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Abstract— Deep-ultraviolet (DUV) light ranging from
200 to 280 nm, that is, a solar-blind region, has been widely
applied to water purification, sterilization, and integrated
biosensors. As the light source for nonline-of-sight (NLOS)
communication, DUV light has the natural advantage of
a negligible background due to strong ozone absorption.
However, the existing DUV sources suffer from either low
power or low modulation frequency. Here, we demonstrate
a DUV source pumped by an electron beam (EB) at 246 nm
with a record-high performance for NLOS communication,
that is, a simultaneous continuous-wave output power
of 430 mW and a modulation frequency of 5 MHz. Signifi-
cantly, both the output power and the modulation frequency
can be further improved when the horsepower of EBs is
fully released. Not only does the proposed DUV source
show great capability for NLOS communication and other
potential applications, but the EB pumping approach can
also be extended to various emission processes.

Index Terms— Deep-ultraviolet (DUV) sources, high lumi-
nous power, high-modulation frequency, nonline-of-sight
(NLOS) communication.

I. INTRODUCTION

OMMUNICATION technologies have greatly improved

information exchange efficiency. In comparison with
traditional radio communication using long-wavelength elec-
tromagnetic waves, optical wireless communication possesses
fruitful frequency resources and an antijamming capability [1].
In particular, deep-ultraviolet (DUV) light ranging from 200 to
280 nm, that is, a solar-blind region, has attracted increas-
ing attention due to its inherent advantages for short-range
communication, such as high local security, negligible back-
ground, and omnidirectional communication links. Due to the
strong scattering effect of small particles or molecules in the
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Fig. 1. Recent progress in the development of EB-pumped DUV light
sources working in continuous mode. The numbers beside the dots
represent their corresponding references.

atmosphere and even under water, DUV light can be applied to
nonline-of-sight (NLOS) communication in a complex terrain
environment [1]-[3]. Since the signal decays very quickly,
the coverage can be readily controlled by the transmitter
power. Therefore, to achieve a high transmission rate, low
bit error rate, and relatively long transmission distance, light
sources with high luminous power and high-modulation fre-
quency are favorable [4].

There are mainly three types of DUV sources, that is,
mercury lamps, DUV lasers, and DUV light-emitting devices
(LEDs). The former two sources can reach an output power
larger than tens of watts. However, their data rate is usually
at the level of hundreds of kilobits per second (kbps) or even
lower, which mainly results from the difficulty in achieving
high-frequency modulation of the sources [5]-[8]. In contrast,
Al,Ga;_yN-based LEDs have attracted rising consideration
because their emission band can be tuned in the range of
210-365 nm by adjusting the doping concentration of the Al
component as well as their compact size [9]. Nevertheless,
it is still challenging to improve their output power further,
especially for wavelengths less than 260 nm, because of
several severe inherent issues, such as poor crystalline quality,
difficulty in fabricating heavily doped p-type AlGaN with
high-Al-content layers, and strong light absorption in p-type
GaN injection layers [10], [11]. Although a high output
power can be achieved by packaging multiple low-power DUV
LEDs in a hybrid connection mode, including both series and
shunt connections, a resulted high junction capacitance usually
restricts the data rate to kbps within a transmission distance
of several hundreds of meters [7], [8].

0018-9383 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Xian Jiaotong University. Downloaded on July 25,2020 at 14:17:27 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0001-7433-2970
https://orcid.org/0000-0003-2178-8661

3392

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 67, NO. 8, AUGUST 2020

Filament Wehnelt electrode, Vg

fael Accelerator, V1 and V2
Cathode ’-@’ Anode, Va

e ey

e beam
M

Fluorescent screen
Al/Phosphor/Quartz

Fig. 2. Schematic of the DUV light source pumped by an EB. After being
emitted from a cathode, the EB is engineered by a Wehnelt electrode Vg,
two accelerator electrodes V4 and V», and an anode V; in a vacuum tube.
The modulated output emission is controlled by the cathode.

Ongoing endeavors are devoted to improving the per-
formance (output power, modulation frequency, and so on)
of DUV light sources. In comparison with the aforemen-
tioned approaches, DUV sources pumped by an electron
beam (EB) have attracted growing interest in the past decade
(see Fig. 1), as they can bypass the challenge of p-type
doping [5], [11]-[16]. Lately, by taking advantage of the
highly luminous properties of hexagonal boron nitride (hBN),
Watanabe et al. [12] realized a handheld DUV device with
an output power of 0.2 mW at 225 nm excited by a field-
emission array. However, the power conversion efficiency
(PCE), defined as the ratio of the output power to the
input power, is only 0.6%. Subsequently, Oto et al. [13]
achieved an output power of 100 mW at 240 nm by pumping
Al,Ga;_,N/AIN quantum wells via an EB with a PCE of
40%. Lately, the output power can be boosted up to 2.2 W
at 258 nm under pulsed EB excitation mode with a repetition
rate of 50 Hz, where the material quality has been judiciously
improved [17]. In fact, due to the high energy carried by
electrons, large luminous power is achievable via design-
ing vacuum electronic devices with reasonable structure and
appropriate fluorescent materials. Furthermore, by controlling
the properties of the EB via applied voltages, the emission
power can be readily enhanced in an adjustable way.

