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Reducing the average Al composition of Al,Ga,_,N/Al,Ga;_,N multiple quantum wells (MQWs) is an effective approach to increase the current
injection efficiencies of far-UV-C LEDs (far-UVC LEDs). A reduction can be realized by decreasing the Al-composition differentiation between the
well and barrier layers. Compared to conventional MQWs, a 230 nm wavelength far-UVC LED equipped with a single-Al-composition and a 39 nm
thick light-emitting layer exhibits a higher external quantum efficiency (EQE). The EQE of far-UVC LEDs with low Al-composition differentiation
(~1%) is enhanced to approximately 0.6% and 1.4% under continuous wave operations at 230 nm and 236 nm wavelengths, respectively.

© 2024 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

Supplementary material for this article is available online

than 240 nm can inactivate bacteria and viruses'™
without harming the human body.>™” Although ex-
cimer lamps with a 222nm wavelength have practical
applications, they are bulky, fragile, and only emit light
with a specific wavelength. AlGaN-based LEDs have pro-
mise as an alternative in the far-UVC region. Several studies
have realized high-efficiency far-UVC LEDs with external
quantum efficiencies (EQEs) approaching 1% at wavelengths
near 230 nm.'*~'® However, the efficiency and output power
of far-UVC LEDs remain much lower than those of LEDs
with longer wavelengths.'” >
This report examines the impact of the light-emitting layer
structure on the EQE of far-UVC LEDs with a wavelength of
around 230 nm. The EQE of an LED is the product of the
radiative recombination efficiency (RRE) in the light-emit-
ting layers, the current injection efficiency (CIE), and the
light extraction efficiency (LEE). The design of the light-
emitting layer and the electron-blocking layer (EBL) sig-
nificantly affect the CIE of far-UVC LEDs. A higher offset
energy in the conduction band adequately confines the
electrons in the light-emitting layer, resulting in a high
CIE. However, the ingenuity of the EBL design is limited
for far-UVC LEDs because no Ill-nitride semiconductor has
a larger bandgap energy than AIN. Another approach to
improve CIE is to structurally modify the light-emitting
layers. This includes increasing the volume, which is realized
by incrementing the period of multiple quantum wells
(MQWs)'® or expanding the quantum well thickness. In
addition, reducing the average Al composition of the light-
emitting layer can enhance carrier confinement because the
dominant factor in the emission wavelength is the Al
composition of the well layer. Reducing the Al composition
of the barrier layer can decrease the average Al composition
of the MQWs while maintaining a fixed emission

F ar-UV-C (far-UVC) light with wavelengths shorter

wavelength. However, reducing the Al composition of the
barrier layer may have some drawbacks. For example, more
minor compositional differences between the well and barrier
layers weaken the confinement of carriers to the well layers.
It has also been reported that a smaller Al composition
difference between the well and barrier layers results in E//c
polarization.”® Consequently, lowering the Al composition
of the barrier layer in MQWs does not necessarily enhance
EQE as it should improve CIE but may lower RRE and LEE.

In this study, an extreme condition with a reduced Al
composition in the barrier layer of MQWs showed that a
higher EQE can be obtained when the Al composition of the
well layer and barrier layer are identical. That is, an AlIGaN
film with a single-Al-composition and a 39 nm thick light-
emitting layer displayed a higher EQE than that of a
conventional Al,Ga;_,N/Al,Ga,_,N MQW.

First, 600 nm thick low threading dislocation density (TDD)
AIN templates were prepared on sapphire substrates by com-
bining sputtering deposition of AIN and post-deposition high-
temperature face-to-face annealing. The details are reported
elsewhere.”” The substrate temperature for sputtering, tem-
perature set of the thermal cycle annealing,” and annealing
duration were adjusted to 750 °C, 1600 °C-1680 °C, and 40 h,
respectively. The density of the edge-type dislocation estimated
by X-ray rocking curve measurements was ~1 x 10® cm™2. The
screw- and mix-type dislocation densities were less than 1 X
10°cm 2 by counting the hillock density using the same
technique described elsewhere.” Then the far-UVC LED
structures were grown on the AIN templates with metalorganic
vapor phase epitaxy (MOVPE) in the following order: 200 nm
thick homoepitaxial AIN, 40 nm thick compositionally graded
unintentionally doped (UID) AlGaN buffer, 1.0-1.7 um thick
Alyg7Gag 13N:Si  current-spreading layer, light-emitting layer,
10 nm thick UID-AIN EBL, 22 nm thick compositionally graded
AlGaN:Mg p-type layer, and 200 nm thick GaN:Mg contact
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layer. Thick p-GaN was used to obtain better electric perfor-
mance compared with p-AlGaN.

