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ABSTRACT: Shortwave infrared colloidal quantum dots (SWIR-
CQDs) are semiconductors capable of harvesting across the
AM1.5G solar spectrum. Today’s SWIR-CQD solar cells rely on
spin-coating; however, these films exhibit cracking once thickness
exceeds ∼500 nm. We posited that a blade-coating strategy could
enable thick QD films. We developed a ligand exchange with an
additional resolvation step that enabled the dispersion of SWIR-
CQDs. We then engineered a quaternary ink that combined high-
viscosity solvents with short QD stabilizing ligands. This ink, blade-
coated over a mild heating bed, formed micron-thick SWIR-CQD
films. These SWIR-CQD solar cells achieved short-circuit current densities (Jsc) that reach 39 mA cm−2, corresponding to the
harvest of 60% of total photons incident under AM1.5G illumination. External quantum efficiency measurements reveal both the first
exciton peak and the closest Fabry−Perot resonance peak reaching approximately 80%this is the highest unbiased EQE reported
beyond 1400 nm in a solution-processed semiconductor.
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■ INTRODUCTION

Shortwave infrared (SWIR) semiconductors are materials
capable of absorbing light between 1000 to 3000 nm. This
region is of interest for applications including photodetection,
light emission, and solar harvesting.1 Operating photodetectors
in the SWIR spectral range allows for the detection of light
transmitted through biological (such as skin), atmospheric
(such as water and CO2), and synthetic materials (such as
plastics).2,3 Similarly, SWIR light emitting diodes (LEDs) are
used in a variety of applications such as optical communica-
tions and night vision.4,5 Finally, SWIR harvesting solar cells
are excellent back cell candidates for visible absorbers such as
silicon or metal halide perovskites.6 Materials such as Ge,
InGaAs, and HgCdTe alloys are excellent SWIR absorbers;
however, their epitaxial incompatibility with silicon and flexible
electronics and photovoltaics motivates the search for a new
generation of materials.7−9

Colloidal quantum dots (CQDs) are a class of thin film
semiconducting materials that can be synthesized in the
solution phase.10 Their band gap can be tuned to absorb more
widely across the AM1.5G spectrum. In particular, SWIR-
CQDs have been used to fabricate LEDs, photodetectors, and
solar cells.11−14 SWIR-CQD LEDs exhibit electroluminescence
varying from 950 to 1650 nm, and their electroluminescence
power is comparable to that of InGaAsP LEDs.15 SWIR-CQD
photodetectors have reached a detectivity of 1012 Jones at 2

μm.16 SWIR-CQD solar cells have exhibited appreciable
external quantum efficiencies up to 1800 nm.17

In recent years, research interest has increased in the
optimization of SWIR-CQD PV for tandem integration with
wide band gap front cells.14,17−27 Infrared solar cell metrics
such as IR-open circuit voltage (IR-Voc), IR-short circuit
current density (IR-Jsc), IR-fill factor (IR-FF), and IR-power
conversion efficiency (IR-PCE) are for solar cell operation
through a simulated 1100 nm long pass filter. Innovations in
SWIR-CQD synthesis and ligand engineering lead to improve-
ments in IR power conversion efficiency (IR-PCE) metrics
such as IR-open circuit voltage (IR-Voc).17,28 However, the IR-
short circuit current densities (IR-Jsc) of IR devices remain
low due to inadequate absorption in the IR region.
Improving absorbance in the SWIR region requires

increasing the thickness of the absorbing layer and broadening
the absorption range of the semiconductor. Both aspects will
significantly increase the maximum IR-Jsc, a main contributor
for improving IR-PCE. The total available AM1.5G Jsc for 1.1
and 0.7 eV semiconductors are 44.23 mA cm−2 and 60.70 mA
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cm−2, respectively.29 Therefore, this only results in a 37%
increase in total Jsc. However, the visible wavelengths are
mostly absorbed by the front cell; therefore, only the IR
regions are of interest for tandem back cells. Harvesting the
first IR-region between 1.1 eV (∼1.1 μm) to 0.9 eV (∼1.4 μm)
results in an IR-Jsc of 7.83 mA cm−2, while harvesting only the
second IR-region between 0.9 eV (∼1.4 μm) to 0.7 eV (∼1.8
μm) results in an IR-Jsc of 8.64 mA cm−2. By successfully
harvesting both IR regions, devices can reach an IR-Jsc of

