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This research argues that using an electron beam with high kinetic energy to pump perovskite quantum dots can sig-
nificantly boost the efficiency of the low-frequency photon radiation conversion. Firstly, we measure the random lasing
threshold and luminescence threshold of CsPbX3 films pumped by an electron beam. Then, we simulate the spatial distri-
bution of the electron beams in CsPbX3 films. Combined with the above data, a low-frequency photon radiation conversion
model based on the electron pumped perovskite quantum dots is presented. This could be a way to create a terahertz source

with a high-power output or to multiply the terahertz power.
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1. Introduction

Due to the limitations imposed by the gain bandwidth
product (GBWP) of conventional solid materials and PN junc-
tion device structures, terahertz (THz) waves with sufficient
power from emitting sources are essential for numerous appli-
cations in the fields of medicine, public safety, and communi-
cations technology.!!?) One of the most prevalent continuous
THz sources employing optical heterodyne generation (OHG)
is a photomixer that can generate tunable and coherent THz
signals at a low cost and low power consumption.>* Accord-
ing to reports, the cutoff frequency of traditional photomixers
has spanned multiple THz.[>! Only when a THz integrated
antenna is in the diffusion region of a GaAs or InP PN junc-
tion, the minority of THz oscillation photocurrent generated

[7.8

by the PN junction!”#) can be captured by an optical hetero-

dyne down-conversion of two line-laser sources. Then, it will

19101 However, the con-

radiate forward space as a THz wave.
struction of the device imposes intrinsic restrictions or limita-
tions on the ability to increase the emitting power or efficiency.
Typically, an increase in the size of the PN junction will di-
rectly increase the maximum yields of THz photocurrent. In
the meantime, the increment will also nonlinearly increase the

equivalent capacitance of the PN junction, and thus disrupt
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the impedance matching between itself and the integrated an-
tenna. In the traditional semiconductor theory, it is hard to get
around the limits between the bandwidth and output power of
a terahertz source.

Academics have proposed numerous unique device de-
signs and topologies for the construction of compact THz
generating sources to alleviate the limits on high-power THz

n.[11=131' A5 a superior nonlinear absorber, CsPbXj is

emissio
two orders of the magnitude larger than conventional quan-
tum dots and has been utilized in a variety of light-emitting

[14-17) Thus, it has strong third-order nonlinear sus-

devices.
ceptibility and huge two-photon absorption cross-sections,
which have been shown to produce THz radiation when ultra-
fast photons are used to generate random lasing.!'8! Accord-
ing to Ref. [18], the polarized energy will be released in two
forms following the movement of electrons from the valence
band to the conduction band. As the dipole returns from the
conduction band to the valence band for one form, the emitted
energy consists primarily of visible photons or lasers. In ad-
dition, the low-frequency photon is emitted in the intraband
of the conduction band via the “shift” dipole moment. In
other words, this portion of the intraband energy will radiate

as electromagnetic waves. In optically pumped experiments,
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the conversion efficiency of a short-wavelength pulse laser to
THz emission is significantly better than that of a near-infrared
pulse laser. Interband transitions occur when numerous NIR
photons simultaneously excite electrons in the valence band
or when the pumping photon interval is shorter than the elec-
tron depolarization duration. The higher the excited electron
energy relative to the valence band, the greater the efficiency
of terahertz radiation. Consequently, the emission of pho-
tons with a low frequency should be the second-order effect of
CsPbBr3; random lasing. Improving the lasing efficiency and
quality factor of CsPbBrj3 is crucial for low-frequency pho-
ton radiation power amplification. The primary methods for
improving the random lasing efficiency and quality factor of
CsPbBr3 pumped by optics are to reduce the wavelength of

19.201 shorten the pumping time gap,!?1->?!

the pumping laser,|
and create complicated noncrystalline structures.>3-23! The
most common way is by increasing the surface roughness of
CsPbBr3 films, which can affordably enhance the possibility
of CsPbBr3 nanocrystalline being simultaneously pumped by
multiple photons.?%! To improve the lasing probability by rais-
ing the pump energy density of nanocrystals, whether it is to
compress the pump time slot or to raise the surface roughness,
which will surely increase the needless local thermal density
and thermal effect interference. So, making each photon pump
work better is a good way to improve how well low-frequency
photon radiation works within the intraband.

