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ABSTRACT: CsPbl, perovskite quantum dot (QD) solar cells
are a promising device platform for further development due to
their improved stability compared to bulk materials. The
fabrication of these devices often involves postsynthetic washing
of colloidal QDs to remove surface ligands. Herein, we investigate
how this postsynthetic treatment affects the charge separation

(CS) and charge recombination (CR) processes at the interface of

CsPbl; QDs and the TiO, electron extraction layer. The CS time
constant at QD/TiO, interface decrease from 457 + 4 ps for QDs
directly deposited on TiO, to 288 + 1 ps for QDs that were
washed twice by methyl acetate, increasing the ET efficiency from
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89.9 + 0.3% to 98.3 + 0.01%. Interestingly, this treatment also lengthens the average charge recombination time constants from
346 + 18 ns to 1180 + 60 ns, which is also beneficial for reducing charge recombination loss. This result demonstrates the
pronounced effect of QD washing by methyl acetate (MeOAc) on interfacial charge transfer processes, suggesting the important

effect of postsynthesis modification of colloidal perovskite QDs o

B INTRODUCTION

Methylammonium lead halide (MAPbX;) perovskite photo-
voltaic devices have achieved tremendous success with
reported power conversion efficiencies exceeding 20%."”
However, the low stability of organic—inorganic hybrid
perovskite materials limits their commercial implementa-
tion."”™° Incorporating inorganic cations (Cs* or Rb") in
bulk perovskite films®™® and using all-inorganic perovskite
quantum dots’ "' are possible options to improve device
stability. The cubic phase of CsPbl; can be stabilized at room
temperature in quantum dot (QD) form for months, and the
efficiency of CsPbl; QD solar cells (13.43%)'” can exceed that
of nonperovskite QD solar cells, suggesting great promise for
perovskite QD-based solar cell technology.""”

The overall solar to electricity conversion process of
perovskite QD solar cells involves many elementary processes,
such as carrier transport within the QD film, carrier transfer at
the interface with electron and hole extraction layers, and
competing charge recombination processes. The optimization
of the rates of these processes is key to the rational
improvement of device performance. In recent reports of
CsPbl; QD photovoltaic devices, a postsynthesis purification
method using methyl acetate (MeOAc) as antisolvent to
precipitate QDs was found to improve the device perform-
ance,”'” compared to devices prepared with QDs purified with
a direct precipitation method."* It was reported that after
washing by MeOAc two times most surface ligands on QDs are
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n solar cell efficiencies.

removed.” These findings may suggest the important role of
QD surface ligand density in the overall device performance.
The organic surface ligands may lower the charge transport
between QDs and slow down interfacial charge transfer
between QDs and electron- and hole-accepting layers.
Although efficient charge transfer between ?erovskite QDs to
TiO, films has been studied previously,'”'® the influences of
ligand quantity and purification methods on the charge
separation and recombination rates have not been reported.

Herein, we study the effect of postsynthesis treatment of
QDs on the dynamics of charge separation (CS), ie.,
photoinduced electron transfer (ET) from excited QDs to
TiO,, and charge recombination, ie., back ET from TiO, to
QDs, between CsPbl; perovskite QDs and TiO, (NP) films
(see eq 1 and Scheme 1).

CsPbLy(e — h) + TiO,

£3 CsPbL(h) + TiO,(e)

R cspby, + TiO, 1)

Fourier-tranform infrared (FTIR) spectroscopy measure-
ments reveal that the amount of ligands in the QD/TiO, films
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Scheme 1. Schematic Energy Level Diagram and Charge
Separation and Recombination Pathways at the CsPbI; QD/
TiO, NP Interface: Conduction Band (CB) and Valence
Band (VB) Edges in CsPbl;, TiO,, and Al,O; (Black
Horizontal Solid Lines), Charge Separation (CS) from QD
to TiO, (Dark Blue Arrows), Charge Recombination (CR)
Process (Green Arrow), and Electron—Hole Recombination
Inside the QD (Dashed white Arrow)
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decreases with the extent of postsynthesis washing of QDs by
MeOAc. By transient absorption (TA) spectroscopy, we
observed that both charge separation and recombination
rates between the QDs and TiO, are affected by the
postsynthesis treatment, suggesting potential impact on solar
cell efficiencies.

