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ABSTRACT: Perovskite semiconductor nanocrystals are promising for optical amplification and ITo e
laser applications benefiting from efficient optical gain generation. Nevertheless, the pump | - o 0 >
threshold is limited by more than one exciton per nanocrystal required to generate population ] -

. o . & X
inversion in neutral nanocrystals due to the level degeneracy. Here, we show that by charging 3 Pl

nanocrystals with current injection, the level degeneracy can be lifted to generate charged exciton
gain with markedly low excitation density. On the basis of the scenario, we have demonstrated

v O
l—-<;';{*<} ITO

electrical switching of amplified spontaneous emission in films of CsPbBr; nanocrystals
sandwiched by two electrodes with over 50% threshold reduction owing to charged excitons. Our work provides an effective
approach to electrically modulated optical gain in colloidal perovskite nanocrystals for potential applications in advanced laser and

information technology.
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L ead halides of perovskite lattices have emerged as a family of
semiconductors promising for optoelectronic applica-
tions.'~'” Nanocrystal structures can further improve the
strength of light—matter interaction benefiting from the
quantum confinement effect.”””*" Highly efficient light
absorption and emission make perovskite semiconductor
nanocrystals ideal gain media for laser demonstration.””**~’
Nevertheless, the inherent degeneracies of band-edge states
require a relatively high pump threshold of more than one
exciton per nanocrystal to achieve the population inversion to
support optical gain in these nanocrystals.”* "'

In practice, modulating and switching optical gain is of
particular importance for pulse laser operation and optical
telecommunication. For self-assembly quantum dots of III-V
semiconductors, broad bandwidth of modulated lasers has been
available as a fundamental element for next-generation
optoelectronic and information technology."”** It remains
unclear whether optical gain switching is feasible in colloidal
quantum dots. By charging nanocrystals electrically or chemi-
cally,***** the band-edge state degeneracy can be lifted to
reduce the pump threshold with charged exciton gain.***"*~*
Recently, Yu et al. have shown that the amplified spontaneous
emission (ASE) from II—VI chalcogenide nanocrystals can be
controlled by an external electrical field."® ASE threshold is
reduced by 10% via implanting the gain of charged excitons with
applied voltage across the nanocrystal films. In comparison to
the chalcogenide semiconductors, lead halides are more
susceptible to the electrical field for charge injection and ion
migration,"’g"lg_53 which is manifested as field dependence of
photoluminescence emission from single CsPbBr; nanocryst-
als.>* In principle, such a field effect may modulate the threshold
of optical gain in perovskite semiconductor nanocrystals by
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introducing charged excitons, which, however, remains unex-
plored.

In this work, we demonstrate the electrical switching of optical
gain using charged exciton gain in a device with CsPbBr;
nanocrystals sandwiched between two ITO substrates. By
application of an external dc voltage of 20 V, ASE from the
nanocrystal film has been switched for multiple ON/OFF cycles
at ambient environment. The gain switching behavior can be
ascribed to ~50% threshold reduced by charged excitons as
verified by ultrafast transient absorption (TA) spectroscopy.
The time-dependent measurements suggest that charged
excitons are mainly introduced by charge injection and halide
vacancy diffusion. The findings demonstrate the proof of
principle for gain switching with charged excitons which may
stimulate applications of perovskite nanocrystals in next-
generation optoelectronic devices.

Figure 1 shows the scenario for gain switching based on
charged exciton gain in this work. The band-edge states of
perovskite semiconductor nanocrystals are 2-fold degenerated
(iey ge=gn= 2)™ so that the cross sections of absorption and
stimulated emission in singly excited nanocrystal are offset for
neutral nanocrystals (Figure 1a). Optical gain can be generated
with stimulated emission from biexciton (IXX)) states under
relatively high-density pumping. While in single-charged
nanocrystals (Figure 1b), the absorption of a single photon
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Figure 1. Schematic diagram for optical gain switching based on
charged excitons. (a) In neutral nanocrystals, optical gain can be
generated only when more than one exciton per nanocrystal is excited.
(b) In charged nanocrystals, both negatively and positively charged
excitons may contribute to optical gain at the single excitation level. (c)
The device consists of the nanocrystal film sandwiched by two ITO
electrodes for optical gain switching.

