Hz. The voltage responses were
recorded using an Iwatsu digital oscilloscopes DS-5554. The
transient voltage decay measurements were taken without a
background light bias. The -electrochemical impedance
spectroscopy (EIS) measurements were performed under dark
conditions using an impedance analyser (BioLogic, SP-300) by
applying a small voltage perturbation (10 mV rms) at
frequencies from 1 MHz to 0.1 Hz for different forward bias
voltages.

This journal is © The Royal Society of Chemistry 2014
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0.26 nm

Fig. 2 (a) Side view SEM image of ZnO-NW arrays with a length of
approximately 1.6 um; (b) TEM image of bare ZnO-NW with a diameter of
34 nm; the inset HR-TEM image shows the interplanar distance of 0.26 nm
along c-axis; (c) Top view SEM image of ZnO@TiO,-NW arrays; (d) TEM
image of ZnO@TiO,-NW, showing ZnO surfaces coated with TiO, layer
with the thickness of 3-5 nm.

Other characterization

The morphology of ZnO-NWs and ZnO@TiO,-NWs were
examined by a scanning electron microscopy (SEM, JEOL,
JSM-6340) and a transmission electron microscopy (TEM,
JEOL, JEM-2010). The elemental composition of ZnO@TiO,-
NWs was determined by the scanning electron microscopy
equipped with an energy dispersive x-ray (EDX) spectroscope.
The UV-vis-NIR absorption spectra of NW arrays and PbS
QDs were investigated with a spectrophotometer (JASCO, V-
670). The florescence spectra of NW arrays were measured by
a spectrofluorometer (JASCO, FP-6500). The average size of
PbS QDs was determined by a transmission electron
microscopy (TEM, JEOL, JEM-2010). The photoelectron yield
spectra of ZnO and PbS films were measured by an ionization
energy measurement system (Model BIP-KV205, Bunkoukeiki
Co, Ltd.).

Results and Discussion

Growth and surface passivation of ZnO-NWs

To obtain homogeneous metal oxide/PbS bulk heterojunction
with high electron collection efficiency, uniform metal oxide
nanostructure with minimum surface defects are required. In
this work, ZnO-NW and ZnO@TiO,-NW (TiO, passivated
ZnO-NW) arrays were prepared by wet-chemical methods as
illustrated in Fig. 1. The annealing temperatures (T1, T2 and T3
as shown in Fig. 1) for each preparation step and the TiO,
precursor concentration were optimized to achieve uniform NW
arrays with minimum surface defects. After coating zinc
solution-1 on FTO substrates, the obtained ZnO compact layers
were annealed at 150 °C in air (see optimization details in
support information), followed by the growth of ZnO-NWs in
zinc solution-2. The side view SEM image of optimized ZnO-
NWs is shown in Fig. 2a, with a length approximately 1.6 um.
Fig. 2b displays the corresponding TEM and high resolution
transmission electron microscopy (HR-TEM) images, showing
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the NWs are 34 nm in diameter and 0.26 nm interplanar
distances along c-axis of ZnO-NWs.

Bare ZnO
ZnO@1.0 mM TiO,

Zn0@2.5 mM TiO,
ZnO@5.0 mM TiO,

Surface
Defects

Normanized PL Intensity (a.u.)

yW

T T T T T
400 450 500 550 600

Wavelength / nm

Fig. 3 Room temperature PL spectra of bare ZnO-NW arrays and the arrays
treated with TiO, precursors with different concentrations (1.0, 2.5 and 5.0
mM) at 10 °C for 5 s.

