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A 2-inch, large-size deep ultraviolet light-emitting device using dynamically
controlled micro-plasma-excited AlGaN
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A dynamically controlled micro-plasma-excited (MIPE) aluminum gallium nitride deep ultraviolet

(DUV) light-emitting device is demonstrated. This device provides high-power DUV emission at

any desired wavelength and allows enlargement of emission areas like plasma display panels for

easy, low-cost fabrication. Neither p-n junctions nor electrode contacts are required for device

fabrication. We fabricated 2-in. diameter wafer-size MIPE emitters of DUV light at specific

wavelengths from AlGaN quantum wells with 50 mW average output power. We can also fabricate

6-in. diameter DUV emitters using sapphire wafers and 1 m� 5 m panel-type DUV emitters. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4789977]

Deep ultraviolet (DUV) light-emitting devices are im-

portant for use in the sterilization of water,1,2 sewage, and

tools in hospitals and homes, along with applications in

allergy therapy, enhancement of photochemical reactions,

and sensing of ozone3 or other chemicals. To date, mercury

(Hg) lamps have been commonly used as DUV emitters for

these purposes, but, because Hg is a toxic metal, its use in

many cases is inconsistent with environmental hygiene

standards. DUV light-emitting diodes (LEDs) using alumi-

num gallium nitride (AlGaN) have been developed4–6 to

replace Hg lamps as light sources, and low power versions of

these LEDs are already commercially available. AlGaN

DUV LEDs can be tuned to emit at any desired wavelength

from 250 to 350 nm within the DUV region by varying the

ratio of Al to Ga in AlGaN to adjust the quantum well struc-

ture. However, the intensity of light emitted by a typical

DUV LED is not very high, and the typical device size is

only around 100 lm2. Because of high leakage currents

caused by large dislocation densities, the enlargement of

these LED devices is very difficult, and it has thus proven

difficult to use these diodes as light sources for real-life

applications such as water or sewage sterilization or photo-

chemical synthesis in production lines. Other approaches to

produce light at the desired wavelengths within the DUV

range have involved second harmonic and sum frequency

generation in photonic crystals7,8 and electron beam-excited

AlGaN devices.9,10 Production of electron beam-excited

DUV light has been observed at a wavelength of 247 nm

(Ref. 9) with a power of 2.2 mW under an excitation energy

of 10 keV, and at 238 nm (Ref. 10) with a power of 100 mW

under an excitation energy of 8 keV. In the former case, the

emission area was 2 mm in diameter; in the latter case, the

emission area was 1 mm in diameter. Both of these devices

required high electron acceleration voltages, and their emis-

sion areas were small because of the limitations of their prin-

ciples of operation; this makes it difficult to generate an

emitting area that is large enough for water sterilization or

other real-life applications.

In this paper, we propose a dynamically controlled

micro-plasma-excited AlGaN DUV light-emitting device

(MIPE). This device has considerable advantages in terms of

the ease with which the light-emitting area can be enlarged

and the light-emitting power can be incremented, and the de-

vice can be tuned within a wavelength range of 210–350 nm.

It would therefore be easy to build a DUV light-emitting

panel with a size of 3 m� 4 m (similar to that of a conven-

tional large plasma display panel) using this method. The

fabrication process is also quite simple and inexpensive, ren-

dering the device useful as a replacement for Hg lamps in

water sterilization applications. Finally, because of its large

area, high power, and low production cost characteristics,

the proposed device can also be used in industrial systems

for photochemical synthesis.

We used a dynamically controlled plasma to excite the

AlGaN quantum wells to stimulate DUV emission, following

the successful fabrication of a 2 cm� 2 cm MIPE with an av-

erage output power of 10 mW and a full 2-in. wafer-size

MIPE with an average output power of 50 mW at typical

DUV wavelengths of 229, 265, 306, 313, and 410 nm.

