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ABSTRACT Ultraviolet (UV) light is applied to various industrial and medical devices. In particular, deep
UV light with short wavelengths could minimize the damage to human cells when it is used to virus and
bacterial sterilization. We optimized the Zn2SiO4 anode structure to improve deep UV light generation with
a carbon nanotube (CNT) cold cathode based electron beam (C-beam) pumping. Annealing at 1000 ◦C
and 400 mTorr produces anode with the highest deep UV intensity. Using a 100-nm SiOx layer between
Zn2SiO4 and quartz substrate, the intensity of deep UV light at a wavelength of 226 nm was increased
by 1.8 times.

INDEX TERMS Deep ultraviolet, Zn2SiO4, carbon nanotube, electron emission.

I. INTRODUCTION
Deep ultraviolet (UV) has high photon energy and could
be applied in many applications such as disinfection, odor
removal, optical cleaning and medical uses. UV disinfec-
tion technology is essential for safe water and air, which is
basic needs of human life. Deep UV light with short wave-
lengths can mitigate damage to human cells during virus and
bacterial sterilization because short wavelengths can reduce
mutagenic and cytotoxicity damage to human cells [1]–[3].
Currently, mercury vapor lamps are mostly used as

light sources for UV disinfection. As mercury regulations
are progressing in response to increasing environmen-
tal demands, research on light-emitting diodes (LEDs) is
underway [4], [5]. LEDs are widely used in visible and
UV applications, but there are many problems to be uti-
lized in deep UV region [5]–[11]. The main problem is
low efficiency due to the deep UV absorption and poten-
tial of AlGaN owing to the mismatch in epitaxial layer and
the substrate [6]–[11]. In addition, it is difficult to make
large area UV LEDs because of the leakage current in
junction and point light source. Various studies has been
done to overcome these issues, and one of the alternative

technologies is deep UV generation using electron beam
pumping technology [12]–[16].
Carbon nanotube (CNT) emitters are the most appropriate

cold cathode electron sources for electron beam pumping
technology due to their outstanding electrical, chemical and
mechanical characteristics [17]. Based on the excellent prop-
erties of CNT emitters, they are being studied for electron
devices such as field emission lamps, X-ray tubes, and elec-
tron microscopes [18]–[21]. In particular, CNT emitters are
capable of generating UV light in large areas, thus demon-
strating their advantages as an electronic source for UV
generation. We had grown fully vertical aligned CNT emit-
ters with homemade direct current plasma enhanced chemical
vapor deposition (DC-PECVD) [22] and used it as an exci-
tation source to generate deep UV light. We called the CNT
cold cathode based electron beam “C-beam.”
Deep UV generation using electron beam pumping tech-

nology depends on the properties of the anode materials.
Wide bandgap materials such as hexagonal boron nitride
(h-BN), aluminum nitride-based quantum wells, ZnAl2O4,
and Zn2SiO4 are being studied as anode materials for UV
generation [13]–[16]. Watanabe and colleagues made deep
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UV with a wavelength of 225 nm using h-BN [13]. As
reported by Oto et al., aluminum nitride based quantum
wells were used as an anode material to make a wavelength
of 240 nm [14]. Ishinaga et al. controlled the composition
ratio of ZnAl2O4 to obtain deep UV emission peak of 250 to
270 nm [15]. We obtained deep UV with wavelengths of
208, 226 and 244 nm using Zn2SiO4 and C-beam pumping
technology [16].
Recently, research is being conducted to improve the

light intensity of electron devices using silicon element.
Cheng et al. have improved the blue light electroluminescent
power of LEDs from 0.1 to 0.7 µW by changing the size
of the silicon quantum dots [23]. Si-LEDs have improved
the device performance by increasing the electric field con-
finement and high speed response through the avalanche
mode [24], [25]. In this study, we fabricated Zn2SiO4 by
diffusing the silicon element of the SiOx layer into the ZnO
layer using thermal energy in the furnace, and improved the
deep UV characteristics at 226 nm by C-beam irradiation.
With the SiOx layer, the UV light intensity at 226 nm was
1.8 times higher than that of conventional structure without
SiOx layer.

