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ABSTRACT: Colloidal quantum dots (CQDs), which benefit from a
size-tuned bandgap, are a solution-processed material for infrared
energy harvesting. This characteristic enables the fabrication of solar }_, REEE
cells that form tandem devices with silicon. Unfortunately, in the iiii 3 _)f 1TEX

case of CQDs having diameters sufficiently large (>4 nm) so that the
nanoparticles absorb light well beyond silicon’s bandgap, conven- , ) O ,
tional ligand exchanges fail. Here we report a strategy wherein short- PoS (111) )

chain carboxylates, used as a steric hindrance controller, facilitate the

F’bS EDT,
ligand exchange process on small-bandgap CQDs. We demonstrate PbS-ink ~ ' &
that the net energy barrier to replace original capping ligands with .ZT"é? ~~ v
lead halide anions is decreased when short carboxylates are involved.
The approach produces more complete ligand exchange that enables f
improved packing density and monodispersity. This contributes to a
2-fold reduction in the trap state density compared to the best

previously reported exchange. We demonstrate solar cells that achieve a record infrared photon-to-electron conversion
efficiency at the excitonic peak.

7
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olloidal quantum dots (CQDs) are emerging solution- photovoltaic (PV) materials such as silicon and perov-
‘ processed materials that have generated interest for skites.'> "
their applications in optoelectronic devices.'~® Single- Silicon-based solar cells account for over 90% of global solar
junction metal chalcogenide CQD solar cells’~® have recently energy production.'®'” They transmit over 15% of the sun’s
achieved certified power conversion efficiencies (PCEs) of power that lies beyond their 1100 nm absorption edge. Up to 6
12%. absolute power points can be added atop the PCE of the best
Spectral tunability'”'" is among the advantages of CQD silicon cells when sunlight at wavelengths beyond 1100 nm is
solar technology: the absorption edge can be readily tuned harvested. '
across the solar spectrum by adjusting the size of CQDs at the
time of synthesis.'” This offers avenues to tandem and Received: February 19, 2019
multijunction solar cells, where CQDs can be used as back cell Accepted: April 30, 2019
materials to harvest infrared light transmitted through other Published: April 30, 2019
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Recent studies have reported printable CQD inks that
provide infrared light harvesting.''® Intensive efforts on
device engineering have improved the infrared PCE to greater
than 1%."> This approach relies on a mixture of multibandgap
CQD:s to tailor the density of states. The solution-phase ligand
exchange method was applied to CQDs of each size to avoid
disruptive place exchanges in the solid state;° however, this
functioned poorly when applied to CQDs having a longer-
wavelength infrared bandgap. Previously reported ligand
exchange methods provide insufficient chemical reactivity to
replace original capping ligands from large-diameter CQDs, a
consequence of the distinct and varied facets exposed on the
larger dots.">'®'” The strong steric hindrance of the original
capping ligands prevented the diffusion of the lead halide,
leading to a large energy barrier to ligand exchange.
Consequently, an appreciable fraction of the original ligands
remains on the CQD surface, resulting in poor carrier transport
and increased heterogeneity. Precursor solutions with strong
chemical reactivity easily etch CQD surfaces, making the CQD
dispersion less stable.

We sought a new means to promote the desired ligand
exchange while preserving colloidal stability. Herein we find
that a small amount of short-chain carboxylates (formate,
acetate, and propionate) facilitate the exchange process
through control over steric hindrance. We demonstrate a
more complete removal of original ligands when applyin
shorter-chain carboxylates together with halide ligands.”””
The presence of short-chain carboxylates shifts the oleates
from their optimal binding geometries because of steric
hindrance and provides a channel for increased access of
halides to CQD surfaces. This significantly reduces the energy
barrier to lead halide exchange and increases the resultant
halide coverage on the surface. It allows thereby for improved
carrier transport while at the same time enhancing spatial
homogeneity. This allows us to fabricate solar cell devices with
single-sized infrared-bandgap quantum dots and achieve record
external quantum efficiency (EQE) at the exciton peak. This
contributes to a filtered power conversion efficiency (PCE) of
0.96 power points atop the PCE of a front Si cell even though
the IR cells utilize only a portion of the spectrum between
1100 and 1350 nm.