B METHODS

Sample Preparations. CsPbl; QDs were synthesized
according to a published hot injection method.”'*'”"* First,
Cs-oleate precursor stock solution was prepared by loading
0.203 g of Cs,CO;, 0.63 mL of oleic acid (OA), and 10 mL of
octadecene (ODE) into a 25 mL three-neck flask and heating
them to 150 °C under Ar atmosphere until getting clear
solution. The precursor solution was kept at 100 °C to avoid
the precipitation of Cs-oleate. In another 100 mL three-neck
flask, 0.5 g of Pbl, and 25 mL of ODE were heated at 120 °C
under Ar flow for 30 min. 2.5 mL of OA and 2.5 mL of
oleylamine (OAm) were injected at 120 °C to dissolve the
Pbl,. The solution was heated to 175 °C, and 2 mL of Cs-
oleate precursor solution was injected swiftly. After S s, the
reaction was quenched by an ice—water bath. The as-
synthesized QDs contain a mixture of oleic acid (OA) and
oleylamine (OAm) ligands on their surfaces,"* and a recent
study shows that the dominant surface ligands are
alkylammonium halide.'” Two batches of QDs with different
ligand coverage were obtained through different postsynthesis
treatments, denoted as QD original and QD washed in the
figures, respectively. To obtain the original QD sample, the
crude solution was centrifuged at 5500 rpm for 15 min to
precipitate the aggregated QDs. After centrifugation, the
precipitate was dispersed in heptane for further use. To obtain
the washed QD sample, methyl acetate (1:1 volume) was
added into the crude solution, followed by centrifugation at
5500 rpm for 15 min. The precipitate was dissolved by 1 mL of
hexane in each centrifuge tube (6 in total). Another 1 mL of
methyl acetate was added into each tube, followed by
centrifugation at 5500 rpm for 10 min. The precipitate was
dispersed in heptane for future use. Both the original and

washed samples were centrifuged to remove aggregates in
solution before use.

TiO, nanocrystalline thin films were fabricated by doctor-
blading colloidal dispersions (NP diameter 30 nm) onto
sapphire substrates and annealing at 450 °C for 1 h.””~*° TiO,
films coated with ~1.3 nm ALO; films via atomic layer
deposition (ALD) were used as control systems, in which the
higher CB band edge of Al,O; prevents electron injection from
QDs.*"** These films are referred to as Al,O;@TiO, hereafter.
To prepare QDs on sapphire windows, concentrated QD
solutions were spin coated on sapphire windows at 2000 rpm
for 20 s. To prepare QD-sensitized TiO, and AL, O;@TiO,
samples, bare films were immersed in concentrated CsPbl; QD
solution for 48 h,”” followed by a heptane rinse to remove
weakly adsorbed QDs on the films.

Visible Femtosecond Transient Absorption. The
pump—probe transient absorption (TA) experiments were
based on a regeneratively amplified Ti:sapphire laser system
(Coherent Legend, 800 nm, 150 fs, 2.3 m]J/pulse, and 1 kHz
repetition rate). The femtosecond TA measurements were
performed with a Helios spectrometer (Ultrafast Systems
LLC). S00 nm pump pulses were generated by sum-frequency
generation at the BBO crystal using the 1333 nm signal of an
optical parametric amplifier (OPA, Opera, Coherent) and the
800 nm laser beam. The power of the pump beam was adjusted
by a neutral-density filter. The pump beam was collimated and
then focused at the sample with a beam waist of 300 ym. A
white-light continuum (WLC) from 420 to 800 nm was
generated by focusing ~10 uJ of the 800 nm pulse into a
sapphire window. The WLC was split into probe and reference
beams. The probe beam was collimated and then focused with
an Al parabolic reflector onto the sample (with a beam waist of
150 pm at the sample). Both the reference and probe beams
were sent into a fiber-optics-coupled multichannel spectrom-
eter with complementary metal-oxide-semiconductor (CMOS)
sensors and detected at a frequency of 1 kHz. The reference
beam intensity was used to correct the pulse-to-pulse
fluctuation of the white-light continuum. The pump beam
was chopped by a chopper synchronized to 500 Hz. The
pump-induced absorbance change was calculated by compar-
ing the probe intensities of the pumped and unpumped
samples. The delay time between the pump and probe pulses
was controlled by a motorized delay stage. The instrument
response function (IRF) of this system was determined to be
~150 fs by measuring solvent responses under the same
experimental conditions (with the exception of a higher
excitation power).