II. EXPERIMENT DETAILS
Fig. 1 shows the schematic diagram of deep UV generation
with C-beam pumping. The anode has a quartz substrate,
UV-C layer, and an aluminum (Al) electrode. We used
a quartz substrate with a length of 40 mm and a width of
20 mm. The UV-C layer contains Zn2SiO4 as a layer for gen-
erating deep UV by electron beam irradiation. The Zn2SiO4
was fabricated by spin-coating and annealing ZnO ink solu-
tion on a quartz substrate. Zinc acetate dihydrate (ZAD),
monoethanolamine, and 2-methoxyethanol were stirred at
70 ◦C for 5 hours to prepare a ZnO ink solution [26]. The
ZAD concentration of the ZnO ink solution is 0.3 mol. In
the annealing process, nitrogen (N2) gas was injected into
the furnace and the process was performed at 1,000 ◦C
for 1 hour. Zn2SiO4 was formed after the annealing pro-
cess and Al electrode was deposited with the Al thermal
evaporation technique to form an anode electrode [16]. In
order to improve the deep UV light intensity, SiOx and SiNx
were deposited on the quartz with a thickness of 100 nm
using PECVD.
We used the C-beam of triode structure to generate deep

UV. The triode structure consisted of a cathode, gate, and
anode as shown in Fig. 1(a). The cathode had CNT emit-
ters. The fabrication process of the CNT emitters is shown in
Fig. 2 [27]–[29]. The Si wafer with a size of 15 x 15 mm2

was used as a substrate for manufacturing CNT emitters.
The deposition of the nickel catalyst on the Si wafer was
used for sputtering as shown in Fig. 2 (a). The thickness of
Ni is 20 nm. Fig. 2(b) shows photoresist spin coating and
patterning through photolithography. In order to fabricate
CNT emitters at desired locations, photoresist was patterned
in the form of a dot having a diameter of 3 µm on the Ni
layer. After photolithography, we proceeded to Ni etching,

FIGURE 1. Deep-UV generation with a carbon nanotube cold cathode
based electron beam: (a) a schematic diagram of deep UV generation
[Inset: cross-sectional view of anode structure (top) and the SEM image of
CNT emitters (bottom)]. (b) the UV spectra with CNT cold cathode electron
beam irradiation. (c) electron emission characteristics of CNT emitters.

which is the etching of the Ni layer, as shown in Fig. 2 (c).
The Ni catalyst was selectively patterned on Si wafer using
photolithography and Ni etching. Fig. 2 (d) shows the
schematic image of grown CNT emitters by homemade DC-
PECVD. The shape of the grown CNT emitters is shown the
SEM image inset in Fig. 1(a). The CNT emitters have dot
size of 3 µm and height of about 40 µm and they are verti-
cally and conically grown. Each CNT emitters is patterned at
30 µm intervals to reduce field screening between CNT emit-
ters. The gate electrode was used for electron extraction [27].
Ceramic was used for insulation between the cathode and
the gate. We kept the distance between the cathode and the
gate at 250 µm. The electron emission characteristics of the
CNT emitters are shown in the Fig. 1(c). At an anode voltage
(Va) of 7 kV and a gate voltage of 1,075 V, an anode current
(Ia) is 1.12 mA and the electron transmission rate through
the gate hole is 86.6%. When the Ia is more than 0.3 mA,
deep UV is generated as shown in the Fig. 1(b). The UV
peak positions do not change with Ia and were observed at
wavelengths of 208, 226, and 244 nm. In the previous study,
the origin of deep UV with peaks at wavelengths of 208,
226, and 244 nm is rhombohedral Zn2SiO4 [16], [30].
To evaluate the characteristics of deep UV light, Avaspec-

ULS2048 UV spectrometer of Avantes was used. The mor-
phology of Zn2SiO4 film were confirmed using a scanning
electron microscope (SEM, Hitachi S-4700). To determine
the material of the UV-C layer, Empyrean X-ray diffrac-
tion (XRD) system from PANalytical was used. Agilent
34401A, Keithley 248, and Spellman ST system were used
as power supply and to measure current.

