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Abstract: The all-inorganic nature of CsPbI3The all-inorganic nature of CsPbI3The all-inorganic nature of CsPbI perovskites
allows to enhance stability in perovskite devices. Rallows to enhance stability in perovskite devices. Rallows to enhance stability in perovskite devices esearch
efforts have led to improved stability of the black phase in
CsPbI3CsPbI3CsPbI films; however, towever, towever hese strategies—including strain and, these strategies—including strain and, t
doping—are based on organic-ligand-capped perovskites,
which prevent perovskites from forming the close-packed
quantum dot (QD) solids necessary to achieve high charge and
thermal transport. We developed an inorganic ligand exchange
that leads to CsPbI3that leads to CsPbI3that leads to CsPbI QD films with superior phase stability and
increased thermal transport. The atomic-ligand-exchanged QD
films, ofilms, ofilms nce mechanically coupled, exhibit improved phase
stability, astability, astability nd we link this to distributing strain across the film.
Operando measurements of the temperature of the LEDs
indicate that KI-exchanged QD films exhibit increased thermal
transport compared to controls that rely on organic ligands.
The LEDs exhibit a maximum EQE of 23% with an
electroluminescence emission centered at 640 nm (FWHM:
& 31 nm). These red LEDs provide an operating half-lifetime
of 10 h (luminance of 200 cd m@2) and an operating stability
that is 6 X higher than that of control devices.

Introduction

Solution-processed organic-inorganic metal halide perov-
skites have been used in efficient solar cells[1–3] and LEDs;[4–9]

however, limited stability under operating conditions must be
overcome to increase the significance of these otherwise
promising materials.[10] Volatile A-site organic cations such as
methylammonium (MA) and formamidinium (FA), and the
transition from the cubic perovskite phase (a-phase) to the
non-perovskite yellow phase (d-phase) at room temper-
ature,[11–13] contribute to limited operational stability in
devices. Replacing MA and FA with an inorganic cation such
as Cs has been explored, but phase stability remains an issue:
in CsPbI3 the tytyt —defined as the shelf-life storage time after
which the XRD signature of the d-phase of CsPbI3 appears—
is only minutes.

Concerted research efforts have led to strategies to
stabilize the a-phase of CsPbI3 at room temperature:
synthesizing nanocrystals,[14,15] engineering the composition
of the perovskite,[16,17] and functionalizing the surface of
perovskite thin films.[18, 19] While nanocrystals of CsPbI3 are
more stable than traditional thin films due to their higher
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surface energies, they nevertheless turn transparent at room
temperature within one week.[20]

Substituting lead (Pb2+) with smaller-radius metal ions
(strontium or manganese, for example) provides an approach
to introduce strain and stabilize the a-phase of CsPbI3

[21–23] in
both solution and film. Unfortunately, doping of an ensemble
leads to Poisson distribution[24] of the population of dopants
per dot and, when QDs are cast into films, these undergo
a phase change to the d-phase within a week: the highly-
doped nanocrystals in the ensemble remain in the a-phase,
while the nanocrystals with low doping degrade.

These strategies—including those utilizing alloying, dop-
ing, and strain to stabilize a-phase of CsPbI3—have been
accompanied by the use of organic ligands. The films
themselves show improved stability; but device operating
stability remains low, a fact we trace herein to Joule heating
arising due to high thermal resistance.[25, 26]

Resurfacing of perovskite using inorganic ligands has
been pursued via solid-state ligand exchanges; however, the
aggregation of QDs during the solid-state ligand exchange
produces loss of PLQY and spectral redshift.[27, 28] Solution-
phase ligand exchanges to atomic ligands have been achieved
in chalcogenide QDs; however, polar solvents that are needed
to dissolve inorganic ligands also dissolve ionic perovskites
and destroy perovskite structure.[29,30]

We reasoned that film stability and thermal transport
could be simultaneously achieved if we could combine strong
inter-QD interaction to distribute strain, and if simultane-
ously we could passivate traps: we pursued therefore the goal
of using inorganic ligands to improve the dissipation of heat.
We report herein an inorganic ligand exchange for perovskite
QDs, one wherein a dual-solvent ligand exchange dissolves
inorganic ligands and is compatible with perovskite. Films
made using KI-exchanged QDs are oriented and mechan-
ically coupled, enabling strain increase across the film: the KI-
exchanged films remain in the a-phase—with no observable
d-phase XRD signature @7 times longer than do unstrained
control films.

