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ABSTRACT: Colloidal quantum dot (CQD) solar cells are solution-
processed photovoltaic devices that exhibit promise in harvesting the
infrared solar spectrum. Solid-state ligand exchange is the method
employed to fabricate the CQD hole transport layer (HTL) in these
cells: insulating oleic acid ligands are substituted with short thiol ligands
(1,2-ethanedithiol) to create conductive p-type CQD solids. Thiols’ high
reactivity with the CQD surface results in rapid exchange, giving rise to
aggregates of dots and unpassivated sites on dots, each contributing to
sub-bandgap trap states. Here we report a strategy to minimize trap
states in the CQD HTL by controlling the solvent type in the exchange.
By employing a less volatile solvent, we achieve a slower reaction,
leading to increased order and a 2 times reduced trap density in CQD
solids. These improvements enable a power conversion efficiency of 13.1
± 0.1% in CQD solar cells compared to control devices showing 12.4 ±
0.1%.

Emerging solution-processed materials have seen intense
investigation because they provide facile routes to high-
performing optoelectronic devices: colloidal quantum

dots (CQDs)1−4 for their absorption tunable across the solar
spectrum; two-dimensional nanomaterials5−9 prized for their
flexibility, transparency, and charge mobility; and organic
materials10 for engineered excitonics and metal halide
perovskites for outstanding transport and excited state lifetime
of free electron−hole pairs.11,12

CQDs have seen particular study in light-emitting
diodes,13,14 bioimaging,15 photodetectors,16,17 and solar
cells.18−21 For solar cells, lead sulfide (PbS) has received
attention for its strong absorption coefficient and large Bohr
radius, all relevant to light-harvesting across the solar spectrum.
Advances in CQD ligand exchange and device architecture
have recently enabled power conversion efficiencies (PCE) of
13%.18 PbS CQD solar cells can also complement both
perovskites and c-Si in a four-terminal tandem configura-
tion.22,23 Recently, CQD solar cells showed potential in flexible
devices owing to their low-temperature fabrication.24−26

To achieve efficient charge transport and collection in CQD
solids, it is imperative to replace bulky oleic acid (OA) native
ligands capping the CQDs with short conductive ligands.

Solid-state ligand exchange (SLE) is a three-step process
consisting of spin coating OA CQDs on a substrate, soaking
with a ligand solution, and then rinsing with solvent to
eliminate the excess ligands. This procedure is employed to
fabricate the hole transport layer (HTL) in state-of-art CQD
solar cells, as well as in high performing field effect transistors
(FET).19,20,27−29

Previous studies analyzed the effects of the various
interactions (CQD−CQD, CQD−solvent) within the complex
SLE ligand−solvent system.27,29−31 The type and concen-
tration of the ligand is crucial to the final film quality: only the
right solvent−ligand balance guarantees a complete exchange
without hindering the CQD surface chemistry.30 The choice of
solvent is also important. The optimal solvent should not
hinder CQD passivation;27,30,32 it also should ensure solvation
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of the ligands, leading to increased CQD packing and
enhanced mobility.29

Highly polar solvents such as methanol were initially
employed in the fabrication of CQD solar cells33 and were
demonstrated to enable high mobility FET devices.34

However, recent studies investigating the effect of solvent
polarity on the final quality of CQD solids and CQD solar cell
performance revealed that highly polar solvents are detrimental
to CQD passivation, resulting in defects and decreased solar
cell performance. Less polar solvents such as acetonitrile
(ACN) do not compromise the final CQD surface passivation
and are employed in present-day CQD solar cells.31

We expect the solvent−ligand interaction to influence the
fabrication of the HTL in state-of-art solar cells, where the
exchange with 1,2-ethanedithiol (EDT) ligands, given the high
reactivity of thiols,35 is fast and often leads to aggregation

caused by the rapid volume contraction.35−37 However, the
solvent’s role in the SLE exchange kinetics and CQD
aggregation is not fully explored and its effects, in the context
of the solar cell device, are not yet fully understood.
Here we study the effect of the solvent on the SLE in terms

of defects, order, and aggregation in the final film and CQD
solar cell performance.
We employed propionitrile (PRN), a less volatile solvent

compared to previously studied ACN, an approach to regulate
the reactivity in the ligand exchange. We found that using PRN
reduces CQD aggregation and defects, as shown by a 1.9 times
increase in photoluminescence (PL) intensity, a 1.1 times
decrease in PL half-width at half-maximum (HWHM), and a 2
times decrease in trap density. When it is applied to the
fabrication of HTL for CQD solar cells, the PCE is increased
(12.4 ± 0.1% EDT−ACN HTL vs 13.1 ± 0.1% for EDT−PRN

