COMMUNICATION

ADVANCED
MATERIALS

www.advmat.de

Stabilizing Surface Passivation Enables Stable Operation of
Colloidal Quantum Dot Photovoltaic Devices at Maximum

Power Point in an Air Ambient

Jongmin Choi, Min-Jae Choi, Junghwan Kim, Filip Dinic, Petar Todorovic, Bin Sun,
Mingyang Wei, Se-Woong Baek, Sjoerd Hoogland, F. Pelayo Garcia de Arquer,

Oleksandr Voznyy, and Edward H. Sargent*

Colloidal quantum dots (CQDs) are promising materials for photovoltaic (PV)
applications owing to their size-tunable bandgap and solution processing.
However, reports on CQD PV stability have been limited so far to storage

in the dark; or operation illuminated, but under an inert atmosphere. CQD
PV devices that are stable under continuous operation in air have yet to be
demonstrated—a limitation that is shown here to arise due to rapid oxidation
of both CQDs and surface passivation. Here, a stable CQD PV device under
continuous operation in air is demonstrated by introducing additional potas-
sium iodide (KI) on the CQD surface that acts as a shielding layer and thus
stands in the way of oxidation of the CQD surface. The devices (unencap-
sulated) retain >80% of their initial efficiency following 300 h of continuous
operation in air, whereas CQD PV devices without KI lose the amount of
performance within just 21 h. Kl shielding also provides improved surface
passivation and, as a result, a higher power conversion efficiency (PCE) of

and photovoltaics (PV).['13] Progress in
CQD devices has been achieved through
advanced surface chemistry, energy band
engineering combined with device archi-
tecture optimization,'*171 and these
combined have produced certified power
conversion efficiencies (PCEs) of 12%.!18l
A remaining challenge for the field is to
improve the stability under device opera-
tion conditions. Bare CQDs are unstable
in air: they are readily oxidized due to the
high surface-to-volume ratio.l"*!l Stability
of CQD solids have been improved via
halide anion passivation, which protects
the surface of CQDs from the effects of
oxygen.['>21l Among halide anions, iodide
is the most effective protectant due to its

12.6% compared with 11.4% for control devices.

Colloidal quantum dots (CQDs) are attractive semiconductor
materials owing to their size tunable bandgap, solution pro-
cessing, and ambient stability.'3l These benefits have enabled
the application of CQDs in thin-film optoelectronic devices such
as light emitting diodes,*°! transistors,®”] photodetectors,®°]
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large atomic radius.["’!

Recent advances in CQD PV have relied
on lead iodide (Pbl,) passivated CQD
solids fabricated using solution-based

ligand exchanges, with devices retaining 90% of their initial
performance following air storage for 1000 h.'2l With the addi-
tional help of hydro/oxo-phobic hole transporting materials, the
air stability retained over 90% of initial performance following
1 year of ambient air storage.??] Cao et al. reported that CQD
PV devices retain 80% of their initial efficiency following 1000 h
of continuous light illumination under N, atmosphere.l?’]

Despite impressive progress in CQD device stability, most of
these achievements relied on the measurements under long-
term air storage or light illumination without electric load,
which are still far from device operation conditions. To realize
the full potential of CQDs in a PV device, they should retain
their performance under maximum power point (MPP) condi-
tions, which still remains an open challenge. Recently, Zhang
et al. reported CQD PV device that preserves around 88% of its
initial efficiency after 46 h of MPP aging.?l However, the result
was performed under a nitrogen atmosphere, while the MPP
stability under air ambient is presumably significantly worse.
To date, though, device operational stability of CQD PV device
in air has not yet to be fully addressed.

Herein we link stable device performance under continuous
operation in air to our deployment of a potassium iodide (KI)
shielding layer. We find that KI protects both the CQDs and
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the surface passivation of CQDs against oxidation and thus
allows them to retain their original surface chemistry. Specifi-
cally, devices retain =80% of their initial PCE following 300 h of
continuous operation in air; whereas CQD PV devices without
KI retain 80% of initial PCE only for 21 h at MPP. In addi-
tion, KI shielding enables higher loading of iodide, resulting
in increased carrier transport and higher PCE (12.6%) than in
control devices (11.4%).

