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Aiming at the application requirements of information optics, this Letter proposed a perovskite quantum dot

random lasing pumping method suitable for high-speed modulation. At the same time, the luminescence

characteristics of perovskite quantum dot films under electron beam pumping conditions are analyzed, and the

random lasing mechanism of electron beam pumping CsPbBr; quantum dot films is revealed. Finally, it is con-

firmed that perovskite quantum dots are easy to realize random lasing under electron beam pumping conditions.
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With the rapid development of visible light communication
technology, light sources with instantaneous high-power
output characteristics have become the main technical lim-
itations™ ¥, With higher quantum yield, lower threshold las-
ing, and better transient optical characteristics to be
realized in new-type light source, lighting communication
technology will have further promotion¥. In 2015, Zeng
et al. firstly reported a trichromatic electroluminescent di-
ode based on all-inorganic perovskite quantum dotsZ; the
low threshold stimulated emission of all-inorganic colloidal
perovskite quantum dots is realized?. In the same year,
Nature Communications reported the work of using nano-
crystalline structures to realize the optically pumped ran-
dom laser of perovskite quantum dots?. In 2018, Nature
firstly reported the perovskite LED with external quantum
efficiency of 20%2L, Therefore, the perovskite quantum
dots have a better quantum yield and an extremely lower
optical lifetime, which are currently very suitable transient
light-emitting semiconductor material for achieving visible
light illumination communication2X, In 2018, Yuan et al.
of Xi’an Jiaotong University discussed the feasibility of in-
jection electroluminescent laser of all-inorganic perovskite
materials®?. In order to satisfy the power requirements of
the illumination, a wider cross-sectional area of a diode
is the prerequisite for obtaining a high-current output.
However, semiconductor-wise, the junction capacitance
in the positive-intrinsic-negative (PIN) structure of the
injection electroluminescent quantum dot source is propor-
tional to its cross-sectional area, which constrains the
transient optical characteristics and power output capabil-
ity of quantum dot light source theoretically.

Currently, optical pumping lasing effects based on
perovskite quantum dots are much better than other
pumping methods. As early as 2016, some reports showed
an optical pump lasing with half-width of less than 0.1 nm
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and quality factor of more than 500019, As a pumping
method with high research value, optical pumping is
not conducive to device integration, and, for perovskite
quantum dot pumping, it needs shorter wavelength and
higher-energy photon drive, so it is extremely difficult
to be widely used in commercial fields. Since the electron
beam pumping mode is very similar to the optical pump-
ing mode, we proposed to use the electron beam pumping
mode to realize the modulated pump lasing. Aiming at
information optics requirements, an electron beam pump-
ing random laser based on CsPbBr; quantum dot is
realized, which verifies feasibility and high efficiency of
perovskite quantum dot films pumped by an elec-
tron beam.

The specific process of CsPbBr; quantum dot films is as
follows: as shown in Fig. 1, CsPbBr; quantum dots were
synthesized in an oil phase protected by an inert gas using
caesium oleate and lead bromide as precursors by thermal
injection and rapid ion exchange. After centrifugation and
purification by high-speed centrifuge, the CsPbBr; quan-
tum dot solution of all-inorganic metals with hexane as the

Fig. 1. Crystal structure and thin film preparation process of
CsPbBr;.
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solvent and a concentration of 10 mg/mL emitting green
fluorescence was prepared. The conductive glass [indium
tin oxide (ITO)] substrate was ultrasonically cleaned with
acetone, absolute ethanol, and deionized water for 15 min,
dried by a nitrogen gun, and placed in a drying oven at
80°C for 30 min. The prepared quantum dot solution
was uniformly stirred by a magnetic stirrer to obtain a
yellow transparent CsPbBr; quantum dot spin coating
solution. Then, the glue machine was used. The quantum
dot spin coating solution obtained by one-step spin coat-
ing method is dropped on a conductive glass substrate
through a special syringe, where the homogenizing speed
of 900 r/min is maintained for 5-10 s before dripping,
and the homogenizing speed of 3500 r/min is maintained
after dripping 10-20 s. Finally, spin coating resulted in a
uniformly translucent CsPbBr; quantum dot film. The
amount of syringe droplets was determined by means of
a microelectronic analytical balance with a reading accu-
racy of 0.01 mg. The experiment shows that under certain
conditions, the higher the spin coating speed, the longer
the gelling time, and the thinner the quantum dot film.