Time-resolved PL decay (TRPL) and femtosecond tran-
sient absorption spectroscopy (TAS) reveal that the KI-
exchanged CsPbI3 QD films have a lower trap density than
the untreated QD films, indicating that the inorganic ligands
passivate the QD surfaces. Levering the improved phase
stability, increased thermal transport, and > 90% PLQY, we
fabricate red light-emitting diodes (LEDs) with the KI-
exchanged CsPbI3 QDs. The resulting LEDs show a maximum
external quantum efficiency (EQE) of 23 %; and low driving
voltages (turn-on voltage of 2.0 V and driving voltage of 3.0 V
at 1000 cd m@2). These devices achieve an operating half-life
T50 of 10 hours at an initial luminance of 200 cd m@2 : this is
6 X higher than control devices that rely on organic ligands
and 100-fold higher than previous record LEDs that rely on
mixed halide (Br/I) perovskites.[31]

Results and Discussion

We synthesized CsPbI3 QDs with manganese as the
dopant and tuned the size of the quantum dots by controlling

the thermodynamic equilibrium[32, 33] (Methods). Energy dis-
persive X-ray (EDX) spectroscopy indicates that the doping
ratio in the final dots is & 7% (Mn: Pb of 0.07:0.93)
(Figure s1). The strain induced by Mn alone is insufficient
to stabilize the entire QD film in the a-phase: the areas of the
film composed of undoped QDs will be unstrained, and will
thus transition to the d-phase (see XRD).

With the goal of ensuring that the film remains in the
optically active a-phase, we sought to produce a film exhibit-
ing uniform strained throughout (Figure 1): we sought to
increase the dot-to-dot interaction beyond that of films in
which long oleate/OAm ligands space out the adjacent QDs,
reasoning that this would better promote strain increase
throughout the entirety of the film (Figures 1a). We also
pursued oriented films to maximize interfacial interaction and
strain extension (Figure 1b). We focused on inorganic ligands
to maximize thermal conductivity[34,35] (Figures 1c and d). As
a result, we developed a solution ligand exchange process to
enable the exchange to inorganic ligands. We use a small
amount of dimethylformamide (DMF) to help dissolve the
iodide-based salts, and added toluene (Tol) to obtain an
inorganic ligand-saturated DMF/Tol solution that is compat-
ible with the highly ionic nature of the perovskite. We chose
the KI atomic ligand to showcase the benefits of both film and
device stability improvement.

We first verify the inorganic ligand exchange strategy and
study the trap density of the CsPbI3 QD films after the
exchange process by collecting time-resolved PL decay and
femtosecond transient absorption (fs-TA) spectra. As a result
of the dynamic nature of perovskite QD surfaces, halide
vacancies that are created during ligand substitution often act
as traps in the final QD[35] (Figure 2a). The uncoordinated
Pb2+ (Lewis acid) traps need electron-rich (Lewis base)
agents such as SCN@ , COO@ and X@ to coordinate with Pb2+.
The inorganic KI provides I@ rich conditions to passivate Pb2+

