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1. Introduction

Compact and highly efficient UVC (200–
280  nm) light sources, especially the 
250–280  nm wavelength range, are of 
considerable technological interest as an 
alternative to traditional mercury lamps 
for disinfection applications.[1–5] Mercury 
lamps are commonly used in the munic-
ipal water and waste-water purification, 
but for consumer and consumer near 
products (refrigerators, air conditioners, 
disinfection cabinets, etc.) there are sig-
nificant limitations because of mercury 
toxicity. The world has also acknowl-
edged the adverse effects of mercury 
on human health and the environment, 
leading to the Minamata Convention 
on mercury, signed by 128 countries to 
reduce global emissions of mercury.[6] 
This convention has already entered into 
force from August 2017 and will even-

tually phase out the use of mercury in existing products or 
processes, resulting in strong demand for alternative deep-
ultraviolet (deep-UV) light sources. AlGaN-based UV light-
emitting diodes (LEDs) are considered as excellent candidates 
to replace mercury lamps.[7] AlGaN-based LEDs can be tuned 
to cover almost the entire UV spectrum from 210 to 355 nm 
by alloying GaN with AlN materials.[8–11] However, the output 
power and emission efficiency of these deep-UV LEDs are 
limited because of several inherent issues including, i) high 
dislocation densities, ii) low hole concentrations, and iii) low 
light extraction efficiency for the AlGaN-based LEDs.[7,11] To 
date, the maximum power efficiency (PE, defined as Pout/Pin) 
reported for the state-of-art packaged deep-UV LEDs emitting 
at 265 nm (considered as the gold standard for disinfection) 
are below 1%, which is the main driving force to seek for 
other alternatives.[3]

Electron-beam (e-beam) pumped semiconductor-based 
light sources have also been explored as a promising alterna-
tive.[12] For example, Watanabe et al.[13] reported a device using 
hexagonal boron nitride powders emitting at a wavelength of 
225 nm, with a maximum output power of 1 mW and power 
efficiency of 0.6%. Additionally, Shimahara et  al.[14] demon-
strated an output power of 2.2  mW at 247  nm with a power 
efficiency of 0.24% from e-beam excited silicon-doped AlGaN 
bulk-like film. To take it forward, Fukuyo et  al.[15] optimized 
the silicon-doped AlGaN multiple quantum wells (MQWs) 
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and reported that e-beam excitation will result in the deep-
UV light output power of 15 mW with a conversion efficiency 
of 0.75% at a wavelength of 256  nm. Using e-beam pumped 
AlGaN MQWs, similar levels of power efficiency were reported 
by Ivanov et  al.[16] (≈0.24% at 270 nm), Rong et  al.[11] (≈0.43% 
at 285 nm), Wang et al.[17] (≈0.75% at 267 nm), Tabataba-Vakili 
et  al.[18] (≈0.43% at 246  nm), and Jmerik et  al.[19] (≈0.75% at 
235  nm). However, similar to deep-UV LEDs their perfor-
mance levels are inadequate for practical applications.[1,20,21] 
Oto et  al.[22] in a breakthrough demonstrated an output of 
100  mW with a phenomenal power efficiency of ≈40% from 
e-beam pumped AlGaN/AlN MQWs emitting at ≈240  nm 
using a thermal-electron gun operated inside a vacuum 
chamber. Although the physical mechanisms resulting in 
this power efficiency were not fully understood, this work has 
highlighted the prospects of e-beam pumped deep-UV light 
sources. Recently, several researchers[23,24,25] started replacing 
the thermal electron gun with the cold field emitters owing 
to their compactness for practical applications. Matsumoto 
et  al.[25] make a significant improvement in this direction by 
demonstrating a device having 20 mW power at 240 nm with 
the power efficiency of 4% obtained by combining AlGaN 
MQWs and graphene nanoneedle field electron emitters. 
Interestingly, in all the previous reports, there was no specific 
focus on the emission wavelength and except for ref. [25] the 
power efficiency in all cases is less than 1%. Also, most of the 
previous demonstration relies on using a thermal electron-
gun, which requires a vacuum chamber, making it impractical 
for commercial applications.