Figure 1. (a) Device structure for a standard CQD solar cell. (b) Band structure and transport of charges in a CQD solar cell after
illumination. (c) Schematization of SLE for HTL. In the case of a standard solvent, the exchange is fast resulting in CQD aggregation and
defects; in the case of a less volatile solvent, the exchange is slow and the structure is more ordered and with fewer defects and
agglomeration. (d, e) FTIR spectra for (d) EDT−ACN and (e) EDT−PRN before exchange (0 s) and after different exchange times (2 s, 5 s,
30 s).

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://dx.doi.org/10.1021/acsenergylett.0c02500
ACS Energy Lett. 2021, 6, 468−476

469

https://pubs.acs.org/doi/10.1021/acsenergylett.0c02500?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02500?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02500?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.0c02500?fig=fig1&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://dx.doi.org/10.1021/acsenergylett.0c02500?ref=pdf


HTL); the advance arises from higher open circuit voltage
(VOC) and fill factor (FF) because of reduced charge
recombination and improved extraction as a consequence of
higher order and decreased number of defects.
State-of-art CQD solar cells consist of a n−i−p structure:

transparent cathode/electron transport layer (ETL)/active
layer/HTL/anode (Au) (Figure 1a). The electron−hole pairs

generated upon illumination of the active layer are collected
through the charge transport layers. The HTL blocks electrons
and transports holes from the active layer to the anode; in
order to do this efficiently, the HTL should show p-type
character (Figure 1b). A good HTL in fact should provide
favorable band alignment with the active layer and minimize
the defects at the active layer/HTL interface, as well as in the

Figure 2. (a) PL spectra of EDT−ACN films and EDT−PRN films. The solid line indicates the emission center wavelength; dashed lines
indicate the HWHM. The EDT−PRN shows both increased PL intensity and decreased HWHM following suppression of trap state emission
and decreased agglomeration. (b) Absorbance of EDT−ACN films and EDT−PRN films, the tail of absorbance is indicative of trap states.
(c) SCLC spectra for EDT−ACN and EDT−PRN hole only devices. (d) Transient absorption (TA) spectral kinetic traces of band-edge
excitation bleach of EDT−ACN and EDT−PRN films pumped at 1000 nm to study shallow trap states. (e, f) TA maps for (e) EDT−ACN
and (f) EDT−PRN films.
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HTL, responsible for unwanted recombination and decreased
charge collection efficiency, leading to limited PCE.
ACN is the aprotic solvent used in the fabrication of the

EDT HTL of present-day CQD solar cells, as it was shown it
does not compromise the CQD surface chemistry.31 Never-
theless, we posited that the solvent has a key role in
determining the quality of the CQD film after the EDT
exchange (Figure 1c). In particular, the rapid ligand exchange
in the presence of EDT−ACN can promote rapid volume
shrinkage and CQD aggregation,36 which might be the chief
cause of disordered CQD films.
We hypothesized that a less volatile solvent could reduce the

exchange reactivity. The slower evaporation and bulkier
structure allow the solvent to screen the interaction between
ligands and CQD surfaces during the exchange. The CQDs
have time to arrange in a more ordered way since their
interaction is more limited. This reduces aggregation and
defects, as well as decreasing the problem of rapid contraction
in film volume that leads to cracks in the final CQD solid. To
this end, we employed PRN as the solvent for ligand exchange,
which has more carbon than ACN, the standard solvent used
for exchange.
We obtained Fourier-transform infrared (FTIR) spectra of

CQD films as a function of exchange duration to study the
ligand exchange speed. In the case of EDT−ACN, the CH
symmetric and asymmetric stretching peaks at 3000−2800
cm−1,38 characteristic of OA-capped CQD films, disappear
after 2 s (Figure 1d). In contrast, EDT−PRN shows the
remaining CH peaks after 2 s (Figure 1e). We attribute this to
a slower exchange due to the lower volatility of PRN. After 30 s
of ligand exchange, both EDT−ACN and EDT−PRN achieve
complete ligand exchange in the CQD films.
In order to study the solvent effect on the CQD surface