traps; while the potassium counter-ion promotes mechanical
coupling in light of its small radius.[36–38] The QD films (unless
otherwise stated, the QDs discussed in the following section
are & 6 nm in size) after the KI exchange exhibit a longer PL
lifetime (20 ns) compared to the as-synthesized QDs (14 ns)
(Figure 2b, Table s2), which is consistent with the enhanced
PLQY (from 75% to 96%). We measured the PLQY of KI-
exchanged QD film under different excitation powers (from
0.1 mW cm@2 to 40 mWcm@2) (Figure s2) and find an 8-fold
decrease of trap density of KI-exchanged films.[39] A strong
ground state bleach (GSB) centered at 638 nm is observed for
CsPbI3 QD films (Figure s3a). We tracked the change of DA
at the GSB as a function of delay time. The KI-exchanged
CsPbI3 QD films show a single-exponent decay (& 10 ns),
while the control film needs to be fit with a bi-exponential
function, with lifetimes of 190 ps and 7 ns (Figure 2c). The
fast decay and long decay components are associated with
non-radiative and radiative recombination, indicating that
there is a higher trap state density—thus a higher rate of non-
radiative recombination—in control films. The suppressed
non-radiative rate indicates that the KI ligand better passi-
vates the QDs. The spectro-temporal fs-TA map of the KI-
exchanged CsPbI3 QD films shows no observable TA bleach
peak shift, indicating that the CsPbI3 QDs do not aggregate in
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film (Figure s3b); in contrast, the TA map of the control film
exhibits a shift from 628 nm to 632 nm (Figure s3c). We
fabricated hole-only and electron-only devices to investigate
the trap state densities with the space charge limit current
(SCLC) method (Figures 2d and e). Both hole-only and
electron-only results show the KI-exchanged films have lower
trap-filled limit voltage than the untreated control films. We
compare the trap state densities of KI-exchanged and control
QDs with the equation below:

ntðe=hÞ ¼ 2ee0VTFLðe=hÞ= ed2
E C ð1Þ

where ntðe=hÞ is the trap state density, VTFLðe=hÞ is the trap-filled
limit voltage, d is the distance between electrodes, e and e0 are
the vacuum permittivity and relative permittivity and e is the
elementary charge. The trap state densities of KI-exchanged
devices are 1.05 X 1015 and 1.4 X 1015 cm@3 for hole-only and
electron-only devices, respectively, which are each 4 X lower
than controls (Table s3).

The absorption spectra and photoluminescence of films
from the KI-exchanged QDs exhibit a small red-shift
(& 8 nm) due to interdot coupling;[40] the sharp excitonic
absorption peak shape is maintained (Figure s3d), suggesting
that the QDs are well-protected after the exchange process.
The PL emission spectra remained stable after annealing at
100 88C for 3 h (Figure s3e). We investigate the potassium ion
(K+) concentration before and after KI treatment with X-ray

photoelectron spectroscopy (XPS). Both exchanged and
control QD films exhibit XPS peaks of Cs, Pb, I, O, C and
N. XPS of exchanged QD films show K+ peaks at 292.9 and
295.8 eV, while the control films are virtually featureless in
this range (Figure s4). Fourier Transform Infrared Spectros-
copy (FTIR) spectra of KI-exchanged QD films are virtually
featureless, while untreated QD films show clear C@H and N-
H absorption features at a wavenumber of 2800–3000 cm@1

and C=O absorption at 1500–1700 cm@1 (Figure s5).
We employed transmission electron microscopy (TEM) to

verify the effect of KI ligand exchange on film morphology.
High-resolution TEM images show adjacent QDs with
a center-to-center QD distance of & 6.2 nm (Figure 3a and
Figure s6a), which is smaller than QDs employing organic
ligands (8–9 nm, Figure s6b). The small interatomic distance
(< 2 c) and strong quantum confinement result in a & 8 nm
red-shift in the emission spectrum. SEM images show
a continuous and flat film over a 500 mm area (Figure s6c).

To probe orientation in the films, we employed grazing-
incidence wide-angle X-ray scattering[41] (GIWAXS). GI-
WAXS patterns obtained from as-synthesized CsPbI3 QD
films indicate that the atomic planes are randomly-oriented
(Figure s7). GIWAXS patterns of the KI-treated QD films
exhibit directional scattering from the (100) planes (Fig-
ure 3b). The lack of continuous rings in the pattern indicates
that, in films made from fully exchanged QDs, the (001) plane
lies parallel to the substrate. The directional scattering of the