In this work, overcoming the limitations of all existing tech-
nologies, we have developed a chip-size, efficient deep-UV 
light source based on a 100% mercury-free approach, enabled 
by on-chip cathodoluminescence and field-emission. Our deep-
UV chips offer high reliability, “instant” ON/OFF capability, 
high operational lifetimes (500 h), low-temperature depend-
ence (−20 to 80  °C), and complete design freedom. Besides, 
we have also demonstrated ultrahigh germicidal efficiency log 
6 (99.9999%) using our deep-UV chips. We believe our chips 
being mercury-free and compact with high germicidal effi-
ciency will be beneficial for many disinfection applications that 
require environmental-friendly solutions and the use of lim-
ited spaces.

2. Results and Discussion

Figure 1 shows our fabricated deep-UV chips with all material 
components. The chip is cathodoluminescence based, in which 
a high-integrity vacuum cavity is created allowing for efficient 
field-emission. In our deep-UV chips, we use high-quality ZnO 
nanorods as a cold cathode, where we apply a high voltage (but 
extremely low current, and thus very low electrical power) in 
operation. The electrical field at the tips of the nanorod arrays 
(NRs) is so strong that the electrons are drawn out of the mate-
rial. The electrons are then accelerated in a vacuum by the 
applied electric field toward the anode, which is coated with 
UVC phosphor (Lu2Si2O7:Pr3+) that generates deep-UV light 
when hit by these electrons.

For the highly efficient and stable deep-UV light sources, 
it is important to fabricate a field electron emitter with stable 
emission even in the presence of a small amount of residual 
gases. Although carbon nanotubes have attracted much atten-
tion due to their low turn-on field and large emission current 
density,[26–28] several other nanostructures, such as ZnO nano-
wires,[29] SiC nanowires,[30] and AlN nanoneedles[31] were also 
considered potential options for field-emission. Especially ZnO 
nanostructures have been investigated extensively for field-
emission for a long time. Compared to carbon-based mate-
rials, the ZnO nanostructures have a unique advantage: being 
an oxide material, the requirement for vacuum becomes less 
critical, i.e., ZnO field emitters would last longer compared to 
carbon-based field-emission device used in the same vacuum 
conditions.[32] Various previous studies reported field-emission 
of ZnO nanorods/nanowires at high current density, with 
low turn-on field, and highly stable emission.[33–36] Therefore, 
we selected ZnO nanorods as a convenient e-beam excitation 
source for the fabrication of our chip-sized deep-UV emission 
device. The other parameters taken into account were the low 
cost, and easy and robust synthesis technique to make it con-
venient for practical applications. In our case, ZnO nanorods 
were fabricated using controlled oxidation (O2 mixed in N2) of 
the brass mesh resulting in the average length of ≈10–15  µm 
and the diameter ≈150–200 nm. Figure 2a shows the cross-sec-
tional scanning electron microscope (SEM) images of the ZnO 
nanorods used as field-emitters on the cathode side in the deep-
UV chips. The inset of Figure 2a shows the top view of the ZnO 
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Figure 1. a) Our deep-UV device architecture. b) A prototype of our fabricated deep-UV chip.
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nanorods. Figure 2b shows the cathodoluminescence spectra of 
the UVC phosphor (Lu2Si2O7:Pr3+) used in our chips.

Figure  2b shows the overlap of the cathodoluminescence 
spectra of the UVC phosphor with the well-known germicidal 
effectiveness curve. We can see the germicidal effectiveness 
curve matches nicely with the cathodoluminescence spectra of 
the UVC phosphor with a spectral overlap of ≈65%. For a deep-
UV light source to be powerful for disinfection applications, we 
must choose an efficient phosphor with a maximum overlap 
of its emission spectra with the germicidal effectiveness curve. 
This is the reason we specifically have chosen UVC phosphor 
having the wavelength maxima adjacent to 265  nm since this 
wavelength is lethal for pathogens and generally known as the 
gold standard for disinfection.[37] The films of UVC phosphor 
were screen-printed on UVC transparent glass substrates. A 
60 nm thick aluminium layer was deposited on top of the UVC 
phosphor to serve multiple functions, i.e., i) conducting layer of 
the anode, ii) reflect the backscattered component of deep-UV 
emission forward, and iii) to reduce charging.
Figure 3a shows an image of our deep-UV chip in the oper-

ating state, which is composed of ZnO NRs cold cathode and 
Lu2Si2O7:Pr3+ UVC phosphor as an anode. The cathode and 
anode side of the deep-UV chips were placed inside a vacuum 
chamber where they were evacuated to reach a base pressure of 
10−7 hPa, and then, sealed using glass paste at high temperatures  

