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Figure S1: Ultraviolet photoelectron spectroscopy of perovskite and ZnO/PEIE layers.
Figure S2: UV-VIS spectra of ZnO, TFB and CsPbl;..Brx.
Figure §3: Response time of the photomultiplier tube detector.
Figure S4: Device properties of the PeLED used.

Figure S5: J-V curve and steady-state charge-induced absorption spectrum of the device with

TFB or ZnO/PEIE layer only.

Figure S6: Temporal evolution of femtosecond transient absorption spectroscopy signal (fs-

TAS) in PeLED device without electrical pump bias.
Figure S7: fs-TAS spectra of different device-layer stacks.
Figure S8: Injection-time dependence push-induced signals in PeLED devices.

Figure S§9: Controlling PeLED device with hole-blocking layers with IR assisted electrical

injection.
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Figure S10: Temporal evolution of Epump-IRpush-VISprobe spectrum with different pump-
push time at a push-probe time of 20 to 60 ps averaged in the device with hole-blocking layers.

Figure S11: Temporal evolution of Epump-IRpush-VISprobe spectrum with different pump-
push time at a push-probe time of 20 to 60 ps averaged in the device with electron-blocking

layers.

Figure S12: Push effect on EL at Pump-off conditions for PeLED device.

Figure S13: Timing reference for the IR push pulse measured using an IR-viewing card.
Figure S14 Control fs-TAS measurement on multi-stack devices at different conditions.
Figure S15: Electrochemical impedance spectroscopy (EIS) results of the PeLED device.

Figure S16: Overshot effect captured in time-resolved electroluminescence (TREL) at biases

with different pulse durations.
Figure S17: fs-TAS on TFB, ZnO and CsPblI;..Brx films.

Figure S18: Simulated spatiotemporal carrier-density maps in the
Au/TFB/CsPbBrl./ZnO/ITO device under electrical excitation, with and without the IR push

pulse.
Supplementary note 1: Impedance spectroscopy of the PeLED devices
Supplementary Note 2: Simulation Result

Supplementary Note 3: Self-Consistent Full-Device Drift-Diffusion Model for Push-Assisted
Charge Injection and the AEL Response

Table S1: Fixed layer properties used in the full-device simulation.

Table S2: Fixed experimental timing and numerical settings used in the transient simulations.
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Figure S1. Ultraviolet photoelectron spectroscopy of perovskite and ZnO/PEIE layers. The

samples are excited with a He I radiation source with photon energy of 21.22 eV. The calculated
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respectively.
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in this work. The signal was captured by the oscilloscope



85

86
87

88

89

90

91

92

93

94

95

96

97

98

a4
124

10 4

EQE (%)

0

200 400 600 800
Current Density (mA cm™?)

1000

b 250

G200

-

(&)

o
L

100 -+

Luminance (cd m

504 Half-Lifetime: ~14 hours |

Current Density: 40 mA cm-

0 300

600 900 1200
Time (min)

1500

Figure S4. Device properties of the PeLED used. (a) Current density versus EQE curve. (b) Device

operational stability under constant current injection of 40 mA cm™.



99

100
101
102
103
104

105

106

107

Q
o

800 350
a ITO/ZnO/PEIE/LIF/AlIAg & ITO/TFB/MoO,/Au
: 300
£ £
[5]
{ =
g— -
=
= [
j =
@
D .
E o
2
5
O

_4 i i i _50 i i i

GO—E -1 0 1 2 -2 -1 0 1 2
Voltage (V) Voltage (V)
c x10* d x 10+
0.0 ITO/ZnO/PEIE/LIF/AIIAg 0.0 ITO/TFB/MoO,/Au

-0.5F -0.5F
= =
<] <

O W NI VPR P LY L T

_1 5 " —1 |5 3

1000 1200 1400 1600 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm)

Figure S5. J-V curve and steady-state charge-induced absorption spectrum of the device with
TFB or ZnO/PEIE layer only. a The electron-only device of ITO/ZnO/LiF/Al/Ag is quasi-ohmic. b
the hole-only device of ITO/TFB/MoO./Au functions as a diode. ¢ Steady-state electron absorption
spectrum of the ITO/ZnO/LiF/Al/Ag device at 2 V. d Steady-state hole absorption spectrum of
ITO/TFB/MoO,/Au device at 2 V.



