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ABSTRACT: Colloidal perovskite nanocrystal light-emitting diodes
(PeLEDs) currently achieve near-theoretical efficiencies; however,

their operational stability remains fundamentally constrained by
complex electro-ionic interactions. Conventional characterization
techniques fail to decouple electronic charge dynamics from ionic
mechanisms. Here, we utilize operando impedance spectroscopy 859
(IS) and voltage-modulated electroluminescence (VMEL) to disen- E“*s
tangle these phenomena in efficient CsPbBry PeLEDs. We isolate a 10
characteristic ~ intermediate-frequency (~S kHz) inductive-like = %75 ts=37.7 min
VMEL signature directly correlated with the non-monotonic lumi- 05 heEl
nance evolution of the devices. By extracting an activation energy ‘“0-28;0?’ 01 1 10 100
of 0.29 + 0.03 eV (matching bulk bromide migration energetics) Time (min)
and demonstrating quantitative agreement with ion-screening

models, we unambiguously trace this signature to the electric-field-induced desorption of surface ligands. This progressive ligand loss
generates halide vacancies that drift into the bulk, irrevocably quenching emission. Ultimately, this approach provides a universal diag-
nostic framework to assess electro-ionic coupling, guiding targeted surface passivation to unlock the long-term stability of emerging
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alide perovskites are leading semiconductors for next-

generation displays due to their tunable narrow-band
emission, defect tolerance, and near-unity photoluminescence
quantum yields (PLQYs)."” However, bulk 3D films often
exhibit a low exciton binding energy (E, ~ 30-S0 meV) due
to their high relative dielectric constant (g,),** rendering radia-
tive recombination an inefficient bimolecular process. To over-
come this, dimensional reduction (e.g, bulk 2D or quasi-2D
structures) and the spatial confinement of perovskite nanocrys-
tals (PeNCs) have been extensively explored to enhance E, and
boost excitonic recombination.”~'? While the external quantum
efficiencies (EQEs) of bulk-like and PeNC-based light-emitting
diodes (PeLEDs) now approach theoretical limits,>''~'* long-
term operational stability remains a critical bottleneck.
Notably, the operational half-lifetime (t;,) of PeNC PeLEDs
spans from seconds to a few hundred minutes, significantly
shorter than the thousands of hours achieved by bulk
devices.'*™!7 Unfortunately, the exact origins of this limited reli-
ability remain poorly understood, making stability improve-
ments a major challenge. Although the synthesis of PeNCs
yields high-quality emitters, using surfactants to control particle
size, prevent aggregation, and passivate surface defects intro-
duces severe operational vulnerabilities.'®'? Specifically, cap-
ping agents, such as oleic acid (OA) and oleylamine (OLA),
which bind to the PeNCs by partially replacing native surface
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ions, are highly labile.”>*" This lability contributes to the gener-
ation of surface defects and the premature degradation of the
semiconductor. Ultimately, the limited performance reliability
arises from the complex electro-ionic nature of perovskites,
where the interplay between applied electric fields, interfaces,
and ionic migration dynamically alters the electro-optical prop-
erties of the devices. Disentangling these concurrent phenom-
ena requires advanced operando electro-optical techniques.***?

In this context, frequency-domain techniques, such as imped-
ance spectroscopy (IS) and voltage-modulated electrolumines-
cence (VMEL), are particularly well-suited to dissect these
processes, as each phenomenon manifests in distinct frequency
regimes according to its characteristic time constant. Indeed, we
previously demonstrated the suitability of IS and VMEL for the
study of highly efficient PeLEDs.”* The broad capacitive behav-
ior (from 100 kHz to 100 Hz) in the impedance spectrum cor-
responds to the accumulation of charge and subsequent filling
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of electronic states at the interfaces prior to effective charge
injection into the emissive layer, whereas the main VMEL
capacitive response (10010 kHz) correlates with the modula-
tion of luminous intensity. Crucially, we identified two addi-
tional positive reactances: a low-frequency inductive feature
detected via IS (IF;g at ~20 Hz) mainly associated with the
delayed charge recombination and an intermediate-frequency
fourth-quadrant loop detected via VMEL (FQLypp at
~S5 kHz) that stems from a delayed modulation of the photon
emission (see Note S1 and Figure S1). While previous studies
on perovskite solar cells (PSCs) have associated IS inductances
with dephased charge recombination driven by ionic accumula-
tion* or bulk recombination,*~*® the precise physical origin of
the FQLy g, in PeLEDs and its implications for device degra-
dation remain elusive.

