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ABSTRACT: The unstable PbSe quantum dot (QD) surface requires tedious and 5

complicated synthetic protocols and renders them substantially underdeveloped . | PCE=10.38 %
compared to PbS QDs. Here, we describe a direct synthesis of PbSe QD inks at § One-step synthesis of Pbe QD inks
room temperature. In comparison to the conventional three-step synthesis, our E -5+ r

strategy simplifies the fabrication process to one step and reduces the preparation g-10- Youyarine .
cost by a factor of eight. A photovoltaic device based on these PbSe QD inks has 2 T
achieved a photovoltaic conversion efficiency (PCE) of 10.38% with high device 3 -15. iy
stability, which is one of the highest PCEs for all reported PbSe QD solar cells. § a :._’__?‘
More importantly, the obtained ink has demonstrated the best colloidal stability by g 201

far compared with all the reported lead chalcogenides (PbX) QD inks for 25

photovoltaic application. This simple and low-cost synthesis will facilitate ink - v T T
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storage and transport and may ignite a new round of research efforts on the

optoelectronic applications of PbSe QDs.

quantum confined materials with a huge exciton Bohr

radius of 46 nm.'
tuned to cover the spectrum from ~600 nm up to 4000 nm,
endowing PbSe QDs with the feasibility for use in solution-
processable optoelectronic applications, including solar
cells,>*71¢ photodetectors,w’18 and field-effect transistors.'” >
Benefiting from their strong quantum confinement, the close-
packed PbSe QD solid possess high interdot exciton coupling
energy, which is comparable to their exciton binding energy
(~100 meV).” This allows significant elongation of the
electronic wave function out of QDs, leading to efficient
exciton dissociation at room temperature and high carrier
mobility without sintering. Therefore, PbSe QDs are ideal
building blocks to construct low-cost and printable solar cells.
Meanwhile, the remarkable confinement of PbSe QDs gives
rise to the multiple exciton generation (MEG) effect, which
can push the theoretical photovoltaic efficiency over the S—Q
limit. In addition, a peak external quantum efficiency (EQE) of
114% has already been demonstrated via MEG in a functional
PbSe QD solar cell.”**”

Although PbSe QDs possess larger Bohr radius and greater
charge mobility and bandgap tunability than PbS QDs,””*" the
solar cells based on PbSe QDs have been far less explored
compared to the widely investigated PbS QDs solar cells. The
main issue of PbSe QDs is their susceptibility toward oxygen
because of the vulnerable Se on the under-coordinated (100)
facets. Several postsynthetic treatments have been invented to

P bSe nanocrystals or quantum dots (QDs) are strongly

=7 Their absorption can be easily
25
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improve the air stability of PbSe QDs in solution,””*" among

which the cation exchange method shows the best performance
in photovoltaic application.***** To date, PbSe QD solar cells
with photovoltaic conversion efficiency (PCE) > 6% have all
employed this strategy (Table S1), which consists of three
steps: (1) synthesis of CdSe or ZnSe QDs, (2) subsequent
cation exchange with lead salt to acquire PbSe QDs, and (3)
ligand exchange to prepare semiconductive QD inks for device
fabrication (Figure 1a). The preparation processes of PbSe QD
inks are apparently more tedious compared to those of PbS
QD inks. Furthermore, the estimated material costs for the
PbSe QD inks reach 95.0 $-g”' (Table S2), which is much
greater than the preparation cost of PbS QD inks (16.9—35.3

$-g7").>* As a result, the complex manufacturing and high cost
have certainly impeded the development of PbSe QD solar
cells.

Inspired by our recent report on the direct synthesis of PbS
QD inks,” we further developed a “one-step” method to
directly synthesize semiconductive PbSe QD inks. The
reaction is conducted by using lead halide and rationally
designed selenourea derivatives as precursors under room
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Figure 1. Schematic representation of different synthesis methods for PbSe QD inks. (a) Conventional “three-step” synthesis process,
including synthesis of CdSe QDs, cation exchange, and ligand exchange. (b) “One-step”, direct synthesis of lead iodide complexes

([PbI,]*™) capped PbSe QD inks.
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Figure 2. (a) Colloidal stability of PbSe QD inks with different concentrations. Absorption and photoluminescence spectra of PbSe QDs
synthesized with (b) different Pb/Se precursor ratios and (c) temperatures. The reaction temperature is 25 °C in panel b. The Pb/Se
precursor ratio is 6:1 in panel c. (d) TEM images and (e) XRD pattern of PbSe QDs synthesized with Pb/Se precursor ratio of 6:1 under 25
°C. (f) Absorption and photoluminescence spectra of pristine and aged PbSe QDs.