108

109
110
111
112

113

114

115

116

117

118

119

No Bias

t at 20-60 ps

500 550 600 650 700 750 800
Wavelength (nm)
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Figure S7. fs-TAS spectra of different device-layer stacks. Temporal evolution of fs-TAS spectrum
in (a) CsPbl;..Br film, (b) ZnO/PEIE/Ag tri-layer, (c¢) TFB/Au bi-layer, (d) ZnO/PEIE/Au tri-layer.
The push wavelength is 1300 nm with the fluence of 10.6 mJ cm™ in CsPbl3.Br: film (to trigger multi-
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absorption (PIA) signal around 510 nm comes from the Au electrode.
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Figure S10. Temporal evolution of Epump-IRpush-VISprobe spectrum with different pump-push
time at a push-probe time of 20 to 60 ps averaged in the device with hole-blocking layers. The push
source is 1300 nm with fluence of (a) 2.5 mJ cm?, (b) 1.9 mJ cm™, (c) 1.3 mJ cm™. The electrical
pump is a pulsed bias with the voltage of 5 V and the duration of 500 ns. Devices containing blocking
layers showed lower signal-to-noise ratios than the standard PeLEDs, so higher IR push fluences
were required to resolve the field-dependent injection signal. Under these conditions, a weak band-
edge-like background is also observed at negative pump—push delay, where the IR pulse arrives before
the electrical bias pulse. This background may arise from weak multiphoton excitation of the
perovskite layer enhances by additional blocking-layer interfaces. The injection-related contribution
was therefore identified from the systematic increase of the band-edge bleach at positive pump—push

delay, where electrically accumulated carriers are present and can be perturbed by the IR push pulse.
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Figure S11. Temporal evolution of Epump-IRpush-VISprobe spectrum with different pump-push
time at a push-probe time of 20 to 60 ps averaged in the device with electron-blocking layers. The
push source is 1300 nm at an IR push fluence of (a) 3.2 mJ cm™, (b) 2.5 mJ cm™, (¢) 1.9 mJ cm™. The
electrical pump is a pulsed bias with the voltage of 5 V and the duration of 500 ns. Devices containing
blocking layers showed lower signal-to-noise ratios than the standard PeLEDs, so higher IR push
fluences were required to resolve the field-dependent injection signal. Under these conditions, a weak
band-edge-like background is also observed at negative pump—push delay, where the IR pulse arrives
before the electrical bias pulse. This background may arise from weak multiphoton excitation of the
perovskite layer enhances by additional blocking-layer interfaces. The injection-related contribution
was therefore identified from the systematic increase of the band-edge bleach at positive pump—push

delay, where electrically accumulated carriers are present and can be perturbed by the IR push pulse.
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Figure S13. Timing reference for the IR push pulse measured using an IR-viewing card. The 1064
nm push pulse was blocked from directly reaching the detector. To determine its arrival time, an IR-
viewing card was placed at the sample position, where the incident IR pulse generated visible
emission through up-conversion/fluorescence from the card. This visible signal was detected with the
same photomultiplier/oscilloscope setup used for the time-resolved EL measurements. The rising edge
of the detected signal therefore provides an approximate timing reference for the arrival of the IR
push pulse at the sample position. The push wavelength and fluence were 1064 nm and 11.1 mJ cm™,

respectively.
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Figure S14. Control fs-TAS measurement on multi-stack devices at different conditions. a fs-TAS
on TFB/Au bi-layer under no bias condition. The push beam has a wavelength of 1300 nm and a
fluence of 4.4 mJ cm™. b a fs-TAS on PeLED under an electrical pump (5 V, duration 500 ns) at pump-
push time of -1000 ns. The push beam has a wavelength of 1300 nm and a fluence of 1.0 mJ cm™. c a
f5-TAS on PeLED under an electrical pump (5 V, duration 500 ns) at a pump-push time of 300 ns. The
push beam has a wavelength of 1300 nm and a fluence of 1.0 mJ cm™.
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Supplementary note 1. Impedance spectroscopy of the PeLED devices.