forms a charged exciton (either a negative or a positive trion),
resulting in optical gain generation as the additional charge lifts
the de%eneracy of electron/hole level for negative/positive
trions.”” In principle, an external electric field may switch on the
optical gain from singly excited perovskite nanocrystals. We
employ a simple device structure by sandwiching a nanocrystal
layer with two ITO electrodes where the nanocrystals are
expected to be charged by applying an external voltage at the two
electrodes (Figure 1c).

Figure 2a and Figure 2b show the edge emission spectra from
the nanocrystal film under pump at 400 nm of 40 yJ/cm? with
several cycles with/without applying an external voltage of 20 V.
Without an applied external field, PL spectra exhibit broadband
spontaneous emission centered at 520 nm with a line width of
~25 nm. With an applied external field, a pronounced sharp
peak at 535 nm with a line width of <4 nm emerges. The results
demonstrate the switching of optical gain with the applied
external field. The optical gain is switched ON as manifested
with the pronounced ASE emission at 535 nm while the
spontaneous emission is suppressed (Figure 2c). No significant
degradation was detected at ambient environment after several
cycles of ON/OFF switching, implying the promising potential
for the device stability.

The gain switching behavior can be explained as the charging
induced threshold reduction. Figure 2d and Figure 2e compare
the pump-fluence-dependent PL spectra from the device
without and with applying an external field of 20 V, respectively.
Due to the gain-induced narrowing, ASE has been detected from
the device for both configurations when the pump fluence
exceeds the thresholds (inset, Figure 2d and Figure 2e, Figure
S2). Notably, the pump threshold of ASE shows strong
dependence on the applied voltage, decreasing from 68 uJ/
cm? to 32 pJ/cm?® when the external field increases from 0 to 20
V (Figure 2f). With further increasing of the applied voltage, the
possibility of device breakdown increases. The threshold is
higher than the literature values in optimized neat films, which is
likely caused by the loss at the nanocrystal/electrode interfaces
and the relatively high refractive index of ITO glass. Never-
theless, more than 50% of threshold reduction induced by the
external field results in the gain switching behavior.

We performed transient absorption (TA) spectroscopic
measurements on a film of CsPbBr; nanocrystals to study the
dynamics of gain generation in these samples with different
pump densities (Figures S3 and S4). The pump density, in term
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of average number of excitations per nanocrystal ((N)), is
evaluated assuming Poisson distribution of absorbed photons
(Figure SS). For transmission measurements, a film sample with
optical density of ~0.46 (~150 nm thick) is sandwiched
between two transparent electrodes with application of an
external electric field of 20 V to modulate the optical gain. The
TA signal consists of multiple components, including a major
band of the ground-state bleaching (GSB) at the band edge, the
stimulated emission (SE), and the excited-state absorption
(ESA) (Figure S3). Notably, the optical gain appears in the
wavelength range of 530—540 nm with increasing pump fluence
(Figure 3a and Figure 3b). With increasing pump density, the
gain is manifested with a crossover to negative absorption in the
spectral range right below the bandgap (Figure 3a and Figure
3b). With application of the electrical field, the optical gain
threshold in terms of (IN) decreases to the level of ~0.5 from ~1
recorded without applying the field as expected for charged
exciton gain (Figure 3c). The spectral peak of optical gain is ~2
nm shorter in the sample with the external field than that in the
sample without the field. The energy difference is ~8 meV,
which is comparable to the difference between the binding
energies of charged excitons and biexcitons.”® The spectral
difference is not as significant as observed in the microcrystalline
film,>” which is likely caused by the inhomogeneous line width
broadening effect for nanocrystals with size diversity.”®