temperature. The photovoltaic devices based on these directly
synthesized PbSe inks show a PCE up to 10.38%, which is one
of the highest PCEs for all reported PbSe QD solar cells. It is
worth nothing that the in situ passivation by the lead halide
complexes ([PbL,]>™) endows the obtained PbSe QD inks
with excellent air and colloidal stability. No ink aggregations
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were observed for at least half a year with a concentration from
0.01 to 30 mg~mL_1, while most reported PbX ink could not
survive a day. More importantly, the PCE for the device using
aged ink (ink stored under ambient air for 15 days) can reach
90% of the PCE value for a device using the fresh ink, which
has demonstrated the best ink colloidal stability for photo-
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Figure 3. (a) Pb 4f XPS spectrum and (b) I 3d XPS spectrum of
PbSe QDs. (c) Transient photoluminescence of PbSe QDs
solution. (d) J—V curve of space charge limited current (SCLC)
device of PbSe QD film. Device structure: ITO/ZnO/PbSe QDs/
LiF/Ag.

voltaic application compared to all the previous reports,
providing a large potential for the operability of ink transport
and storage during mass manufacture.

The synthesis of PbSe QD inks is conducted as depicted in
Figure 1b. Selenourea (SA), N,N-dimethyl selenourea
(DMeSA), and N,N-bicyclohexane selenourea (BCySA)
compounds with designed reactivity were rationally chosen
as Se precursors (with the molecular formulas shown in Figure
1b). The detailed synthesis and characterization of the organic
Se precursors are shown in the Supporting Information and
Figure SI. The lead iodide (Pbl,) and selenourea derivatives
are first dissolved in dimethylformamide (DMF) under
nitrogen conditions. Butyl amine (BA) was then swiftly
injected into the solution to trigger the reaction. The solution
color turned from yellow to black immediately. We conclude
that the reaction mechanism can be analogous to that in the
direct synthesis of PbS QD inks.”> BA can interact with
selenoureas derivatives to release highly reactive HSe™, which
can react with Pbl, to rapidly produce PbSe QDs. However,
BA should be injected into the mixture of Pbl, and selenoureas
derivatives in less than a few minutes after their dissolution.
Otherwise, Pbl, will react with the selenium precursor, forming
black precipitates even in the absence of BA. This is notably
different from previous observation in the direct synthesis of
PbS QD inks, in which Pbl, cannot react directly with thiourea
without BA.*® This can be attributed to the reaction activity of
selenourea being higher than that of the thiourea.” The
obtained PbSe QDs can be purified by adding toluene as
antisolvent and then redispersed in DMF with an adjustable
concentration from ~100 to 1000 mg-mL~", after which the
ink can be used directly for device preparation. Interestingly,
the ink can be diluted to as low as 0.01 mg-mL™" with
acetonitrile (ACN), while the popular PbS QDs ink obtained
by solution-phase ligand-exchange cannot retain colloidal
stability with such dilution. In addition, these colloidal
solutions can be kept stable for at least half a year without
noticeable aggregation or precipitation (Figure 2a). The
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excellent colloidal dispersibility and stability are critical for
future mass manufacturing and applications.