Electrical impedance spectroscopy was performed to characterise the conventional electrical response
of the PeLED device under different forward-bias conditions (Fig. S15). The impedance was
measured from 1.0 to 3.5 V, covering both the sub-threshold regime and the regime after EL turn-on,
which occurs at approximately 2 V. The extracted capacitance shows a strong dependence on both
frequency and applied bias. At low bias, before turn-on, the device exhibits a very large low-frequency
capacitance, consistent with the accumulation of charge at internal interfaces and/or slow
redistribution processes in the device stack. At high frequencies, however, the capacitance converges
towards a bias-independent value of approximately 1-2 nF. This value is close to the geometrical
capacitance estimated from the device area and thickness, supporting the interpretation that the high-
frequency response is dominated by the physical capacitance of the device stack rather than by slow
interfacial charging processes. Using the measured high-frequency imaginary impedance, the

geometrical capacitance was estimated as Cg = 1/(2mf(—Z")) ~ 1.25nF. A similar value is obtained

from the parallel-plate estimate, C = €g5A/d, using a device area of 4 mm?, an active stack thickness

of approximately 375 nm, and a relative dielectric constant of € ~ 20, which gives C = 1.9nF.

The Nyquist plots further show a strong reduction in the characteristic time after device turn-on.
Below turn-on, at 1.0 and 1.5V, the impedance arcs are very large, indicating a high device resistance
and slow electrical relaxation. The characteristic times extracted from the impedance spectra are 51.7
ms at 1.0 V and 719 ps at 1.5 V. Once the device reaches the EL operating regime, the impedance
arcs become much smaller and the characteristic time decreases rapidly with increasing bias: 19.4 us
at2.0V,7.1 usat2.5V,2.8 usat 3.0V, and 1.4 ps at 3.5 V. This trend is consistent with the opening
of an efficient injection/recombination pathway after turn-on, which reduces the differential
resistance of the device and accelerates the macroscopic electrical response. At the highest bias, the

extracted characteristic time approaches the value expected from a simple RC estimate. Taking C, =

1.25nF and the high-frequency real impedance including the 50 Q load resistance gives RC = 223ns,
corresponding to a rise time of approximately SRC = 1.1 us. This is close to the measured
characteristic time of 1.4 ps at 3.5 V, indicating that under high forward bias the macroscopic

electrical response of the device approaches an RC-limited regime.

This slow electrical relaxation is consistent with the time-resolved EL measurements under pulsed
bias. As the electrical pulse duration is increased from 100 to 220 ns, the EL transient progressively
grows and approaches a quasi-steady response only for pulse durations of approximately 200 ns and
longer, indicating that the injected carrier population and associated space-charge distribution require

hundreds of nanoseconds to become fully established during normal electrical operation.
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Figure S16. Overshot effect captured in time-resolved electroluminescence (TREL) at biases with
different pulse durations. The applied bias is fixed with the voltage of 5 V. The pulse duration
increased from 100 ns to 220 ns with the interval of 10 ns. As the pulse duration is increased, an
overshoot appears in the EL transient, indicating that the device response is no longer governed only
by the onset of carrier injection. Instead, longer electrical excitation allows a more developed space-
charge distribution to form within the PeLED, which modifies the internal field, carrier balance, and
recombination dynamics. The appearance of this overshoot therefore marks the transition towards a
more quasi-stationary operating regime, where the EL depends not only on injection but also on the
redistribution of accumulated charge inside the device. To isolate the effect of IR-assisted carrier
injection, the pump—push EL measurements were therefore performed using short electrical pulses,

where the device response is less affected by slow space-charge redistribution.

19



a b
03} TFB Film| 0.3}——-1ps 100 ps TFB Film
— 1 pS 1000 ps
,8. 502 — 10 ps
3 g
< <01 V\Aﬂ/
0 200 400 600 800 1000 900 1000 1100 1200 1300 1400
Pump-probe time (ps) Wavelength (nm)
C
20} ZnO Film| 1.2}—-1ps ——100 ps ZnO Film
| £ 0 el OB A AR
ol 8 0.8
B A S NP
3 > 1171 SN N i Ap
0.0 pdt . X . . 0.0 MW e A AN AN N
0 200 400 600 800 1000 900 1000 1100 1200 1300 1400
Pump-probe time (ps) Wavelength (nm)
e 0.7} CsPbl, ,Br, Film f 1.0p—-1ps ——100ps CsPbl, ,Br, Film
o6} 08l 1ps 1000 ps
— 05} o —— 10 ps
(= s o 06
Q 04} o)
E E 04
0.3} = Aran v
3 02} § 02
0.1} 0.0 R———
0.0 1 —o.erA