(380–450  °C). The wired contacts were made after the sealed 
chips were taken out of the vacuum chamber and before the 
measurements, the chips were properly isolated using an epoxy. 
Deep-UV emission is observed immediately after the applica-
tion of high voltage and was collected through the back of the 
UVC transparent glass substrate. The total deep-UV power 
through the UVC transparent substrate was measured using 
an ILT2400 handheld light meter (calibrated at 270  nm). The 
anode and cathode side were separated by 2 mm in our deep-
UV chips. The full chip size after the insulation is 27  mm in 
diameter and 4 mm in thickness, which offers complete design 
freedom. Figure 3b shows the fluorescence (UV marks) on the 
10 Dollar Singapore currency note obtained using UV light from 
our deep-UV chips. In our deep-UV chips, the upper bound on 
the efficiency is determined by the cathodoluminescence effi-
ciency of the UVC phosphor used.[38] The cathodoluminescence 
efficiency of the UVC phosphor used in our deep-UV chips is 
≈10%. In general, there are few other options for UVC phos-
phors/emitters but their cathodoluminescence efficiencies are 
mostly below 10% and also their emission spectrum is quite 
different from the germicidal effectiveness curve which makes 
them ineffective for disinfection applications.[12,39,40]

The field emission properties (current density–voltage (J–V)) 
of the deep-UV chips are plotted in Figure 4a. The current 
density–voltage characteristics exhibited an exponential-like 
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Figure 2. a) Cross-sectional and top-view (in the inset) of ZnO nanorods used as the cathode and b) cathodoluminescence spectra of the anode (UVC 
phosphor; Lu2Si2O7:Pr3+) used in our deep-UV chip and its overlap with germicidal effectiveness curve.

Figure 3. a) Chip in the operating state (only blue part is visible, which is only 0.4% of the total UV spectrum). b) UV marks on 10 Singapore dollars 
are visible with our deep-UV chips.
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behavior, which was found to be reproducible for all investi-
gated chips. The Fowler–Nordheim plot for our deep-UV device 
is shown in Figure 4b. The variation of ln(I/V2) with (1/V) is a 
straight line, confirming that the current was indeed caused by 
electron field emission.

According to the Fowler–Nordheim electron emission 
theory,[41] the emission current density is described as
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where E  = (V/d) is the applied field, d is a distance between 
the anode and the cathode, and V is the applied voltage, φ is 
the work function, which is 5.3  eV for ZnO, A and B are 
constants with the values of 1.56 × 10−10 AV−2  eV and 6.87 ×  
109  V eV−3/2 m−1, respectively, and β is a field enhancement 
factor. β represents the amplification of the electric field at the 
tip, compared to its macroscopic value. We can estimate the 
value of the field enhancement factor (β) from the Fowler–

Nordheim plots. The slope of the F–N plot is equal to B d/
3
2φ β, 

where d is the distance between ZnO nanorods and the anode. 
From the above equation, β is estimated to be 2270 for our 
ZnO nanorods, which is sufficient for various field-emission 
applications. In the literature, a large range of β values have 
been reported for various ZnO nanostructures, e.g., β  ≈ 847  
(nanowires, Lee et  al.[29]), β  ≈ 657 (nanopins, Xu and Sun[42]), 
β  ≈ 570 (nanotubes, Shen et al.[48]), β  ≈ 6285 (tetrapods, Wan 
et al.[43]), β ≈ 2300 (NRs, Pan et al.[44]), and β ≈ 3010 (nanowire 
arrays, Xu et  al.[45]). Some previous works using cascaded 
two-stage field emitters reported very high values of β, e.g.,  
β  ≈ 10 179 (graphene on ZnO nanowires, Maiti et  al.[34]) and  
β ≈ 6975 (graphene attached to ZnO tetrapods, Maiti et al.[46]). 
The value of β is known to depend on the geometry, crystal 
structure, and density of ZnO nanostructures.[42,47] The moder-
ately high value of β in our case is mainly because of the high 
aspect ratio and reasonably aligned arrays of ZnO NRs as can 
be seen from Figure 2a.