16.47 mA cm−2: a doubling of Jsc (Figure 1a, b). By plotting
several SWIR-CQD solution absorbance overlapping with the
AM1.5G spectrum, we observe that the SWIR-CQDs ranging
between λexciton = ∼1500 nm and λexciton = ∼1750 nm are
capable of harvesting both IR regions. Prior work has
demonstrated external quantum efficiencies (EQEs) that
reached 80% in the first IR region.25 In addition, EQEs have
reached greater than 50% above the second IR region;
however, their nearest Fabry−Perot resonance peak over-

Figure 1. CQDs needed for full AM1.5G harvesting. Absorbance of shortwave infrared quantum dots overlaid on top of the AM1.5G to show
potential IR harvesting (a). Available IR-short circuit current densities in the infrared region of the AM1.5G spectrum (b).

Figure 2. Ligand exchange and film processing. Ligand exchange for SWIR-CQDs with a double precipitation step (a); initial spin-coating
schematic; (b) smooth thin film schematic enabled by rapid spin-coating (c); microscope image of the thin spin-coated film (d); cracked thick film
schematic enabled by slow spin-coating (e); microscope image of the thick spin-coated film (f). Black scale bars represent 500 μm. Blue scale bars
represent 50 μm.
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lapped detrimentally with the first IR region, causing losses in
Jsc.23

Here we demonstrate full AM1.5G harvesting SWIR-CQD
solar cells that are capable of harvesting ∼60% of all available
solar photons.29 We achieve this by implementing the
combination of a new ligand exchange, solvent engineering,
and blade-coating strategy. The new solvent engineering and
blade-coating strategy allows the formation of smooth micron-
thick CQD active layers. The combination of all three
techniques results in CQD solar cells achieving the thickest
reported PbS-CQD solar cell capable of reaching 80% external
quantum efficiency with both the first exciton peak and nearest
Fabry−Perot resonance peak in the infrared region between
1100 and 1800 nma feat that has not been achieved in the
field of QD solar cells.

■ RESULTS AND DISCUSSION

The ligand exchange and ink deposition for single step SWIR-
CQDs was previously challenging for the CQD community, as
these QDs behave much differently than ligand exchanges
optimized for single junction harvesting QDs (SJ-QDs, λexciton
= 900 to 1000 nm).20 The specific procedure is described in
the Supporting Information, but key differences for processing
SJ-QDs and SWIR-CQDs are discussed here. SWIR-CQDs
agglomerate immediately following phase transfer from the

nonpolar octane phase to the halide-rich DMF phase, while SJ-
QDs retain their colloidal stability. It is known that larger
diameter SWIR-CQDs have higher amounts of Pb (100) facets
than SJ-QDs.30 As a consequence, these SWIR-CQDs are less
colloidally stabilized by lead halides in the DMF phase. After
the ligand exchange, several modifications must be made to
successfully disperse the QDs into a concentrated ink. For the
SJ-QD procedure, the exchanged QDs are first destabilized in
the DMF phase with an antisolvent such as toluene. Then, the
SJ-QDs are centrifuged, dried into a powder, and then
dispersed into a solvent such as butylamine (BA). Translating
this procedure for SWIR-CQDs does not work, as the SWIR-
CQD powders do not disperse in butylamine, preventing film
formation.
To overcome this issue, we implemented a double-

precipitation step to enable the redispersion of the SWIR-
CQDs (Figure 2a). After the completion of the ligand
exchange procedure, the destabilized SWIR-CQDs were
centrifuged and the supernatant was discarded. Then, the
moist QDs were first resolvated in a solution of 98:2 v/v
DMF/BA mixture. The low amount of BA was needed to
stabilize the otherwise aggregated CQDs by exchanging the
remaining oleic acid bound to the surface. The toluene
antisolvent was added to the solution, and then the mixture
was centrifuged. After the supernatant was discarded, the