The X-ray diffraction pattern of CsPbBr; quantum dots
is shown in Fig. 2. The characteristic peaks are 15.1°, 21.5°,
30.4°, 34.2°) and 37.6°, respectively, corresponding to
crystal structures {001}, {110}, {002}, {210}, and {211},
consistent with the standard diffraction pattern obtained
from the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) database (No. 01-072-7929), belonging to
cubic crystal structure (Fig. 1). In addition, we character-
ized the CsPbBr; nanocrystals by transmission electron
microscopy (TEM). As shown in Fig. 3(a), the CsPbBr;
nanocrystalline morphology effect used herein is shown.
Figure 3(b) shows the size distribution of the nanocrystals,
which show that the average size of the nanocrystals is
about 15 nm. Figures 3(c)-3(g) represent scanning electron
microscope images of CsPbBry quantum dot films with
different spin coating thicknesses separately.

As a vacuum electron multiplier device with continuous
dynode, the microchannel plate has sub-nanosecond
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Fig. 2. X-ray diffraction patterns of CsPbBr; nanocrystals.
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Fig. 3. (a) TEM characterization of CsPbBrs nanocrystals.
(b) The size distribution of the nanocrystals. (¢)—(g) Scanning
electron microscopy (SEM) characterization of CsPbBry perov-
skite thin films with thicknesses of 300, 450, 800, 1800, and
4500 nm.

frequency response characteristics and high gain capabil-
ity, which makes it widely used in range-gated imaging
and transient optics field and very suitable for high-speed
modulation. In this Letter, a seed light source is used as
external trigger modulation to drive photoelectrodes to
produce photoelectrons, and the photoelectrons take
advantage of microchannel plates to achieve power multi-
plication and yield high-energy electron beams. Finally,
the beam driven by a strong electric field is used to
bombard the CsPbBrg thin film. The concrete devices
are shown in Fig. 4.

An ultraviolet semiconductor LED with a wavelength of
375 nm and an output power of 0.5 mW is used as an

Fig. 4. Schematic diagram of electron beam pumping source.
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external trigger source a. The modulated light pulse c
emitted by a is uniformly irradiated to the photocathode
d after passing through the beam expanding optical
system b. Photocathode d is a gold film with a thickness
of 100 nm. The modulated light pulse ¢ is converted to
electron pulse e through photocathode d. Electron pulse
e generates pulse electron beam g through microchannel
plate f with high gain and low power output. The pulsed
electron cloud g is uniformly covered on the incident sur-
face of the low gain, high-power output microchannel
plate h. The electrons output from the outgoing surface
are accelerated at subsequent high voltage to form
high-energy electron beam i. The high-energy electron
beam i is focused on the surface of CsPbBr; quantum
dot thin film j under the action of a three-stage electronic
optical focusing system. The optical quartz ITO was se-
lected as the substrate of the quantum dot film k, and
the conductive layer of k was used as the anode of the
whole electronic optical system. We effectively controlled
the gain characteristic by exactly changing the voltage V
across the h and thus effectively controlling the current
value of i. The bombardment potential energy of i is
directly determined by controlling the voltage V', between
the surface electrode film of h and the conductive layer
of k. Thus, by adjusting V; and V5, the pump energy
of the final electron beam on the quantum dot film can
be directly fine-tuned. In this Letter, CsPbBr; quantum
dot film is used as the active film for luminescence.