Here, we exploit VMEL spectroscopy as an operando probe
to elucidate the mechanisms driving the premature degradation
of highly efficient CsPbBr, PeLEDs and their connection to the
intermediate-frequency positive reactance. We demonstrate that
the FQLyyg;, signature is directly correlated with the non-
monotonic performance evolution of the devices. By extracting
the activation energy (E,) of this operational dynamic, we trace
the degradation pathway to the electric-field-induced desorp-
tion of OA/OLA ligands and the subsequent trap-assisted
migration of halide vacancies. These findings establish a direct
mechanistic link between macroscopic device failure and micro-
scopic ligand dynamics, providing a quantitative framework to
evaluate and design robust surface-passivation strategies for
perovskite optoelectronics.

To establish a comprehensive understanding of the electro-
optical dynamics in PeNC-based systems, we performed
multi-scale characterization encompassing the fundamental
properties of the CsPbBr; PeNCs and the operando perfor-
mance of the resulting highly efficient PeLEDs. The devices
were investigated through steady-state and transient time-
domain measurements, complemented by frequency-domain
spectroscopies (IS and VMEL) to decouple electronic and ionic
contributions and decipher the degradation mechanisms that
limit the long-term performance of these devices.

Optical and Morphological Properties of CsPbBr; PeNCs

The constituent PeNCs were synthesized via a hot-injection
method and integrated into highly eflicient device architectures
following our previously optimized protocols (see
theSupporting Information for further details).'>** The absorp-
tion and photoluminescence (PL) spectra of the purified
CsPbBr; PeNCs in solution exhibit features that are in excellent
agreement with those expected for this composition
(Figure 1a).”*?° Although the as-prepared PeNCs exhibit an
initial ~photoluminescence quantum yield in solution
(PLQY,,;) of ~90%, device fabrication necessitates the removal
of excess unreacted reagents and high-boiling point solvents.
This mandatory purification induces a partial loss of surface
capping agents, reducing the PLQY,, to 46.0 + 6.8% (see
Table S1). Nonetheless, the optical integrity of the emitters is
largely preserved upon thin-film formation, yielding highly
luminescent solid-state layers (PLQYj,,, = 30.7 + 1.1%) suit-
able for efficient PeLED integration. Morphological characteri-
zation via transmission electron microscopy (TEM) reveals
that the purified PeNCs maintain a well-defined cubic geometry
with an average edge length of ~13 nm (Figures 1b and S2).

Electro-Optical Performance of CsPbBr; PeLEDs

The purified PeNCs were integrated into the device architec-
ture depicted in Figure 1lc. To ensure high statistical reliability,
the electro-optical metrics were evaluated across a batch of 80
individual PeLEDs with an active area of 8 mm?> The averaged
current density—voltage—luminance (J-V-L) characteristics
(Figure 1d) reveal a low turn-on voltage (V) of 3.2 V and
an outstanding average maximum luminance (L, ) exceeding
4 X 10* cd-m™2. Furthermore, the devices exhibit state-of-the-
art efliciency metrics, reaching average maximum external quan-
tum efficiency (EQE,,,.) and current efficiency (CE,, ) values
of 20.0% and 61.3 cd-A™", respectively (Figure le). Despite
their high initial efficiencies, the devices exhibit Dbias-
dependent operational instability. Figure 1f displays the lumi-
nance evolution over time under constant-current driving at
0.16, 1.65, and 24.63 mA-cm 7, yielding initial luminances
(L,) of 10% 10° and 10* cd-m™2, respectively. The correspond-
ing operational half-lifetimes (%) are 37.7, 24.3, and 2.7 min,
respectively, revealing that higher injection currents exponen-
tially accelerate performance degradation (see Figure S3a).
Notably, at lower L, regimes, the brightness evolution is dis-
tinctly non-monotonic: an initial emission enhancement (EE)
stage during the first 1-2 min is followed by a gradual emission
quenching (EQ) phase. The driving voltage traces closely mir-
ror this unsteady behavior (Figure S3b).