350 650

For the surface passivation of ZnO-NWs, thin TiO, layers
were grown onto ZnO surfaces by immersing the arrays into an
aqueous TiO, precursor containing (NH,),TiFs and H;BOs.
TiO, layers were obtained through the etching of ZnO and the
chemical reaction between ZnO and TiO, precursor according
to the following equation:*®

ZnO + 2TiFs + 2H;BO;—Zn?>" + 2Ti0, + 4F + 2BF, + 3H,0

As shown in above equation, one portion of ZnO can be
dissolved in TiFs*/H;BO; solutions to form two portions of
TiO, in situ. Therefore, the average diameter of ZnO-NWs
would be slightly increased after TiO, treatment, depending on
the dissolution degree of ZnO-NWs. Meanwhile, the roughness
of ZnO surfaces would also be increased due to the etching of
TiO, precursor on ZnO. To minimize the effect of TiO,
treatment on ZnO morphologies, TiO, precursor with low
concentrations (1.0, 2.5 and 5 mM) were employed to treat
ZnO-NWs. High concentration precursors were employed as
control  experiments, which exhibited poor device
performances. Fig. 2c presents the top view SEM image of
ZnO-NWs arrays treated with 5 mM TiO, precursor, which
shows similar diameter with bare ZnO-NWs. The Energy
Dispersive X-ray Spectroscopy (EDX) image shown in Fig. S2
confirmed the formation of TiO, after annealing. The TEM
image of ZnO@TiO,-NWs is shown in Fig. 2d. It was
obviously shown that the ZnO surfaces were coated with a
rough TiO, layer with thickness in the range of 3-5 nm.

To evaluate the effects of annealing temperatures and surface
passivation on ZnO surface defects, room-temperature
photoluminescence (PL) studies were carried out for obtained
samples. Firstly, as prepared bare ZnO-NWs were annealed at
temperature T2 (300 - 450 °C, see Fig. 1) to investigate the
effect of annealing temperature on the PL spectra of ZnO-NWs.
As displayed in Fig. S3, all ZnO-NWs samples exhibited a
narrow UV emission at approximately 378 nm, which can be
attributed to the near band edge transitions in ZnO. A broad
visible emission centered at around 600 nm could be attributed
to the oxygen vacancies on ZnO surfaces.’” The PL spectrum of
the as-prepared ZnO-NWs was similar with that of the samples
annealed at 300 °C and 350 °C, except a slight red-shift of the
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visible emission for annealed samples. As the annealing
temperature was increased to 400 - 450 °C, the surface defect-
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Fig. 4 (a, b) The schematic illustration of ZnO@TiO2/PbS solar cells; (c, d)
photographs of the PbS CQDSCs before and after the deposition of Au
contacts; (e) a typical cross-section SEM image of ZnO@TiO2/PbS solar
cells.

oA

originated emission was highly increased with a consequent
decrease for the UV emission. Therefore, the optimal annealing
temperature was determined as 350 °C for the sake of lowest
defect emission and sufficient ZnO crystallinity. The annealed
ZnO-NWs were then treated with TiO, precursors, followed by
annealing at temperature T3 (see Fig. 1) for 30 min. Similarly,
the annealing temperature T3 was also optimized as 350 °C, as
shown in Fig. S4. The effect of TiO, treatment on the PL
spectra of ZnO-NWs is shown in Fig. 3. After TiO, passivation,
the intensity of the visible emission was dramatically
decreased, suggesting that the defects on ZnO surfaces were
largely eliminated by the TiO, layer. Note that slight variation
in passivation is observed by changing the precursor
concentration. The reduction in the surface defects of ZnO-
NWs could be mainly due to the fact that TiO, usually
possesses less amount of surface states compared with ZnO.*