We first explored the MPP stability of the state-of-the-art
CQD PV devices that are using Pbl,-passivated CQD films, 1218l
investigating the evolution of performance in time in an air
ambient. The device configuration is ITO/ZnO/PbS-Pbl,/
PbS-1,2-ethanedithiol (EDT)/Au, where ZnO layer is the elec-
tron transport layer, PbS—Pbl, layer is the light harvesting layer,
and PbS-EDT layer acts as a hole transport layer. The device
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retained 75% of its initial performance following 50 h MPP
operation in air (Figure 1a,b). We note in light of previous
studies of dark air storagel!? and illuminated N, operation,?’]
devices are less stable under continuous operation at MPP con-
dition in air compared to the previously studied scenarios.

We carried out X-ray photoelectron spectroscopy (XPS) meas-
urements of CQD films to reveal the origin of this degrada-
tion, and found that oxygen is increased and iodide is reduced
(Figure 1c,d, and Table S1, Supporting Information). XPS O 1s
spectra show the formation of PbO, PbSO3, and PbSO, in CQD
films under continuous external photostress in air. A slight
increase in V. after 50 h MPP operation can be attributed to
oxides that induce p-type character in CQDs.*>*’] Based on these
findings, combined with the thermochemistry of Pb, whose Gibbs
free energy of Pb—O interaction (AG%p,o = —189.24 k] mol™) is
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Figure 1. Maximum power point (MPP) stability of Pbl,-passivated PbS CQD PV devices under an air ambient. a) MPP tracking for 50 h of unencapsu-
lated devices under continuous 1 sun illumination, 50 = 10% relative humidity, at room temperature. b) Current density—voltage (J-V) characteristics
of devices in (a) before versus after MPP aging. c) XPS O 1s spectra and d) XPS | 3d spectra of Pbl,-passivated CQD solids before and after AM1.5
illumination for 30 h in air. Dashed lines indicate the different chemical bonding states of oxygen (529.3 eV for PbO, 530.9 eV for PbSO;, and 531.7 eV
for PbSO,).%l ) Schematic illustration of the degradation process of Pbl,-passivated PbS CQD solids by oxidation.
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lower than that of Pb—I (AGOPM2 = -173.59 k] mol™), we con-
clude the degradation process of PbI,-passivated CQD solids as
shown in Figure le: PbI, surface passivation degrades to PbO,
and PbS CQDs are oxidized to PbSO; and PbSO,.

We explored agents that could protect the surface from oxi-
dation with the goal of improving MPP stability of devices. We
used potassium (K) reasoning that it has a low electron affinity,
strong interaction with iodide, and large size, allowing for effec-
tive protection of the surface. In addition, it has more stable
formation with iodide (AG®; = —322.29 k] mol™!) than oxygen
(AG®,0 = —240.58 kJ mol ™).

We carried out density functional theory (DFT) simulations
to test a number of competing hypotheses relative to control
studies. Molecular physisorption is the required first step for
the conversion of O, into oxide. We thus performed a molecular
dynamics run of a configuration in which O, is physisorbed on
a PbS CQD passivated by either Pbl, (control) or Pbl, with an
addition of KI. Right panels in Figure 2a,b show a cross-sectional
image of CQDs in stable final configuration. Initially, for both
passivation we observe O, embedding into the top surface
monolayer, resulting in the coordination of O, by 2-3 cations.
However, the O, molecule remains labile and can diffuse across
the surface. In the case of Pbl, passivation, we observe that O,
locks in place once it touches the S atom (Figure 2a). An addi-
tional simulation comparing O, physisorption on an open Pb
site versus S site revealed a 0.6 eV stronger physisorption on
the S site, providing an easy path for further O, splitting and
the formation of SO,, consistent with the observation of PbSO;
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and PbSO, in Figure 1c. For the passivation of PbI, with KI,
KI forms an additional buffer layer protecting the subsurface S
sites and thus preventing oxidation of CQD (Figure 2b).

We therefore sought to introduce experimentally a KI
shielding layer on the Pbl, surface passivation of CQDs. We
explored various molar ratios of KI added to PbI, solution in
dimethylformamide (DMF) as the exchange solution. We then
carried out solution-phase ligand exchange on oleic acid-capped
PbS CQDs (dissolved in octane), resulting in the formation of
CQD inks through phase transfer to DMF.