In the experiment, the spectrum was measured by the
SD1220-V spectrometer of OTO Photonics Company with
the resolution of 0.68 nm. The CsPbBr; quantum dot film
was excited by continuous ultraviolet light at 365 nm, and
the spectra obtained at different excitation power den-
sities are shown in Fig. 5, which show that the emission
peak is located at 520 nm, and full width at half-maximum
(FWHM) is 20 nm. Subsequently, we placed the CsPbBr;
quantum dot film assembled according to the device struc-
ture of Fig. 4 into a vacuum test system. V, bombards the
CsPbBr3 quantum dot film with 0.5 kV, 2 kV, 3 kV, 4 kV,
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Fig. 5. Photoluminescence spectra of CsPbBr; quantum dot
thin films.
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Fig. 6. Electron beam pumping spectra of CsPbBrs quantum
dot thin films by different acceleration voltages.

and 5 kV accelerated electron beam, and the changes of
the radiation spectrum are shown in Fig. 6. By controlling
V1, iis maintained at around 600 nA. When V5 is 0.5 kV,
the radiant light exhibits a broad spontaneous emission
spectrum. With V, increasing, the area near the center
of the gain curve is preferentially amplified, indicating
that the portion of the line width is significantly narrowed,
and lasing is formed. When V', exceeds a certain threshold
(3 kV), a spike appears in the emission spectrum. When
V4 is further increased to 5 kV, a narrower peak appears,
as shown in Fig. 6. At this time, the FWHM of the lasing
is 1 nm or less, which is 1/20 of the half-width of the
photoluminescence of the quantum dot film of Fig. 5.

It can be seen from Fig. 6 that the number of resonance
peaks of the lasing increases with the electron beam
pumping power, and the resonance mode pitch is not uni-
form, which is a characteristic of a typical random laser
mode X Moreover, the random laser does not need to
add a resonant cavity, which confirms the feasibility of
electron beam pumping CsPbBr; quantum dot gain
dielectric film random lasing.
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Fig. 7. Luminescence intensity of CsPbBr; quantum dots with
different film thicknesses pumped by an electron beam. The inset
shows the lasing threshold and FWHM variation of the 300 nm
CsPbBr; quantum dot film.
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In addition, we have carried out electron beam pump
experiments on different thickness CsPbBrs quantum
dot films. According to the vacuum pumping structure
show in Fig. 4, when V5 is 5 kV, the transmittance of
the quantum dot film is measured by a spectrometer
placed under the ITO substrate k, as shown in Fig. 7.
We discovered that the electron beam pumping effect of
the thin film with a thickness of 300 nm is obvious,
and, with the increase of the thickness of the thin film,
the light intensity decreases, and the lasing threshold in-
creases, until the lasing does not occur. The inset of Fig. 7
shows the lasing threshold and FWHM variation of the
300 nm CsPbBry quantum dot film. When V5 is 500 V,
the lower surface of the quantum dot film begins to emit
light. When the bombardment voltage increases to 3 kV,
the output power increases greatly, the radiation spec-
trum has a narrow peak, and the FWHM becomes smaller.

Based on the above experimental results, the random
lasing mechanism of electron beam pumped CsPbBrg
quantum dot films is analyzed and discussed as follows.

It is pointed out in Refs. [19,20] that the optically
pumped lasing relies on the excitation beam to realize
the particle beam inversion to produce excitation light,
and the excitation light is scattered randomly inside the
quantum dot. When the scattering is strong enough, con-
tinuous multiple scattering makes it possible for photons
to return to the original scattering point or to form a feed-
back loop (ring cavity), which shapes local resonance of
light and produces a random laser22. The electron beam
pumping of perovskite quantum dots is very similar to op-
tical pumping. The available kinetic energy of an electron
beam in a vacuum environment is much higher than that
of a solid, which makes the scattering trajectory of high-
energy electrons in the three-dimensional fluorescence
layer more random. Therefore, the process of an electron
beam transmitting a quantum dot thin film depending on
its own kinetic energy has a very strong random scattering
characteristic, which largely replaces the scattering cen-
ters in the gain medium and enhances multiple scattering
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Fig. 8. Schematic diagram of random lasing mechanism of elec-
tron beam pumped CsPbBr; quantum dots.

of light. As shown in Fig. 8, the probability of forming a
ring cavity inside the gain medium is further increased by
continuous multiple strong scattering, which makes it eas-
ier to lead random lasers.

