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ABSTRACT: Colloidal quantum dot (CQD) solar cells composed of ionic halide passivated active layers benefit
from improved passivation and high carrier mobility because of short interparticle distance. However, non-ideal
band alignment of the active layer limits the potential open-circuit voltage (Vo) produced by the solar cell. We
initiated a suite of simulation-based studies of CQD solar cells and found a route to improved performance by
increasing the degree of p-type behavior. Fluoride, while it is a p-type ionic ligand as desired, is incompatible with
traditional ligand exchange processes. In prior studies, it has shown to etch the lead sulfide surface uncontrollably.
Instead, we develop a multistep halide exchange method, in which the CQD active layer is doped with fluoride ions
after ligand exchange. This new method prevents CQD surface etching without impeding charge transport, resulting
in a statistically significant improvement in V, fill factor, and power conversion efficiency.

he quantum confinement effect observed in quantum in fabricating n-type, air stable, and closely packed CQD films
I dots has motivated the rapid progression of recent used in photovoltaic devices.'”'®

developments in next-generation optoelectronic devi- Charge collection in CQD solar cells depends on favorable
ces such as solar cells,"” photodetectors,3’4 LEDS,5'6 and band alignment between the absorbing and transport layers;
1&881‘8.7’8 The size tunability of these materials allows for poor alignment can create potential energy barriers which
selective control of the bandgap by design of reaction block electrons or holes from traveling to respective electro-
conditions, allowing tailoring of the absorption or emission des."” Conversely, band alignment exhibiting a large potential
profile.” This is especially useful in quantum-dot-based solar energy drop from the active layer to the transport layer can

cells, where absorption tunability allows solar energy harvest-
ing across the entire AM1.5G spectrum. '’

Colloidal quantum dot (CQD) devices also greatly benefit
from solution processability, enabling deposition of thin films
at room temperature using techniques such as spin-coating,”
blade-coating,12 and spray deposition.13 Integral to effective
solution processability is the ligand exchange process, where Received: August 14, 2020
bulky and insulating oleic acid ligands are stripped from the Accepted:  October 22, 2020
lead sulfide (PbS) CQD surface and replaced with ionic halide Published: October 30, 2020
ligands, which allow for surface passivation, controlled doping,
and closer interparticle packing of CQD films.'*™'° Todide and
bromide anionic ligands are commonly used due to their role

result in electrical power losses.”” Hence, a close alignment of
conduction and valence bands at the interface of the active
layer and the transport layer is desired to maximize quasi-
Fermi level splitting in the active layer, thereby maximizing
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Figure 1. (a) Device schematic of a CQD solar cell based on n-i-p architecture; (b) Spatial band alignment scheme of a CQD solar cell
showing a variable active layer band alignment; Simulated open-circuit voltage (c) and power conversion efficiency (d) of a CQD solar cell
with variable conduction band depth and acceptor density; (e) J—V curve of an unoptimized and optimized CQD solar cell active layer.

efficiency.”’ Band alignment of the PbS CQD active layer is
determined by surface ligand coverage, and many studies have
attempted to elucidate the effects of various ligands on the
doping profile of the film.'** Of these commonly used
ligands, halide anions (I7, Br~, Cl7) exhibit the best n-doping
behaviour.'* They achieve smaller interparticle spacing in
assembled thin films than their organic ligand counterparts,
allowing for better charge transport and improved device
performance.'” Additionally, I” passivation prevents oxidation
of the PbS surface and enables air stability."® Corresponding
electron transport layer (ETL) and hole transport layer (HTL)
materials are chosen to closely match the conduction and
valence bands of the active layer; however, some misalignment
still exists between the halide-passivated active layer and the
1,2-ethanedithiol (EDT)-capped PbS HTL, and the full
potential of absorbed solar energy is not transformed into
electrical power.”?