Figure 1. Formation of strained films with increased thermal transport. a) QD films from as-synthesized dots in which long oleate/OAm ligands
isolate the QDs and prevent strain extension. After aging, the QDs transition to the d-phase. b) A film made of unoriented QDs in which QD
coupling and thus strain extension are limited. After aging, a partial phase change happens. c) Oriented QD films with KI ligand in which rigid
inter-QD connection facilitates strain field extension. The phase change is suppressed. d) Thermal conductivity of organic and inorganic ligands
at 300 K. Thermal conductivity decreases with the increasing length of the organic chain and the KI used in this work has a 20-fold higher
thermal-conductivity than do typical organics.
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(001) plane along the qz direction indicates that QDs are
ordered such that the (001) plane lies parallel to the
substrate.[42] Microscopic analysis (TEM) and long-range
structural characterization (GIWAXS) taken together indi-
cate that the KI-exchanged CsPbI3 QD films are close-packed
and oriented. Oriented films after KI treatment increase the
interfacial interaction and facilitate the charge transport,
resulting in high luminescence and high current density when
used in devices.[43]

We then turned to PXRD studies in order to investigate
strain[44] and its effects on improving film stability in a suite of
CsPbI3 QD films. The manganese-doped CsPbI3 QDs show
shifted peak positions compared to the undoped QDs (Figure
s8a), suggesting the in-QD strain in the doped CsPbI3 QD
films.[21, 33] The PXRD peaks shift from 14.1988 (manganese-
doped and untreated QDs) to 14.4088 in KI-exchanged CsPbI3

films (Figures 3c and d). To determine if the observed shift
was due to cation substitution, we used KBr rather than KI in

the ligand substitution of CsPbBr3

QDs. We observed no shift in the
XRD pattern (Figure s8b), suggest-
ing that K+ is not incorporated into
the lattice of the QDs. We investi-
gated phase stability by examining
the time evolution of the PXRD. The
KI-exchanged films show none of
the characteristic d-phase peaks fol-
lowing two months of aging (25 88C
and 40% humidity) (Figure 3e); the
untreated QD films exhibit charac-
teristic d-phase peaks after one week
(Figure s8c). The d-phase peaks of
the control films become more in-
tense after one month of aging, while
the a-phase peaks are still observ-
able (Figures 3 f bottom). The in-
creased stability—suppression of d-
phase peaks—benefit from the strain
distribution of the mechanically cou-
pling of the ensemble of dots.

We incorporated the KI-ex-
changed CsPbI3 QDs into LEDs to
explore how phase stability and in-
organic ligands impact device per-
formance and stability. We use an
ITO glass substrate anode, poly(3,4-
ethylenedioxythiophene):poly(styr-
ene-sulfonate) (PEDOT:PSS) mixed
with Nafion as hole injection layer
(HIL), a poly (bis-4butylphenyl-
N,N-bisphenyl)benzidine) (Pol-
yTPD) hole transport layer (HTL),
a CsPbI3 emission layer, a 1,3,5-
tris(N-phenylbenzimidazol-2-yl)
benzene (TPBI) electron transport
layer (ETL), and a LiF/Al double-
layered cathode. The energy level
diagram is illustrated in Figure s9.
We compared the energy levels of

CsPbI3 before and after KI treatment with ultraviolet photo-
electron spectroscopy (UPS) (Figure s10) and optical absorp-
tion spectra. Both control and KI-exchanged QD films show
a valence band energy of& 5.5 eV, which is consistent with the
literature.[45, 46] Luminance (L) and current density (J) curves
as a function of voltage (V) for CsPbI3 devices are shown in
Figure 4. We obtain the thickness of each layer via cross-
section SEM (Figure s11). We fabricated red LEDs with EL
emission centered at 640 nm (CIE of (0.69, 0.30)) to establish
the effect of inorganic ligand exchange on device perfor-
mance and stability (Figure 4d). The KI-exchanged LEDs
exhibit a record EQE of 23 %. The EQE remains at 21%
when the luminance reaches 100 cd m@2 : the EQE at
100 cdm@2 is 1.4 X higher than that of the best previously-
reported red perovskite LEDs (EQE of 14.6 at 100 cdm@2)
(Figure 4b and Figure s12).[31] These LEDs also exhibit
a record-low turn-on voltage (2.0 V), which is& 0.06 V higher
than the optical band gap; and they exhibit the lowest driving