Theoretically, the mobility of an electron in a vacuum is
100 to 1000 times greater than that of an electron in a solid,
which satisfies the design requirements of a terahertz device.
In addition, an electron with high kinetic energy in a vac-
uum can significantly enhance the efficiency of intraband low-
frequency photon radiation for CsPbBrs compared to the UV
pumping model. This study proposes utilizing the high en-
ergy electron beam (EB) in vacuum pump CsPbBr3 films to
improve the low-frequency photon radiation conversion effi-
ciency, based on this hypothesis. A random lasing experiment
proves the CsPbBr3; perovskite quantum dot (PQD) films’ ran-
dom lasing features. Then, using the horizontal space optical
function transfer experiment, we determine the luminescence
threshold and luminescence area distribution of CsPbBr3 films
pumped by EB. Finally, simulation modeling and data fitting
are used to figure out how well PQDs convert.

2. Materials and methods
2.1. PQDs preparation

According to the publication, CsPbBr3 solutions were
synthesized.*”] By using cesium oleate and lead bromide as

precursors, CsPbBr; quantum dots were produced in an oil

phase shielded by an inert gas via thermal injection and rapid
ion exchange. After centrifugation and purification by high-
speed centrifugation, CsPbBr3 quantum dot solutions contain-
ing only inorganic metals were prepared with hexane as the
solvent and a concentration of 10 mg/mL emitting green light.
The conductive glass substrate was ultrasonically cleaned for
15 minutes with acetone, 100% ethanol, and deionized wa-
ter, dried with a nitrogen gun, and placed in an 80 °C oven
for 30 minutes. The prepared quantum dot solution was con-
sistently stirred by a magnetic stirrer to produce a yellow-
transparent CsPbBr; quantum dot spin-coating solution. We
used a customized syringe to apply the quantum dot spin-
coating solution to an indium tin oxide (ITO) conductive glass
substrate, maintaining the homogenizing speed of 900 r/min
for 5-10 s before dripping and 3500 r/min after dripping for
1020 s. Finally, spin coating produced a CsPbBr; PQD film
that was uniformly transparent. By using a microelectronic
analytical balance with a 0.01 mg resolution, the number of
syringe droplets was calculated. The experiment demonstrates
that, under specific conditions, the greater the spin-coating
speed, the longer the gelling time, and the thinner the quan-
tum dot layer.

The characteristic peaks shown in Fig. 1 are 15.1°, 21.5°,
30.4°, 34.2°, and 37.6°, respectively, corresponding to the
crystal structures {0,0,1}, {1,1,0}, {0,0,2}, {2,1,0}, and
{2,1,1}. That is consistent with the standard diffraction pat-
tern obtained from the Joint Committee on Powder Diffraction
Standards (JCPDS) database (No. 01-072-7929). That con-
firms the prepared QDs are CsPbBr3. In addition, we char-
acterized the CsPbBr3; nanocrystals by transmission electron
microscopy (TEM). The CsPbBr3 nanocrystalline morphology
effect used herein is shown in Fig. 2(a). Figure 2(b) shows the
size distribution of the nanocrystals, which shows that the av-
erage size of the nanocrystals is about 15 nm. Scanning elec-
tron microscope images of CsPbBr; PQDs films with varying

spin coating thicknesses are shown in Figs. 2(c)-2(g).
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Fig. 1. XRD patterns of CsPbBr3 nanocrystals.
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Fig. 2. (a) TEM characterization of CsPbBr3; nanocrystals. (b) The size distribution of the nanocrystals. (c)—(g) SEM characterization of
CsPbBr3 perovskite thin films with thicknesses of 300 nm, 450 nm, 800 nm, 1800 nm, and 4500 nm.

2.2. Experimental methods

The sensitivity of the multi-alkali photocathode
(NayKSb(Cs)) is slightly lower than that of the negative elec-
tron affinity photocathode (GaAs). But, the inclusion of ad-
ditional metal elements in the photocathode film provides
greater response time advantages. The photocathode’s re-
sponse time can approach sub-picosecond levels, satisfying
the necessity for ultrafast EB generation.[?! In addition, the
saturation current density output of the photocathode is ex-
tremely high in theory.**! To avoid EB multi-path extension
caused by high current density, the photocathode adopted for
this work has a diameter of only 18 mm. The maximum output
current intensity is less than 1 mA.