0 200 400 600 800 1000 900 1000 1100 1200 1300 1400

264 Pump-probe time (ps) Wavelength (nm)

265  Figure S17. fs-TAS on TFB, ZnO and CsPblz.xBr, films. For the measurement of TFB film, the
266  pump light has a wavelength of 350 nm and a fluence of 0.12 mJ cm™. For the measurement of ZnO
267  film, the pump light has a wavelength of 350 nm and a fluence of 0.73 mJ cm™. For the measurement
268  of CsPbls3..Bry, the pump wavelength is 450 nm with a fluence of 20.7 uJ cm™.
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Supplementary Note 2. Simulation Result

Fig. S18 shows the simulated spatiotemporal maps of the electron and hole densities in the
Au/TFB/CsPbBrl>/ZnO/ITO perovskite LED device during a 100 ns electrical pulse, with and without
IR push. The spatial coordinate is defined from the Au/TFB side to the ZnO/ITO side, with the
TFB/EML and EML/ZnO interfaces located at 80 and 155 nm, respectively. Under electrical
excitation, the carrier distribution is strongly shaped by the charge-selective transport layers and by
the finite, bias-dependent carrier transfer across the TFB/EML and EML/ZnO interfaces. Electrons
injected from the ITO electrode into the ZnO accumulate primarily within ZnO side and near the
EML/ZnO interface, forming an electron-rich space-charge reservoir adjacent to the EML. Holes
injected from the Au electrode into the TFB hole-transport layer accumulate primarily within TFB
and near the TFB/EML interface, forming a hole-rich region adjacent to the emissive layer. Thus,
before the arrival of the IR push, the device is characterized not by a spatially homogeneous electron-
hole population, but by a dynamically established interfacial carrier distribution. Radiative
recombination occurs primarily in regions where electrons supplied from the ITO/ZnO side overlap

with holes supplied from the Au/TFB side.

Comparison of the electron-density maps with and without the IR push reveals that the push pulse
produces a localized and prompt perturbation of the electron population close to the EML/ZnO
interface (Fig. S18a, b). This perturbation appears at the push arrival time and subsequently
redistributes into the perovskite layer on the nanosecond timescale. Importantly, the corresponding
hole-density maps are nearly unchanged by the IR push (Fig. S18¢c, d). The simulated response
therefore does not require the IR pulse to create a new hole population or to globally modify hole
injection from the TFB side. Instead, the IR push selectively mobilizes the pre-existing electron-side
space-charge reservoir near the EML/ZnO interface, which consists of both mobile electrons and
trapped electrons in the ZnO-side interfacial region. Once released from interfacial traps or driven
across the interface into the adjacent perovskite region, these additional electrons overlap with the
pre-established hole population in the EML. Because the local radiative recombination rate scales as
R..q = Bnp, a spatially localized increase in n can produce a measurable transient enhancement of
EL without a comparable perturbation in p. Within this framework, the prompt AEL component is
assigned to the immediate enhancement of local bulk radiative recombination within the EML
adjacent to the EML/ZnO interface. The slower AEL component reflects the subsequent transport-
driven redistribution of the same push-mobilized electrons within the EML, rather than delayed hole

generation or a separate balanced carrier-generation process.
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The late-time relaxation after the electrical pulse is governed by stored charge rather than by an
instantaneous removal of carriers at the external voltage turn-off. In the simulation, the falling edge
of the applied pulse is treated as a finite internal-voltage relaxation, and the contact and interfacial
carrier-exchange terms are smoothly reduced as the internal device voltage decays. Physically, this
treatment represents the combined effects of device capacitance, finite RC discharge, interfacial
barriers, and the incomplete extraction of accumulated carriers immediately after the external bias is
removed. This voltage-retention treatment prevents an unphysical abrupt reset of the carrier densities
at the end of the voltage pulse, while preserving the same boundary conditions for the with-push and
without-push simulations. Therefore, the differential feature induced by the IR push remains
attributable to the selective mobilization and redistribution of the electron-side space-charge reservoir,

rather than to a change in the electrical driving waveform.