We prepared five samples with different light-emitting
layer structures (Table I). Samples A and B consisted of 8
conventional pairs of Al,Ga;_,N/Al,Ga;_ N MQW struc-
tures with a total thickness of ~39 nm and a peak emission
wavelength () around 230 nm. The Al compositions of the
well layer (~2.0 nm thick) and barrier layers (~2.5 nm thick)
were approximately 76%-77% and 86%. The emission
wavelengths of these two samples were finitely (in the range
of ~1nm) varied by changing the ratio of the trimethylgal-
lium supply for the well layers. Sample C, whose A, was
230 nm, was equipped with a 39 nm thick AljgoGag9N
single layer as its light-emitting layer. The light-emitting
layers of Samples D (A, ~230 nm) and E (), ~236 nm) were
composed of 7 pairs of AlGa,_.N/AlGa;_,N MQWs.
However, the Al composition differentiation between the
well and barrier layers in these two samples was as low as
~1%. All light-emitting layers (both well and barrier, in the
case of MQWs) were Si-doped (<5 X 10" cm ™).

After epitaxial growth, Imm X 1 mm LED devices were
fabricated on five samples. The n-type electrode was Ti/Al/Ni/Au
formed on GaN:Si regrown on the n-AlGaN layer surface
exposed with inductively coupled plasma reactive ion etching.
The p-type electrode was Ni/Au. Both n and p-electrodes were
annealed at 600 °C for 2 min (N, ambient) and at 550 °C for
5Smin (O, ambient), respectively. Samples A, B, and C were
characterized with on-wafer conditions to evaluate the impact of
the light-emitting structure on the performance. Samples D and E
were further processed and subsequently flip-chip mounted on
AlN-based ceramic packages. The fabrication and characteriza-
tion procedures of the packaged LEDs are reported elsewhere.”
Encapsulation was not performed.

First, we evaluated the relationship between the light-
emitting layer structure and the far-UVC LED performance.
Because the luminescence wavelength greatly affects the
optical properties of AlGaN in the far-UVC region, we paid
attention to the emission wavelength distribution among the
devices when evaluating their performances. Figures 1(a) and
1(b) compare the normalized electroluminescence (EL)
spectra of samples A (with MQWs) and C (with a single
layer AlGaN). Here, two devices with identical peak wave-
lengths were picked up. Both structures displayed a main
emission peak from the light-emitting layer at a wavelength
of ~230 nm and a broad peak at a wavelength of longer than
300 nm [Fig. 1(a)]. There is no relative intensity difference
between the main emission and the long-wavelength lumi-
nescence. The long-wavelength luminescence intensity was
about two orders of magnitude smaller than that of the main
emission intensity. The broad, long wavelength luminescence
may be photoluminescence generated by the excitation of the

Table I.  Light-emitting layer structure.
Well layer Al composition/ Barrier layer Al composi-

Sample thickness tion/thickness
A 76%/2.0 nm 86%/2.5 nm
B 77%/2.0 nm 86%/2.5 nm
C 80%/39 nm

D 79%/2.0 nm 80%/2.5 nm
E 73%/2.0 nm 74%/2.5 nm
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AIN template, which contained a high density of impurities
such as oxygen and carbon,*" due to the main emission at a
wavelength of 230nm. The spectral full width at half
maximum was slightly smaller for Sample C (10.4 nm)
than for Sample A (11.1 nm). The normalized spectra of
the two samples agreed well at wavelengths longer than their
peaks [Fig. 1(b)]. By contrast, Sample C showed a steeper
decay in the intensity than Sample A at wavelengths shorter
than the peaks. With a relatively low-Al composition single
light-emitting layer, the self-absorption of shorter wavelength
components than the peak wavelength can be enhanced
within the light-emitting layer.

Figure 1(c) plots the current dependence of the peak
wavelength for each sample. The emission wavelength
blue-shifted with the injection current increment. This is
partly attributed to the screening of the quantum confined
Stark effect (QCSE). The change in the emission layer
structure from the MQWs structure to the single layer
structure should also drastically influence the significance
of QCSE. However, the amount of blueshift was almost
identical in the two samples. Therefore, the effect of QCSE
may be quite small in these two samples.