The size of PbSe QDs can be controlled by adjusting the
ratio of Pb/Se precursor or reaction temperature. As shown in
Figure 2b,c, monotonic redshifts of both absorption and
photoluminescence (PL) spectra (indicating increased QDs
size) are observed with reduced Pb/Se precursor ratio or
increased reaction temperature, which follows the same law in
the conventional hot-injection reaction.”® Transmission
electron microscopy (TEM) images (Figure 2d) reveal that
the average size of the PbSe QDs synthesized with a Pb/Se
ratio of 6 at room temperature is 3.0 + 0.7 nm (BCySA as the
Se precursor). The inserted high-resolution TEM (HRTEM)
exhibits the single-crystalline nature of the obtained PbSe QDs.
Clear lattice fringes with a measured interplanar spacing of
about 0.32 nm can be indexed as (111) planes of the rocksalt
PbSe phase (Figure 2d). The powder X-ray diffraction (XRD)
pattern of the obtained PbSe QD inks also matches well with
the bulk PbSe cubic phase structure without any impurity
phases (Figure 2e). Even the three selenoureas can all produce
phase-pure PbSe QDs (Figure S2), the obtained QDs show
different size distributions. As shown in Figure S3, the PL full-
width at half-maximum (fwhm) of the PbSe QDs synthesized
with different Se precursors follows the trend BCySA < SA <
DMeSA. The size distribution of the QDs should also follow
the same trend, which can be attributed to the different
reactivity of the Se precursors. According to the previous
report, the conversion reactivity of selenoureas depends on the
number of substituents and their steric properties. The rate
increases as the number of substituents decreases, and
increasing the steric bulkiness of the substituent groups can
increase reactivity under the same number of substitu-
ents.”*”** Therefore, the conversion reactivity of selenoureas
follows the trend BCySA > SA > DMeSA, which also
corresponds to the solution color change speed after injection
of the selenoureas. These facts imply that BCySA with the
highest reactivity may trigger the nucleation more homoge-
neously. This is analogous to numerous cases of QD synthesis,
where the precursors with high reactivity were normally used
to acquire monodispersed QDs.”*”*”*" The PbSe QD inks
synthesized with BCySA were then used for characterization
and device fabrication. Note that the material cost for our
“one-step” synthesized PbSe ink is estimated to be 39.5 $-g~" if
using commercial SA as the precursor (Table S3). The cost can
be greatly reduced to 12.0 $-g~' by using home-synthesized
BCySA (Table S4), which is about eight times lower than the
cost of ink (95.0 $-g™") obtained by conventional “three-step”
method (Table S2). We believe the cost can be further
reduced by optimizing the synthesis protocol of the
selenoureas.” In short, different Se precursors were used to
effectively tune the QD size distribution and achieved
significant reduction of materials cost.

For the conventional PbSe QDs, the vulnerable surface can
be oxidized quickly to PbO in air in a few days or even several
hours, which results in the blue-shift of both absorption and PL
spectra because of the decrease of PbSe core size.””*' As
shown in Figure 2f, the absorption edge of the directly
synthesized PbSe QD inks shows no blue-shift after ink storage
in air for 15 days. Instead, both absorption and PL spectra
show an interesting red-shift, and the PL fwhm decreases
simultaneously. To confirm the size change, we then
monitored the QDs through dynamic light scattering (DLS).
As shown in Figure S4, the size of the PbSe QDs increases
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Figure 4. (a) Scheme of the device architecture. (b) Energy level alignment of the solar cell device. (c) J—V curve of optimized PbSe QD
device. (d) Histogram of device efficiency based on 50 devices. (e) Device air stability of PbSe QD-based photovoltaic device. (f) PCE of
devices using aged PbSe QD inks with different aging time. The data was normalized by the PCE on the first day in panels e and f.

during storage. These results indicate the isolated PbSe QDs
undergo a slow growth and beneficial self-focusing process in
the solution because of the little amount of remaining
precursors, resulting in spectra red-shift and decreased fwhm,
which has also been observed in the PbS QDs previously.”” In
short, no spectra blue-shifts are observed, suggesting the PbSe
QDs are substantially more stable in air than those obtained by
hot-injection synthesis,”> which may be attributed to the solid
in situ passivation with lead iodide complexes.

To ascertain the surface chemistry of the PbSe QDs, we
conducted X-ray photoelectron spectroscopy (XPS) measure-
ment. Note that because of very limited reported data for PbSe
QD inks, we conducted the comparison mostly between our
PbSe QDs and reported PbS QDs. The ratio of iodide to lead
(I/Pb) calculated from XPS is 0.89 for directly synthesized
PbSe QD inks (Figure 3a,b), which is slightly greater than that
of the directly synthesized PbS QD inks (0.84), indicating a
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greater surface passivants coverage and thus better oxygen
protection. As shown in Figure 3c, the time-resolved PL
(TRPL) measurement of the PbSe QD inks in DMF exhibits
an average decay time of 1.16 us (Table SS), which is on the
same level as that of the directly synthesized PbS QD inks
(1.90 ps).”® To quantify the trap states of PbSe QDs, we have
carried out the space charge limited current (SCLC)
measurement. As shown in Figure 3d, the calculated trap
states density is 3.1 X 10" cm™3, which is close to the reported
values of PbS QD inks.””** The charge transport properties of
the PbSe QD film were evaluated by a field-effect transistor
(FET) using a bottom-gate top-contact device configuration
(Figure SS). The carrier mobility is calculated from the slope
of the Ipg versus Vg plot in the linear regime according to
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where yu is the carrier mobility in the linear regime, Ipg the
drain current, and Vg the gate voltage; L and W are the
channel length (25 pm) and channel width (15 mm),
respectively. C; (11.05 nF/cm?) is the gate capacitance per

S The
4rkd
calculated y is 0.0544 cm®*V~'s™!, which is greater than the
value (0.0267 cm>V~'s™!) obtained from the directly
synthesized PbS QD ink film,* confirming the superior carrier
transport properties of PbSe materials.