To elucidate the microscopic origin of this degradation, we
probed the active areas of fresh and electrically aged devices
using steady-state photoluminescence (PL) spectroscopy.
While the spectral distribution remains stable after aging
(Figures 1g and S4), the absolute PL intensity drops signifi-
cantly. The magnitude of this PL quenching correlates linearly
with the total charge injected into the device (Figure SS).
Furthermore, time-resolved PL (TRPL) measurements reveal
a severe reduction in the average carrier lifetime (’Cavg) upon
aging (Figure 1h and Table S2). Collectively, these optical sig-
natures demonstrate that electrical stress drives the proliferation
of non-radiative charge recombination pathways. However,
standard steady-state and time-resolved optical techniques can-
not definitively discriminate whether this trap generation occurs
in the perovskite bulk or at the interfaces, necessitating the use
of advanced operando modulated techniques.

Operando Frequency-Domain Spectroscopies and
Degradation Signatures

To decouple the underlying instability mechanisms, we utilized
small-perturbation IS and VMEL across three device architec-
tures: PeLEDs, quantum dot LEDs (QLEDs), and organic
LEDs (OLEDs), as detailed in Figures 1c and 2a, respectively.
The IS Nyquist plots of the CsPbBry PeLEDs under different
DC biases reveal a noticeable low-frequency inductance (IFq
~ 20 Hz) extending into the fourth quadrant (Figure 2b, left
inset), ascribed to a delayed charge recombination modulated
by ion accumulation at the transport layer interfaces.”®
Furthermore, the corresponding VMEL spectra isolate an addi-
tional fourth-quadrant phenomenon at intermediate frequencies
(FQLypgr, ~ S kHz) stemming from a delayed photon emis-
sion within the perovskite bulk (Figure 2c).

To rigorously confirm that these fourth-quadrant features are
intrinsic to the mixed electro-ionic nature of the perovskite
rather than generic artifacts from the measurement setup, we
evaluated CdSe/CdS/ZnS QLEDs as ion-free reference
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Figure 1. Optical and morphological characterization of CsPbBr;NCs and performance of PeLEDs. (a) Normalized absorption and PL spectra of
PeNCs in hexane. Samples were excited at A, . = 405 nm; the obtained PLQY,; and A, ™ values are indicated. The inset shows a vial with
PeNCs dispersed in hexane under UV light. (b) Transmission electron microscopy (TEM) image of the PeNCs, with the inset providing a
higher-magnification view. (c) Photograph of an operating PeLED at 5.0 V and schematic of the device architecture. Layer thicknesses are estimated
from our previous work.'> (d) J-V and LV curves averaged across 80 independent active areas (4 per device) with the corresponding standard devi-
ation (SD). The turn-on voltage (V) was estimated at 1 cd-m™? (red-dotted lines), and the maximum averaged luminance (L, ) obtained at 7 V
(169.1 mA-cm™?) is indicated. (¢) EQE—J and CE—J curves averaged across 80 independent active areas with the corresponding SD. The averaged
EQE, . and CE,___ values registered at 0.35 mA-cm™ are indicated. (f) Operational stability tracked at three different constant current densities (cor-
responding to distinct initial luminance levels, L,). Dashed arrows delineate the EE and EQ regimes. The t,, values were estimated from the inter-
section of each curve with the horizontal light-gray dashed line. (g) Normalized in situ PL spectra of a PeLED active area before (solid black line) and
after (red dashed line) electrical aging at 0.10 mA for 10 min. (h) TRPL (A, = 40S nm) decays registered at the active area of a PeLED before
(fresh) and after aging at 0.13 mA for S min. Solid gray lines represent the tri- and bi-exponential numerical fits for the fresh and aged devices,

respectively.