Figure 3. Blade-coating of SWIR CQDs. Blade-coating schematic (a, b). Microscope images of films made with blade-coating solvents composed of
DMF and BA (c); DMSO and BA (d); DMF, DMSO, and BA (e); DMF, DMSO, PEA, and BA (f). Black scale bars represent 500 μm. Blue scale
bars represent 50 μm.
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SWIR-CQDs were dried and ready for redispersion. It is not
possible to combine the phase transfer ligand exchange and
resolvation process into one step. This is because adding the
OA-PbS CQDs directly into a mixture of a concentrated ligand
exchange solution containing a high percentage of redispersion
solvent such as butylamine will not allow the efficient phase
separation of octane and DMF. This will result in excess oleic
acid to disperse in the single mixture, making blade or spin
coating result in poor quality films for optoelectronic device
fabrication.
Thermogravimetric analysis (TGA) revealed the reasoning

for the double precipitation step (Supporting Figure S1a).
After the first centrifuge, the QDs retained a lot of organic
content on the surface of the QD, as indicated by the faster
weight loss with increasing temperature. This is attributed to
excess oleic acid still bound to the QDs. Since these QDs are
passivated by both ionic salts and nonpolar species, these
SWIR-CQDs fail to redisperse in traditional QD solvents. After
the resolvation step, the organic content on the surface of the
QDs significantly dropped, making these QDs mostly
passivated with ionic species. Fourier transform infrared
(FTIR) spectroscopy characterization on these singly
precipitated SWIR-CQD filmsmaterials that dispersed
poorly in butylaminefurther confirms the presence of
organic residue (Supporting Figure S1b, S1c). The signals
between 1200−1500 and 1080 cm−1 match closely those of
OA-PbS CQDs and −NH bends from free butylamine,
respectively.
A singular solvent approach, such as the use of butylamine,

does not disperse the SWIR-CQDs, and attempting to deposit
this ink leads to QD clusters over the film, making this
unsuitable for devices (Supporting Figure S2). Therefore,
SWIR-CQDs need to be dispersed in a combination of
butylamine and DMF. We empirically found that a 30%
mixture of DMF in butylamine was sufficient to create a stable
SWIR-CQD colloid, similar to that of previous reports.19,21,22

This solvent composition is adequate for spin-coating; the high
amount of butylamine allows the majority of solvent to
evaporate during the spin-coating process. Spin-coating the
QDs at high speeds (>1000 rpm (RPM)) allowed for the
formation of thin, smooth films (Figure 2c, d). However, this
solvent composition only allows the formation of films up to
∼500 nm. This thickness is inadequate for infrared absorption,
decreasing the overall performance of the solar cell. Spin-
coating at lower speeds (e.g., less than 500 rpm) does not work
to achieve thicker films. As the QD ink reaches the edge of the
film, adhesive forces pin the ink to the corners, resulting in a
high QD concentration at the corners. As the solvent
evaporates, the films crack resulting in uneven, cracked,
macroscopically rough films (Figure 2e, f). These pinhole-
containing films result in shorting of the device; thus, single-
step spin-coated QD devices are limited, in practice, to a
thickness of ca. ∼500 nm.
Consequently, we contemplated fabrication techniques such

as spray coating, roll-to-roll printing, and doctor-blading to
create thicker films.8,31−33 Doctor-blading in particular is
known for fabricating thick solution-processed perovskite solar
cells (e.g., >1000 nm films).34 However, the full potential for
doctor-blading has not yet been exploited in CQD solar cells,
as the PCEs of reported doctor-bladed solar cells still remain
below their spin-coated counterparts.35 In our work, we fully
rework our CQD ink conditions for doctor-blading to enable
thick film fabrication.

In the blade-coating process, the CQD ink was first
deposited on the blade edge to form a meniscus between the
substrate and the blade edge. The blade is subsequently
dragged over the substrate, as shown in Figure 3 a, b. We
blade-coated at high speeds (>25 mm/s) to enable film
formation in the Landu−Levich regime.34,36 After the initial
coat, the QD ink was still wet on the substrate; therefore,
additional heating was needed to evaporate off the excess
solvent. To ensure uniform film formation, we performed this
blade-coating process on a glass heat bed to enable even
evaporation of the film. Without the heat bed, the resulting
films contained island-like spots, but by using an underlying
heat source, the film underwent an initial solidification which
prevented further migration of the ink upon the substrate.33