When the valence band of the CQD active layer shifts to
create closer alignment with the valence band of the EDT-
doped HTL, a greater degree of retention of the free energy of
carriers across interfaces corresponds to increased open-circuit
voltage (Voc).”' Recent efforts to improve the Ve of CQD
solar cells have often targeted the ETL and HTL through
doping”#*® or the interface these layers share with the
absorbing CQD active layer.”® Konstantatos et al. show
reductions in V¢ losses are accomplished through suppressin§
carrier recombination in both the bulk®” and at the interface.”
Seldom is the doping profile of the active layer targeted; ionic
halides provide the shortest interparticle distance and thus the
best interdot spacing in CQD films, leaving little freedom to
tune the surface ligand composition. While halide ions are
known to be n-doping,"® F~ is comparatively the most p-type,
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or least n-type, of these ligands. This is due to its relatively
large electron affinity, a property which has been found to shift
the Fermi level toward the valence band, indicating a more p-
type behavior."*” Its use in this role is underexplored,
however, as the poor solubility of PbF, in N,N-dimethylfor-
mamide (DMF) makes it incompatible with the ligand
exchange process. Tetrabutylammonium fluoride layer-by-
layer (LBL) ligand exchanges have been explored in PbS
solar cells; however, the manufacturing disadvantages from the
LBL process coupled with low V¢ values call for alternative
choices for fluoride-based ligands.”® Using F~ as a counter-
dopant to reduce the high degree of n-type doping behaviour
seen in I and Br~ doped CQDs can allow for greater
tunability of the valence band, conduction band, and Fermi
level of this material. Loi et al. show that a greater control of
in-solution doping allows for device optimization by tuning
energy bands and depletion widths, leading to enhanced
PCEs.*"*

Herein, we explore the effect of p-type doping of the CQD
active layer by varying the magnitude of the conduction band
depth and relative dopant levels in a simulation of a CQD
device. We determine an optimal depth for the valence and
conduction bands leading to improved Vi, fill factor (FF),
and power conversion efficiency (PCE), which is achieved by
shifting toward greater p-type characteristic than current ligand
exchange methods can achieve. On the basis of these results,
we develop a multistep halide exchange strategy which
bypasses the observed limitations of F~ as an ionic ligand in
the ligand exchange process, namely poor solubility of lead
fluoride in DMF and etching of the PbS surface by F~. As a
result, we show improved Vi, FF, and PCE of our devices
over the controls.
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Figure 2. (a) Proposed etching process during fluoride-based ligand exchange in which fluoride ions etch lead from the surface; (b)
Measured EQE spectra of CQD solar cells fabricated using non-fluoride and fluoride-based ligand exchanges.
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Figure 3. (a) Proposed multistep halide exchange process in which fluoride dopes the CQD surface by displacing halide ligands adsorbed
during ligand exchange; (b) XPS elemental composition ratios normalized to sulfur content of the CQDs; (c) XPS spectrum of F 1s; (d)
Energy-level diagram of control and fluoride doped CQD films based on UPS data showing valence band, conduction band, and Fermi

energy levels compared with those of EDT doped CQD films.

Numerical simulations are of great use to experimental
researchers to narrow the direction of their research and pre-
emptively assess the potential success of an experiment. The
numerical simulations package SCAPS-1D, a solar cell
capacitance simulator,” was used to model a planar
heterojunction CQD solar cell based on an architecture
utilizing zinc oxide (ZnO) as an ETL, EDT-PbS as an HTL,
and indium tin oxide (ITO) and gold as electrodes (Figure
1a). We explored the effect of different doping profiles of the
active layer by changing the value of the electron affinity and
shallow uniform acceptor density of 1.3 eV PbS CQDs, which
simulates different degrees of p-type doping causing a Fermi
level shift. A range of 3.85 eV to 4.15 eV was chosen to
determine an optimal value (Figure 1b), as this range
represents typical values for doped CQDs.'****> We expected
that a value too far in either extreme would create band
misalignment between either the conduction bands of ZnO
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and the active layer, or the valence bands of the EDT and
active layer, lowering the maximum achievable V. The
shallow uniform acceptor density was also varied from 10"
cm™ to 10" cm™ to simulate the effects of a downshifting
Fermi level, which is controlled through the donor to acceptor
density ratio in SCAPS. The results (Figure 1c,d) show that
both Vi and PCE are improved upon optimization of the
doping levels of the active layer, which would normally exhibit
a conduction band depth greater than 4.0 eV.'****® A slight
upshift in conduction band height to a value of approximately
3.96 eV promises improvements in V¢ and PCE of the device.
Similarly, an increase in acceptor density, thus a downshifting
of the Fermi level, shows a resulting increase in V5 and PCE
as well, though the optimization can be attributed to an overall
increase in carrier density at a higher range of concentrations.
We compare J—V characteristics (Figure le) of a typical
control device versus the optimized device exhibiting more p-