We obtained an average power ≥ 20  mW from our deep-
UV chips for stable operation at an electrical input power of 
500 mW (5.5–6.5 kV, 0.075–0.090 mA). We have also observed 
a maximum output of 30  mW, which shows the potential 
for further optimization. To the best of our knowledge, only  

Watanabe et  al.[13] and Matsumoto et  al.[25] fabricated portable 
battery-operated deep-UV emission device with smaller dimen-
sions. Although Matsumoto et  al.[25] obtained 20  mW power 
with power efficiency ≈4% in their case, the wavelength was not 
optimized to maximize the germicidal disinfection. Also, they 
did report any germicidal efficiency using their device. Whereas 
in the case of Watanabe et al.[13] the maximum power obtained 
was only 1 mW at the wavelength of 225 nm, which is too low 
for practical applications. In our deep-UV chips, we obtained 
an average power of 20  mW with a power efficiency of ≈4% 
at the 261  nm peak wavelength close to the germicidal wave-
length. Also, in our case, the spectral overlap is ≈65% with the 
germicidal effectiveness curve allowing us to maximize the dis-
infection capabilities of our deep-UV chips. The average power 
and power efficiency obtained in our case at the germicidal 
wavelength is the highest among all the portable deep-UV light 
sources reported in the literature.

We have performed a rigorous lifetime test of our deep-UV 
chips, which is a mandatory requirement for practical appli-
cations. Our deep-UV chips have “instant” ON/OFF capabili-
ties like LEDs, unlike mercury lamps which take few minutes 
to turn completely ON. This is crucial in applications where 
immediate disinfection is needed, e.g., when turning on a 
water tap. Figure 5a shows the optical output power of our 
deep-UV chips with the operating hours at a constant input 
power of 500 mW in 60 s ON/60 s OFF intermittent operation. 
We observed initial degradation in output deep-UV power but, 
after that, it is constant for up to 1000 h. We believe the initial 
decrease in output power is mainly caused by the degradation 
of phosphor surface by electron bombardment until a stable 
surface layer is reached. At the current stage, the lifetime of the 
majority of the tested deep-UV chips is ≈500 h and is expected 
to be higher after further optimizations.

Further, we have also tested the performance of the deep-UV 
chips at different operating temperature conditions as required 
by various home appliance applications, which are not possible 
by the traditional mercury lamps. The results show that our 
chips performance remains almost similar within the whole 
temperature range from −20 to 80  °C, whereas the mercury 
lamps perform best within the temperature range 35–55  °C, 
as shown in Figure  5b. Our deep-UV chips have also under-
gone and passed reliability testing including those for mois-
ture, temperature cycling, vibration, and mechanical shock. 

Adv. Optical Mater. 2021, 9, 2100072

Figure 4. a) Current density–voltage (J–V) characteristics of our deep-UV chip and b) the corresponding Fowler–Nordheim plot.
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Additionally, our chips do not require any additional thermal 
management for operating at elevated temperatures as opposed 
to UVC LEDs where it is a mandatory requirement otherwise 
resulting in a substantial drop in efficiency.[49] Nevertheless, it 
is predicted that for UVC LEDs with 285 emission wavelength, 
wall-plug efficiency will exceed 10% mark by 2021.[3] But same 
is not true for UVC LEDs emitting at 265 nm which is consid-
ered as the gold standard for germicidal disinfection, whereas, 
in our case, we obtained 4% efficiency with our deep-UV chips 
emitting at 261 nm in the package similar to LEDs. Currently, 
we are working on enhancing efficiency and lifetime by further 
optimizing device design and by implementing light extraction 
techniques.

Lastly, we performed germicidal experiments to study the 
germicidal efficacy (disinfection capabilities) of our deep-UV 
chips. In our experiments, we use a single chip having an 
input power of 500  mW placed at 7.5  cm from the Petri dish 
containing Escherichia coli (E. coli) bacteria on tryptic soy agar. 
E. coli ATCC 8739 bacteria of known concentration, e.g., 1000, 
10 000, 100 000, 1 000 000 colony-forming units, have been irra-
diated with our chip for 60, 120, 240, and 510 s. We also have 
a control sample, which is not irradiated by deep-UV light. 
After that, E. coli bacteria are incubated for 3 days at 30–35 °C. 
Figure 6a shows the photographs of E. coli bacteria after 24 h 
incubation on a nonirradiated and deep-UV irradiated sample, 
respectively. We found that after ≈47 mJ cm−2 (510 s) of deep-
UV irradiation, we obtain log 6 (99.9999%) reduction in  
E. coli bacteria using our chip (see Figure 6b). In the literature, 