Figure 2 compares the performances of Samples A, B, and
C. Figure 2(a) is the EQE curve of the same LEDs shown in
Fig. 1. Except for the low-current injection region (<10 mA),
Sample C exhibited a higher EQE than Sample A [Fig. 2(a)].
The turn-on voltages of the two LEDs were 6 V, and the
epitaxial structure of the light-emitting layer did not affect the
operation voltage.

Figure 2(b) plots the relationship between EQE and the
emission wavelength for several LEDs on each wafer.
Samples A and B, which were equipped with almost the
same MQWs light-emitting layer but slightly different
quantum well Al compositions, demonstrated a clear wave-
length dependence of EQE. The EQE decreased rapidly with
a wavelength blueshift around 1 nm. Sample C, which had a
single AlGaN light-emitting layer, exhibited the same ten-
dency as Samples A and B except that the EQE of Sample C
was higher than those of Samples A and B at all wavelengths.

Next, we considered the performances of packaged far-
UVC LEDs. Figures 3(a) and 3(b) show the I-L character-
istics and EQE curves of Sample D with a peak wavelength
of 230 nm and Sample E with that of 236 nm. Table II
summarizes the light output power and maximum EQE
(EQE.x) for each sample and operating condition. The
characteristics between continuous wave (CW) operation
and pulsed operation differed drastically, indicating the
characteristics deteriorated due to Joule heating in the high-
injection region. The effect of Joule heating was more
pronounced at shorter wavelengths. This issue may be
resolved by reducing the operating voltage via the improve-
ment of n-AlGaN conductivity and p-electrode contact
resistance. We observed that the EQE,,., under CW opera-
tion can be improved up to 0.82% at A, of 230 nm and 1.88%
at A, of 236 nm, respectively, upon shrinking the chip size of
the LED to 400 gm x 300 pm. It is suspected that shrinking
the chip size enhances both light extraction via the side wall
of the chip and thermal dissipation through the package.

Even when the Al composition difference between the well
and the barrier layer of MQWSs was minimal or non-existent,

© 2024 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Table Il.  Performance of packaged far-UVC LEDs.
Output power CW (200 mA)/ EQE,,.x CW/
Peak wavelength pulse (1000 mA) pulse
230 nm (Sample D) 3.1 mW/20.3 mW 0.59%1/0.68%

236 nm (Sample E) 11.4 mW/51.0 mW 1.44%/1.48%

the EQE of the light-emitting layer composed of a single Al
composition AlGaN film was higher than that for conven-
tional MQWs at the same emission wavelength. The im-
proved EQE was attributed to the CIE improvement due to
the reduced average Al composition of the light-emitting
layer (simulation results of CIE are described in the supple-
mentary material). It should be noted that the utilization of an
AlGaN single layer instead of MQWs may have reduced

042008-3
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RRE and promoted polarization switching,”® thereby redu-
cing LEE. Nevertheless, the single AlGaN light-emitting
layer showed an improved EQE.

To investigate the influence on RRE, we performed
cathodoluminescence (CL) mapping at room temperature
for an AlGaN single layer without growing p-type conductive
layers. (Photoluminescence measurements are also performed
and the results are described in the supplementary material).
Figures 4(a) and 4(b) show a CL intensity map for near band-
edge emissions and a map of CL peak wavelengths reflecting
Al compositions, respectively. The luminescence intensity
distribution seemed to correspond to the in-plane inhomo-
geneity of the Al composition, which was derived from the
peculiar surface morphology of AlGaN.? Carrier localiza-

tion may have hindered capture by non-radiative
© 2024 The Author(s). Published on behalf of

The Japan Society of Applied Physics by IOP Publishing Ltd
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recombination centers and suppressed the decrease in RRE.
Further characterization will be discussed elsewhere. It has
also been reported that in-plane compressive strain in the
light-emitting layer prevents polarization switching.”® The
use of a high-temperature annealed AIN template with large
compressive strain appeared to maintain ELlc polarization
down to a short wavelength of 230 nm.'”

In summary, LEDs with a single composition light-
emitting layer, which measures several tens of nanometers
thick, showed a high EQE. Since most existing II-nitride-
based light-emitting devices employ MQWs structures, this
study provides essential knowledge to design light-emitting
devices in the far-UVC region.
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