Visible Nanosecond Transient Absorption. Nano-
second TA experiments were conducted with the EOS
spectrometer (Ultrafast Systems LLC). The pump beams
were generated in the same way as the femtosecond TA
measurements. The white-light continuum (380—1700 nm, 0.5
ns pulse width, 20 kHz repetition rate) used here was
generated by focusing a Nd:YAG laser into a photonic crystal
fiber. The delay time between the pump and probe beam was
controlled by a digital delay generator (CNT-90, Pendulum
Instruments). The probe and reference beams were detected
with the same multichannel spectrometers used in the
femtosecond TA experiments. To connect spectra and kinetics
from femtosecond and nanosecond TA measurements, we
scaled the amplitudes of the nanosecond data by a factor to
overlap with the femtosecond data in the delay time from 0.7
to 1 ns.
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Figure 1. Spectroscopic and TEM characterization of QDs. (a) UV—vis absorption spectra of original QDs and washed QDs in hexane. (b) and (c)
TEM images of original and washed QDs. Scale bar: SO nm. Insets are size distribution statistics. (d) PL spectra of QD solutions in (a). Inset:
normalized spectra. (e) PL decay kinetics of QD solutions in (a), excited at 490 nm. (f) FTIR spectra of original and washed QDs spin-coated on
sapphire windows. The absorbance has been normalized to the QD absorbance at 680 nm to correspond to the same amount of QDs on these

films.
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Figure 2. FTIR spectra of QDs on (a) Al,O;@TiO, and (b) TiO, films prepared with (QD washed) and without (QD original) postsynthesis
MeOAc wash of QDs. The amplitudes have been scaled by QD absorance at 680 nm to compare the relative ligand quantities. Insets are photos of

the QD sensitized films.

Time-Resolved PL Decay Measurements. The time-
correlated single-photon counting (TCSPC) technique was
adopted to measure the fluorescence decay kinetics. The
excitation pulses at 490 nm were generated by frequency
doubling of the output pulses centered at 980 nm (~100 fs, 80
MHz) from a mode-locked Ti:Sapphire laser (Tsunami
oscillator pumped by a 10 W Millennia Pro, Spectra-Physics)
through a BBO crystal. The emitted photons from QDs were
detected by a microchannel-plate photomultiplier tube
(Hamamatsu R3809U-51), whose output was amplified and
analyzed by a TCSPC board (Becker & Hickel SPC 600). The
IRF of this system was determined to be ~200 ps.

B RESULTS AND DISCUSSION

The absorption and emission spectra of both CsPbl; QDs in
heptane (Figure la and 1d) show band gaps at ~1.81 eV and
broad absorption across most of the visible spectrum. The
photoluminescence quantum yields (PL QYs) are 24.2% and
21.7% for QD original and QD washed, respectively, and PL
decay kinetics (Figure le) vary only slightly for these two
batches of QDs. This finding may be consistent with the
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reported defect tolerance of CsPbl; QDs."” Consistent with
previous reports,("’14’17’18’20’21 these QDs have a cubic crystal
phase and exhibit cuboidal shapes in TEM images (Figure 1b
and 1c) with average edge lengths of 13.5 + 2.7 nm and 14.3 +
3.3 nm, for the original and washed QDs, respectively. The
reported valence band (VB) positions of CsPbl, bulk crystals
(~=5.4 V vs vacuum)***® and QDs** (=5.44 V vs vacuum)
are similar because of the weak quantum confinement in these
QDs. The conduction band (CB) edge position is estimated to
be —3.63 V from the known band gap (1.81 €V) by neglecting
the weak e—h Coulomb binding energy (~20 meV'*). The CB
positions of TiO, NPs were reported to be —4.21 V versus
vacuum at the point of zero charge (pH 5.8)*>*® (Scheme 1).
Therefore, the corresponding driving forces for ET and CR are
~0.58 and ~1.23 eV at the QD/TiO, interface, respectively.
Figure 1f shows a comparison of normalized infrared (IR)
absorption spectra of QDs spin-coated on sapphire windows
prepared with the original and washed QDs. The normal-
ization factors are determined by their absorbance at 680 nm,
such that the normalized IR spectra correspond to the same
amount of QDs on the films. The film prepared from the
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Table 1. IR/Vis Values of Different Films”