We initially tested blade coating with the standard dispersion
of 30/70 DMF/BA; however, we noticed that the solvent dried
too quickly and formed cracked films under the spin-coat
optimized concentrations of ink (>250 mg·mL−1) (Figure 3c).
At lower concentrations, we noticed that the film dried
nonuniformly, resulting in a rough, macroscopic texture across
the top of the film. In order to create a thick uniform film, we
attempted to engineer the ink with higher boiling point
solvents to slow down the evaporation of the film. We first
sought to use a combination of dimethyl sulfoxide (DMSO)
(boiling point = 189 °C) and butylamine to increase the
boiling point of the colloid. However, this mixture did not
properly disperse the SWIR-CQDs, and thus a PV-grade film
cannot be made (Figure 3d). By combining the three solvents
{DMF, DMSO, and BA}, a stable SWIR-CQD colloid was
achieved. This solvent system alone provided improved blade-
coated SWIR-CQD films.
However, this solvent system caused film cracking when we

attempted to fabricate >1000 nm films (Figure 3e). Therefore,
we incorporated a fourth component, phenethylamine (PEA),
to our system. PEA improves the ink mixture for the following
reasons: (1) PEA’s high boiling point (195 °C) further slows
down the evaporation of the SWIR-CQD mixture; (2) PEA’s
greater than 2-fold viscosity over DMSO strikes a balance
between the rate of coating and ink solidification; (3) the
primary amine on the PEA stabilizes the lead halide matrix
around the SWIR-CQD.35 This quaternary solvent system
allows us to fabricate smooth QD films thicker than 1000 nm
(Figure 3f). Zoomed in microscope images reveal minor
differences between the triple solvent and quaternary solvent
blade-coated films (Supporting Figure S3). Atomic force
microscope (AFM) images also reveal a smooth film for the
quaternary ink (Supporting Figure S4). AFM imaging could
not be completed for films shown in Figure 3c to 3e because
those films were too rough to be imaged. The fabrication was
finalized by an oven annealing step within a controlled
atmosphere of nitrogen at 80 °C for 15 min to ensure that
there was no residual solvent left. Transmission electron
microscope (TEM) images reveal that the PbS CQDs remain
monodisperse in the quaternary solvent system (Supporting
Figure S5).
Additional characterization techniques such as X-ray photo-

electron spectroscopy (XPS) and FTIR were used to compare
blade-coated and spin-coated films (Supporting Figures S6−
S8). FTIR showed similar features for both the spin-coated and
blade-coated samples. There are no additional organic peaks
seen on the blade-coated films compared to the spin-coated
films. The loss of the CC stretch at ∼3006 cm−1 is indicative
of the successful removal of oleate ligands (Supporting Figure
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S8a).37,38 The Pb−amine complex is observed at ∼3484 cm−1

on both spin-coated and blade-coated films.40 The signal
between 1240 cm−1 and 1640 cm−1 correspond to the −NH

bends from the Pb−amine complex, similar to a previous
report (Supporting Figure S8b).39 XPS was used to study the
degree of passivation for the SWIR-CQD films (Supporting

Figure 4. Solar cell metrics. Filtered solar cell parameters with varying thicknesses for IR-Jsc (a), IR-FF (b), IR-Voc (c), and IR-PCE (d). Cross
section scanning electron microscope image of a blade-coated device (e). Full spectrum J−V curve of champion blade-coated device (f). IR-filtered
J−V curve of champion blade-coated device (g). External quantum efficiency of champion blade-coated device (h).
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Figures S6, S7a−d). Blade-coated films showed much higher
iodide to sulfur and lead to sulfur ratios, indicting better
passivation of the QD. We suspect that the addition of both
DMSO and PEA stabilizes residual PbX2 (X = I, Br) species on
the QD surface, thus increasing the amount of both I/S and
Pb/S ratios.40