Characterization and photovoltaic performance of PbS
CQDSCs

PbS CQDSCs based on ZnO-NWs and ZnO@TiO,-NWs
were fabricated by the layer-by-layer spin coating method with
ligand exchange.” Oleic acid (OA)-capped colloidal PbS QDs
were spun cast on FTO substrates with NW arrays.
Cetyltrimethylammonium bromide (CTAB) solution was
applied for the solid state ligand exchange of PbS films,
followed by the rinse step to remove unbound excess ligands.
TEM image shows that the average size of PbS QDs employed
in this work is approximately 3.5 nm (Fig. S5a). The first
exciton absorption peak of OA-capped PbS was 1040 nm for
both colloidal and thin films. A red shift was observed after
ligand exchange with CTAB (Fig. S5b), indicating the
enhanced interaction between closely packed PbS QDs.*® The
spin coat cycles were repeated until NW arrays were filled by
PbS QDs, obtaining an overlayer of approximately 200 nm on
top of arrays. Au electrodes with thickness of approximately
100 nm was deposited on PbS layer by a thermal evaporation
method. Fig. 4a, b illustrate the structure of ZnO@TiO,/PbS
solar cells employed in this work, with four parallel cells on
each FTO substrate. Fig. 4c, d display the photographs of PbS
CQDSCs before and after the deposition of Au contacts,
showing the mirror-like PbS film fabricated in our laboratory.
The cross-section SEM image of fabricated cells is presented in
Fig. 4e, which confirmed the bulk heterojunction structure of
fabricated cells. It also shows that PbS QDs have successfully
infiltrated and evenly distributed between the NW arrays. We
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observed that the fabrication of void-free PbS films was
necessary to achieve high efficiency solar cells. High spin-coat
speed (at least 2500 rpm) for PbS colloidal and enough spun-
dry time (15 s) were critical to obtain void-free PbS films. The
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Fig. 5 (a) Schematic energy level diagram of FTO/ZnO@TiO,/PbS/Au solar
cells. (b) Comparison of the photocurrent density-voltage (J-V) curves of
PbS CQDSCs based on planar ZnO and ZnO-NWs with or without TiO,
treatment. (c) Effects of TiO, precursor concentration on the J, V., FF, and
PCE values of ZnO-NWs/PbS CQDSCs.
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active area under illumination was defined as 16 mm? (4 mm x
4 mm) by a photomask. Note that the active area is significantly
larger than typical values (~1-5 mm?) reported in previous
literatures. ' %22 23

Fig. 5a shows the diagram of energy level alignment in
FTO/ZnO@TiO,/PbS/Au solar cells. The energy levels of ZnO
and PbS were estimated from the photoelectron yield
spectroscopy (PYS) and UV-vis-NIR measurements (Fig. S5,
S6 and S7), while the work function values of FTO and Au
were taken from published literature.”> Control planar samples
(PCE = 3.8%, J, = 22.3 mA/cm?, V,, = 0.42 V, and fill factor
(FF) = 0.41) were prepared. Compared with planar PbS
CQDSC, bare ZnO-NW device exhibited higher J,. values, but
relatively lower V., in accordance with our expectation, while
both present similar FF (Fig. 5b). Notably, through the surface
passivation approach, the V. of ZnO-NW based solar cell was
significantly improved from approximately 0.3 V up to 0.42 V
without obvious decline in J,. (Fig. 5b). This means that
declined V. value caused by the increased interface area of
NWs were well-recovered by the surface passivation approach.
Consequently devices prepared with properly passivated ZnO-
NWs present significantly higher photocurrent and similar 7,
for a higher final performance in comparison with planar
architecture. Plots in Fig. 5S¢ shows the detailed effects of TiO,
treatment on the Ji, V., fill factor (FF), and PCE of ZnO-NWs-
based PbS CQDSCs. It was shown that V,. was highly
improved from approximately 0.3 V for bare ZnO cell up to
0.42 V for ZnO@TiO, cells, around 40% enhancement. The
PCE was enhanced basically in the same scale from 3.5% to
5%, as the decrease observed in photocurrent is compensated
by an increase of FF.

Note that both planar and NW architectures present low FF,
this fact cannot be attributed to the cell configuration but to the
QD preparation. Further organic, inorganic or hybrid
passivation of colloidal QDs will help to enhance this
parameter.'® Passivation of QDs will also enhance the V.
However the use of nanowires points to the photocurrent
enhancement and subsequent use of passivation removes the
deleterious effect introduced by the enhanced recombination.