nanocrystal-based devices. As expected, the control QLEDs
exhibited strictly capacitive behavior, devoid of any positive
reactance in both their IS and VMEL responses (Figure 2b right
inset and Figure 2c). Moreover, to definitively rule out artifacts
originating from the charge selective layers, we fabricated a con-
trol OLED employing an identical device architecture but
substituting the PeNCs with an organic dye (C-153). The IS
response of this OLED lacks any inductive feature, which con-
firms that the IF g at ~20 Hz observed in the PeLEDs is unam-
biguously ascribed to the halide perovskite (Figure S6). While
its VMEL spectrum exhibits a minor feature that marginally
crosses into the fourth quadrant (Figure 2c inset, potentially
within the noise margin), its distinctly lower characteristic fre-
quency (~25 Hz) unequivocally rules out a common physical
origin with the FQLy; of the PeLEDs observed at ~5 kHz.
Together with the QLED data, these results confirm that the
low-frequency IS inductance and the intermediate-frequency

VMEL fourth-quadrant loop are intrinsic spectroscopic signa-
tures of the perovskite layer.

Having isolated these physical features, we tracked the tem-
poral evolution of the VMEL spectra to elucidate the role of
the FQLyp in device degradation. Consecutive measure-
ments (Figure 2d) reveal a distinct spectral progression tightly
coupled to the non-monotonic luminance evolution. During
the initial EE stage, the main capacitive semicircle expands,
reflecting the increased emission intensity, while the FQLy g,
remains clearly resolved despite a slight reduction in magnitude
(1st and 2nd scans in Figure 2d, ~1 min per scan). However,
upon prolonged operation, as the device transitions into the
EQ regime, the capacitive arc progressively shrinks, and the
S kHz feature concurrently vanishes (3rd to Sth measurements
in Figure 2d). This spectral evolution firmly establishes the
FQLy g, as the direct operando footprint of the dynamic deg-
radation mechanism governing the PeLED stability.
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Figure 2. Frequency-domain operando spectroscopy and thermodynamic analysis. (a) Cross-sectional schematics and photographs of the PeLED,
QLED, and OLED architectures employed for the advanced electro-optical characterization. (b) Impedance spectroscopy (IS) Nyquist plots for
the CsPbBr; PeLEDs and CdSe/CdS/ZnS control QLEDs at various applied potentials. Insets (left and right) highlight the low-frequency region
at 4.0 V, revealing the presence of an inductive loop (IF) in the PeLEDs (green dots) and its strict absence in the ion-free QLEDs (yellow dots).
The gray dashed lines delineate the different quadrants to highlight the entry into the fourth quadrant. (c¢) VMEL spectra of the PeLED, QLED, and
control OLED at the indicated biases. The OLED spectrum (inset) is magnified for scale. The intermediate-frequency fourth-quadrant loop
(FQLypp;) unique to the PeLEDs is indicated along with its characteristic Vpqyypyg - (d) Consecutive operando VMEL spectra registered at
4.0 V on a PeLED, capturing the dynamic transition from the emission enhancement (EE, greenish curves) to the emission quenching (EQ, brownish
curves) regime. (¢) VMEL spectra of the PeLEDs registered at 4.0 V at different temperatures. The Vg vy, values at each temperature are indi-
cated. (f) Arrhenius plots of In (Vpgpypey) versus inverse temperature at different potentials. Orange dashed lines represent the linear fits used to
extract the associated activation energies (E,). Data were collected across 6 independent active pixels from 2 separate fabrication batches (3 pixels
from batch 1 for —25, 0 and +25 °C at 4.0, 4.5, and 5.0 V, respectively, and 3 pixels from batch 2 for +50 °C, with 1 pixel per voltage).