chemistry, we performed X-ray photoelectron spectroscopy
(XPS) on EDT−PRN and EDT−ACN exchanged films.
EDT−PRN samples show a higher S/Pb atomic ratio
compared to EDT−ACN (Figure S1 in Supporting Informa-
tion). This agrees with improved surface passivation enabled
by slower exchange. The S/Pb atomic ratio variation with
exchange time shows, for EDT−PRN, an increased sulfur
amount as soaking time increases, while the value is constant
for EDT−ACN (Figure S1 in Supporting Information). This
suggests a faster exchange in the case of EDT−ACN, in
agreement with FTIR.
We performed PL measurements on the EDT exchanged

films with ACN and PRN (Figure 2a). PL measurements
reveal a 1.9 times increase in PL intensity for the EDT−PRN
exchanged film, which can be attributed to a decreased amount
of surface trap states, where charges recombine nonradiatively.
The half-width at half-maximum (HWHM) of the PL emission
shows a 1.1 times decrease for the EDT−PRN samples; the tail
in PL at longer wavelengths is usually attributed to the
formation of CQD−CQD agglomerates and trap states that
favor the emission from intraband trap states at longer
wavelength. We posit that the decreased HWHM may arise
due to decreased agglomeration and trap states through the use
of the less volatile solvent. EDT−ACN samples show a 1.1
times higher Stokes shift compared to EDT−PRN, in
agreement with a higher trap density (Figure S2 in the
Supporting Information).
In order to further investigate intraband trap states, we

measured the absorbance of the exchanged CQD solids
(Figure 2b). The slope of the absorbance in the tail region of

the spectrum is in fact indicative of localized trap states.39 The
EDT−PRN exchanged CQDs show a steeper slope, indicating
reduced trap states.
Space-charge-limited current trap-filling measurements of

hole-only devices (ITO/MoO3/EDT−CQDs/MoO3/Ag)
were performed to quantify the trap density of the EDT-
exchanged films (Figure 2c). The trap-filling region can be
identified by a significant increase of current injection at a
voltage (>VTFL) where all the traps are filled. The PRN-hole-
only devices show lower VTFL (0.21 V) compared to the ACN-
hole-only devices (0.18 V). The estimated trap density is 4.38
× 1017 cm−3 for ACN and 2.92 × 1017 cm−3 for PRN (details
of the calculation in the Methods section in the Supporting
Information). We attribute the lower trap density for EDT−
PRN to the decrease in agglomerates and defects, enabled by
slower exchange as a consequence of lower volatility, in
agreement with PL and absorbance results.
To study the charge carrier kinetics following surface

trapping, we performed ultrafast transient absorption (TA)
measurements. We photoexcited the EDT−ACN and EDT−
PRN samples with a sub-bandgap laser pulse (1000 nm) to
excite the ground state to trap state. Figure 2d shows kinetic
traces of the signal intensity at a wavelength corresponding to
the CQD band-edge bleach, and panels e and f of Figure 2
show kinetic traces of the signal amplitude from 800 to 960
nm. We observe that the band-edge exciton bleach (∼890 nm)
appears within 5 ps after trap state excitation. This indicates
population transfer from trap to the band edge, as shown in
prior reports.40 The lower signal intensity of PRN samples at
short times compared to ACN samples suggests a lower defect
density in the PRN sample.41

Atomic force microscope (AFM) and scanning electron
microscope (SEM) measurements of the film surface reveal the
effect of solvent on the morphology of the CQD solids. From
AFM measurements (Figure S3 in the Supporting Informa-
tion), we calculated the RMS surface roughness and found a
decreased surface roughness in the case of PRN (1.6 ± 0.2
nm) compared to ACN (2.8 ± 0.4 nm). Additionally, from
SEM images, we observe in the PRN sample a reduced number
of cracks, caused by volume shrinkage following rapid
exchange37 (Figure S4 in the Supporting Information). We
attribute this to the slower exchange kinetics, which minimize
the rate of volume contraction.
We employed ultraviolet photoelectron spectroscopy (UPS)

to investigate the solvent effect on the energy levels of the
HTL and determine whether the films exchanged with
different EDT−solvent combinations can work as the HTL
in the final device structure. The bandgap was determined
from absorption measurements, the Fermi level (EF), and the
valence band maximum (VBM) from the UPS spectrum
(Figure S5 in the Supporting Information), while the
conduction band minimum (CBM) was calculated from the
VBM and Eg. Figure S5b shows the band energy level for
EDT−ACN and EDT−PRN CQDs; we can see a shift of the
position of the EF, in particular in the case of EDT−PRN the
EF is 0.2 eV shallower compared to ACN. We note that the
doping level is also influenced by the solvent, specifically the p-
character increases when PRN is employed. We attribute this
to a possible increased CQD passivation that leads to more
thiols on the surface, and a higher difference between the
vacuum energy and the Fermi level,42 as shown by XPS
measurements.
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To study the order of the exchanged films, we performed
grazing-incidence small-angle X-ray scattering (GISAXS)
measurements on OA capped CQDs before exchange and
after exchange with EDT−ACN and EDT−PRN (Figure