https://dx.doi.org/10.1021/acsmaterialslett.0c00379
ACS Materials Lett. 2020, 2, 1583—1589
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Figure 4. (a) J-V curves of CQD solar cells with control and fluoride-doped active layer; (b) EQE spectra of CQD solar cells with control
and fluoride-doped active layer; V¢ (c) PCE (d) FF (e) Jc (f) values of CQD solar cells having an active layer doped with 0, 5, 10, and 20

mM fluoride ion matrix.

type doping characteristics, showing an improvement in V¢
and FF while Jgc remains constant. At higher acceptor
concentrations, there occurs a minor decrease in short-circuit
current density (Jsc) (Supplementary Figure S1a), but this loss
is more than counterbalanced by gains in Vgc and FF
(Supplementary Figure S1b) to result in an increased PCE.
Furthermore, we observe a minor improvement in Jg- at
constant doping levels when the conduction band depth is
decreased.

To put theoretical results to practice, a new solution-phase
ligand exchange was developed by adding lead fluoride to the
existing exchange solution of lead iodide, lead bromide, and
ammonium acetate (Figure 2a). The doping effect of fluoride
on PbS CQDs has been explored only marginally, but it has
shown p-doping characteristic.'*° The Pb—F ionic bond is
the strongest lead halide bond, and as a result, lead fluoride
showed only limited solubility in DMF compared to other lead
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halides.”” The addition of a more soluble fluoride species could
not solve the solubility issue as fluoride still formed lead
fluoride precipitate from lead iodide and lead bromide. A
ligand exchange was performed after filtering the new exchange
solution containing trace ionic fluoride; however, the resulting
devices fabricated using the exchanged CQDs exhibited blue
shifting in the excitonic peak of the external quantum efficiency
(EQE) measurement by approximately 60 nm (Figure 2b).
This was attributed to the etching of lead atoms on the CQD
surface by fluoride ions leading to dot shrinkage, which limited
the charge collection of the device. The resulting devices also
showed a decrease in FF compared with controls which
lowered PCE by over 1% (Table S1).

A new strategy was created to circumvent both precipitation
of lead fluoride out of the exchange solution and etching of
CQDs during ligand exchange, by introducing fluoride ions
post-ligand exchange through the addition of a fluoride ion

https://dx.doi.org/10.1021/acsmaterialslett.0c00379
ACS Materials Lett. 2020, 2, 1583—1589
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matrix. Tin(II) fluoride, unlike lead fluoride, is sufficiently
soluble in DMF and allows for delivery of fluoride ions to the
ligand exchanged CQD surface (Figure 3a). Solutions of 5, 10,
and 20 mM SnF, were added to the final CQD ink dispersions
to achieve p-doping. X-ray photoelectron spectroscopy (XPS)
(Figure 3b) shows a reduced iodide to sulfur and bromide to
sulfur ratio from the control sample to the fluoride doped
sample, suggesting that some iodide and bromide ligands are
replaced on the surface by fluoride ions. The existing halide
ligand coverage protects the underlying lead sulfur surface,
preventing etching by fluoride as observed when it is present in
the exchange process. A peak at 685 eV in the F 1s XPS
spectrum (Figure 3c) of the doped sample confirms the
presence of fluoride on the CQD surface, while the peak is
absent in the spectrum of the control sample. Surveying the
XPS spectra of S 2p and Pb 4f (Supplementary Figure S2a,b),
we observe no noticeable shift in the peaks of the spectrum
between control sample and fluoride doped sample, indicating
a consistency in the oxidation states of the CQD surface upon
ligand binding. The valence band and Fermi level energies
were investigated using ultraviolet photoelectron spectroscopy
(UPS). CQDs having a bandgap of 1.3 eV were measured with
and without fluoride matrix doping, and the Fermi level and
valence band maximum were determined from the cut-off
region and valence band region (Supplementary Figure S3a,b).
There is an upward shift in Fermi level energy from —4.7 eV
for the undoped CQD film to —4.6 €V for the fluoride doped
CQD film. The valence band region of the UPS spectrum
shows a similar change in the distance from the Fermi level to
the valence band maximum, shifting from 0.76 eV for the
undoped film to 0.70 eV for the doped film. Based on a
bandgap of 1.3 eV determined by optical absorption, this
places the conduction band height of the undoped film at a
depth of —4.16 eV, whereas that of the fluoride doped film
shifts upward to —4.00 eV, a significantly closer value to the
previously determined optimum value of —3.96 eV (Figure
3d).