In the experiment of lasing characteristics, a 355 nm laser
can be utilized as the trigger source. The PQD films and pho-
tocathode are positioned in a vacuum cavity with a vacuum
level of 10° Pa. The UV laser triggers the photocathode from
the top window of the vacuum cavity. The distance between
PQD films and the photocathode is 20 cm to avoid vacuum
breakdown. The PQD films are positioned on the detecting
plane of the optical fiber connection system. The optical fiber
coupling system connected spectrometer on integral to obtain
random lasing spectrometer (Figs. 3(a) and 3(b)). Femtosec-
ond spectrometer obtains PQDs luminescence transient prop-

erties (Fig. 3(c)). PIN detector obtains PQDs luminescence
self-saturation properties (Fig. 3(d)).

In the experiment of optical transfer characteristics, the
PQD films are positioned at the 40 x magnification focal plane
of the microscope. The microscope equipment is connected to
a 5.6 m COMS camera. The sampling rate and precision of
the CMOS sensor are around 140 nm, which is much superior
to the 550 nm optical transferability of the microscope. On
the surface of PQD films, a metal film net is put in, which can
restrict pumping EB to shape spatial frequency information
for PQDs luminescence. By watching how the loss of spatial
frequency information changes, it is possible to show that EB
horizontal scattering causes luminescence and indirectly esti-
mates the luminescence threshold.

2.3. Casino stimulation

The PQD films were formed as 14 nm cubic nanocrystals,
and each nanocrystal block simultaneously formed clusters of
less than 300 nm. The incident direction of EB is vertical con-
cerning the PQD films. The depth of secondary electron emis-
sion in common materials is less than 10 nm, which is signifi-
cantly less than the thickness of PQD films. In this simulation,
the energy loss of secondary electron emission is therefore dis-
regarded. The electron’s average kinetic energy distribution is
calculated and represented by using the cylindrical coordinate
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system (R, @, Z). The distribution of kinetic energy in PQD
films is rotationally symmetric about the Z-axis, and the az-
imuth angle coordinates are compressed. The density of ki-
netic energy ®(R,Z) captured by each layer of PQD films can
be formulated as follows:
E(R,Z)

27-AR-R-AZ’
where E(R,Z) represents the kinetic energy captured at the

o (R,Z) = ()

horizontal diffusion distance R and vertical diffusion distance
Z, and AR and AZ represent the horizontal and vertical sam-
pling distances, respectively.

3. Results
3.1. Lasing characteristics

During the EB transition from vacuum to PQD films,
backward or Rayleigh scattering predominates in the scatting

process. The majority of EB and energy will concentrate
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mostly on the film’s surface. Therefore, the EB-polarized zone
of luminescence and lasing can be approximated as a cone.
When there is insufficient pumping current density, there is
little or no overlap of polarized regions pumped by various
electrons in space. As a result, the pumping current density
has a linear relationship with laser intensity. In contrast, by in-
creasing the pumping current density, more polarized regions
are pumped with multiple electrons. That will cause the las-
ing intensity increase to decelerate and the PQD films to reach
lasing saturation. For this principle, 200 nm PQDs films were
subjected to the self-saturation lasing studies. A PIN detec-
tor records the lasing intensity from the bottom of PQD films
as the pumping field and current density are increased. The
Self-
saturation current densities of PQDs pumped at 3 K, 4 K,

outcomes of the experiment are shown in Fig. 3(d).

and 5 K are approximately 34.4 pA/um?, 26.3 pA/um? and
17.6 pA/um?, correspondingly.

14

E Thickness of PQDs

= 12r —o— 300 nm (b)

. —4— 450 nm

<2 101 —v— 800 nm

= —— 1800 nm

= 8T 4500 nm

@

= L

. 6

9]

Zo4ar

37

5 2

2

o

L e G L L L

0 1 2 3 4 5
Pumping voltage (kV)
@ 14} (d)
= 1.2
o)
5 1.0 1\.\.
8 08
w0
<
— 0.6
3]
% 0.4
2 —a—3 keV
g 0.2 —o—4 keV
g —4—5 keV
0 10 20 30 40 50 60

Pumping surface currents density (pA/pm?)