The K 2p spectra indicate K on Kl-shielded PbS CQD solids
(KPDbS), but none on control CQD solids passivated with only
PbI, (Figure 2c). The amount of iodide on the CQD surface
increases in proportion with KI concentration, while oxygen is
decreased when KI concentration is increased (Figure 2d). We
posit that KI may allow denser iodide passivation, resulting in
decreased of oxygen on the surface, potentially contributing to
improved device performance and stability. Time-resolved photo-
luminescence studies reveal that KI-CQD inks exhibit 1.2x
longer carrier lifetime than control CQD inks, in agreement with
improved CQD passivation (Figure S1, Supporting Information).

We also studied the linewidth associated with the excitonic
feature in PbS CQD films prepared using different ratios of
KI (Figure 2e). KPbS CQD films exhibited a narrower exciton
peak and a smaller full-width at half-maximum (FWHM) com-
pared to control PbS CQD films. We offer that band tailing
associated with partial CQD aggregation may be reduced in
KPbS. However, when the concentration of KI in KPbS exceeds
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Figure 2. Kl-shielded PbS CQD solids. a,b) Reaction of oxygen at the surface of CQDs passivated by Pbl, (a) and Pbl, with KI (b). The right images for
(a) and (b) are the stable final configurations. While oxygen binds with sulfur in the Pbl, passivation (a), oxygen cannot contact with sulfur in the Kl-shielded
passivation (b). The black dots represent Pb atoms, the yellow dots represent S atoms, the wine dots represent | atoms, the red dots represent O atoms,
and the light-blue dots represent K atoms. c) XPS K 2p spectra of control Pbl,-passivated CQD solid (PbS) and Ki-shielded CQD solid (KPbS). d) Atomic
ratio of oxygen and iodide (referenced to lead) and e) normalized optical absorptance of the KPbS CQD solids with different amounts of KI.
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Figure 3. Characterization of KPbS solids. a,b) Absorbance spectra of PbS CQD solids (a) and KPbS CQD solids (b) depending on annealing time at 85 °C.
c) Shift of first excitonic peak position of CQD films with annealing. d,e) Photoluminescence (PL) of PbS CQD solids (d) and KPbS CQD solids (e) with
various mixture ratios of donor CQD and acceptor CQD. f) Extracted PL ratio (acceptor to donor) of PbS CQD films and KPbS CQD films.

certain amounts, it induces broader exciton peak with a higher
FWHM. This is attributed to a thick KI shell formation on PbS
CQD surface, suggesting that optimized KI amount (0.02 M)
is required in this system. Henceforth, we call PbS CQDs pre-
pared with the optimized KI amounts (0.02 M) as a KPbS CQDs.

To investigate the stability of KPbS CQD films against oxida-
tion, we monitored a change of the absorbance spectra of CQD
films following annealing (85 °C) in air. The control PbS CQD
films show a dramatic blueshift of excitonic peak after annealing
in air, a finding we assign to oxidation that produces oxides and
decreases the effective size of PbS CQDs (Figure 3a).?”?® The
KPbS CQD films exhibit no appreciable shift of exitonic peak posi-
tion (Figure 3b,c).

We then carried out photoluminescence-based diffusion
length measurements on CQD films to compare transport
properties between PbS versus KPbS CQD films.*”! CQD films
were prepared using a mixture of two differently sized families
of CQDs: bandgap 1.3 eV (donor) and 1.0 eV (acceptor). The
PL intensity of the acceptors is increased due to carrier transfer
from donors, and the PL intensity of the donors is correspond-
ingly quenched (Figure 3d, e). The PL intensity ratio of acceptor
to donor CQDs is thus linked with the diffusion of charges in
the donor matrix to the acceptors.?”) We plotted PL intensity
ratio of acceptor to donor as a function of the donor:acceptor
ratio (Figure 3f). The KPbS CQD films exhibit a higher PL
intensity ratio than do control PbS CQD films, indicating
increased mobility of charge carriers.

We also characterized the charge carrier mobility of CQD
solids with different KI concentrations using field-effect tran-
sistor (FET) measurements. KPbS CQD solids (0.02 m of KI)
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have a higher electron mobility than do PbS CQD solids;
further increases in KI concentration ultimately produce a
reduced electron mobility (Figure S2, Supporting Information),
in agreement with above FWHM studies.