3a,b). GISAXS reveals that the interdot distance decreases
from 5.5 nm in the case of OA CQDs (Figure S6 in the
Supporting Information) to 3.2 nm for EDT−ACN and EDT−
PRN. This confirms that both ligand exchange treatments can

Figure 3. (a) GISAXS pattern for EDT−ACN. (b) GISAXS pattern for EDT−PRN. (c) Integrated GISAXS intensity for EDT−ACN and
EDT−PRN.

Figure 4. (a) Measured JV curves of EDT−ACN and EDT−PRN champion devices. (b) Measured EQE of EDT−ACN and EDT−PRN
champion devices. Statistics on the (c) PCE, (d) Jsc, (e) FF, (f) VOC, of EDT−ACN and EDT−PRN devices. Box and whisker plots represent
the four quartiles of the distribution over a minimum of six devices. The empty square represents the mean value from the statistics.
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efficiently remove the OA ligands leading to closer packing, in
agreement with FTIR and transmission electron microscopy
(TEM) (Figure S7). The final dot-to-dot distance is similar for
EDT−ACN and EDT−PRN. From the analysis of the GISAXS
peaks, we observe an improvement in peak to valley (1.2 for
EDT−ACN and 1.5 for EDT−PRN) and a times 1.2 decrease
in HWHM, as well as an increased intensity (Figure 3c). This
is indicative of more uniform packing attributed to the slower
ligand exchange enabled by the use of a less volatile solvent. A
more uniform packing and decrease in the density of
agglomerates contributes to a reduced number of defects in
the final film, as agglomeration and nonuniform ligand
exchange are responsible for defects and energetic disorder
in the final film.40,43

In order to investigate the effect of the solvent on carrier
transport, we measured conductivity on EDT−ACN and
EDT−PRN CQDs (Figure S8 and S9 in the Supporting
Information). EDT−PRN showed 1.3 times higher con-
ductivity compared to EDT−ACN (1.3 × 10−3 S m−1 for
EDT−PRN and 9.8 × 10−4 S m−1 for EDT−ACN). The
increased conductivity can be attributed to the improved order
and decreased number of defects, in agreement with PL,
SCLC, TA, absorbance, and GISAXS results.
We then fabricated CQD solar cells using EDT−ACN and

EDT−PRN as the HTL to investigate the effect of the
improved HTL quality on photovoltaic performance. The
champion EDT−PRN device shows a PCE of 13.3%, while the
best EDT−ACN shows a PCE of 12.5% (Figure 4a).
Specifically, in the EDT−PRN device we observe a significant
increase in VOC (0.63 for EDT−ACN and 0.65 for EDT−
PRN) and FF (69% for EDT−ACN and 70% for EDT−PRN).
The external quantum efficiency (EQE, Figure 4b) spectra
show, for the same device thickness, an increase in the EQE at
the excitonic peak, as a consequence of the improved

collection efficiency in the device. The CQD absorption
coefficient is in fact higher for the shorter wavelength region
compared to longer wavelengths. This causes the longer
wavelengths to be absorbed mainly at the back of the device
(active layer/HTL interface), while shorter wavelengths are
mainly absorbed at the ETL/active layer interface. For this
reason, defects at the active layer/HTL interface predom-
inantly affect the carrier collection associated with photo-
carriers generated using longer-wavelength spectral compo-
nents.44

Statistics on the PCE show that the enhancement is
significant (Figure 4c, 12.4 ± 0.1% for EDT−ACN and 13.1
± 0.1% for EDT−PRN; all error bars are one sample standard
deviation) and comes from combination of improved short
circuit current density (Jsc) (Figure 4d, 28.6 ± 0.3 mA/cm2 for
EDT−ACN and 28.8 ± 0.4 mA/cm2), FF (Figure 4e, 68.2 ±
0.7% for EDT−ACN and 70.2 ± 1.4% for EDT−PRN), and
VOC (Figure 4f, 0.632 ± 0.003 V for EDT−ACN and 0.655 ±
0.004 V for EDT−PRN). The higher standard deviation in FF
and Jsc for PRN samples does not affect the final PCE standard
deviation as a lower-than-average FF goes along with a higher-
than-average Jsc and vice versa. We attribute the advances to a
combined effect of the improved order and decreased trap
states enabled by the solvent effect during HTL fabrication. To
check device stability, we tracked the PCE of EDT−PRN
devices under continuous device operation and found that it
retains more than 90% of the initial PCE after 18 h in a
nitrogen atmosphere (Figure S10 in the Supporting
Information).
To test more widely the solvent volatility effect, we