Fig. 3. (a) Spectrogram of PQDs pumped by EB with different EB surface densities, and the inset shows lasing of PQDs pumped by EB.
(b) Lasing threshold of PQDs pumped by EB with changing pumping voltage. (c) Transient luminescence of the PQDs. (d) Self-saturation

lasing experimental records of 200 nm PQDs films.

The data presented above illustrates three characteristics

30311 Firstly, a larger pumping field

of the EB pumping model.!
can directly increase the utilization rate of pumping current
density based on the slope of Fig. 3(d) and decrease the pump-
ing current density needed for self-saturation lasing in thin
PQD films. Although the EB pumping source’s bandwidth has
reached the THz band,3?! electron focusing will still exhaust

its bandwidth. The great utilization rate of pumping current

density to trigger random lasing is extremely advantageous to
the design of power-type EB devices at the THz level. It can
effectively avoid excessive electron focusing. Secondly, the
excessive pumping current density will increase the tempera-
ture of PQD films and lower the usage rate of pumping current
density, as depicted in the saturation region of 3 keV data in
Fig. 3(d). Compared to optical pumping, electron pumping
may transport more energy into a larger region of PQDs, re-
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sulting in a lower thermal density, which is advantageous when
constructing a high-power device. However, once the PQD re-
gion was polarized to saturation, extra-pumping currents cause
the luminescence efficiency to decrease because halide semi-
conductors are extremely temperature sensitive. Thirdly, the
thickness of PQD films also affects their self-saturation lasing.
For instance, since the sample film thickness is just 200 nm,
the saturation lasing intensity of the 4 keV and 5 keV data co-
incided in advance.

To reduce the interplay among multiple pumping elec-
trons in the PQDs films, we suppress EB pumping currents
density at the nano Ampere per square millimeter to precisely
control pumping laser intensity. As a result, there is no or
very little time and space dependence of the PQDs polariza-
tion region caused by each pump electron in the experiments
shown in Figs. 3(a)-3(c). The relationships between the las-
ing properties of the CsPbBr3 films and pumping power den-
sity are shown in Fig. 3(a). Visibly, as the kinetic energy car-
ried by the EB increases, the luminescence intensity of the
CsPbBr3 films is gradually enhanced. Furthermore, when the
pumping voltage reaches 3 kV, some prominent random las-
ing peaks can be captured by the spectroscope. That is very
similar to the random lasing effect of PQDs pumped by the
laser pulse. Figure 3(b) shows the relationship between the
lasing threshold or region and the EB pumping field. Namely,
when pumping voltage reaches 3 kV, the lasing region will just
touch a depth of 300 nm. Combined with the scattering dis-
tribution model, although tiny electrons can touch the depth
of PQD films, most electrons and their energy can only stay
at the surface layer of films. Moreover, most of the energy
is concentrated in the region of several hundred nanometers.
Namely, pumping electrons with high kinetic energy into the
PQD films prefers horizontal scattering to vertical scattering.
The luminescence intensity yielded by the tiny kinetic energy
at the depth of films is so low that luminescence from the re-
gion is difficult to measure by the spectrograph. Therefore, we
neglected the pumping kinetic energy located at the depth of
PQD films. In addition, the transient luminescence property
of the CsPbBrj3 films is also measured and shown in Fig. 3(c).
The luminescence lifetime of its decay to 1/e is about 11.3 ns.
There is no denying that the testing result in Fig. 3(c) is con-

sistent with some academic reports. 3!

3.2. Optical transfer characteristics

Compared to the measurement of the lasing threshold, EB
will horizontally scatter strongly and randomly in PQD films.
That significantly complicates the direct and accurate mea-
surement of its luminescence threshold. Consequently, based
on the Abbe imaging principle, we take the advantage of the

optical transfer characteristics of EB-pumped PQDs to indi-
rectly estimate their luminescence region and threshold. Fig-

ure 4(a) depicts the characterization of the metal film-net by

using the methods described previously.
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Fig. 4. (a) Space size of the metal film-net. (b) Luminescence imaging of
PQDs pumped by laser. (c) Luminescence imaging of 300 nm PQD film
pumped by 5 keV EB. (d) Spatial frequency spectrum comparison of both
luminescence models.