We then fabricated CQD PV devices employing KPDbS.
The device architecture of Figure 4a was employed:
ITO/ZnO/KPbS/PbS-EDT/Au. The best-performing device
with KPDbS exhibited a PCE of 12.6% (with a V¢ of 0.64 V, a
Jsc of 28.8 mA cm™, and a fill factor (FF) of 69%) compared
to 11.4% (with a Vo of 0.64 V, a Jsc of 28.0 mA cm™, and a
FF of 64%) for control PbS devices (Figure 4b). Device histo-
gram shows that KPbS devices exhibit reproducibly higher
efficiencies than do PbS devices (Figure S3, Supporting Infor-
mation). To explore dynamics of charge carriers of the devices,
we carried out transient photovoltage (TPV) measurements.
KPbS devices exhibit a longer TPV decay time compared to
control PbS devices (Figure S4, Supporting Information).
This suggests that KPbS reduces charge recombination rates,
leading to improved Jsc and FF. External quantum efficiency
(EQE) spectra (Figure 4c) confirm the enhanced Jsc value of
KPbS device (28.4 mA cm™?) and, in particular, an EQE value
exceeding 70% at the excitonic peak, compared with PbS con-
trols exhibiting Jsc of 27.5 mA cm™.

The operating stability at MPP in air is shown in Figure 5.
The PbS CQD PV devices retain around 91% of their initial PCE
after 800 h of storage in air without encapsulation (Figure 5a),
as we seen in prior reports.’? The KPbS CQD PV devices
exhibit no performance loss under the same storage conditions.
MPP tracking studies widen the gap between PbS versus KPbS
CQDs. We observed no performance loss of KPbS CQD device
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Figure 4. The effect of KPbS on CQD solar cell performance. a) Cross-sectional SEM image of a device consisting of ITO/ZnO/KPbS/PbS—-EDT/Au.
b) J-V characteristics and c) external quantum efficiency (EQE) of devices prepared using 1.32 eV bandgap PbS CQDs and KPbS CQDs.

during 50 h of MPP aging under air, whereas control PbS CQD
devices retained 75% of their initial performance (Figure 5b,c).
The KPbS devices retained =80% of their initial efficiency fol-
lowing 300 h of MPP aging, the highest MPP stability reported
among CQD PV devices (Figure 5c). The J-V characteristics of
KPbS devices as a function of MPP aging time are detailed in
Figure S5 (Supporting Information). XPS results reveal that the
KPbS CQD films retain more iodide passivation and less oxides
on their surfaces than do control PbS CQD films (Figure 5d
and Figure S6, Supporting Information).

Here we demonstrate CQD PV devices that are stable under
continuous operation in an air ambient. The improvements are
traced to the use of KI shielding. This protects both the CQDs
and the surface passivation from oxidation. Devices with KI
shielding layer retain 80% of their initial performance following
300 h of device operation at MPP, while control devices retain
the same relative performance for only 21 h at MPP. KI shielding
maximizes the density of iodide on the surface and contributes
to higher device performance (PCE, 12.6%) compared controls
(PCE, 11.4%).
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Figure 5. Stability test of CQD PV devices. a,b) J-V characteristics of CQD PV devices after being stored in air (a) and MPP tracking in air (b).
c) Continuous device operation at MPP in air ambient. All devices are unencapsulated, and MPP tracking was performed under continuous 1 sun
illumination, 50 + 10% relative humidity, and at room temperature. d) Atomic iodide to lead ratio of PbS CQD films and KPbS CQD films before and

after AM1.5 illumination for 10 h in air.
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Experimental Section

Synthesis of PbS and KPbS CQDs: Lead iodide passivated PbS (control)
CQDs were synthesized from oleic-acid-capped CQDs (OA-CQDs) via
solution-phase ligand-exchange method under air by following reported
methods.['d For the ligand exchange solution, lead iodide (0.1 m Pbl,),
lead bromide (0.02 m PbBr;), and NH,Ac (0.04 m) were dissolved in
dimethylformamide (DMF) solution. To produce KPbS, additional KI
(0.01-0.05 m) was introduced into the ligand exchange solution. 5 mL
of OA-CQDs dissolved in octane (10 mg mL™") were introduced into
the as-prepared ligand exchange solution. Following 2 min vortexing
of the solution, CQDs in octane had transferred into DMF. The CQD
transferred (ligand-exchanged) solution was washed three times using
octane to remove residues. The ligand-exchanged CQDs were collected
by precipitating with the addition of toluene and drying under vacuum
for 20 min. All the ligand exchange procedures were performed under
ambient atmosphere.