The feature of charged exciton gain is also manifested in the
kinetics which has been analyzed using multiexponential decay
functions (Table S1). Figure 3d shows the kinetic curves of GSB
signals with a low fluence pump ({(N) = 0.06) for the samples
with and without applied voltage. With application of the
electrical field, the amplitude of GSB signal is markedly reduced
and an additional fast decay component emerges with a lifetime
of ~290 gs, which is consistent with the behavior of charged
excitons.””*” With application of the external field, the
amplitude of the bleach signal (Figure 3d) drops significantly,
which is a consequence of electrical doping. By charging the
nanocrystals, the excitonic absorption at the absorption edge is
reduced due to the field-induced charges occupied at the excited
states. Stimulated emission from charged exciton is off resonant
to the exciton transition. Both effects result in the observed drop
of bleaching signal in the film with applying external field. With
increasing (N) to ~0.7 above the threshold, the dynamics of SE
at 537 nm recorded from the charged sample is dominated by a
decay component with the lifetime of ~290 ps (Figure 3e),
which is not largely sensitive to the pump density (inset, Figure
3e). These results strongly support that the SE from charge
excitons makes the dominant contribution to the optical gain
generation in the charged film. In contrast, the optical gain in the
uncharged film is mainly contributed by a component of ~80 ps
with pump density above the threshold (Figure 3f). The fast
decay component, only present at high excitation density regime
(inset, Figure 3f), is mainly induced by the biexciton effect. That
is, more than one exciton is required to generate optical gain in
neutral nanocrystals. The recombination lifetime of charged
exciton is much longer than that of biexciton, resulting a longer
lifetime for charge exciton gain. The lifetime of charged exciton
gain is ~220 ps with (N) = 0.7 in the film with application of the
external field, which is much longer than the biexciton gain of
~24 ps with (N) = 1.2 in the film without application of the
external field. The relatively low pump density required for
population inversion and the long lifetime for charged exciton
gain result in low pump threshold, enabling the gain switching
under the external field.
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Figure 2. Electrical switching of optical gain. (a) Time-dependent emission spectra recorded continuously under several cycle switching with the
applied voltage of 20 V. (b) Typical emission spectra recorded at different times for the ON and OFF states. (c) Time-dependent PL emission
intensities at the wavelengths of 520 and 535 nm. Pump-fluence-dependent PL spectra of the CsPbBr; nanocrystal film (d) without and (e) with
applied voltages. (f) The ASE threshold is plotted as a function of the applied voltage. The emission spectra were recorded with pump fluence of 40 ]/
cm? at 400 nm.

In principle, more complex excitations, such as charged excited. It is difficult to distinguish charged biexcitons and
biexcitons or doubly charged excitons, may also be optically biexcitons from the TA kinetics. Fortunately, neither of them
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Figure 3. TA spectroscopic study of gain mechanism. Absorption spectra of a thin film sample of CsPbBr; nanocrystals (a) with and (b) without
application of a voltage of 20 V with pump of different excitation densities ((N)). ad stands for optical density where a is the absorption coefficient and
dis the optical path length, respectively. TA spectra are shown for references. The spectra are recorded at a time delay of 4 ps. (c) The optically induced
absorption changes (—Aa/a) are plotted versus pump density ((N)). The data are probed at 537 nm and a time delay of 4 ps. (d) Kinetic curves of
GSB signals probed at 518 and 514 nm for the samples with and without application of the external voltage, respectively. The traces were recorded with
pump of a low pump fluence ({(N) = 0.06). The TA kinetics probed at 537 nm with the pump fluences below and above the ASE thresholds for the
samples with (e) and without (f) application of the external voltage. Insets show the normalized signals.
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Figure 4. Electrical field modulation of PL emission. (a) PL emission spectra recorded with different applied voltages. (b) PL intensity of the sample
under cw excitation modulated by a periodic voltage at a frequency of 0.5 Hz. The response time of PL change is faster than 0.1 s. (c) Time-resolved PL
spectra recorded with different applied voltages. (d) Time-resolved PL spectra of a sample with PMMA embedded between the electrode and
nanocrystal films. In the sample, PL dynamics is not sensitive to the applied voltage.