Electro-lonic Interplay and Degradation Mechanism

Having linked the intermediate-frequency FQLy\p, to the
dynamic EE/EQ  regimes, we performed temperature-
dependent VMEL measurements to extract the thermodynamic
parameters governing this response. The VMEL spectra regis-
tered at 4.0 V for temperatures ranging from -25 to +50 °C
are shown in Figure 2e (see Figure S7 for the raw VMEL spec-
tra acquired at other potentials and temperatures). Tracking the
characteristic frequency of the FQLyyp; (Vequyames) across
varying temperatures and DC voltages reveals an excellent lin-
ear correlation when represented in an Arrhenius plot
(Figure 2f). The E, extracted from the slope of these linear fits
is remarkably independent of the DC bias (see Figure S8 for the
fitting details). Averaging across the tested potentials yields a
single characteristic E,*"® of 0.29 + 0.03 eV (Figure S9).
Notably, at higher voltages (4.5 and 5.0 V) and elevated tem-
peratures (25 and SO °C), the rapid onset of the EQ regime out-
paces the measurement timescale, precluding the observation of
the FQLy g1

To contextualize this activation barrier within the reported
ionic mobility of halide perovskites,*" we compared our findings
with established values for halide exchange. While solution-
phase measurements of CsPbBry; PeNCs yield variable activa-
tion barriers depending on the ion exchange mechanism (e.g.,
~0.33 eV** for single ligand detachment versus ~0.63 V>’
for ligand-mediated inter-nanocrystal exchange), our operando
solid-state measurements strictly align with bulk halide

migration. Specifically, our extracted E,;*'8 of 0.29 eV is in excel-
lent quantitative agreement with the activation energies
reported for bromide migration in solid-state CsPbBr, elec-
trodes (0.25 eV),** MAPbBr, solar cells (0.25 eV),* and
bulk-nanocrystal heterojunctions (~0.32 eV).** Consequently,
we unambiguously assign the FQLy; signature to halide
migration phenomena triggered by the operational electric field.
Physically, the FQLy,z footprint corresponds to a phase-
delayed radiative recombination of charge carriers modulated
by the ionic redistribution. The exact origin of this delay can
be understood through the theoretical framework proposed by
Clarke et al.”%; in ultra-thin perovskite layers (~20 nm, roughly
two PeNC monolayers)'> operating under high carrier injec-
tion, mobile ions are slightly displaced, creating a localized pop-
ulation of "excess ions" that neutralize small electronic charges.
Theoretically, this dynamic screening occurs over timescales
roughly 200 times faster than bulk ion migration.*® Strikingly,
in our operando measurements, the frequency ratio of the
observed positive reactances (Vpquymer/Viprs) Was estimated
to be on the order of ~250, demonstrating a strong agreement
in order of magnitude with Clarke’s theoretical predictions. At
medium frequencies (~5 kHz), these excess ions can only par-
tially respond to the electronic charge, resulting in an ion-
modulated recombination rate that directly produces the phase
delay observed in the VMEL spectra. Ultimately, this profound
local disorder drives the premature loss of the emissive proper-
ties of the PeNCs, as evidenced by the EQ regime (Figure 1f)
and the PL quenching confined to the PeLED active area
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Figure 3. Direct visualization of field-induced degradation in PeLEDs. (a) Photograph of a PeLED substrate under white light illumination, contain-
ing three fresh active areas and one electrically aged pixel (5.0 V for 10 min). The inset demonstrates that the PL quenching is strictly confined to the
electrically stressed active area. (b) Compositional ToF-SIMS depth profile of a fresh device. Secondary ions for In~, Br, and CN™ serve as key ele-
mental and molecular fragment markers for the ITO, perovskite, and PO-T2T layers, respectively, confirming a highly conformal stacked architecture.
(c) Evolution of the A" (brown), Br™ (green), and In~ (blue) depth profile traces for PeLEDs at different aging states (fresh versus aged for 2.5, S,
and 10 min at 5.0 V), revealing a progressive accumulation of halides toward the anode interface (right). Darker color shades correspond to longer
aging times. The inset shows a magnification of the Br~ ion intensity, highlighting the field-driven halide drift. (d) Corresponding 2D ToF-SIMS
cross-sectional maps (xz data segments) of the Br™ distribution at the respective aging stages. The physical positions of the cathode (top) and anode

(bottom) interfaces are indicated.

(Figure 3a). To definitively corroborate the macroscopic halide
migration inferred from the VMEL thermodynamics, we per-
formed depth-profiling time-of-flight secondary ion mass spec-
trometry (ToF-SIMS) on PeLEDs at different stages of
operational aging (fresh versus aged at 5.0 V for 2.5, 5, and
10 min).