The slight decrease in J,, after TiO, treatment could be
attributed to the fact that TiO, layers probably affected the
electron injection from PbS QDs to ZnO-NWs because TiO,
possesses relatively lower electron mobility than ZnO-NWs.**
% This was supported by our observation that J,, decreased
dramatically when higher concentration TiO, precursors and/or
longer treatment time were employed (see Fig. S8 and Table
S1). It is noted that the J value was nearly same as the TiO,
precursor concentration was in the range of 1.0 - 5.0 mM,
except the lower value in the case of 2.5 mM. This could be due
to the structural complexity of bulk heterojunction CQDSCs.
Slight deviation in photovoltaic performances might occur if
any voids exist within PbS films, although identical fabrication
procedures were strictly controlled in our work. Nevertheless, it
can be seen that the J,. value was reduced after TiO, treatment
for ZnO-NW arrays, and the effect was more obvious in the
case of higher TiO, precursor concentrations. The incident
photon-to-current efficiency (IPCE) spectra of fabricated cells
are exhibited in Fig. S9, with the calculated photocurrent
consistent with the measured J,. values. ZnO@TiO,/PbS
devices exhibited relatively lower IPCE values than that in the
bare ZnO/PbS device at longer wavelengths, which was
consistent with the J-J results. Since the light is incident from
FTO, long-wavelength photons are able to penetrate deeper in
solar cells due to the smaller absorption coefficient of PbS QDs
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at longer wavelengths (Fig. S5b). Electrons generated by long- lower photocurrent collection efficiency in comparison with
wavelength photons have to transport a long distance to arrive that of bare ZnO/PbS device.

at FTO substrate along the NW arrays. The decrease of IPCE in The difference of photovoltaic properties between bare
ZnO@TiO,/PbS devices at longer wavelengths indicated a ZnO/PbS and surface-passivated ZnO@TiO,/PbS cells could
0.3 T
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Fig. 6 (a) Normalized open-circuit photovoltage decay curves of ZnO/PbS CQDSCs with and without the TiO, coating for ZnO-NWs, showing two dominant
decay processes. (b) The effective carrier lifetime calculated from the voltage decay curves. (c) Schematic illustration of the energy level alignment in PbS
CQDSCs during the voltage decay measurement. The voltage decay process is mainly attributed to two recombination paths: i) intrinsic trapping-assisted
recombination in ZnO and PbS films; ii) interfacial recombination at ZnO/PbS interfaces.
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also be observed from the dark current curves as shown in Fig.
5b. The obtained PbS quantum dot solar cells show a clearly
decrease in overall dark current upon the surface passivation of
ZnO. This decrease could be attributed to the reduction of
recombination at the ZnO@TiO,/PbS interface, because dark
current in p-n junction solar cells is mainly dominated by the
recombination close to the junction.”® High density defect at the
ZnO/PbS interface would allow carriers to move to these
recombination sites very quickly and recombine, thus increase
the dark current.

To explore the mechanism of the photovoltaic enhancement
in surface passivated ZnO/PbS solar cells, transient open-circuit
photovoltage decay measurements were carried out. Through
investigating the open-circuit photovoltage decay behaviour,
the charge recombination mechanism in solar cells could be
extracted. Upon illumination, photo-generated electrons were
injected from PbS QDs to ZnO-NWs while holes remained in
PbS QD films, forming the photovoltage V. within ZnO/PbS
junctions under open-circuit conditions. When incident light is
switched off, photo-generated charges would recombine in
various paths, leading to the decay of V. until recovering to the
thermal equilibrium state (see the illustration in Fig. 6¢). Fig. 6a
shows the transient photovoltage decay curves of our PbS
CQDSCs. It was obviously shown that ZnO@TiO,/PbS cells
exhibited much slower decay processes than that of bare
ZnO/PbS cell, which provided a direct proof of the reduced
recombination in the surface-passivated cells. In addition, the
decay curves could be roughly divided into two sections: (i) a
very fast decay process occurred in the initial stage; (ii) a slow
decay process with the sample-dependent timescale. To
quantitatively analyse the voltage decay processes, the voltage
decay curves were fitted with a two exponential decay plus an
offset according to the following equation:

y(t) = Aje "1 + Aye /T2 + Ay )]

where 4,, A, and A5 are proportionality constants, 7; and 7, are
time constants. The fitted curves and the corresponding
parameters are shown in Fig. S10 and Table 1, respectively. For
equation (1), we assigned the first exponential decay to the fast
voltage decay process (section 1), while the second exponential
decay and offset correspond to the slow voltage decay process
(section 2). According to fitted data, the time constant 7; was
similar for passivated and non-passivated cells considering the
ultrafast timescale and fitting uncertainty. Notably, the weight
of A; was decreased from 76% to 39% after the surface
passivation of ZnO. This could be due to the reduction of
surface defects in passivated ZnO (as supported by the PL
results in Fig. 3), i.e., the reduction of electron trapping on ZnO
surfaces. The remaining 4, weight (approximate 40%) probably
corresponds to the hole trapping in PbS QDs and remaining
electron trapping in ZnO. For the slow voltage decay process,
time constant 7, was obviously increased from 3.23 ms to 17.6
ms after ZnO passivation. The prolonged charge recombination
process in passivated cells was mainly attributed to the reduced
interfacial recombination at ZnO/PbS interfaces.

Table 1 Fitted proportionality constants (including the relative weight) and
time constants obtained from open-circuit photovoltage decay curves of PbS
CQDSCs.

4 Az A3
CCHS ! T1 (ms) (Az/(A 1+ (%3 (ms) (A3/(A 1+
(Ai/(Art Ar+d)) Ar+d))
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AytAs))
/o TiO 0.15 0.044 0.044 323 + 0.0032
W/0 11
2 (76%) £0.002  (22%) 0.03 (1%)
. 0.11 0062+ 0.14 881 + 0015
1.0 mM TiO
TPo@w) 00005 (s2%) 001 (7%)
. 0.11 0.037+ 0.15 837 + 0.014
2.5 mM TiO
v 1% (40%) 0.0005  (55%) 0.006 (5%)
0.09 0.098 0.043
5.0 mM TiO, 0.18 + 17.6 +
(39%) 0.02 (42%) 0.05 (19%)
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e ]
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Fig. 7 Recombination resistance obtained from impedance spectroscopy
analysis.

In addition to the voltage decay analysis, we also evaluated
the recombination processes based on the effective carrier
lifetime (z.), which can be defined as the follow equations (see
details in the supporting information):** 4!

kT dVyc _ _
Teff = — (7)/(7) =1/(m" + 1) 2
_y _ (dn/do)
Tt = 3)
~1 _ (dp/an)
Tt = SR 4)

where £ is the Boltzmann constant, 7 is the temperature, g is the
elementary charge, n is free electron density in ZnO-NWs, p is
free hole density in PbS QDs. 7, and z, are free electron lifetime
in ZnO-NWs and free hole lifetime in PbS QDs, respectively.
According to above equations, the open-circuit photovoltage
decay is dependent on both the electron and hole lifetimes in p-
n junction CQDSCs.

As shown in Fig. 6b, the photovoltage-dependent effective
carrier lifetime could also be divided into two sections,
corresponding to the two photovoltage decay processes,
respectively. In the high V. regime (section I in Fig. 6b), the
value of 7.4 was below 0.1 ms and nearly same for both
passivated and non-passivated devices. We propose that this
regime could be assigned to a bulk recombination mechanism.
In the low V. regime (section II in Fig. 6b), the values of 7. in
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passivated cells were 1-2 orders higher than that of non-
passivated cell. This confirmed again that the second voltage
decay process was dominated by the interfacial recombination
at ZnO/PbS interfaces. Based on above experimental results, it
was concluded that the surface passivation of metal oxide films
significantly reduced the interfacial recombination, thus
enhancing the V.. and PCE in ZnO/PbS CQDSCs. According
to our voltage decay analysis, bulk recombination has to be
reduced using other strategies as QD passivation.'