III. RESULTS AND DISCUSSION
Fig. 3 shows the UV intensities and grain sizes of
the Zn2SiO4 anode with various annealing pressures at
1,000 ◦C. Deep UV intensities depend on the pressure in
the furnace. Fig. 3(a) shows the UV intensities of the anode
annealed with various pressure at the Ia of 0.3 mA and
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FIGURE 2. The fabrication process of the CNT emitters: (a) Deposition of
nickel on the Si wafer with sputtering. (b) Photolithograph for the
selectively patterning. (c) Etching of nickel catalyst layer. (d) Growth of CNT
emitters with DC-PECVD.

0.5 mA. The UV intensity is the highest at pressure of
400 mTorr, regardless of the three peak wavelengths of 208,
226 and 244 nm. The trend of grain size variation with pres-
sure overlaps well with UV intensity variation. At pressure
of 400 mTorr, the grain size of UV-C layer is the largest
at 60 nm and the UV intensity is the highest. As shown in
Fig. 3(a), at the Ia of 0.3 mA, the UV intensity at 226 nm
of the 400 mTorr annealed sample exhibits 8.1 times greater
than 200 mTorr one. It exhibits the lowest UV intensity at
200 mTorr regardless of wavelength and has the smallest
grain size. Also, the observed UV peak positions at 208,
226, and 244 nm did not changed with Ia of 0.5 mA. At
a wavelength of 226 nm, the UV intensity of the sample at
Ia of 0.5 mA is 1.2 times greater than that of the 0.3 mA.

FIGURE 3. (a) The UV intensities and (b) grain size variation of the anode
annealed with various pressure.

SiOx and SiNx were used between the quartz substrate
and the Zn2SiO4 thin film to increase the deep UV inten-
sity. Fig. 4 shows various anode structures before annealing
process and UV spectra depending on the anode structures.
The anode structure of Fig. 4(a) is a conventional struc-
ture, which is a ZnO ink solution spin-coated onto a quartz

substrate. In the case of Fig. 4(b) and (c), SiOx and SiNx
films were deposited on quartz substrate with a thickness of
100 nm and then the ZnO ink solution was spin-coated on
the films. For structural modification, annealing was carried
out at 1000 ◦C for 1 hour after injection of N2 gas and
maintaining a pressure of 400 mTorr. After annealing, we
obtained Zn2SiO4 anode film. Fig. 4(d) shows the deep UV
spectra obtained with C-beam pumping with Va of 7 kV
and Ia of 0.3 mA. The UV spectra depend on the films
used on the quartz substrate. When we used the SiOx layer,
a deep UV of 226, 244 nm wavelength was obtained. The
UV intensity at a wavelength of 208 nm is lower than without
the SiOx layer. However, at 226 and 244 nm, the deep UV
intensities were increased by 1.8 and 1.5 times, respectively,
compared to the conventional structure of Fig. 4(a). When
100 nm SiNx was used, the peak wavelength was observed
at 308 nm, but the intensity was weak. In addition, UV light
of wavelengths of 250 nm or less disappeared. This is related
to the bandgap energy. The bandgap energies of crystalline
silicon nitride (Si3N4) and silicon dioxide (SiO2) are ∼5 eV
and ∼9 eV, respectively. Using SiNx, the generated deep
UV is absorbed by Si3N4 existing in SiNx because the band
gap energy is smaller than that of Zn2SiO4. However, in the
case of SiOx layer, the band gap energy is larger than that
of Zn2SiO4, so deep UV is not absorbed.