At this point, the edge of luminescence under the metal
film net will produce diffraction. After the luminescence
of PQDs is imaged by the microscope, its two-dimensional
porous diffraction information will be collected by CMOS. At
the image side of the microscope, the metal film net and PQD
films pumped by EB will produce typical Fraunhofer diffrac-
tion. The final imaging effects of PQDs luminescence pumped
by a UV laser and EB with 5 keV kinetic energy are shown in
Figs. 4(b) and 4(c). The space optical transfer effect of optical
pumping is much superior to that of EB pumping. That con-
vincingly demonstrates that the microscope system’s optical
resolution can satisfy the requirements of measuring EB scat-
tering distribution in the PQD films. Furthermore, as shown
in Fig. 4(a), the spatial frequency function of the metal film-

net is a typical two-dimensional grating. Its theoretical system

sinN (L’Cd) :

sin (7

function can be written as

I(x,y) = 1(0,0)SinC> (Z’})

s1nN ”y d

ay
SinC?

where SinC(u) = sin(7u)/7u, 1(0,0) is the central main max-
imum intensity, a is the length of the gate hole, A is the wave-
length, f is the focal length of the lens, N is the number of gate
holes, and d is the gap of the gate hole.

Consequently, the spatial frequency spectrum of the EB
luminescence model can be measured and is illustrated in
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Fig. 4(d). To simplify the analysis, only the one-dimensional
nature of the frequency function is examined. In addition,
based on the spatial frequency properties of the metal film net,
its fourth and eighth-order spatial frequency spectrum should
vanish. Thankfully, the fourth-order and eighth-order spatial
frequency spectrum have not completely vanished because of
minuscule manufacturing flaws in the metal film net. The
comparative effects of the frequency spectrum, including both
the luminescence model and the theoretical model, are de-
picted in Fig. 5. Visibly, the characteristic frequency of imag-
ing pumped by EB reaches only the fourth-order, which is less
than half of that pumped optically. This conclusion is also
supported by a comparison of the edge gradients of both lu-
minescence models. As shown in Fig. 5, the resolution of the
CMOS pixel and optical diffraction of the microscope cause
the metal film-net bridge to extend horizontally by approxi-
mately 820 nm. EB scattering in the horizontal direction ought
to result in an additional 850 nm extension of the edge gradi-
ent compared with optically pumped imaging. Therefore, the
horizontal scattering depth of EB is approximately 850 nm.
Specifically, the average kinetic energy density absorbed by
PQDs at this horizontal depth (850 nm) should be the lumi-
nescence threshold. In this area, the CsPsBr; nanocrystals can

take in enough EB energy to send out a visible photon.
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Fig. 5. Edge gradient comparison of both luminescence models.

4. Discussion

In the preceding experiments, the lasing threshold, lu-
minescence threshold, and polarized spatial distribution have
been approximated modeling the conversion efficiency of low-
frequency photons in the various PQD film layers. We utilized
Casino software to simulate the multiple scattering of EB in
the different layers of a film.[** Simulating the lasing regions
of PQD films is possible by assuming different lasing thresh-
olds. By comparing the distribution feature of the lasing region
with experimental data, it is possible to precisely fit the energy

distribution of the lasing region in actual films.

Figure 6(a) shows how much vertical kinetic energy each
layer of PQD films can capture. In addition, Fig. 6(b) illus-
trates the horizontal kinetic energy density captured by each
PQD film layers. Secondly, lasing and luminescence experi-
mental results in both directions can confirm threshold limits.
In Fig. 6(c), a cylindrical coordinate model of polarized dis-
tribution in PQD films pumped by 5 keV can be constructed
based on both boundaries. When the volume density of pump-
ing energy in the film layers reaches about 20 eV/um?, the
PQDs region will enter luminescence. For the PQD film lay-
ers to enter the lasing mode, the volume energy density must
reach about 237 eV/um?>. The volume variation of the PQD
lasing region under different pumping kinetic energies and
current densities corresponds to the lasing intensity curves of
Figs. 3(c) and 3(d), respectively. In other words, all experi-
mental results and simulation data are comparable, with com-
parison effects depicted in Figs. 6(d) and 6(e).