To further assess the potential success of a fluoride doping
strategy, devices were fabricated on a transparent conductive
oxide using ITO/ZnO/lead halide-PbS/EDT-PbS/Au planar
n-i-p architecture, tested under AM1.5G illumination to obtain
J—V characteristics (Figure 4a). Active layers were based on a
mixed lead iodide and lead bromide ligand exchange; samples
were prepared from CQD ink dispersions with no fluoride
doping, 10% added S mM fluoride matrix, 10% added 10 mM
fluoride matrix, and 10% added 20 mM fluoride matrix (Table
S2). The 10 mM sample showed the greatest improvement in
PCE over the control, achieving a champion device perform-
ance of 12.7%, compared to a champion PCE of 12.0% for the
control device. The EQE spectrum (Figure 4b) of the 10 mM
fluoride matrix sample showed an improved excitonic peak
over the control sample. A logarithmic plot of the band tail
absorption showed no considerable difference between the
samples, indicating no etching occurred during fluoride
doping. Taking in consideration broader trends in the samples,
J—V measurements show an upward statistical trend in the V¢
of the devices (Figure 4c), with the middle two quartiles of the
S mM fluoride-doped CQD devices showing the best
improvement. There is a slight decrease in the performance
of the middle two quartiles of the 10 mM doped samples,
followed by a worsening in V¢ at an increased concentration
of 20 mM fluoride doping. This trend is similarly reflected in
the PCE of the fabricated devices (Figure 4d), which shows a
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slight improvement in the PCE of the 10 mM fluoride doped
samples over that of the 5 mM doped samples, both of which
exhibit a clear improvement over the control and 20 mM
doped samples. Reflecting on the SCAPS simulation results
discussed above, this experimentally observed trend is in
agreement with simulated device results. The worse perform-
ance of the 20 mM doped devices is ascribed to an
overshooting in the conduction band shift above the optimal
value of —3.96 eV. An analysis of FF of tested devices (Figure
4e) shows further agreement with simulated results, as again
there is a general upward trend from control to moderately
fluoride doped CQDs, followed by a drop-off in performance
for the most highly doped devices. The improvement in FF is
attributed to the optimized alignment between the active layer
and HTL, as misalignment of this interface can lead to
increased interfacial recombination.*® Finally, there is a minor
upward trend seen in the Jg. (Figure 4d) of the samples, which
agrees with the simulation data (Supplementary Figure Sla).
Based on this data, a fluoride doping concentration of 5 to 10
mM is the optimum to achieve improved device performance
through band alignment tuning.

To conclude, we developed a method of doping CQDs with
fluoride ion ligands to increase performance. We found that
SCAPS provided an effective platform to optimize the
performance of a CQD solar cell prior to experimental work.
To implement these findings, fluoride was hypothesized to act
as an effective p-type ionic ligand. Attaching this ligand via
traditional ligand exchange was found to be ineffective, so a
post-ligand exchange doping strategy was developed to attach
it to the surface instead. Devices made with this method
showed statistical improvements in Vo, FF, and PCE,
agreeing with the initial simulated results.
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B ABBREVIATIONS

CQD, colloidal quantum dot; V¢, open-circuit voltage; ETL,
electron transport layer; HTL, hole transport layer; EDT, 1,2-
ethanedithiol; DMF, N,N-dimethylformamide; LBL, layer-by-
layer; PCE, power conversion efficiency; ITO, indium tin
oxide; Jgc, short-circuit current; FF, fill factor; EQE, external
quantum efficiency; XPS, X-ray photoelectron spectroscopy;
UPS, ultraviolet photoelectron spectroscopy
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