Ultrabright perovskite light-emitting diodes under
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Abstract

While indirectly electrically driven perovskite lasing in a dual-cavity device has been achieved [1], a
perovskite laser with direct electrical injection into the gain medium remains a major challenge. In this
work, we characterized PeLEDs under 5-ns electrical pulsing and compared it with 2.3-ns optical
excitation at very high carrier densities up to stimulated emission thresholds. We observed that kA-cm™
injection levels yield brightness equivalent to optical excitation fluences in the uJ-cm? range. This
excitation level surpasses the optically pumped gain threshold of an electrode-free stack at 77 K and is
approaching the threshold of a complete PeLED stack including electrodes.

Thanks to their high optical gain, continuous emissive wavelength tunability, and easy fabricating
processes on various substrates, metal halide perovskites have been intensively studied as gain materials
for thin-film lasers. Significant progress has been made toward the development of perovskite laser diodes,
including demonstrations of continuous-wave optically pumped lasing [2], high-current-density electrical
excitation in the kA-cm™ range [3], [4], and indirectly electrically driven lasing using a dual-cavity device
that integrates a perovskite light-emitting diode (PeLED) with a perovskite single crystal containing
distributed Bragg reflectors [1]. However, achieving lasing through direct electrical injection into the
perovskite gain medium remains a substantial challenge. Earlier studies have shown that electrical
excitation can contribute to net optical gain [5], [6], with electrically assisted optically pumped devices
exhibiting over 20% reductions in lasing threshold fluence [6].

Since no laser based on direct electrical injection into the perovskite gain medium has been reported
so far, using optical excitation is a common way to characterize the perovskite device. Applying electrical
and optical excitations on comparable timescales is crucial for direct and quantitative comparison between
the two excitation modes. Several reports have explored the combination of both excitation modes [5], [6],
[71, [8], [9]; however, the optical excitation durations (ranging from femtoseconds to nanoseconds) were
typically much shorter than the electrical pulses (tens of nanoseconds to microseconds). In most cases, a
short optical pulse was applied before or during a longer electrical pulse to investigate carrier lifetimes
using time-resolved photoluminescence [8], [9] or to evaluate the electrical contribution near the threshold
fluence [5], [6]. This mismatch in excitation timescales complicates a direct benchmarking of electrical
excitation against optical pumping.

In this work, we fabricated a PeLED comprising of indium tin oxide (ITO)/polyethylenimine
ethoxylated (PEIE)-modified zinc oxide (ZnO)/perovskite/poly(9,9-dioctyl-fluorene-co-N-(4-butylphenyl)
diphenylamine) (TFB)/molybdenum trioxide (MoO3)/Au on a glass substrate (Fig. 1a). The PeLED was
characterized under 5 ns and voltages up to 75 V with a background bias of 500 mV using a nanosecond
opto-electrical setup (Fig. 1b). Current density and EL transients of the PeLED at 30 V under 5-ns pulsing
are shown in Fig. 1c, demonstrating the ultra-fast and high-brightness operation. Here both risetimes of
current density and EL are approximately 2.4 ns (from 10 to 90 %). Fig. 1d shows current density and
irradiance as a function of voltage, indicating reliable operation under 5-ns pulse at current densities
exceeding 2 kA.cm™. Short pulsing limits the accumulation of the Joule heat at high current density in the
device, allowing its better performance and reducing the EQE roll-off [10]. As a result, we achieved very
high irradiance and EQE values, up to 80 W.cm? and 2% at 2.5 kA.cm™, respectively (Fig. le).

We then compared the PeLED’s performance under a 5-ns electrical pulse and a 2.3-ns laser pulse
excitation. Specifically, the device was first optically pumped and then electrically driven using similar
excitation areas at the pixel area. To minimize unwanted thermal effects, the optical pulse was applied about
300 ns before the electrical pulse. As a result, injecting 2.5 kA-cm™ generated comparable brightness to
that achieved with an optical fluence of 6.7 pJ-cm™. Furthermore, under the same laser pulsing condition,



the electrode-free device stack exhibited an amplified spontaneous emission (ASE) threshold of
approximately 5 pJ.cm™ at 77 K. Using thin ITO (~ 20 nm) for both anodes and cathodes increased the
threshold to 9 wJ.cm?. Hence, we showed that the current injection would surpass the ASE threshold of
electrode-free stack and approach the device stack with double ITO electrodes at the cryogenic condition.
This result shows that net gain under electrical excitation at low temperature is within reach.
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Figure 1. a) Schematic of the PeLED, b) Nanosecond opto-electrical setup. The PeLED was mounted to the cryostat;
¢) Current density and irradiance transients of PeLED at 30V; (d) Current density and irradiance as a function of
pulsing voltage; (e) External quantum efficiency as a function of current density; (f) Transient photo- and electro-
luminescence signals.
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