films QD original-sapphire
IR/Vis 4.120

QD original-ALO;@TiO,

0.594 0.848

QD original-TiO,

QD washed-sapphire
0.565

QD washed-ALO;@TiO,
0.356

QD washed-TiO,
0.616

“IR/Vis is the ratio of the IR absorbance of the ligand at 2925 cm™ to the visible absorbance of QDs at 680 nm (Table S1), which represents the

relative amount of ligands per QD.
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Figure 3. TA spectra and kinetics of CsPbl; perovskite QDs on metal oxide films measured with 500 nm excitation. TA spectra of original QDs on
(a) ALO;@TiO, and (b) TiO, films at indicated time delays after S00 nm excitation. (c) Comparison of XB recovery kinetics of original QDs on
ALO;@TiO, (blue squares) and TiO, (red circles) films. TA spectra of washed QDs on (d) ALO;@TiO, and (e) TiO, films at indicated time
delays after SO0 nm excitation. (f) Comparison of XB recovery kinetics of washed QDs on ALO,@TiO, (blue squares) and TiO, (red circles) NP
films. Black solid lines are multiexponential fits according to the model provided in the SI.

washed QDs shows lower IR absorbance in the CH stretching
mode region,9 indicating lower ligand coverage in these films.

Adsorption of QDs on TiO, and AL,O;@TiO, films was
confirmed by color change (Figure 2 insets) and UV/vis
absorption spectra (Figure S1) of QD-TiO, and QD- ALO;@
TiO, films. Fourier transform IR spectra were measured to
determine the ligand absorption on the films (Figure 2). It was
difficult to control the amount of QDs on these films (Table
S1) due to differences in the films and QD solutions (ligand
coverage and concentration). To account for this variation, we
use the ratio of the IR absorbance of the peak at 2925 cm™
and the visible absorbance at 680 nm (IR/Vis) as the measure
of total ligand quantity relative to the QD quantity on QD/
TiO, films because the IR and visible absorbances are
proportional to the amount of ligands and the number of
QDs, respectively. These values are listed in Table 1. Note that
these ligands can also adsorb on TiO, and ALO;@TiO, films
(Figure S2) and may contribute to the total ligand amount
shown in Figure 2. As shown in Table 1, compared with QDs
on the sapphire, QDs originally suffered significant ligand loss
when adsorbed into TiO, and AL O;@TiO, films. This
difference in ligand amount is likely caused by different sample
preparation methods. The latter samples were washed by
heptane during the preparation process, which may remove
some of the ligands. Furthermore, the latter sample was
prepared by soaking TiO, and ALO;@TiO, films in QD
solution films for 48 h, a process that may selectively adsorb
QDs with lower ligand coverage. Such selective adsorption is
unlikely in QD/sapphire samples (Figure 1f) prepared by spin
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coating. However, both the QD original-AL,O;@TiO, and QD
original-TiO, had higher IR/Vis values than the QD washed-
ALO;@TiO, and QD washed-TiO,, respectively, as shown in
Figure 2 and Table 1.

Ultrafast TA spectroscopy measurements were conducted to
investigate the CS and CR processes. The details of pump—
probe TA setups have been described in the Methods section.
Figure 3a, b, d, and e shows the TA spectra of CsPbl; QDs on
ALO;@TiO, and TiO, films. The TA spectra are dominated
by an exciton bleach (XB) feature peaked at ~680 nm, caused
by the state filling of the CB electron and VB hole at the band
edges.”> The recovery of XB signal can be used to follow the
electron and hole dynamics.