The ligand exchange process in the presence of formate
species is depicted in Figure la. To gain an improved atomistic
picture of this process, we employed density functional theory
(DFT) using the Vienna Ab Initio Simulation Package (VASP)
code (Figure 1b and Supporting Information section 3).****

Prior to ligand exchange, CQDs are capped by OA™ with a
surface coverage of 80%.”* Higher coverage is not possible
because of steric hindrance. Nevertheless, when CQDs are
mixed vigorously with a precursor solution containing lead
halide and ammonium formate in N,N-dimethylformamide
(DMF), formate species are able to diffuse between oleic acid
ligands and adsorb onto the OA-free sites on a PbS(111) facet,
with a favorable binding energy of —0.4 eV/HCOO~, whereas
the adsorption of more oleates is already unfavorable (Figure
S1). This effect arises from formate’s small spatial footprint
and strong adsorption energy (Figures S2 and S3). After the
formate-assisted ligand exchange, CQDs were well-dispersed in
DMEF after phase separation. For the exchange lacking of small
carboxylate molecules, however, the phase separation took a
longer time and CQDs aggregated in DMF solution.

DFT calculations indicate that adsorbed formate molecules
decrease the reaction energy associated with OA™ removal and
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Figure 1. CQD ligand exchange assisted by the use of short-chain
carboxylates. (a) Schematic depicting formate-assisted ligand
exchange on PbS(111) facets. (b) DFT calculations of the ligand
exchange energy improvement compared to the OA-only case
(AH,,,"). The reaction energy of the ligand exchange without
short-chain carboxylates is set as reference 0 eV (green dot). A
more negative energy value corresponds to a more favorable
reaction. The data show that the ligand exchange is favored when
shorter carboxylate additives (RCOO~, R = H, CH;, C,Hy) are
used. Details of the DFT methodology are included in Supporting
Information section 3.

Pbl;~ adsorption by as much as 1.3 eV/OA”, promoting the
ligand exchange to a significant degree (Figure 1b). The energy
favorability is due to the increased ligand packing density and,
thus, enhanced steric repulsion between OA™ ligands, which
forces them to rearrange and adopt less favorable binding
geometries.”>*® Other small carboxylates also facilitate the
ligand exchange process, with the benefit decreasing as the
carbon chains become longer.

In light of these findings, we examined the surfaces of
exchanged CQDs using 2proton nuclear magnetic resonance
("H NMR) spectroscopy.”® All exchanged CQDs are dispersed
in deuterated DMF with the same concentration. Ferrocene is
added as an internal standard for quantitative comparison.

The 'H NMR spectrum of formate-assisted exchanged
CQDs in Figure 2a shows a distinct aldehyde peak at 10.04
ppm. Comparison among the spectra of functionalized CQDs
(Figures 2a, S4, and SS) versus free ligand (Figures S6 and S7)
indicates that formate binds to the CQD surface following
solution exchange. This is evidenced by the observed spectral
broadening attributable to slower tumbling of the mole-

27-29°. . . .

in solution and an inhomogeneous magnetic CQD
surface.””*" A small peak at 5.52 ppm represents the double
bond from oleic acid left over on the CQD surface.

We then studied surface coverage when different carbox-
ylates are used for ligand exchange. The determination takes
into account the CQD concentration, ferrocene concentration,
and 'H NMR signal ratios (Supporting Information section 4).
The result reveals an average of 25 formate molecules adsorbed
per dot in the formate-exchanged sample (~5% surface
coverage). The alkyl hydrogen at 1.96 ppm can be detected
for the acetate-exchanged sample (Figure S4); however, the
peak is too small to be accurately quantified. The alkyl
hydrogen peaks from propionate overlap with the solvent peak
and are close to the detection limit.

We then calculated the total organic anions and lead halide
ligands binding to quantum dot surfaces with the aid of data
obtained using X-ray photoelectron spectroscopy (XPS). The
calculation results are summarized in Table 1. The ratio of
carbon to lead decreases from 16.5 to 0.4 following formate-
assisted ligand exchange. Consistent with DFT results, less
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Figure 2. (a) "H NMR spectra of formate-assisted exchanged PbS
CQD surface. The aldehyde signal from bound formate is labeled
a. The double bond from oleic acid residue is marked using a black
circle (O). The black dot (@) represents the peak from ferrocene,
the internal standard for quantitative comparison. The peak from
trace nondeuterated solvent is marked using a black square (0).
(b) XPS measurements showcase the halide coverage and OA~
residues after ligand exchange.