Here, we experimentally realize a DUV light source by
pumping a layer of yttrium phosphate bismuth (YPO4:Bi**)
film via an EB. By investigating the influence of the applied
voltages on the properties of EB both theoretically and experi-
mentally, the performance of the designed DUV source reaches
a new level. The DUV source can work in a continuous mode
with an output power of 430 mW and a full-width at half-
maximum (FWHM) of 16 nm at a wavelength of 246 nm.
Moreover, to fulfill the requirement of NLOS communication
with a high data rate, a modulation frequency of 5 MHz is
demonstrated by varying the voltage applied to the cathode.
We believe that our design will not only greatly promote
DUV-based applications, but will also ignite the utilization
of EBs as a pumping source for other emission processes.

[I. EXPERIMENT SETUP AND PRINCIPLE

Fig. 2 shows a schematic of the EB-pumped DUV light
source. The length of the light tube is 145 mm and the radius
of the fluorescent screen is 23 mm. YPO,:Bi**, one type of
rare-earth ions doped inorganic luminescence materials, can

emit DUV light efficiently with a good thermal stability [18].
In comparison with AlGaN, YPO,4:Bi** can be readily syn-
thesized chemically, and the emission properties, such as
emission peak and fluorescent lifetime, can be well adjusted
by controlling the doping level and type of doing elements
during synthesis process [19]. In addition, the emission film is
obtained by the spin coating method, which facilitates to flex-
ibly control the emission area. The thermal electron emission
is launched when a cathode is heated by a filament. Subse-
quently, an electron optics system, consisting of a Wehnelt
electrode, two accelerators, and an anode, is employed to
form and adjust the properties of the EB, including the beam
current, spot size, and beam energy. In our system, the cathode
is connected to the ground if not otherwise specified. Here,
by modulating the voltage difference between the cathode and
the Wehnelt electrode, the total emitted current can be con-
trolled accordingly, which also offers an achievable approach
to modulating the emitted light. Furthermore, two accelerators
are adopted to tailor the EB finely, which act as a round
electron lens. With an appropriate voltage condition, the anode
voltage determines the energy of electrons bombarding the
fluorescent screen. The experiment is carried out at room
temperature. The vacuum inside the light tube is 10~* Pa. The
fluorescent layer, with a thickness of 10 um, is sandwiched
between a 100-nm-thick Al film and a quartz window. After
passing the Al film, electrons bombard the fluorescent film.
The DUV light then emits outward because the Al film can
reflect the backward emission. In addition, the Al film can also
help to transfer the residual electrons and prevent the charge-
accumulation-induced damage.

In the EB-pumped light emission process, the properties
of EBs, including beam current and beam size, play a key
role in exciting the DUV light. Therefore, to optimize the
DUV emission performance, the properties of the EB are
numerically analyzed using a home-developed code based on
the equivalent meridional projected trajectory equation and
the curvilinear axis evolution theory, which can be applied to
calculate the current and charge density distribution of an EB
with a rotational symmetry [20]. According to the simulation
results, the voltages applied to two accelerators are V; = 20 V
and V, = 200 V, while the voltage applied to the anode is
Va = 10 kV as the initial values in the experiment.

I1l. DUV EMISSION

Fig. 3 shows the dependence of the output cathodolumines-
cence (CL) spectra on the applied voltage of each electrode.
A peak at ~246 nm with a narrow FWHM of ~16 nm is
observed clearly.

Since the properties of electrons rely on the spatial electric
potential distribution, five electrodes are employed to generate
the required potentials and then control the track of the EB.
A Wehnelt electrode is placed very close to the cathode to
achieve efficient control over the electron emission. A reverse
electric field will suppress the emission of electrons as well
as the light emission. In considering the focusing performance
of the electron optics system, the electrons can fully hit
the emission screen due to its smaller beam size. Therefore,
the increased EB can be totally used to excite the DUV light.
As the voltage varies from negative to 0, the emission intensity
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Fig. 3. Dependence of the output CL spectra on each electrode:

(a) Wehnelt electrode Vg; (b) accelerator electrode Vi; (c) accelerator
electrode V»; and (d) anode electrode V.

a 10 b 10
jo)
800 800
Vi =20V
V2 =200V 08 038
21600 Va =10kV 3 §SOO a3
2 og 2 065
] N § N
2 400 T 2400 s
3 g 3 04 8
o S m S
w Z w z
200 0.2 200 0.2
0 00 0 00
30 20 0 0 0 12 14 16 18 20
Vg (V) Vi (V)
c 10 4 - 10
800{ © o © 800 o © ©
/” 0.8 08
/D
—_ o= |
Le0of 3 oo 3
2 055 3 06 3
] NG N
£ 400 ® £ 400 ©
3 04 £ 3 04 €
I~ Vg =0V S m Vg =0V ]
W00 vi=20v 02 = Waool vi=20v .
Va =10 kV V2 =200V -
0 00 0 00
10 170 180 180 200 0 2 1
Vz (V) Va (kV)