Compositional ToF-SIMS analysis tracks In~, SO,7, Br,
CN7, and AI" as key elemental markers for the ITO,
PEDOT:PSS, PeNCs, PO-T2T, and Al layers, respectively, con-
firming a highly conformal stacked morphology (Figures 3b and
$10, S11). Under continuous forward bias, the normalized
depth profiles (Figure 3c) reveal a progressive spatial drift of
Br~ ions from the perovskite layer toward the anode, directly
demonstrating electric-field-induced halide migration. This is
corroborated by 2D cross-sectional images (Figure 3d), which
show an intensified Br~ front stemming from the escalating lat-
tice disorder under electrical stress. Interestingly, the CN™ pro-
file, which serves as a characteristic ToF-SIMS secondary
fragment tracking C—N containing organic species, such as
oleylammonium (OLA*) ligands and PO-T2T, exhibits an
aging drift parallel to Br~ (Figure S10). This indicates that
perovskite lattice rearrangement dynamically disrupts the adja-
cent organic interface. Note that the CN™ depth profile overlaps
with Br~ even in fresh devices (Figure S11), a feature reflecting
the potential partial interpenetration of the thermally evapo-
rated PO-T2T layer into the perovskite surface alongside the
presence of OLA™ ligands, both of which yield CN™ fragments
during ion-beam sputtering. Crucially, the static In~ profile
(Figure S10) rules out macroscopic thermal intermixing,

isolating halide migration as a purely electrostatically driven
process. Based on these insights, we propose a holistic degrada-
tion mechanism (Figure 4).

Under bias, the ionic A—X and metavalent B—X bonds
weaken,””*® prompting the field-induced desorption of oley-
lammonium (OLA%) and oleate (OA”) surface ligands.
Initially, partial ligand loss reduces steric hindrance for charge
injection, temporarily boosting luminance (EE regime).
However, prolonged electrical stress drives excessive OA~
desorption, generating surface bromide vacancies (V).
Concurrently, OLA™ desorption yields cesium vacancies
(V,), with the simultaneous withdrawal of Br~ ions (or ole-
ates) to preserve charge neutrality, thereby further amplifying
the Vj, generation. These vacancies propagate into the bulk
via halide hopping® or inter-nanocrystal pathways,** establish-
ing a dynamic chemisorption/desorption equilibrium that accel-
erates jon migration. Ultimately, this severe electrochemically
driven rearrangement creates non-radiative trap states that
irrevocably quench device emission (EQ_regime).

In summary, we have established a powerful methodology to
definitively decouple purely electrical processes from delayed
ionic phenomena in perovskite LEDs by combining operando
impedance spectroscopy (IS) and voltage-modulated electrolu-
minescence (VMEL). Isolating the intermediate-frequency
VMEL signature (FQLy;) allows for the first direct thermo-
dynamic quantification of field-induced degradation under
actual device operation, yielding an activation barrier of
0.29 + 0.03 eV. This explicitly links macroscopic brightness
evolution to microscopic ligand desorption and subsequent
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Figure 4. Mechanistic model of field-induced degradation in PeLEDs. Schematic illustration of the PeNC surface evolution before and after pro-
longed electrical biasing. The electric field drives the continuous desorption of surface stabilizing ligands, promoting the formation of vacancies that
exacerbate halide migration within the perovskite bulk. The dynamic hopping of Br™ ions facilitates the occupation and subsequent inward migration
of surface bromide vacancies (V,), inducing a severe ionic rearrangement and lattice disorder. Simultaneously, the loss of alkylammonium ligands
induces the formation of cesium vacancies (V) and necessitates the concurrent withdrawal of Br” ions (or oleates) to preserve local charge neutral-

ity, thereby indirectly amplifying the V. generation.

halide migration. Beyond explaining CsPbBr, device failure, this
approach provides a versatile diagnostic framework to assess
electro-ionic coupling in PeLEDs, setting a promising founda-
tion to test its potential universality across broader perovskite
compositions and other mixed-conductor optoelectronics.
Understanding the main degradation mechanism provides clear
guidelines for engineering robust ligand chemistries capable of
suppressing field-induced desorption at the nanocrystal
interface.
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