Table 1. Summary of Ligand Coverage of PbS CQD
Surfaces

NMR XPS
surface
capping RCOO™ per dot carbon-to- halogen (I and
ligands (R = H, CH,, C,Hy) Pb ratio Br)-to-Pb ratio
formate- 2§ 0.4 0.9
exchanged
acetate- too small to quantify 0.6 0.7
exchanged
propionate- 1.8 0.6
exchanged
unexchanged 16.5 0

carbon is detected when shorter-chain carboxylates are used,
indicating a more complete removal of OA™. The ratio of
halogen (iodine and bromine) to lead follows the opposite
trend, showing a ratio of 0.9 for the formate-assisted exchange,
which is higher than the values of 0.7 and 0.6 for acetate and
propionate, respectively (Figures 2b and S8).

These findings, taken together, show that the formate
sample maintains the highest carboxylate coverage, a fact that
we correlate with the strong binding energy of formate
obtained using DFT. This leads to the highest halogen-to-Pb
ratio in the final dots, again traceable to the lowered exchange
reaction energy. The formate sample also has the lowest
amount of unbound carbon, a fact that we projected would
facilitate improved carrier transport.

We then investigated the effect of ligand exchange on
packing and energetic homogeneity. Grazing-incidence small-
angle X-ray scattering (GISAXS) is used to determine the
average center-to-center spacing of nanoparticles as well as
their packing uniformity. A hexagonal diffraction pattern is
observed for exchanged CQDs, showing an orientational in-
plane ordering (Figures 3a and S9, Table S1). It is also found
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Figure 3. (a) Two-dimensional GISAXS pattern of the formate-
exchanged film. Blue represents low intensity, and red represents
high intensity. The vertical black line on the left corner is the beam
stop, and the horizontal one is because of the Pilatus 200k
detector. (b) Azimuthally integrated GISAXS intensities showing
the distribution of center-to-center spacing of nanoparticles for
different films. Shorter-chain carboxylates lead to closer spacing
and better monodispersity. (c) Stokes shifts of exchanged
solutions. The smallest Stokes shift for the formate sample
indicates the sharpest bandtail and a minimum of energy transfer.
(d) Photocarrier lifetimes in exchanged solutions.

that the center-to-center spacing decreases from 4.1 nm for
propionate-exchanged films to 3.8 nm for the case of formate.
The distribution of particle separation length also becomes
narrower following the same trend (Figure 3b). No significant
change in CQD morphology is observed in TEM images
(Figure S10). This suggests that by reducing the OA bonding
strength, overtreatment is successfully avoided, leading to an
improved energetic homogeneity.

The energy transfer between CQDs with different bandgaps
in a polydispersed ensemble was reported to contribute to
excess Stokes shift’' (the energy difference between emission
and absorption peaks).”” As a result, the Stokes shift in
solution reflects CQD size polydispersity and the degree of
aggregation.

To explicitly test the energy transfer between CQDs in
exchanged solutions, we tested the Stokes shift for three
samples using dilute solutions (0.1 mg/mL) to avoid
reabsorption and slow down the energy transfer.”’ The
smallest Stokes shift (9 nm) is observed for the formate-
exchanged sample, indicating the minimal degree of
aggregation and energy transfer (Figure 3c) due to improved
surface coverage with ligands. This indicates that improved
surface coverage results in reduced CQD aggregation.
Formate-exchanged samples also show the longest photo-
luminescence lifetime of 470 ns, a fact we associated with
improved surface passivation (Figure 3d and Table S2).

Through field-effect transistor (FET) measurements, we
further investigated the electronic landscape for charge carriers
in the various thin films. We fabricated FET devices following a
reported bottom-gate top-contact configuration (Figure S11).
Titanium and zirconium oxide are deposited on a glass
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Figure 4. FET study on mobilities and trap densities of exchanged CQD solids. (a) Transfer characteristics of exchanged CQD films. (b)
Trap state densities of the formate sample. (c) Summary of trap density and electron mobility of various samples. The formate-assisted
exchanged film has an electron mobility of 0.02 cm® V! s7', twice as high as that of acetate counterparts, and a significantly low trap density

of 8 X 10" cm™3.

substrate as gate and dielectric layers, respectively. This is
followed by spin-coating a CQD film with a thickness of 150
nm, completed by a gold top contact.