Figure 2. Trap analysis of CsPbI3 QD films. a) Scheme depicting the passivation role of KI during
the exchange process. b) Time-resolved PL decay spectra of CsPbI3 QD films before and after the
exchange process. c) Bandedge bleach recovery dynamics of CsPbI3 QD films before and after the
exchange process. d,e) Current density-voltage curves of the hole-only (d) and electron-only (e)
device under dark conditions. Inset shows the Scheme of the device structure.
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Figure 3. Structural, morphological and strain characterization of CsPbI3 perovskite QD films. a) High-resolution TEM image of CsPbI3 QDs after
KI ligand exchange. b) GIWAXS pattern of CsPbI3 film after KI ligand exchange. c) PXRD comparison of the control film, and KI-exchanged film.
d) Magnified PXRD pattern from 12 to 16 degrees. e,f) PXRD pattern of KI-exchanged film and oleate/OAm ligand film after being stored in room
ambient conditions (the red circles highlight the peaks corresponding to the d-phase).

Figure 4. Red LEDs based on perovskite QD solids. a–c) J–V–L and EQE-L curves of red LED devices. d) Electroluminescence (EL) spectra of KI-
exchanged and control CsPbI3 QD LEDs. e) Operating stability of KI-exchanged and control QD LEDs. f,g) Temperature-time curves of KI-
exchanged and control QD devices at a fixed current density of 150 mAcm@2. h) Infrared-thermal-imaging pictures of KI-exchanged and control
QD devices at their highest temperature.
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voltage required to reach 1000 cd m@2 among all reported red
perovskite LEDs—this is fully 2.5 X lower than previous
record devices at the same luminescence
(1000 cdm@2)[8, 17,22, 23, 31, 47–55] (Figure 4a). We optimized the
QD size to approach the Rec. 2100 and achieve EL emission
of 635 nm with CIE of (070, 0.29) (Figure s13). Control
devices that used the same QDs but were exchanged with an
organic ligand (phenethylamine iodide (PEAI)) exhibit
a lower EQE of 16% with a maximum luminescence of
870 cdm@2 ; these devices show higher efficiency roll-off at
high luminescence compared to the KI-exchanged LEDs
(Figures 4 b and c).

The KI-exchanged CsPbI3 QD LEDs have an operating
half-lifetime (T50) of 10 h (L0 : 200 cd m@2) (Figure 4e).
Control devices that used the same QDs but exchanged using
PEAI have a T50 of 1.6 h under the same conditions
(Figure 4e). Compared to previous record-EQE red perov-
skite LEDs (EQE = 21.3 % with a T50 of 0.08 hour),[31] the
devices in the present work show both a higher EQE of 23 %,
and a 100-fold longer T50 at a 2-fold higher luminance (Table
s1). The high EQE together with the stability represent the
best among red perovskite LEDs approaching pure-red
emission with EL < 660 nm.[31, 37, 55]

To seek further evidence regarding thermal transport in
KI-exchanged QD films, we monitored the surface temper-
ature variation at a fixed current density (150 mAcm@2)
fabricated with KI-exchanged and control QDs (Figures 4 f–
h). We use an infrared-thermal-imaging-camera to monitor
the device temperature (Figure s14). KI-exchanged QD
LEDs show a maximum temperature below 60 88C over
a duration of 100 s, while the control devices show rapid
temperature increase to 80 88C (after operating for 30 sec-
onds), and they then fail immediately after reaching this
temperature (Figures 4 f–h). KI treatment also reduces the
surface defects of CsPbI3 QDs, which results in less non-
radiative recombination and thus lower device temperature.
The better heat-dissipation of KI-exchanged QD reduces
Joule heating and enables as a result better operational
stability. To further increase operating stability, well-managed
testing conditions, better encapsulation technique, more
stable materials and optimized device structure should be
united in the future.

Conclusion

In summary, we have developed an inorganic ligand
exchange for CsPbI3 perovskite quantum dots which enables
improved thermal conductivity. The KI-exchanged CsPbI3

QD films show a seven-fold improved phase stability than
as-synthesized QD films and over 90% photoluminescence
quantum yield (PLQY). We demonstrate that KI-exchanged
QD films suppress the Joule-heating-induced temperature
increase and accelerated degradation, which enables the
union of superior operating device stability with high
efficiency in CsPbI3 QD LEDs.
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