several different values have been reported due to the specific 
strains and the different irradiation conditions.[50] The disinfec-
tion time can be reduced greatly by using more deep-UV chips. 
Additionally, we also do not observe tailing in our chips, which 
is quite common in mercury lamps. We believe the reason 
for the absence of tailing with our deep-UV chips is the 65% 
match of the cathodoluminescence spectra of UVC phosphor 
with germicidal effectiveness curve and the presence of an 
additional 298  nm wavelength radiation. However, this specu-
lation requires further investigations. It is also implied that 
pulsed UVC irradiation is more effective than the continuous 
irradiation from the mercury lamp in eradicating various patho-
gens.[50] Our chips having “instant” ON/OFF capability can be 
easily used in the pulsed mode offering cost-effective efficient 
disinfection. Recently, few groups evaluated and suggested that 
UVC irradiation is a suitable disinfection method for eradi-
cating COVID-19 coronavirus.[51,52] We believe our deep-UV 
chips with high germicidal efficiency can help in containing the 
outbreak by disinfecting the commonly touched surfaces.

3. Conclusions

In summary, we have demonstrated efficient (≈4% efficiency) 
chip-size mercury-free deep-UV light sources with the power  
≥ 20 mW. The tested lifetime of our deep-UV chip at this stage 
is 500 h and is expected to be higher after structural refinements 
and further optimization. Most importantly, the germicidal  

Adv. Optical Mater. 2021, 9, 2100072

Figure 5. a) Variation of output power with time (lifetime test). b) Light source intensity (output power) dependence on different operating temperature 
conditions.

Figure 6. a) Petri dish containing E. coli bacteria before and after deep-UV irradiation from our chips (nonirradiated and radiated for 60, 120, 240, and 
510 s). b) Log-reduction obtained from our deep-UV chips.
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reduction obtained by our deep-UV chips is of the order of log 
6, which is at par with the mercury lamps. Besides, our chips 
are economical (intermittent operation) and environmentally 
(mercury-free) friendly in comparison to mercury lamps. Our 
innovative deep-UV light chip technology with its exceptional 
germicidal performance, immediate start-up, low-temperature 
dependence, and small size is expected to open up new disin-
fection applications in consumer near products. The potential 
applications of the deep-UV chips include disinfection in home 
appliances and more importantly in hospitals and childcare 
centers to control the outbreak of infectious diseases by disin-
fecting contaminated surfaces.

4. Experimental Section
UVC phosphor (Lu2Si2O7:Pr3+) was custom developed by the company 
Leuchtstoffwerk Breitungen GmbH. The average particle size (D50) of 
the UVC phosphor was ≈5–6  µm. A screen-printing process was used 
to deposit phosphor films on the UVC transparent glass substrates. The 
phosphor was covered with a sputtered aluminium thin film of 60 nm 
thickness, forming the deep-UV fluorescent screen. ZnO field emitters 
(NRs) were fabricated using controlled oxidation (O2 mixed in N2) of 
brass mesh at 550 °C in the tube furnace. The typical length of the ZnO 
NRs was in the range 10–15 µm and their diameter was between 150 and 
200 nm, leading to a high aspect ratio of 70, which made them suitable 
as a field electron emission cathode. These parts were assembled in a 
vacuum chamber and sealed at the vacuum pressure of 10−7 hPa.

The high-voltage power supply was used to drive the deep-UV 
chips and the output light power was measured using two different 
detectors to check the consistency of the results. In this manuscript, 
the CL spectra were measured by a JETI specbos UV spectroradiometer  
(D  = 10  cm) and the reported radiant flux was measured using an 
ILT2400 handheld light meter (D  = 4  cm). Both detectors resulted 
in similar values within the ±10%  range. An ILT2400 handheld light 
meter with a SED270-QT input optics (calibrated at 270 nm) measured 
irradiance in W cm−2 and was used for measuring power. On the other 
hand, JETI specbos 1211UV spectroradiometer with a diffuser was used 
to measure spectral radiance Ee in W (m2*nm)−1. The irradiance E in 
W cm−2 was calculated by integrating Ee over the spectrum. The total 
radiant flux Φ in W was calculated by the following equation, assuming 
a circular Lambertian source and the validity of the inverse square law

Φ π= 2ED  (2)
with D being the distance of light source and detector.
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