Finally, we fabricated IR harvesting solar cells using both
techniques. We used an ITO/ZnO/PbX-PbS/EDT-PbS/Au
architecture for the devices. Infrared solar cell metrics such as
IR-open circuit voltage (IR-Voc), IR-short circuit current
density (IR-Jsc), IR-fill factor (IR-FF), and IR-power
conversion efficiency (IR-PCE) were compared for different
thicknesses of both spin-coated and blade-coated samples
(Figure 4a−d). The PCE metrics under AM1.5G illumination
are presented in Supporting Figure S9. A representative cross-
sectional scanning electron microscope (SEM) image reveals a
continuous SWIR CQD layer exceeding 1 μm (Figure 4e). The
active layer thicknesses for spin-coated devices varied between
∼130 and 430 nm, while the blade-coated active layer
thicknesses ranged from 500 nm to 1.3 μm. Our blade-coating
solvent was optimized to favor thicker active layers; as a result,
blade coating does not produce high-quality sub-500 nm
devices. Indeed, fabricating thin blade-coated films require
slow coating speeds, leading to the uneven evaporation of
CQD solvent. Even if we did reoptimize our blade-coating QD
inks for thinner films, the lower absorbance of the active layer
is unfavorable for increasing the overall PCE. As mentioned
earlier, spin-coated devices above 500 nm showed significant
signs of cracking; therefore, we were not able to successfully
fabricate thicker spin-coated devices.
The IR-Jsc of these devices showed an upward increase as

the thickness of the active layer increased. This is expected, as
the absorbance of the device increases with thickness. Selected
external quantum efficiency (EQE) spectra reveal the
phenomena for the rapid increase in Jsc (Supporting Figure
S10). As expected, the first exciton peak generally increases
with active layer thickness. Interestingly, the gap between the
first exciton peak and the closest Fabry−Perot resonance peak
becomes favorably narrower with increasing active layer
thickness. The overlap between the Fabry−Perot resonance
peak and the first IR region is mainly responsible for the large
increases with Jsc. Jsc does not increase monotonically as seen
in other recent studies.17,18,41 In our case, when the spin-
coated film increased from ca. 300 to 430 nm, there was a
slight drop in Jsc (Supporting Figure S9).
The IR-FF decreased with increasing thicknesses, which is a

result of increased carrier recombination for thicker devices
(Figure 4b). The JV curves of the blade-coated sample show
the IR-FF gradually decreasing with thickness (Supporting
Figure S11a). In addition, the IR-power density vs voltage
curves and IR-maximum power point also shift toward lower
voltages with increasing thicknessindicative of the slight
decrease in IR-FF (Supporting Figure S11b). Interestingly, the
IR-Voc was higher for the blade-coated set. We hypothesized
that film formation as a result of blade coating improved the
solid state QD dispersity. The absorbance of the blade-coated
films showed a narrower fwhm than the spin-coated ones
(Supporting Figure S12). Blade-coated films also have a lower
film Stokes shift of 19 meV compared to a spin-coated film
Stokes shift of 62 meV. A lower Stokes shift is indicative of
improved film monodispersity, leading to flatter energy
landscapes and higher built-in potentials.14,42 The champion
J−V curve under full AM1.5G illumination has a Jsc of 38.9

mAcm−2, currently the highest Jsc for all solution processed,
thin film solar cells (Figure 4f). This Jsc value also accounts for
approximately 60% of total solar photons under AM1.5G
illumination.29 The IR-Jsc also reaches 9.81 mAcm−2, 70%
greater than that of previously reported IR-CQD solar cells
(Figure 4g).17,28 The unbiased EQE showed both the first
exciton peak at ∼1670 nm reaching ∼80%, and the nearest
Fabry−Perot resonance peak at ∼1210 nm approaching 80%
(Figure 4h). The exciton peak at 1670 nm exceeds previous
CQD EQE exciton peaks by over 30% and is comparable to
EQE values from single crystalline Ge solar cells in this IR
region.17,43,44 This work presents the highest unbiased EQE for
all solution-processed semiconductor ranges beyond 1400 nm,
suggesting further applications for IR detection.3,45,46

In conclusion, we utilized the full advantage of blade coating
to create thick, smooth CQD films. Previous spin-coating
methods caused significant cracking upon attempting to
increase thickness. By engineering a four-component high
boiling viscous CQD ink, we could readily fabricate micron
thick PbS CQD active layers. These thick layers offer
incredible improvements in IR-harvesting mainly due to the
favorable matching of both the first exciton peak and nearest
Fabry−Perot peak to the AM1.5G spectrum. These blade-
coated CQD devices harvest the entire solar spectrum,
providing one more step toward the fabrication of triple and
quad-junction solar cells.
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