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ABSTRACT: Colloidal quantum dots (CQDs) are promising
solution-processed infrared-absorbing materials for optoelectronics.
In these applications, it is crucial to replace the electrically insulating
ligands used in synthesis to form strongly coupled quantum dot
solids. Recently, solution-phase ligand-exchange strategies have been
reported that minimize the density of defects and the polydispersity
of CQDs; however, we find herein that the new ligands exhibit
insufficient chemical reactivity to remove original oleic acid ligands
completely. This leads to low CQD packing and correspondingly low
electronic performance. Here we report an acid-assisted solution-
phase ligand-exchange strategy that, by enabling efficient removal of
the original ligands, enables the synthesis of densified CQD arrays.
Our use of hydroiodic acid simultaneously facilitates high CQD
packing via proton donation and CQD passivation through iodine.
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We demonstrate highly packed CQD films with a 2.5 times increased carrier mobility compared with prior exchanges. The
resulting devices achieve the highest infrared photon-to-electron conversion efficiencies (>50%) reported in the spectral range

of 0.8 to 1.1 eV.
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C olloidal quantum dots (CQDs) are of interest for
optoelectronic applications by virtue of their bandgap
(E,) tunable through the quantum size effect as well as for
thelr solution-processing, ambient stability, and umform film
formation without lattice-matching requirements.' > Of chief
importance is their ability to harvest energy in the infrared
(IR) region of the solar spectrum beyond that absorbed by
crystalline silicon (Si) (Eg = 1.1 eV), representing a promising
platform to complement Si photovoltaics by providing up to
six absolute additional power conversion efficiency (PCE)
points on top of those of Si.°

Significant improvements in CQD optoelectronic devices
have arisen from improved synthesis, surface passivation via
ligand exchange, and advanced device strategies. =12 Of chief
interest for IR applications such as solar energy harvesting,
which require large diameter CQDs, is to maximize CQD
coupling and overcome the degradation in charge transport
that arises when CQD size is increased.”*™'°
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Compared with wider-bandgap CQDs used for single-
junction solar cells (with Eg=12to 1.5 eV and particle sizes d
= 2.5 to 3.5 nm), CQDs absorbing in the IR range beyond 1.1
eV require diameters d = 4—6 nm.'”"® The reduced packing
density and weak electronic-coupling among dots lead to
slower charge transport. Recent studies have shown that the
carrier mobilities of CQD solids decrease rapidly to the 4.5
power with CQD radius."> IR-CQD solids are projected to
possess at least three times lower mobilities than solids based
on wider-E,, smaller-diameter CQDs.

Recently reported solution-phase ligand-exchange strat-
egies—which unlike prior solid-state layer-by-layer approaches
replace quantum dot ligands while still dispersed as colloids—
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Figure 1. Acid-assisted solution-phase ligand exchange for the densification of IR-CQD films. (a) Schematic illustration of conventional and acid-
assisted solution-phase ligand exchange methods for IR-CQDs. (b) FT-IR spectra (wavenumber range = 1600—1350 cm™), (c) 'H NMR spectra,
and (d) distribution of interdot spacing between dots of IR-CQD films (E, = 1.08 eV) prepared without and with AcOH. (e) Absorption spectra of

IR-CQD films prepared with AcOH before and after storage in air for 1 week.

offer practical advantages in optoelectronic applications
because they minimize density of defects and preserve the
size distribution of the CQD population.”'® However, present-
day solution-phase ligand exchanges exhibit insuflicient
chemical reactivity, especially for large-diameter infrared
CQDs.”*"> An appreciable fraction of the original ligands
remain at the CQD surface, and the increased steric hindrance
ultimately leads to suboptimally packed QD films with poor
electronic coupling. To date, the demonstration of a solution-
exchange strategy that maximizes CQD coupling without
sacrificing passivation has remained elusive.