Together, these simulations provide a mechanistic picture for the push-induced EL enhancement.
During the electrical pulse, an electron-rich reservoir builds up near the EML/ZnO interface because
electron injection from the ITO/ZnO side and subsequent interfacial transfer into the perovskite are
not instantaneously balanced by radiative recombination and carrier extraction. The IR push
transiently mobilizes part of this stored electron population and drives additional electrons into the
adjacent EML region, where holes have already penetrated from the TFB side. This produces a prompt
increase in local bulk radiative recombination near the EML/ZnO interface, followed by a slower
component associated with transport-driven redistribution of the same push-mobilized electrons
within the EML. The absence of a corresponding perturbation in the hole-density maps supports an
electron-dominated push response, consistent with the interpretation that the IR push primarily
mobilizes stored electron-side charge rather than directly generating a spatially balanced electron-

hole population throughout the perovskite layer.
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Figure S18. Simulated spatiotemporal carrier-density maps in the Au/TFB/CsPbBrl>/ZnO/ITO
device under electrical excitation, with and without the IR push pulse. (a) Simulated electron-
density map, log n, with push. (b) Simulated electron-density map, log n, without push. (¢) Simulated
hole-density map, log p, with push. (d) Simulated hole-density map, log p, without push. The spatial
coordinate x runs from the Au/TFB side to the ZnO/ITO side, with the TFB/EML and EML/ZnO

interfaces located at 80 and 155 nm, respectively. The device is driven by a 5 V forward-bias pulse

starting at 0 ns and ending at 100 ns.
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Supplementary Note 3. Self-Consistent Full-Device Drift-Diffusion Model for Push-Assisted
Charge Injection and the AEL Response

To interpret the operando electrically-pump, IR-push-induced change in electroluminescence
(AEL), we developed a self-consistent one-dimensional full-device model for the
Au/TFB/CsPbBrl2/ZnO/ITO device. The model resolves the hole transport layer (HTL), perovskite
emissive layer (EML), and electron transport layer (ETL) explicitly and solves coupled Poisson, drift-
diffusion, contact-exchange, heterojunction-transfer, and interfacial-trap equations. In this model, the
IR push acts on electron-side space charge accumulated near the EML/ETL interface, including both
accumulated mobile electrons in the near-interfacial ETL region and trapped electrons in an interfacial
trap manifold. The push transiently mobilizes these pre-existing electrons and injects them into the
EML close to the interface. As a result, the prompt AEL component is assigned to an immediate
increase in local bulk recombination near the EML/ETL interface, while the slower component
reflects the subsequent transport-driven redistribution of the same push-released electrons within the

EML.
1. Device Structure and Simulation Setup

The simulated device consists of three spatially resolved semiconductor layers: TFB (HTL; 80 nm),
CsPbBrl; (EML; 75 nm), and ZnO (ETL; 40 nm), sandwiched between an Au anode (work function
5.30 eV) and an ITO cathode (work function 4.60 eV). The built-in potential is set by the contact
work-function difference. The spatial coordinate x is defined across the device thickness from the
Au/HTL side to the ETL/ITO side. In the transient simulation, the device is driven by a 5 V forward-
bias pulse of 100 ns duration, and the infrared push is modeled as a 1064 nm Gaussian pulse centered
at 65 ns with a full width at half maximum of 0.6 ns. Prior to the transient calculation, the device is
relaxed to zero-bias equilibrium, ensuring that the electrical pulse is applied to a self-consistent
stationary state rather than to an arbitrary initial carrier distribution. Carrier-map calculations are

performed using Ax = 2.5 nm and A7 = 0.01 ns.
2. Governing equations

Carrier transport was solved self-consistently together with Poisson’s equation across the complete

multilayer device. The electrostatic potential ¢ (x, t) satisfies:

_Q[p(x» t) - n(x, t) - nt(x' t)] (1)

0 09 (x,
2 o 220)
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where n(x, t) and p(x, t) are the mobile electron and hole densities, respectively, n,(x, t) is the total
trapped-electron density, ¢p(x,t) is the electrostatic potential, and e(x) is the position-dependent

permittivity.