The directly synthesized PbSe QD inks were then applied as
active layer for the solar cell fabrication. The device structure
(ITO/ZnO/PbSe/PbS-EDT (1,2-ethanedithiol)/Au) is shown
in Figure 4a, where ZnO and PbS-EDT function as the
electron and hole transport layer, respectively.**>** The
energy levels of PbSe QDs were measured by using ultraviolet
photoelectron spectroscopy (UPS) (Figure S6), which show
appropriate alignments with those of ZnO and PbS-EDT layers
(Figure 4b).**® A cross-sectional scanning electron micros-
copy (SEM) image is shown in Figure S7. The PbSe QD layer
can be simply spin-coated from the PbSe QD inks in a single
step. The PbSe QD inks synthesized with different Pb/Se
precursor ratios were systematically investigated. It is shown
that the Pb/Se ratio of 6 gave the best device performance
(Figure S8a). The champion device exhibits an open-circuit
voltage (V) of 0.61 V, a short-circuit current density (J,.) of
25.39 mA-cm ™2, and a fill factor (FF) of 0.67, leading to a PCE
of 10.38% (Figure 4c), which is one of the highest PCE:s for all
reported PbSe QD solar cells (Table S1). The J,_ is relatively
lower than the values reported in the state-of-the-art PbSe QD
solar cells,”'! which can be attributed to their smaller size in
the direct synthesis protocol. The histogram of the device
performance characteristics shows decent reproducibility with
an average PCE of 9.36% (Figure 4d). The external quantum
efficiency (EQE) of the optimized device is shown in Figure
S9, and the corresponding integrated ], values are 24.01 mA-
cm™2, which is about 5% error compared to the J,. obtained
from the J—V curve. We also fabricated the device using the
QD inks synthesized with the other two selenourea precursors;
the device performance is slightly lower than that synthesized
with BCySA, which may be due to their unsatisfactory size
distribution (Figure S8b). Furthermore, the devices can retain
around 90% of their initial PCE, after device storage under
ambient atmosphere for 30 days, demonstrating excellent
device air stability (Figure 4e), which further confirmed the
superior surface passivation of the directly synthesized PbSe
QD inks. Finally, we sought to investigate how the colloidal
stability of the PbSe QD inks affects the photovoltaic
performance of solar cells. Figure 4f shows the PCEs of
devices using aged PbSe QD inks with different aging times.
The device using aged ink with an aging time of 15 days can
reach 90% of the PCE value for a device using the fresh ink.
The remarkable colloidal stability of our PbSe ink is at the best
level for all reported PbX QD inks for photovoltaic
application.”*” We believe this excellent colloidal stability
can support ink transport and storage convenience in real
applications. However, we must mention that the current
performance of PbSe QD solar cells still lags behind the state-
of-the-art PbS cells.***’ Future work will focus on the surface
chemistry to achieve improved passivation on the vulnerable
PbSe QD surface. In addition, further optimization of this new
synthesis method to realize better size and homogeneity
control may also further improve device performance.

unit area, and the C; was calculated from C, =

In summary, we have directly synthesized PbSe QD inks in
one step at room temperature, successfully avoiding the
energy-consuming (200~300 °C) synthesis of CdSe or ZnSe
QDs and the tedious cation exchange process in the
conventional PbSe QDs synthesis protocol. Moreover, the
cost for the preparation of PbSe inks can be reduced
approximately eight-fold in comparison to the conventional
method. The obtained PbSe QD inks are well passivated and
show excellent air stability. Furthermore, the ink has
demonstrated the best colloidal stability compared with all
the reported PbX QD inks for photovoltaic application. Finally,
a PCE of 10.38% based on these PbSe QD inks was achieved
with excellent device stability, which is among the highest PCE
for all reported PbSe QD solar cells. We believe this simple
synthesis method will further unleash the potential of PbSe
QDs and promote the development of QD-based optoelec-
tronic applications.
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