Here we report a solution-phase ligand-exchange method
that, by including hydrohalic acid additives, simultaneously
achieves a more complete surface exchange, which we show
leads to a greater packing density and a higher mobility, and
superior passivation. We found that introducing acids during
ligand exchange promotes the release of the original oleic acid
insulating ligands, enabling compact IR-CQD solids with
improved mobility; however, this early exchange also sacrificed
surface passivation. Guided by computational simulations, we
then designed a strategy that, by employing hydroiodic acid,
provides dense and well-passivated IR-CQDs solids. We
achieve infrared solar cells with a record PCE after a simulated
Si solar cell filter (Si-filtered PCE) of 0.9% for CQD bandgaps
in the range of 0.8 to 1.1 eV.

In recently developed solution-phase ligand exchanges for
CQD inks, reagents such as CH;NH;I and Pbl, have been
used to remove oleic acid (OA) and to provide passivation of
the CQD surface (Figure 1a).”~'> However, because of the

moderate reactivity of these chemicals, the bulky OA ligands
are not fully removed, and a partial layer of OA remains on the
surface of CQDs following ligand exchange.'” As a result, the
final CQD films exhibit increased interdot spacings, weakened
electronic coupling, and reduced mobilities. This effect is
particularly acute in large-diameter CQDs, where the
diminished spillover of electron/hole wave functions corre-
sponds to weakened interdot coupling.'

The excess residual OA ligands required removal to increase
the mobility of CQD films. We hypothesized that the addition
of acidic species that could provide additional protons during
the ligand-exchange reaction would mediate and facilitate the
detachment of OA ligands.'”~>" This would enable the
assembly of compact CQD films that would not be subject
to the steric repulsion of OA ligands.”*~**

We first explored the introduction of additional acids during
solution-phase ligand exchanges. The first candidate was acetic
acid (AcOH), which has the same functional group as OA (i.e.,
carboxylic acid group) but exhibits a higher electronegativity
and hence a higher acidity. The solution-phase ligand exchange
was carried out following a previously reported method for
lead halide (PbX,)-passivated IR-CQD inks (see the
Experimental Section in the Supporting Information).”**’
The acid additive was injected into the solution before
vortexing the nonpolar/polar biphasic mixture for the transfer
of the CQDs from octane to N,N-dimethylmethanamide
(DMEF) solvents. During ligand exchange, we found that acetic
acid greatly accelerates the phase transfer of IR-CQDs into
DME. We attributed this to the enhanced release of OA
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Figure 2. Surface passivation of IR-CQDs as a function of acid additive used in solution-phase ligand exchange. (a) Schematic illustration of HI-
assisted solution-phase ligand exchange on the (111) facets of PbS CQDs. (b) FT-IR spectra (wavenumber range = 3600—3300 cm ™) and (c) O
1s XPS spectra of IR-CQD films (E, = 1.08 eV) prepared without and with HI additive. (d) (I+Br)/Pb atomic ratio measured from XPS of IR-
CQD films prepared without and with HI additive. (e) Absorption and PL spectra of IR-CQD films prepared using different acid additives.

ligands from the surface of CQDs enabled by the additional
proton sources (Figure S1).

The chemical structure of CQDs before and after AcOH
acid addition was investigated using Fourier-transform infrared
spectroscopy (FT-IR) (Figure 1b and FigureS2). CQD films
prepared without acid additives showed strong peaks for the
range of asymmetric —COO— and symmetric —COO— stretch
vibrations, revealing the existence of residual OA ligands
following ligand exchange. In contrast, the signals associated
with OA ligands were not detected in CQD films prepared
with acid additives, indicating that the OA ligands on the
surface of CQDs are substantially completely removed in the
presence of acids during solution-phase ligand exchange.
Additional 'H NMR spectroscopy confirmed this picture
(Figure 1c). Compared with control samples without acid
additives, IR-CQDs prepared with AcOH showed the reduced

intensity at 5.5 to 5.6 ppm associated with the proton on the
C=C bond of OA.

The packing density of IR-CQD films was evaluated by
performing grazing incidence X-ray diffraction (GIXRD)
measurements (Figure 1d). Films assembled from acid-
exchanged CQDs showed a reduction in the interdot spacing
(the center-to-center distance among CQDs) of up to 0.2 nm
compared with those made using the standard exchange. This
result demonstrates the improved densification of CQD films
induced by the controlled presence of acids during ligand
exchange.