Microscopically, the bulk material of PQDs has a typi-
cal centrosymmetric structure. Despite this, numerous cru-
cial factors will disrupt the inversion symmetry.[*>! Pb lone
pair, sample defects, and surface effects are examples. Exper-
iments typically reveal the Rashba effect or second harmonic

(36,371 CsPbBr3 has a typical direct bandgap struc-

generation.
ture, which is well known. The ultrafast excitation source
pumps CsPbBrj3 into the conduction band. In CsPbBrs, the
Br p-orbital contributes most to the valence band, whereas the
Pb p-orbital contributes most to the conduction band. When
CsPbBrj3 enters the conduction band, the electron densities on
both sides of Pb are inconsistent, causing the lattice charge
center to shift in tandem with the Pb mass center shift. The
asymmetry of the electron density surrounding the Pb atom in-
dicates that the cation displacement will disrupt the local sym-
metry in CsPbBr3 and produce a high-order shift currently. 38!
Figures 7(a) and 7(b) depict the depolarization of CsPbBrs3.
Once a high-energy electron polarizes a CsPbBr3 lattice, a
(virtual) electron and a (virtual) hole are located in the con-
duction band and valence band, respectively. As shown in
Fig. 7(a), the low-frequency photon radiation is generated by
the “shift” dipole moment. As shown in Fig. 7(b), as the elec-
tron and hole recombine, a visible photon is emitted and en-
ergy is once again conserved. Once an electron with high ki-
netic energy enters CsPbBr3 films, its conversion efficiency of
low-frequency photon radiation is directly related to its macro
location within the films. With increasing electron incidence
depth, the electron’s kinetic energy will decrease, resulting in a
decline in energy conversion efficiency. To figure out how well
low-frequency photon radiation can be turned into other types
of radiation, the kinetic energy decay of electrons in CsPbBr3

films needs to be studied quantitatively.
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effect of random lasing, as demonstrated by the preceding the-

oretical analysis. Only if there is random lasing will the low- 00 ’
frequency photon be produced. The energy of each photon

emitted by an interband transition during random lasing or lu- Fig. 8. Conversion efficiency distribution of low-frequency radiation.
minescence is nearly identical. On this basis, the theoretical

conversion efficiency of low-frequency photon radiation in the Theoretically, due to the thermal effect of the small in-
lasing region is immediately calculable by inserting the lasing  jection current model, the highest conversion efficiency in the
threshold into the above polarized PQDs spatial distribution  random lasing region can exceed 99% close to the incident in-

with a 5 kV pumping voltage, as depicted in Fig. 6(c). terface. However, as the EB incident depth increases, the con-
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version efficiency will decrease until it reaches the boundary
of the lasing region. In addition, the energy of regions other
than the lasing region does not contribute to the energy of low-
frequency photon radiation. Therefore, the higher pumping
field can polarize the larger PQDs lasing region and achieve a
higher conversion output power for low-frequency photon ra-
diation in terms of whole film layers. Based on the polarized
PQDs spatial distribution model of Fig. 6, Fig. 8 depicts the
final 2D conversion efficiency model of 5 keV low-frequency
photon radiation.

5. Conclusions

This paper argued both these strengths for taking advan-
tage of PQDs pumped by EB to generate low-frequency pho-
ton radiation. Firstly, EB with high kinetic energy can amplify
the secondary-order effect of random lasing in the PQD films,
making power multiplication possible for THz low-frequency
photon emitting. Secondly, when compared to the optically
pumped model, the kinetic energy of EB pumping can pene-
trate the innermost PQD films. Vacuum electrons can polarize
large regions in the PQD films, greatly reducing the thermal
density of the pumping process throughout the films. That is
advantageous to the manufacturing and design of power-type
devices. So, the low-frequency photon radiation that this pa-
per looks at could be a way to make THz high-power emitting
sources or to multiply terahertz power.
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