investigated butyronitrile (BTN), which has one more carbon
chain than PRN and use it as a solvent for ligand exchange
during HTL fabrication. The EDT−BTN samples show a 1.5
times increase in PL intensity compared to results for EDT−

Figure 5. (a) TPV decay curves for EDT−ACN and EDT−PRN devices. (b) Average TPV decay time for EDT−ACN and EDT−PRN
devices. (c) Light intensity dependent VOC. The solid line is a linear fitting of the curve.
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ACN (Figure S11 in the Supporting Information), similarly to
EDT−PRN. We also fabricated CQD solar cells employing
EDT−BTN HTL and obtained a champion PCE of 13.2%
(Figure S12 in the Supporting Information). BTN devices
show an increased average performance compared to ACN
devices and a similar performance compared to PRN. This
result shows that additional solvents less volatile than ACN are
compatible with ligand exchange.
To investigate carrier recombination dynamics in the

devices, we performed transient photovoltage (TPV) measure-
ments and light-dependent VOC measurements. When EDT−
PRN is employed, we observe a TPV decay time longer than
that for EDT−ACN (Figure 5a,b). Since the TPV decay time
is determined by the recombination rate constant of electrons
and holes,45 the result indicates a slower charge recombination
rate in the PRN devices.
To study charge recombination under device operation, light

intensity dependent VOC was analyzed (Figure 5c). The slope
of the VOC over the logarithm of light intensity can be used to
analyze charge carrier recombination.46 The calculated slope is
1.48 kT/q for ACN devices and 1.20 kT/q for PRN devices,
where k, T, and q are the Boltzmann constant, temperature,
and the elemental charge, respectively. The lower slope in the
PRN devices suggests that the monomolecular recombination
in the devices is reduced compared to the ACN devices. In
addition, for a heterojunction CQD solar cell, the lower slope
implies a decrease of recombination by sub-bandgap traps,47,48

in agreement with TA and PL results.
We also performed high dynamic range (HDR) EQE on

ACN and PRN devices (Figure S13 in the Supporting
Information) to reveal additional information on the trap
state density in the final device. The spectra show a decreased
tail in the HDR EQE for PRN devices, in agreement with a
decreased number of trap states, as shown by PL, absorbance,
SCLC, and TA measurements.
We studied the variation of device performance with ligand

exchange time and HTL thickness, observing a strong
dependence of VOC on these parameters. When the exchange
is shorter than the optimum time (30 s), we observe decreased
VOC, as a consequence of incomplete ligand exchange, which
causes the rise of defects, the chief cause of VOC losses.20,49 In
particular, we observe a stronger decrease of VOC from 5 s to 2
s for the EDT−PRN device, we attribute this to the lower
EDT−PRN reactivity and slower exchange, that results in a
more incomplete exchange at 2 s compared to ACN, in
agreement with FTIR and XPS (Figure S14a in the Supporting
Information). Exchange longer than 30 s is not investigated, as
thiols can compromise the chemistry of the underlying active
layer during soaking.
A similar trend is observed with thickness variation (Figure

S14b in the Supporting Information): when the HTL thickness
is thinner than the standard value (∼60 nm), VOC is reduced.
We hypothesize this is caused by insufficient depletion region
between active layer and HTL. When the HTL is thicker
(∼100 nm), the increased series resistance results in a decrease
of VOC.

50 A variation in CQD concentration in HTL
fabrication also results in thickness variation and a similar
VOC trend with the above HTL thickness studies (Figures S14c
and S15 in the Supporting Information).
In sum, we investigated the effect of solvent choice during

the SLE of HTL for CQD solar cells and found that a less
volatile solvent increases the CQD order, increases passivation,
and decreases defects and agglomeration. Further insight into

trapping and detrapping kinetics in SLE and the effect of
solvent volatility could be obtained by employing thermal
admittance spectroscopy51 and terahertz mobility measure-
ments.52,53 These improvements result in an increased PCE for
CQD solar cells and yield further understanding of the CQD
SLE process and optimization.
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