Besides, different from the optical pumping mode, per-
ovskite quantum dot electron beam pumping is a typically
complex process. As shown in Fig. 8, after the high-energy
electron beam enters the quantum dot film, the kinetic
energy carried by the electron beam itself will gradually
decrease with the depth of incidence, which causes the
formation of multiple scattering and ring cavities at
the incident surface to be much larger than that at the
bottom of the film. Simulated by CASINO software, Fig. 9
shows the simulated energy distribution of the electron
beam inside the quantum dot film. There is energy loss
in the process of high-energy electron beam transmission
through the active film. With the deepening of trans-
mission, the kinetic energy of electrons decays and the
scattering intensity of electrons decreases. The results of
transmission spectrum measurement are shown in Fig. 7.
The electrons have strong kinetic energy at the surface of
the fluorescent layer, which leads to more obvious random
scattering and is easier to produce a random laser. There-
fore, when the thickness of the quantum dot thin film is
300 nm, the lasing effect measured on the back of ITO
is the best. With the increase of the thickness of the film,
although there is a laser on the surface of the fluorescent
layer, the scattering intensity decreases due to the attenu-
ation of the electronic kinetic energy of the lower layer,
which leads to the lower layer mainly relying on electric
field recombination luminescence. Therefore, with the
increase of the film thickness, the intensity of the back
of ITO decreases, and the laser threshold increases, which
is an unsatisfied laser condition. Even when the film thick-
ness is too thick, it is extremely difficult to measure the
spectrum.

It can be seen that perovskite quantum dots are easier
to realize random maser under the condition of electron
beam pumping. As shown in Fig. 7, that thickness of
the film directly affects the distribution of the kinetic
energy of the electron beam in the three-dimensional fluo-
rescent layer, which directly affected the light intensity
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Fig. 9. Energy distribution of the electron beam inside the quan-
tum dot films.
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and the threshold of the back transmission-type measure-
ment of perovskite quantum dots.

This Letter proposed a pumping method suitable for
perovskite quantum dot modulation lasing, revealing
the transient lasing properties of perovskite quantum dots
under modulated electron beam pumping. The random
lasing mechanism in the electron beam pumping mode
is analyzed and discussed. The conclusion is as follows.
Firstly, the mechanism of electron beam pumping is
distinct from that of optical pumping in terms of the
luminescence of perovskite quantum dot films. The high-
energy electron beam has very strong random scattering
characteristics, which makes it easier to achieve random
lasing. Secondly, compared to the optical pump lasing
of the perovskite quantum film, the electron beam pump-
ing lasing makes it easier to achieve high-speed modula-
tion, thereby producing an optoelectronic device having
information-carrying capability. Thirdly, compared to
electro-injected perovskite quantum dot luminescence,
electron beam pumping has higher kinetic energy. The
thermal effect caused by high-current injection can be
effectively avoided by increasing the acceleration voltage.
In particular, it can be more subtle to avoid the mutual
limitation between the frequency response characteristics
and the power characteristics of the junction capacitance
in the diode structure, which fully embodies the great
advantages of low recombination lifetime of the perovskite
quantum dot carriers and high fluorescence quantum
yield.

The experimental results obtained in this Letter are
combined with the analysis and discussion of the random
lasing mechanism. At present, we believe that it has a very
broad prospect to realize information light source devices
by using an electron beam to pump perovskite quantum
dots. The research team will further explore the self-
saturation mechanism of electron beam pumping lasing
of perovskite quantum dots so as to improve the life of
light source devices.
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