Figure 1 shows a schematic of the cell structure of the

MIPE. As shown in the figure, a 1 lm MgO layer is depos-

ited on a sapphire substrate by a radio frequency sputter

FIG. 1. Schematic cell structure of the MIPE.a)Mail address: yaoyagijpn@gmail.com.
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deposition technique. An earth electrode is then embedded

on top of the thin MgO film, and discharge ‹ and accelera-

tion › electrodes are then introduced. The discharge elec-

trode has been designed to confine the plasma between itself

and the earth electrode. The acceleration electrode is intro-

duced into the cell just underneath the AlGaN quantum well

layer to extract electrons from the plasma. The three-layer

AlxGa1�xN/AlyGa1�yN quantum wells are grown epitaxially

on an AlGaN layer using a metal-organic vapor phase epi-

taxy (MOVPE) method. A high-temperature-buffering layer

of aluminum nitride (AlN) is deposited on a sapphire sub-

strate and annealed in a hydrogen (H2) environment, with

successive 1 lm layer growths of AlN obtained by alternat-

ing a supply of ammonium (NH3) with a constant feed of tri-

methyl aluminum (TMA) to obtain a high quality sample. A

layer of silicon (Si)-doped AlGaN with varying Al composi-

tions (i.e., Si-doped AlxGa1�xN and Si-doped AlyGa1�yN,

where x> y) is grown on the AlN layer. After these layers

have been grown, Si-doped multiple (triple) quantum wells

are then grown. This technique fabricates high-quality Alx
Ga1�xN/AlyGa1�yN quantum wells. These quantum wells

are used as DUV light emitters, where their emission wave-

lengths are tuned by changing their Al compositions. After

evacuation, the cell is filled with a mixture of Xe (20%) and

Ne (80%) gas at a total pressure of 5.0� 102 to 9� 104 Pa;

depending on the design requirements. The total cell thickness

can vary from 0.15 to 5 mm. Because of its secondary electron

emissivity, MgO is used for efficient plasma formation; with-

out this, efficient light emission could not be obtained.

As shown in Fig. 2, using operating frequencies of

between 60 Hz and 20 kHz, we applied voltage pulses of

between 280 and 700 V with time durations of 10 to 20 ls to

the discharge electrodes. Acceleration voltages of between

300 and 700 V with time durations of 10 to 50 ls were

applied to the acceleration electrodes, with an interval

between the discharge voltages and the acceleration voltages

to attain dynamic control of the plasma. After shutting down

the voltage that was applied to the discharge electrodes, we

would wait for a specified time interval of between 2 and

5 ls before applying a voltage to the acceleration electrode.

Although it was difficult to extract electrons from the plasma

under steady-state conditions (in which a plasma sheath was

formed around the discharge electrode), we found that the

plasma confined within the discharge electrode and the earth

electrode could expand toward the AlGaN quantum wells.

This can be done by charge discrimination within the sheath

around the discharge electrode by lowering the voltage

applied to the discharge electrode to zero while applying a

voltage to the acceleration electrode, because a positive volt-

age applied to the acceleration electrode causes the electrons

in the plasma to accelerate toward the AlGaN quantum

wells. These electrons excite the quantum wells, which then

emit DUV light. This technique for dynamic control of

plasma formation is essential to our proposed method, and,

by using it, the electrons can be extracted easily from the

plasma to stimulate DUV emission from the AlGaN quantum

wells. In addition to this electron excitation, the photo-

excitation of 147 nm light from Xe gas is also important to

excite the quantum wells efficiently.

Figure 3 shows the emission spectrum of the MIPE and

the photoluminescence (PL) spectrum of the quantum wells

as functions of the acceleration voltage. The figure shows

that the MIPE spectrum is nearly identical to the PL spec-

trum and that the peak wavelength of the MIPE is 306 nm.