Fabrication of CQD PV Devices: All device fabrication was performed
under ambient atmosphere. ITO glass was cleaned using detergent,
distilled water, isopropyl alcohol, and acetone. The ZnO nanoparticle
and sol-gel ZnO films were synthesized using reported methods.['>'7]
ZnO solutions were spin-cast on rinsed ITO glass at 3000 rpm for 30 s.
The PbS (or KPbS) CQDs dissolved in BTA were spin-coated onto ZnO
substrates at 2500 rpm for 30 s. Two layers of EDT-PbS film were then
spin-coated on top of PbS (or KPbS) CQD films by following reported
protocols. For the top electrode, 120 nm Au was thermally evaporated
on the PbS CQD film.

Characterizations of Photovoltaics: Current—voltage characteristics of
CQD PV devices were measured using a Keithley 2400 source-meter under
AM 1.5G illumination at intensity 100 mW cm=2. The light intensity was
calibrated with the aid of a reference Si solar cell (Newport). EQE spectra
were taken using monochromated illumination from a 400 W Xe lamp
passed through a monochromator and cutoff filters, corrected with the aid
of Newport 818-UV and Newport 838-IR photodetectors. The photocurrent
response was obtained using a Lakeshore preamplifier connected to a
Stanford Research 830 lock-in amplifier. The stability test at continuous
MPP operation under 1 sun, AM 1.5G illumination was studied in an air
ambient (50 + 10% relative humidity) at room temperature by fixing the
voltage at Vjypp and then tracking the current output.

DFT Calculations: DFT calculations were performed using the
Quickstep modulel% in CP2K software. The calculations were performed
using the Molopt DZP basis set?'l along with Godecker-Teter—Hutter
pseudopotentials,33  PBE exchange-correlation functional®® and a
300 Ry grid cutoff. PbS CQDs of =2.5 nm diameter (=350 atoms) were
calculated within a (5 nm)® box. The structures were prepared in a
rocksalt structure, where the surface was then passivated with either KI
or | ligands, and then fully relaxed. The number of atoms of each type
was adjusted to conform to the charge neutrality condition# in order to
avoid trap states in the bandgap.

Transient Photovoltage Measurements: The devices were biased with
white light to reach near V, conditions and photoexcited with low power
laser (500 nm) pulses to generate small photovoltage perturbations
(AV kept to lower than 30 mV). Monoexponential fits to normalized
traces were used to estimate the carrier lifetime at V. conditions.

FET Fabrication: Bottom-gate top-contact FET configuration was used
as follows: 70 nm of titanium gate was thermally evaporated onto a
glass substrate, followed by 15 nm of ZrO, as a dielectric layer using
atomic layer deposition. After 300 °C baking for 1 h, the CQD solids
were deposited onto the substrate. Then 70 nm of Au source/drain
electrodes were thermally deposited using an Angstrom Engineering
Amod deposition system. An Agilent 4155¢ semiconductor analyzer was
used to characterize the FET devices.

Materials Characterization: XPS analysis was performed using a
Thermo Scientific K-Alpha XPS system (300 um spot size, 75 eV pass
energy, and 0.05 eV energy steps). The XPS spectra were calibrated to the
C 1s peak at a binding energy of 284.8 eV. A Lambda 950 500 UV-vis—IR
spectrophotometer was used for optical absorption measurements. Field-
emission scanning electron microscopy (SEM) (Hitachi SU8230) was
employed to identify morphological characteristics of CQD PVs. PL
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spectra were obtained using a Horiba Fluorolog time-correlated single-
photon-counting system with photomultiplier tube detectors. The PL
lifetime data was recorded on using a time-correlated single-photon
counting system (Horiba).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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