The mobile carriers obey the continuity equations:

on ar,

at - Fr Brag(x) n(x,t) p(x,t) — Cirap t Rth — Spush,free t Spush,inj (2)
dp or;
5= _a_;’ — Brag(®) n(x, t) p(x,t) (3)

where I, and I, are the electron and hole fluxes, respectively. Braq(x) is the bimolecular radiative
recombination coefficient, taken to be nonzero only within the perovskite EML. C,p, describes free-

electron capture into the interfacial trap manifold, whereas Ry, represents thermal release from the

same manifold. Spysh ree @ccounts for the push-induced removal of mobile electron-side space
charge from the ETL region, and S, sh inj Tepresents reinjection of the total push-released charge into

the EML through a near-interface source term.

The transport fluxes were evaluated using the Scharfetter-Gummel discretization with layer-
dependent mobilities and transport potentials. This discretization is widely used for semiconductor
drift-diffusion calculations because it remains numerically stable under conditions of strong
electrostatic gradients and heterojunction energy offsets. For electrons, the transport potential was
written as Y, = ¢ + x + Vrln (N¢), whereas for holes it was written as ¥, = ¢ + IP — VzIn (Ny),
where y is the electron affinity, IP is the ionization potential, and V; = kzT /q. This formulation
provides stable carrier fluxes across the multilayer device and avoids numerical artifacts at material

interfaces.

3. Contacts, heterojunction transfer, voltage-dependent retention, and

equilibrium initialization

The metal contacts were modeled as finite-rate carrier-exchange boundaries rather than ideal
reservoirs with fixed carrier densities. Under forward bias, hole exchange at the Au/TFB contact and
electron exchange at the ZnO/ITO contact dominate the injection response, whereas the
corresponding minority-carrier exchange terms were retained to allow finite leakage-like exchange
and to avoid singular boundary conditions. The contact exchange fluxes were scaled by the
instantaneous internal device voltage, so that carrier exchange with the electrodes decreases

continuously as the device discharges after the electrical pulse. This treatment avoids an unphysical
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abrupt reset of the carrier densities at the voltage turn-off and allows accumulated carriers to relax

through finite recombination, transport, and extraction processes.

Carrier transfer across the TFB/EML and EML/ZnO heterojunctions was described by explicit field-
assisted interfacial transfer terms in addition to the Scharfetter-Gummel drift-diffusion fluxes within
each layer. At the TFB/EML interface, hole transfer from TFB into the EML was governed by a finite
transfer velocity and an effective barrier associated with the ionization-potential offset. At the
EML/ZnO interface, electron transfer from ZnO into the EML was treated analogously using a finite
electron-transfer velocity and the conduction-band offset. In both cases, the interfacial electric field

reduces the effective transfer barrier through a phenomenological field-assistance term, AEfo1q =
B+ Eint, Where 8 is an empirical field-assistance parameter and Ejy; is the local interfacial electric

field. This formulation captures the enhanced cross-interface carrier transfer under forward bias

without assigning a unique microscopic hopping mechanism.

To account for finite post-pulse charge retention in the multilayer LED stack, a voltage-dependent

retention factor was introduced as
Gy (6) = clip[ly Vine (£),0,1]

where V;,+(t) is the internal device voltage and k, is a phenomenological voltage-scaling factor. This
retention factor was used to scale contact exchange and voltage-assisted interfacial carrier exchange,
and to suppress carrier outflow from the EML into the adjacent transport layers as the internal voltage
decays. Physically, Gy (t) represents the combined effect of finite device capacitance, interfacial
barriers, and incomplete carrier extraction immediately after the external bias is removed. It is not a
carrier-generation term and is applied identically to the simulations with and without the IR push;
therefore, the calculated differential EL response arises from the push-induced redistribution of stored

electron-side charge rather than from a change in the electrical driving waveform.

Before the transient simulation, the device was relaxed at zero applied bias until the coupled carrier,
trapped-charge, and electrostatic-potential distributions converged to a stationary state. The forward-
bias pulse therefore builds interfacial space charge on top of a self-consistent initial electrostatic and
trap occupation profile. This initialization is important because the pre-existing built-in potential and
trap population influence the formation of the electron-side space-charge reservoir once the electrical

pulse is applied.
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4. Interfacial trap manifold and push-assisted space-charge mobilization