To evaluate the stability of IR-CQD films based on solution
exchange with AcOH additives, we monitored the width and
position of the exciton absorption by UV—vis spectroscopy
(Figure le). After films were exposed to air for 1 week, the
exciton peak broadened, pointing to the degradation of AcOH-
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treated IR-CQDs through accelerated etching and fusion
mechanisms.

To investigate further the ligand-exchange mechanism and
gain further insight into the CQD surfaces in the presence of
AcOH additives, we turned to density functional theory (DFT)
calculations.”*™*° We considered a CQD (111) facet
composed of Pb atoms (Figure 2a) capped by OA and OH
groups, a picture that agrees with previous works.””*> Whereas
AcOH was found experimentally to remove the majority of
OA, calculations predict that it can also remove existing OH
groups on the CQD surfaces (Table 1). Because AcOH does

Table 1. Reaction Energy Differences with Acid Additives
on the (111) Facet of PbS IR-CQDs Calculated from DFT
Simulation”

reaction” AEpe™ (eV) AG™ (eV)
*OH + HI - *I + H,0 —1.082 —1.056
*AcO + HI - *I + AcOH —-0.736 —0.526
*OH + AcOH — *AcO + H,0 —-0.375 —0.559

“For simplifying the calculation, long OA ligands were replaced with
short acetate molecules (CH;COO™). YAll adsorbents including
*QOH, *AcO, and *I were considered on the Pb (111) facet on the

QD (%)

not offer additional halide passivation (Figure 2d), we propose
that this removal of the OH group by the addition of AcOH
may increase the exposure of facets, favoring CQD aggregation.

We reasoned that an efficient acid-aided exchange would
require the acid additive to replace simultaneously the OA and
OH groups and provide surface passivation. Given the known
affinity of halide groups for CQD surfaces,*™*° we turned our
attention to hydrohalic acids. Hydroiodic acid (HI) was
chosen as an alternative to AcOH in view of the strong binding
energy of iodide to the surface of PbS CQDs.”> DFT
calculations for HI confirmed this scenario, showing a favored
energy landscape for both CH;COO™ (with AG™ = —0.526
eV) and OH (with AG™ = —1.056 eV) replacement and for
rendering a stable halide-rich Pb-passivated surface (Table 1).
This was verified experimentally using FT-IR and XPS
measurements, which showed a diminished presence of OH
groups (Figure 2b,c).

The superior passivation facilitated by the HI exchange was
further confirmed through XPS, which revealed an increased
proportion of halide species (ratioed to Pb) for a range of

CQD sizes (Figure 2d). CQDs prepared with HI showed an
increased halide presence compared with CQDs without acid
and with AcOH. This indicates that HI-assisted CQD
exchange can also provide iodide passivation, preventing
CQD aggregation, fusion, and exposure to oxidizing agents.

The improved passivation using HI additives was further
verified by smaller Stokes shifts calculated from absorption and
photoluminescence spectra (Figure 2e). Hl-treated CQDs
provided similar Stokes shifts, of ~45 nm, compared with OA-
rich control samples (Stokes shift = 43 nm). AcOH-treated
CQDs, on the contrary, showed significantly increased Stokes
shifts of 74 nm. This suggests that the adverse energy
broadening that arises from CQD fusing and etching during
ligand exchan%e in a proton-rich environment is suppressed via
the use of HL.”” Compared with CQD films prepared with and
without HI additive, AcOH-treated CQD films showed lower
photoluminescence, suggesting an increased trap density in
these materials (Figure S4f).

We then sought to evaluate the packing of CQD films of
different sizes exchanged with HI additives. Both FT-IR and
GIXRD reveal that HI is also able to induce denser packing of
CQD films (Figures S2 and S3). This trend is observed for
various CQD sizes, with bandgaps in the range of 0.82 to 1.08
eV (Figure 3a), showcasing the benefit of this method as the
size of the CQDs increases.