FIGURE 4. UV performance with variable anode structure: (a) conventional
structure, (b) with 100 nm SiOx and, (c) with 100 nm SiNx. (a), (b)
and (c) are structures before annealing at 1000 ◦C. (d) The UV spectra with
various anode structures after annealing process.

To understand the enhanced deep UV light intensity,
variable Zn2SiO4 anode structures were measured with
SEM. Fig. 5 shows a SEM image of Zn2SiO4 anodes with
various structures after the annealing process. In the case
of the conventional structure, certain grains are easily vis-
ible, and their size is about 60 nm as shown in Fig. 5(a).
Fig. 5(b) shows SEM image of Zn2SiO4 on 100 nm SiOx
after annealing. The grains are formed in various shapes
rather than circular shapes and the size of grains is larger than
100 nm. The largest grains of 100 nm or more were observed
and the grains were well connected. When 100 nm SiNx was
used, grains of various sizes ranging from 26 nm to 169 nm
were formed. However, the grains were not connected and
were non-uniform.
In Fig. 3, the UV intensities are changed based on the

tendency of change in grain size. This tendency can also be
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FIGURE 5. The SEM images after annealing with various anode structures:
(a) conventional structure, (b) with 100 nm SiOx, and (c) 100 nm SiNx on
quartz substrate.

FIGURE 6. XRD results with different anode structure after annealing
process.

seen in UV intensity variation according to different anode
structures. When SiOx layer was used, it had the highest
intensity at 226 nm wavelength and the largest grain size
of 100 nm or more. Increased UV intensities and grain size
are associated with the amorphous structure of the SiOx
and SiNx. In order to form Zn2SiO4 film, silicon of the
quartz substrate should be supplied to the ZnO layer during
the annealing process. The quartz substrate is crystalline
structure and structural modification is difficult to supply
for the silicon element. On the other hand, the amorphous
structure of the SiOx and SiNx is more easily structurally
modified to feed the silicon element onto the ZnO. When
SiNx is used, SiNx acts as a barrier to Zn diffusion, so the
grains are not uniform and the UV intensity is low [31].

To apprehend origin of enhanced grain size of Zn2SiO4 on
SiOx layer, we performed XRD analysis. Fig. 6 shows XRD
results with different anode structure after annealing process.
Regardless of the anode structure, a broad peak from quartz
substrate was observed at around 22.3◦. The 25.5◦ and 34.0◦
peaks were attributed to the (220) and (410) planes (rhom-
bohedral zinc silicate, JCPDS card number 00-037-1485).
The (220) and (410) planes Zn2SiO4 peaks enhanced with
100 nm SiOx anode. This result is presumed to be related
to increase the intensity of the wavelengths of 226, 244 nm
using SiOx. When SiOx and SiNx were used, unlike the
conventional structure, a peak was detected at 44.3◦ which
is the peak of the (202) plane of Si (orthorhombic silicon,
JCPDS card number 01-089-9055). The Si related peaks are
expected to be caused by diffusion of Si during the annealing
process, and this result is also considered to have affected
the UV characteristics. However, the relationship between
crystalline plane of Zn2SiO4 and respective UV peaks of
208, 226 and 244 nm is not clear and needs more study.

IV. CONCLUSION
In summary, we optimized the Zn2SiO4 anode structure to
improve 226 nm deep UV light generation with carbon nan-
otube emitters. Wide bandgap SiOx layer between anode
and substrate was used to enhance deep UV generation. The
intensity of the deep UV was related to grain size and uni-
formity of Zn2SiO4. The grain size of Zn2SiO4 increased
from 60 nm to larger than 100 nm with inserting deposited
SiOx on quartz substrate. Deep UV light intensity at a peak
wavelength at 226 nm increased by 1.8 times than without
SiOx layer. This deep UV enhancement is due to the better
diffusion of the Si element into the ZnO layer when using
the SiOx layer than the conventional structure.
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