To quantify the electron and hole contributions to the XB
signal, we also studied TA spectra and kinetics of QD-
Rhodamine B (RhB) complexes in which RhB serves as a
selective electron acceptor (Figures S3 and S4). Details are
provided in the ST (S3). The result shows that in CsPbl; QDs,
the state fillings of electron and hole contribute ~51.6% and
48.4%, respectively, to the XB feature (Table S2). These
contributions are different from CsPbBr; QDs (67.2% and
32.8%).”® The result is consistent with the reported similar
effective masses of the electron and hole in bulk CsPbl,
(0.11my and 0.13m,, respectively; m, is the mass of free
electron)."* For the original QDs and washed QDs in solution,
the electron contributions are measured to be $3.1% and
57.2%, respectively (Figures S5 and S6 and Table S3 and $4).

The XB recovery kinetics of QDs on Al,O;@TiO, and TiO,
films are compared in Figure 3¢ and 3f for original and washed
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Figure 4. Comparisoin of PL decay and XB recovery kinetics of CsPbI; QDs on NP films. Comparison of PL decay on Al,O;@TiO, and TiO, for
(a) QD original and (d) QD washed samples. Black solid lines are fits of PL decays described in the SI (S4). Comparison of PL decay (red) and XB
kinetics (blue) of QDs on NP films for QD originals (b, c¢) and QD washed (e, f) on TiO, (c,f) and ALO;@TiO, (b,e). Insets in b,c,e,f: dominant
processes in these films: exciton recombination within QDs (in b,e) or interfacial CS followed by CR (in ¢, f).

QDs, respectively. Compared to QDs on AL,O;@TiO,, the XB
decay of QDs on TiO, shows a faster decay on the <10 ns time
scale and a slower decay on the >10 ns time scale. This is
consistent with a fast electron transfer to TiO, and slow hole
decay (by charge recombination with the transferred electron
in TiO,) expected from band alignment shown in Scheme 1.
To further confirm the above assignment, time-resolved
photoluminescence (PL) decay kinetics were measured for
the same samples. As shown in Figure 4a and d, the PL decays
are accelerated for QDs on TiO, compared to AL,O;@TiO,,
consistent with the presence of the ET quenching pathway in
the former samples. Because PL decay probes the exciton (e—h
pair) dynamics, complete decay of the CB electron (or VB
hole) by any pathways (e—h recombination, electron trapping,
or ET to TiO,) leads to a complete PL decay. On the other
hand, XB bleach probes the sum of electron and hole
population, and complete decay of CB electron by ET to
TiO, only leads to a partial decay of XB signal (with the hole
contribution remaining). Thus, it is informative to compare the
PL decay and XB bleach kinetics (Figure 4b, c and e, f),
although the PL decay curves miss data points at short delay
time (<10 ps) due to a lower time resolution of PL
measurement. For QDs on AlL,O;@TiO, (Figure 4b and e),
the PL decay and XB kinetics match well with each other,
indicating that electron—hole recombination dominates the
excited state decay, consistent with the expected lack of
interfacial electron transfer in this sample.

For QDs on TiO, films (Figure 4c and f), a normalized
comparison of XB bleach and PL decay shows that PL decay
and XB decay agree with each other at <1 ns (Figure S7), and
there exist slow XB recovery components at >1 ns (Figure 4c
and f). These results are consistent with ET from QD to
oxides, which leads to complete (and fast) PL decay and the
formation of a charge-separated state. In the charge-separated
state, the VB hole remaining in the QD is responsible for the
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longer lived XB signal, the decay of which can be used to
follow the charge recombination process (Scheme 1).

Based on the above analysis, we used a multiexponential
fitting model to extract the charge separation and charge
recombination time constants. Details are provided in the SI
(S4). Briefly, we fit the PL decays in QD-ALO;@TiO, films
and QD-TiO, films to extract the CS time constants. The CS
time constants are calculated to be 457 + 4 ps and 288 + 1 ps
in QD original-TiO, and QD washed-TiO, films, respectively
(Table SS). The corresponding CS efficiencies are 89.9 + 0.3%
and 98.3 + 0.01%. These CS time constants are included as
constrained parameters in multiple exponential fits to the XB
recovery kinetics. The fit reveals additional slow decay
components that can be attributed to charge recombination
(Table S6). From the fitting parameters, the average charge
recombination time constants can be calculated to be 346 + 18
ns and 1180 + 60 ns in QD original-TiO, and QD washed-
TiO, films, respectively.