To characterize the mobility of IR-CQD films, we carried
out field-effect transistor (FET) measurements. FET devices
were fabricated using a bottom-gate, top-contact configuration,
where Ti and ZrO, were deposited as gate and dielectric layers,
respectively (see the Experimental Section in the Supporting
Information).*® The transfer characteristics of CQD FETSs (E,
= 1.08 eV) show a 2.5 times increase in the electron mobility
(0.028 cm® V™' s7') for acid-exchanged dots compared with
control films (0.011 cm® V™' s7") (Figure 3b).

We then built solar cells employing the HI-treated CQDs
(Figure 4a and Figure S6). The device architecture consisted of
indium tin oxide (ITO)/zinc oxide (ZnO)/CQD/1,2-
ethanedithiol-treated CQD/Au.** The J—V characteristics
under Si-filtered AM 1.5G solar illumination of control and
HI-treated solar cells showcase the benefits of the latter
(Figure §5).57% Adding HI contributed to the enhancement of
Jsc, which is due to the densification of the CQD layer: The
highest Jc values of CQD devices for E, of 1.08, 0.99, and 0.82
eV were increased from 3.07, 2.83, and 3.10 mA cm ™2 to 3.19,
3.39, and 4.48 mA cm ™2 after introducing the HI additive. The
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Figure 3. Mobility of IR-CQD films prepared with HI additive during solution-phase ligand exchange compared with controls. (a) Distribution of
interdot spacing between dots of IR-CQD films without and with HI additive. (b) Transfer characteristics of FETs fabricated using IR-CQDs (Eg =

1.08 V) without and with HI additive.
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Figure 4. Performance of IR-CQD solar cells prepared using HI additive compared with controls. (a) Si-filtered J—V curves and (b) EQE spectra of
IR-CQD solar cells (Eg = 0.82 eV) prepared without and with HI additive. (c) Filtered-PCE values and (d) EQE values at first exciton peaks of IR-
CQD solar cells prepared without and with HI additive for E, of (a) 1.08, (b) 0.99, and (c) 0.82 eV. (e) Filtered-PCE changes of the IR-CQD solar

cells as a function of exposure time to air at room temperature.

denser packing and improved transport enabled by the HI
additive also led to an increase in fill factor (FF). Because the
Voc of CQD solar cells was preserved under the HI treatment,
Si-filtered PCEs over 0.85% for CQDs with excitons in the
range of 0.82 to 1.08 eV, previously unattained with legacy
CQD inks, have been demonstrated (Figure 4c). These
represent the highest PCE values among solution-processed
IR solar cells reported to date.°”®** When the devices were
measured under full AM1.5G spectrum, Hl-treated solar cells
also showed improved performance compared with control
devices (Table S1).

Notably, the devices exhibit remarkably high external
quantum efficiencies (EQEs) (Figure 4b). For CQDs with a
1550 nm exciton peak, a 50% EQE is obtained, in contrast with
<30% for control samples. This trend holds for other CQD
bandgaps (Figure 4d and Figure S8), showcasing the beneficial

impact of HI-promoted exchange for infrared optoelectronic
sensing applications beyond photovoltaics.

We then tested the air stability of unencapsulated CQD solar
cells. We found that devices using HI retain ~90% of their
initial PCE after an initial study of 300 h under air storage
without encapsulation, indicating promising environmental
stability in the CQD solar cells prepared using the hydrohalic
method (Figure 4e).

In summary, the present work demonstrates the benefits of
acid-promoted ligand exchange for CQDs in the solution
phase. We observed that acid additives help to remove residual
OA ligands on the surfaces of CQDs, ligands not fully detached
using previously reported ligand-exchange methods. This
enables the realization of densely packed CQD films due to
the absence of steric repulsions associated with bulky OA
ligands. In particular, we found that hydrohalic acids such as
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HI can simultaneously provide dense packing and efficient
CQD passivation as abundant OH groups at the CQD surface
are replaced by I passivants. This works against CQD fusion
during ligand exchange. Only by using this method were we
able to achieve high Si-filtered PCEs of ~0.9% and high EQEs
of 50% at 1550 nm. Our study demonstrates a new route to
achieve highly compact, well-passivated CQD films that, with
improved charge-transport properties, enable the realization of
efficient infrared optoelectronic devices.
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