The blue shift in the PL spectrum relative to the MIPE

spectrum may be as a result of the strong excitation condi-

tions used in the PL measurements, in which excitation is

achieved using an excimer laser operating at 193 nm and at a

peak power of 200 kW (i.e., 20 mW average, pulse width of

10 ns, and repetition of 10 Hz). Under these high excitation

conditions, a band filling effect11 and screening of the in-

built quantum confined Stark effect will occur, causing the

blue shift to appear in the PL spectrum relative to the MIPE

spectrum, which is obtained under rather low excitation con-

ditions. The spikiness of the MIPE spectrum is not as a result

of noise, but rather comes from the superposition of the

plasma luminescence that results from the discharge of the

Ne (80%)þXe (20%) gas mixture used. The inset of Fig. 3

shows a photograph of the 2-in. MIPE cell used in this

experiment as it emits DUV light (the colors in the image are

a result of plasma luminescence in the visible region).

The average output power of the 2 cm� 2 cm cell was

estimated to be approximately 10 mW at a wavelength of

313 nm, whereas in the case of the 2-in. full wafer size cell, it

was estimated to be 50 mW on average. The output power of

the DUV light from this device can be estimated using a ref-

erence light emitted from a dye at a wavelength of 430 nm.

The power of the light emitted from a small region of the dye

that was excited by an excimer laser is monitored with both a

conventional power meter and a charge-coupled device

(CCD) coupled to a monochromator. Calibration is performed

by comparing the CCD signal count to the absolute value of

FIG. 2. Time sequences of applied voltage to electrode ‹ and ›.

FIG. 3. MIPE and PL spectra as functions of acceleration voltage; inset

shows a photograph of a typical MIPE device fabricated at full 2-in. wafer

size.
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power measured by the power meter, with the difference in

sensitivity to DUV and to the 430 nm reference light being

calculated using the sensitivity calibration curves of the CCD

at various wavelengths. The energy conversion efficiency

was estimated to be roughly 0.3% (a value that was not opti-

mized through the cell structure design or pulse sequencing).

A plasma display panel using luminescent materials that are

not under electron excitation conditions typically has an effi-

ciency of approximately 5% (under 147 nm excitation from a

XeþNe gas plasma), and because the technique described in

this paper uses both light and electron excitation of the

AlGaN quantum wells, it is expected that its overall effi-

ciency will surpass that of a conventional plasma display

panel. Thus, we have succeeded in fabricating a cell that can

emit DUV light at wavelengths of 229, 265, 306, 313, and

410 nm, depending on the design of the quantum wells.

Figure 4 shows the emission intensity dependence on

the applied acceleration voltage in the 2-in. cell. Increasing

the electron acceleration voltage causes the output power to

increase rapidly; this result suggests that higher MIPE lumi-

nescence power levels can be obtained by simply applying

higher acceleration voltages.

A 1 m� 5 m flat panel-type MIPE is also available. As

the performance of such a device follows dimensional scaling

rules, the output power will increase to 100 W on average.

This level of intensity is very useful for sterilization of the

water used in laminar-flow-type reactors and other hospital

tools, and in several types of industrial plant that use DUV

region photosynthesis.

In conclusion, we have proposed a novel dynamically

controlled micro-plasma excited AlGaN DUV light-emitting

device (MIPE) and have demonstrated DUV light emission

at specific wavelengths at average power outputs of 10 mW

and 50 mW from a 2 cm� 2 cm device and a 2-in. diameter

full wafer device, respectively. We believe that this tech-

nique will easily scale for application to the 6-in. DUV light

emitting wafers that are now available; if so, the peak output

power could increase to 450 mW, based on the dimensional

scaling rules. If this type of wafer is used with a 1 m� 5 m or

larger pane, the device would generate an average power

output of more than 100 W in the DUV region. Such high-

power DUV light emitters would be very useful for steriliza-

tion applications (especially in laminar-flow-type water dis-

infection reactors), and for other applications such as

photochemical synthesis and allergy therapy.
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