In addition to affecting the electron transfer process,
different ligand quantity per QD may also influence carrier
dynamics within the QD. To quantify this factor, we plotted
the PL decay rates (Table S7) as a function of ligand amount
in Figure S8. As indicated by the red line in the figure, average
PL decay rates vary with total ligand amount only slightly on
ALO;@TiO, films, whereas the decay rates of QDs on TiO,
films (blue stars) are far above the red line, indicating that the
differences of PL decay rates between QD-TiO, and QD-
ALO,@TiO, (Figure 4a and d) are mainly caused by ET, not
by the ligand quantity per QD.

High conversion efficiency in solar cells requires fast and
efficient charge separation and slow exciton recombination and
charge recombination.' Our study shows that there exist
ligands in QD-TiO, films prepared from both original and
washed QDs, and the charge separation rate from excited QDs
to TiO, increases with the decrease of the surface ligands.
Compared to QD original/TiO, samples, QD washed/TiO,

DOI: 10.1021/acs.jpcc.9b06725
J. Phys. Chem. C 2019, 123, 2141521421


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b06725/suppl_file/jp9b06725_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.9b06725

The Journal of Physical Chemistry C

samples show that the CS rate increases by nearly a factor of 2,
and CS efficiency increases by 8.4%. One possible reason is
that ligands on the QD surfaces may serve as an insulating
layer to reduce the strength of electronic coupling with TiO,.*"
It is interesting to note that the electron transfer at the bulk
MAPDBI;—TiO, interfaces has been reported to occur on the
subpicosecond time scale,”***® much faster than the ET rate
at the CsPbl; QD/TiO, interface studied in this work. This
difference is inconsistent with the expected increase of charge
separation rates in quantum confined CsPbl; QDs.”” It can
most likely be attributed to the lack of ligands at the bulk
perovskite/TiO, interface, which enhances coupling strengths
and ET rates. Interestingly, the charge recombination time is
much longer in the QD washed/TiO, sample (1180 + 60 ns)
compared to the QD-original/TiO, sample (346 + 18 ns),
suggesting less recombination loss in the former. The origin of
the slowing down of recombination rate in the former is not
clear, but it suggests that aside from the change of coupling
strength other factors that affect charge recombination rates
must also exist. The comparison between washed QD and
original QD indicates that purifying CsPbl; QDs with methyl
acetate is necessary and beneficial for fabricating high efficiency
solar cells. However, we cannot remove all the ligands from the
QD surfaces because QDs suffer severe aggregation and
degradation with further antisolvent washing. Other QD
postsynthesis treatment procedures are needed to simulta-
neously enhance the charge separation rates and improve/
maintain the QD stability.

B CONCLUSIONS

In conclusion, we have investigated interfacial charge
separation and charge recombination kinetics at the all-
inorganic CsPbl; perovskite QD/TiO, nanoparticle interface
and the influence of postsynthesis treatment by FTIR, TA, and
PL decay measurements. Washing of QDs by MeOAc leads to
the removal of native ligands on the QD surface according to
the measured ratio of the absorbance of ligand IR to QD
exciton bands on QD/TiO, films. The CS time constant
decreases from 457 + 4 ps in QD original/TiO, to 288 + 1 ps
in QD washed/TiO, films, corresponding to an increase of CS
efficiency from 89.9 + 0.3% to 98.3 + 0.01%. Furthermore, the
average charge recombination time constants decrease from
346 + 18 ns to 1180 =+ 60 ns in these films, which may reduce
charge recombination loss. This result suggests that post-
synthetic washing of QDs with MeOAc improves charge
separation and recombination performances at the QD/TiO,
interface, which may contribute to the reported improvement
in solar cell efficiencies.
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