Fig. 4. Dependence of the measured EB current and normalized CL on
each electrode: (a) Wehnelt electrode Vj; (b) accelerator electrode Vj;
(c) accelerator electrode Vo; and (d) anode electrode V.

increases gradually [Fig. 3(a)], since more electrons reach
the emission screen [Fig. 4(a)]. The first accelerator electrode
Vi has a similar function to that of the Wehnelt electrode.
The emission intensity increases for a large positive voltage
Vi [Figs. 3(b) and 4(b)]. Thereafter, the second accelerator
electrode V; can finely tune the beam current and beam size.
The main function of V; is to control the spot size of the EB
rather than the beam current [Fig. 4(c)]. The size of the beam
spot remains smaller than the screen, which can be estimated
using the emission pattern at a broad peak of ~400 nm.
As V, increases, the size on the fluorescent screen gradually
decreases. In our experiment, when V, = 200 V, the EB almost
covers the entire screen, which is beneficial to fully exploit the
fluorescent molecules for a larger emission power. On the other
hand, for a given input EB current, a small beam spot means
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Fig. 5. Dependence of the output power of the light source and the PCE
on the anode voltage. Here, V4 =0, V4 =20 V, and V, =200 V.

a high current density, which will increase the brightness of
the DUV light. However, due to the low PCE, the fluorescent
screen will suffer from a growing risk of damaging caused by
accumulated charges and electron—matter interaction-induced
heat. Hence, we choose Vo, =0V, Vi =20V, and V, = 200 V
as the optimized voltages in our experiment.

After being shaped by the electrodes and gaining adequate
kinetic energy via an anode, the electrons still need to penetrate
the 100-nm-thick Al film before bombarding the fluorescent
molecules. In this process, the energy of electrons will dissi-
pate by 3 keV, which is one cause of low PCE. Subsequently,
electrons still carry enough energy to collide with fluorescent
molecules multiple times until absorbed or conducted by the
Al film. Although the beam current is insensitive to the
anode voltage, the CL intensity increases for electrons with
higher energy [Figs. 3(d) and 4(d)]. To quantitatively assess
the performance of the proposed EB-pumped DUV source,
the output power is calculated based on the Lambert distribu-
tion [21]. As shown in Fig. 5, both the output power and PCE
monotonically increase as the anode voltage increases from
6 to 14 kV, which can be attributed to a deeper penetration of
electrons into the fluorescent film and thus a higher electron
transition probability. Although the PCE is limited due to the
heat dissipation caused by the collisions between electrons
and other particles or defects, the output power reaches a
record-high value of 430 mW when the voltage V, = 14 kV.
In principle, the power can be further upgraded by applying
a higher anode voltage. However, low PCE will increase the
risk of material damage. Thereby, it is still highly important
to improve the PCE and stability for obtaining an excellent
DUV source.

IV. MODULATION
Since the light emission arises from the excitation by
electrons, it is straightforward to realize a light modulation by
varying the applied voltage on each electrode. According to the
numerical results, when the voltage of the cathode is 10 V, the
electron emission will be halted. Consequently, an efficient
control over the DUV emission can be achieved by a small
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Fig. 6. Modulation of output DUV emission via inputting a square wave
signal to the cathode. Here, \y = 0, V4 = 20V, V, = 200 V, and
Va =14 kV.

voltage change. To verify the feasibility of the developed DUV
source for the NLOS communication system, a pulsed DUV
emission is demonstrated. Here, a rectangular voltage with a
modulation frequency of 5 MHz is applied to the cathode.
The voltage flips between 0 and 10 V in the modulation
experiment. As shown in Fig. 6, as the voltage applied to the
anode leaps, the output DUV light duplicates the signal shape,
where the small deformation can be attributed to the long
fluorescent lifetime of YPO,4:Bi** of ~700 ns. The fluorescent
lifetime of the molecule can be further shortened by changing
the type of doping element. For example, by replacing Bi with
praseodymium (Pr), a lifetime of ~20 ns can be achieved
(not shown here), which promises a much faster modulation
frequency.

V. CONCLUSION

To conclude, a high-power and high-modulation-frequency
DUV light source is experimentally accomplished by pumping
fluorescent molecules with an EB. By judiciously controlling
the voltage on each electrode, the emission power can readily
achieve a value of 430 mW at 246 nm. Accompanied by
a high-modulation frequency of 5 MHz, the proposed DUV
source can be a promising candidate for NLOS commu-
nications, as well as other areas employing DUV sources.
In principle, the performance of the proposed DUV source
can be further enhanced by boosting the EB, that is, the beam
current and the energy of electrons, and improving the material
response. Of more value, not only do our findings pave the way
to access NLOS communication and other potential applica-
tions, but the EB pumping approach can also be extended to
various emission processes.
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