Linear transfer characteristics were demonstrated at a drain
voltage of 100 mV (Figure 4a). The carrier mobility is
calculated from the slope of the linear region:** the formate-
assisted exchanged film has an electron mobility of 0.02 cm?
V™' 57!, twice as high as that of the acetate and propionate
controls (Figure 4c). We ascribe the improved mobility to the
complete removal of OA and also improved monodispersity.

The density of bandtail states can be estimated from the
subthreshold region of transfer characteristics.”> As the gate
bias varies from turn-on voltage to threshold voltage, the drain
current shows an exponential increase, and this corresponds to
a gradual filling of bandtail states, leading to improved
transport.’® It can also be used to estimate the trap state
density. We obtain the bandtail state density in formate-
exchanged films of 8 X 10" cm™. This is significantly lower
than 5 X 10%* cm™ for the control, indicating the reduction in
bandtail states arising from the more complete ligand exchange
(Figures 4b,c and S12).

We then pursued CQD photovoltaic device performance.
Devices were fabricated in the architecture of Figure Sa.
Underneath the CQD device, a long-pass filter was employed
to emulate the filtering of AM1.S solar irradiation using a
silicon front cell.

We first fabricated CQD devices over a range of CQD sizes
and found the most suitable bandgap, of around 1.05 eV, that
achieved the highest filtered PCE (Figure Sb). When the
bandgap is further decreased beyond this value, the slow
increase in short-circuit current (J,.) did not compensate for
the loss in V.

Thickness-dependence studies on CQD devices using
different exchange protocols allowed us to characterize the
impact of the exchange on transport lengths.”” As the active
layer thickness is increased from 250 to 360 nm, the PCE of
formate-exchanged devices improves under both full solar
spectrum and also the filtered (infrared) one; however for
acetate and propionate ones, performance starts to decrease at
lower thicknesses (Figure S13a,b). This indicates an enhanced
charge carrier diffusion length for formate-exchanged CQDs
compared to controls. We demonstrate as a result CQD solar
cells that, by harvesting below-silicon-bandgap infrared light,
augment silicon with an additional 0.96 absolute power points.
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Figure 5. Experimental optoelectronic investigations of infrared
CQD solar cells using filtered solar spectra through silicon. (a)
Infrared device architecture. (b) Device performance of formate-
exchanged CQD solids having different bandgaps. (c) EQE spectra
of the champion formate-exchanged infrared device. (d) Perform-
ance of CQD devices using different exchange protocols.

The dramatic advance in performance for the optimal formate-
exchanged device originates mainly from the significant
improvement in the product of current density and fill factor
(FF): the filtered J,. reaches 4.1 mA cm™ and is combined
with a FF of 64% (Figure Sd and Table S3). The record
devices show an EQE at exciton of 76%, reconfirming
improved electron collection and reduced recombination
losses (Figures Sc and S14).

The formate-assisted devices showed no degradation
following 200 h of storage in air without encapsulation (Figure
S1S5a). They also demonstrated improved thermal stability
which we associate with enhanced surface passivation: the
control devices start to degrade after 20 min of annealing at
100 °C, and their performance drops ~20% after 40 min;
however, the formate-assisted devices show less than 10% loss
in PCE after annealing for the same duration of time (Figure
S15b).

In this work, we report a strategy to facilitate a more
complete ligand exchange on small-bandgap CQDs. The
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approach employs short-chain carboxylate groups to increase
ligand packing density, forcing oleates to rearrange because of
steric effects—a fact that ultimately weakens their binding. We
found that the use of formate promotes solution exchange to
lead halide and provides halide-saturated surfaces exhibiting
less OA residue. CQD solids exhibit lower bandtailing and
reduced energetic disorder, contributing to a lower recombi-
nation loss and improved charge carrier mobility. These joint
benefits, arising from the surface chemical control, allow us to
construct thick-active-layer infrared CQD solar cells that
absorb more light and generate an increased current without
deteriorating V. and FF.
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