A push-active interfacial trapped-electron reservoir was introduced on the EML/ETL side of the
device, extending over the first 6 nm within the ETL side of the heterojunction. In the simplified
model, the interfacial trapped charge was represented by a single effective trap population n.(x,t),
rather than by a distributed trap density of states. The occupancy of this effective trapped-electron

reservoir evolved according to:

on;
E = Ctrap — Ry — Rpush (4)

where Cyrap, denotes capture of free electrons into the available trap population, Ry, denotes thermal
release from the same reservoir, and Ry,,s, denotes push-induced optical release. In this effective
description, the interfacial trapped electrons serve as a pre-accumulated electron-side space-charge
reservoir without introducing an explicit distribution of trap depths. The push pulse does not generate
an independent carrier population. Instead, it acts on electron-side space charge that has already been
established during the electrical pulse. Within this framework, a single optical event mobilizes two
pre-existing electron reservoirs: (i) trapped electrons in the interfacial trap reservoir and (ii) mobile
electrons in the near-interfacial ETL region. For the trapped contribution, the instantaneous push-

induced release rate is written as:

pus

Rpush (x,t) = Vgush Ipush (t) Wy h ne(x,t) (5)

where gpush(t) is the normalized Gaussian temporal profile of the push pulse, VI())ush is the peak

optical release rate, and wPUP s the spatial weighting factor that imposes the decay of the push-

X

active interfacial region.

For the mobile-electron contribution, the model integrates the pre-existing near-interfacial ETL
electron space charge using an exponentially decaying spatial weight on the ETL side. The push
converts this mobile space-charge reservoir into an injected electron flux through an effective
mobilization velocity. The mobile and trapped push-released contributions are then combined into a

total injection flux:
(Dpush,total(t) = CI)push,free(t) + (Dpush,trap (t) (6)

which is deposited directly into the EML through a normalized near-interfacial source profile:
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Xint — X
Spush,inj (x: t) = cI)push,total(t) expl 2 W l (7)
pus

where x restricted to the EML side of the EML/ETL interface. x;, is the position of the EML/ETL
interface, and Apqp is the characteristic decay length of the push-induced injection profile. Within
this framework, the same push event both depletes electron-side space charge from the ETL side and
reinjects the released charge into the adjacent EML region. No separate interfacial emissive state is
introduced. The prompt rise in AEL is therefore attributed to the immediate enhancement of local bulk
recombination in the near-interfacial EML region, whereas the delayed component reflects the

subsequent redistribution of the same push-released electrons through the perovskite layer.

5. Signal construction, fitting protocol, and diagnostics

The raw electroluminescence was calculated from the spatially integrated bimolecular radiative

recombination rate:

ELpaw(®) = | Braa(x) n(x, t) p(x, t) dx (8)

where B,4(x) is the local bimolecular radiative recombination coefficient and n(x, t) and p(x, t)
are the local mobile electron and hole densities. Because By,q(x) was set to zero in the HTL and ETL,
the integral effectively reduces to the perovskite EML. The experimentally observable signal was
then obtained by convolving E L., (t) with a normalized Gaussian photomultiplier response function

Gpmr(t) with a full width at half maximum of 5 ns:

ELmeas(t) = ELpay (t) * Gpyr(t) 9)

The push-induced electroluminescence change was defined as:

AEL(t) = ELmeas,with push(t) - ELmeas,no push (t) (10)

where the two measured EL traces correspond to simulations performed with and without the

infrared push pulse.
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482

483 6. Fixed device parameters used in the simulation

484  Table S1. Fixed layer properties used in the full-device simulation.

Thickness Hn Up
Layer &r Ne (em™3) Ny (em™)
(cm*V7's?) (em*V7's?)
TFB (HTL) 3.5 1.0x1077 2.0x1073 1.0x10%*°  1.0x10%
CsPbBrl,
11.0 5.0x107 5.0x1073 3.0x108  3.0x10'®
(EML)
ZnO (ETL) 8.3 3.0x1072 1.0x10® 4.0x10"®  4.0x10"
485
486
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487  Table S2. Fixed experimental timing and numerical settings used in the transient simulations.

Quantity Value
Time window -50 to 250 ns
Electrical pulse 5 V rectangular pulse, 100 ns duration
Push pulse 1064 nm; center at 75 ns; 0.6 ns FWHM
PMT response Gaussian, 5 ns FWHM
Space-charge integration window +6.8 nm around each interface
Final carrier-map mesh / time step Ax=1nm; At=0.01 ns
Zero-bias equilibration Iterative relaxation before transient run
488
489
490
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