plays a major role with pump fluence of (N) = 0.7. Doubly
charged nanocrystals may also be formed with charge injection
under the applied electric field. We check PL emission at the
different level of current injection (Figure S6). The data suggest
that double charging is insignificant as also observed in CdSe
nanocrystals.** Possibly, singly charged nanocrystals become
more difficult to be doubly charged via applying voltage due to
Coulomb repulsion effect. In addition, the charge migration in
the perovskite semiconductors may mitigate the charge
accumulation.

The charging effect is also manifested with the dynamics of
spontaneous emission (Figure 4a). When the ASE is switched
ON, the intensity of spontaneous emission is markedly reduced
(Figure 2b and Figure 2c). For more insights, we recorded time-
integrated and time-resolved PL spectra from the sample with
application of external field of different voltages. The pump
density is set at a very weak level (2 nJ/cm?) which is far below
the ASE threshold. As the applied voltage increases, PL intensity
gradually decreases and PL decay becomes faster. Moreover,
both PL intensity and decay lifetime recover when the applied
voltage is withdrawn, suggesting that the charging is a reversible
process. Microscopically, multiple origins should be involved in
the process of charging nanocrystals including the interfacial
charge injection, halide or cation vacancy diffusion, and ion
accumulation.””**~** Previous studies suggest that these effects
occur on different time scales.*” To characterize the response
time of charging process, we recorded the PL emission
integrated over 10 ms under cw laser excitation modulated by
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a periodic voltage at a frequency of 0.5 Hz. As shown in Figure
4b, the response time of PL change is shorter than 100 ms, which
is much faster than the processes of ion accumulation and cation
vacancy diffusion with typical time scales longer than 1 s. These
results imply that the charging is mainly induced by the charge
injection at the electrode/nanocrystal interface and the halide
vacancy diffusion inside the nanocrystal film. The nonradiative
recombination channel caused by the vacancy diffusion,
together with the nonradiative Auger recombination of charged
excitons, is probably responsible for faster PL decay in charged
samples (Figure 4c).

In addition to the charge injection, the electric field may
modulate the olptical response of a semiconductor through the
Stark effect.””" Such a field-induced Stark effect does not rely
on the electrode/nanocrystal contact in principle. To isolate the
Stark effect, we introduce thin layers of poly(methyl
methacrylate) (PMMA) of ~20 nm between the ITO and
nanocrystal layers which insulate direct charge injection. In such
a sample, PL emission is no longer sensitive to the applied
voltage up to 20 V (Figure 4d), confirming that the charge
injection is the primary cause of optical gain switching.
Moreover, the heating effect caused by the current injection
may also modify PL emission, which deserves more in-depth
research in the future. To minimize the side effect, we have
synchronized the external field with the pump laser and kept the
measurements in short time in our work.

In summary, we have demonstrated the proof of principle for
electrical switching of optical gain in perovskite semiconductor
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nanocrystals by employing the charged excitons. The carrier
dynamics in CsPbBr; nanocrystal films are determined by the
interplay between excitons, charged excitons, and biexcitons.
When the external field is applied, the charged excitons make the
most significant contribution to the optical gain generation
under low excitation density. Remarkably, by lifting the level
degeneracy, optical gain from charged excitons is achievable
with markedly lower excitation density than that from
biexcitons, enabling the optical gain switching in perovskite
nanocrystals. The operation threshold for the current device is
not optimized due to the high refractive index of ITO electrodes
and the roughness at the electron/nanocrystal interface. These
imperfections can be potentially addressed by structure design
especially with monolithic integration using substrates with low
refractive index. The findings show a feasible approach to
electrically modulating optical gain in perovskite nanocrystals,
which may facilitate the exploration of using colloidal perovskite
nanocrystals in advanced laser and information technology.
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