In addition to the transient photovoltage decay
measurements, impedance spectroscopy measurements were
also conducted to verify the reduction of interfacial
recombination in passivated ZnO/PbS CQDSCs. The
impedance technique has been extensively employed for the
characterization of a variety of photovoltaic devices,**** but it
has not been employed significantly in the characterization of
CQDSCs. This technique allows to easily obtain the
recombination resistance, R, which is inversely proportional
to the recombination rate. Fig. 7 shows a clear enhancement of
R, after coating TiO, on ZnO-NW surfaces, indicating a
reduction of the recombination rate and causing the increase in
V.. observed for these devices. This result was consistent with
the voltage decay analysis as discussed above.

Effect of the NW Length and Device Stability.

In addition to the surface passivation, the effect of NW
length on the photovoltaic performance of ZnO@TiO,/PbS
cells was also investigated. It is known that bulk heterojunction
PbS cells possess the advantage of high light absorption and
effective carrier extraction owing to their nanostructures with
short carrier diffusion length. As the device thickness increases,
the light harvest can be enhanced; however, the photo-
generated current density often decreases when the thickness is
beyond the limitation of effective carrier collection.
Considering these effects, it is significant to optimize the length
of NW arrays in our ZnO@TiO,/PbS devices.
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Fig. S12 shows the cross-section SEM images of ZnO-NW
arrays grown on FTO substrates, with growth times varying
from 2 to 4 hours. Short ZnO-NWs with length about 400 nm
was obtained when the growth time was 2 h. When the growth
time was prolonged to 3, 3.5, and 4 h, the corresponding ZnO-
NWs with the length of 1000 nm, 1400 nm, and 1600 nm were
obtained, respectively. ZnO-NWs with different length were
then immersed in a 1.0 mM TiFs>/H;BO; solutions for 5 s to
form ZnO@TiO,-NWs. After TiO, treatments, PbS CQDSCs
were fabricated with the same procedure as described before
(see details in the experimental section). Fig. 8a illustrates the
photogenerated carrier collection in ZnO@TiO,/PbS solar cells.
Fig. 8b shows the J-V curves of PbS CQDSCs with different
length of ZnO@TiO,-NW arrays. The detailed effects of NW
length on the J, V. FF, and PCE are displayed in Fig. 8c.
When the NW length was increased from 0.4 pm to 1 pum, Jg,
was increased from approximately 15 to over 30 mA/cm?®. This
could be due to the increase of PbS QDs loading in longer NW
arrays, leading to the enhancement in light harvesting. Then,
Jsc slightly decreased as the NW length was increased further
to 1.6 um. This could be attributed to a decrease in charge
collection efficiency as the length of NW array increasing.
Similarly, FF values decreased as increasing the NW length,
which could be mainly attributed to the increase of resistances
and surface defects in NWs. By contrast, the V. values were
independent with the NW length. The highest PCE of 6.13%
was obtained for the cell with NW length of 1 pm, which was
the best result for PbS CQDSCs based on ZnO-NWs. The
corresponding IPCE spectra are shown in Fig. 8d, with the
calculated photocurrent consistent with the measured J,. values.

In addition to cell efficiencies, the stability and
reproducibility are also important factors for the overall
evaluation of solar cells. Hysteresis has been identified as a big
problem for the correct determination of cell efficiency in
various types of photovoltaic devices. Therefore, we have
carefully evaluated the hysteresis in our PbS CQDSCs, as
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with different NW length. (c) Effects of the NW length on the Ji, V.., FF and PCE of PbS CQDSCs (d) IPCE spectra of ZnO@TiO,/PbS cells with different
length of NW arrays, with the calculated photocurrent consistent with the measured J;. values.
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shown in Fig. 9b and Fig. S13. No significant hysteric effect
(lower than 1%) has been identified in our CQDSC devices.
Furthermore, we have evaluated the long term stability of the
prepared devices. As can be seen in Fig. 9a, both ZnO/PbS and
ZnO@TiO,/PbS devices exhibited excellent long-term storage
stability for over 130 days (> 3000 h). All solar cells were
stored and tested in the ambient atmosphere. During the course
of stability assessment, cells were stored in air under dark
conditions without the control of humility. All photovoltaic
parameters exhibited overall increase as the storage time
continued. The most interesting part is that J,. and FF in
ZnO/PbS and ZnO@TiO,/PbS devices approached to the same
values after storing for over 60 days. By contrast, the difference
in V,. was narrowed during the initial 40 days, then constantly
kept around 0.09 V. The improvement in V., therefore,
enhanced the PCE value in ZnO@TiO,/PbS cells and
maintained, even enhanced for a long term.
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Fig. 9 (a) Stability evaluation of bare and surface-passivated PbS CQDSCs
with 1.6 pm length NW arrays. All devices were stored and tested in
ambient atmosphere. (b) J-V curves of a NW length-optimized
ZnO@TiO,/PbS cell measured by forward (short circuit — open circuit) and
reverse (open circuit — short circuit) scans with 10 mV voltage steps and
200 ms delay times under AM 1.5 G illumination.

Conclusion

In summary, we have confirmed the beneficial role of ZnO
NWS in order to enhance solar CQDSC photocurrent. In
addition, We have significantly improved the photovoltaic
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performances of PbS BHJ CQDSCs by introducing passivation
layers on electron-selective substrates (ZnO-NWs), which was
proved to reduce the interfacial recombination at ZnO/PbS
interfaces. The surface defects of ZnO-NWs were significantly
reduced by coating 3-5 nm thick TiO, layers on ZnO surfaces
and annealing NW arrays at an optimized temperature (350 °C).
Our results show that low TiO, precursor concentration (1-5
mM) was powerful to passivate ZnO-NWs and improve
photovoltaic properties, while high precursor concentration (>
12.5 mM) was detrimental to our devices. A dramatic
improvement (over 40%) in V. and PCE was finally achieved
through the optimized surface passivation strategy for ZnO-
NWs arrays.

The mechanism behind this achievement was explored
through the open-circuit voltage decay and impedance
spectroscopy techniques. It was revealed that the metal oxide
passivation strategy significantly reduced the interfacial
recombination in PbS CQDSCs. This conclusion was supported
by impedance spectroscopy characterization, which shows
increased recombination resistance in passivated solar cells. By
analysing the voltage decay curves, we observed that bulk
recombination in QD layer is another bottleneck in CQDSCs
performance, which accounts for approximately 40% of total
charge recombination. Colloidal QD passivation should reduce
this recombination as it has been previously reported.
Consequently even higher efficiencies could be expected in the
next future for CQDSCs NW architectures. Through the metal
oxide passivation strategy and the optimization of ZnO-NWs
length, maximum efficiency of 6.13% has been achieved,
which is currently the highest efficiency for PbS CQDSCs
based on ZnO-NWs. This result is quite outstanding in
consideration of the active area (16 mm?), which is much larger
than those used in previous literatures. The device stability and
measurement method were also evaluated, which show
negligible hysteric effect in our devices and excellent storage
stability in air (without any performance decline over 130
days). In short, this study highlights the significance of metal
oxide passivation in achieving high efficiency bulk
heterojunction solar cells. The charge recombination
mechanism characterized in this work would shed light on the
further improvement of PbS CQDSCs and/or other types of
solar cells.
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