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Abstract: AlGaN-based vertical type high power ultraviolet-C light emitting diodes (UV-C
LEDs), which have a Ga-face n-contact structure, were fabricated on a LED epilayer transferred to
a carrier wafer through a laser lift-off (LLO) process. A significant light extraction enhancement
of the vertical chip by using a highly reflective ITO/Al p-type electrode is demonstrated, along
with surface roughening. A GaN-free LED epi structure is employed to prevent light absorption
in the UV-C wavelength region. The vertical chip with the ITO/Al reflector and n-AlGaN surface
roughening exhibited a high light output power of 104.4mW with a peak wavelength of 277.6nm
at an injection current of 350mA. Comparing the device characteristics of the vertical chip and
the flip chip showed that the light output power of the vertical chip was 1.31 times higher than
that of the flip chip at 350mA. In particular, with the high power vertical type UV-C LED, a
maximum light output power of 630mW could be achieved at a current of 3.5A, and this is mainly
attributed to efficient heat dissipation through a metal substrate and the resulting relatively lower
junction temperature of the vertical chip.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1.

Introduction

Aluminum gallium nitride (AlGaN)-based deep ultraviolet lighting emitting diodes (DUV LEDs)
have attracted attention for a wide variety of applications such as water purification, surface
disinfection, biomedicine, and material detection [1–4]. However, despite the compact design,
DUV LEDs, which are more cost-effective and eco-friendly than UV lamps, cannot easily replace
UV lamps due to their low optical output power. The low light output power and external quantum
efficiency (EQE) are mainly attributable to the low light extraction efficiency (LEE) and high
epitaxial crystalline defects in AlGaN-based DUV LEDs. Recently, a number of studies have
investigated highly reflective electrodes [5,6], ways to improve surface roughness [7–9], and
ways to improve crystalline quality to increase internal quantum efficiency (IQE) [10–12]. In
order to further increase the LEE in the DUV LEDs, light absorption in the epi structure should
be minimized by replacing p-GaN with transparent p-AlGaN (Al > 45%). In addition, in order to
employ the transparent p-AlGaN epi structure in the UV-C region, a proper reflective p-ohmic
electrode scheme should be considered.
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Ag, as a reflective electrode, has high reflectivity over 90% in the visible region and low
reflectivity under 30% in the UV-C region. Therefore, Ag is not a suitable reflective electrode
for UV-C LEDs. On the other hand, Al has high reflectivity over 90% in the UV region, but
shows difficulty in obtaining the ohmic contact to p-GaN [13]. Thin Ni/Mg, Rh, and thin Ni/Al
have been reported as reflective electrodes in the p-AlGaN structure [6,14]. The use of a p-type
reflective electrode with high reflectivity and ohmic contact to p-AlGaN is necessary to improve
LEE and suppress Joule heating in UV-C LEDs. Thin ITO/Al is one of the promising candidate
p-ohmic reflector schemes in the UV-C region. It is desirable to use thin ITO/Al p-reflector in
combination with n-AlGaN surface roughening to maximize the LEE for the vertical-type high
power UV-C LEDs. A number of studies have reported GaN-based vertical type LEDs fabricated
using a laser-lift off (LLO) process with surface roughening [15–17]. However, AlGaN-based
vertical type UV-C LEDs with a Ga-face n-contact structure have yet to be reported, which is
mainly attributable to the difficulty of separating the sapphire wafer through the LLO process
[18]. During the LLO process, thermal shock by laser irradiation [11,18] and rigid Al from
thermal decomposition [19] lead to cracking in the epi structure. In order to realize a crack-free
LLO process, it is necessary to optimize the laser conditions and epi structures [20].
In this paper, for the first time, AlGaN-based high power vertical type UV-C LEDs consisting
of a Ga-face n-contact structure and fabricated using an LLO process are presented. A significant
improvement of light output power of the vertical chip has been demonstrated by using highly
reflective ITO/Al p-type electrode and n-AlGaN surface roughening. Furthermore, the device
characteristics between the vertical type and flip type UV-C LEDs are compared.
2.

Experimental procedure and methods

The AlGaN-based UV-C LED epi structure is grown on a sapphire substrate using a metal
organic chemical vapor deposition system. The epi structure includes 3 µm-thick AlN, 200 nmthick Al0.45 Ga0.55 N, 2.5 µm-thick Si-doped n-Al0.7 Ga0.3 N, 0.5 µm-thick n-Al0.6 Ga0.4 N, five
pairs of Al0.4 Ga0.6 N/Al0.64 Ga0.36 N multiple quantum wells (MQWs), 35nm-thick Mg-doped
p-Al0.75 Ga0.25 N electron blocking layer, and 50nm-thick Mg-doped p-AlGaN for p-ohmic contact.
After growing the UV-C LED epi structure, three types of vertical chips are fabricated in order
to investigate the effects of p-type reflective electrodes and n-AlGaN surface roughening on the
light output power of UV-C LEDs. Ti/Al/Ni/Au multi-layers are used for n-contact on Ga-faced
n-AlGaN, which is exposed by dry etching. Next, different types of p-electrodes are prepared on
the p-AlGaN contact layer. The ITO of the ITO/Al p-electrode scheme is employed for p-type
contact. ITO is deposited by radio frequency (RF) sputtering at room temperature and then
annealed using a rapid thermal annealing system for ohmic contact to p-AlGaN epi layer. Once
annealing has been completed, Al metal is evaporated on the ITO film as a reflector. In addition,
Ni/Au, which is typically adopted as a p-electrode, is also evaporated on the p-AlGaN epi layer
and annealed for ohmic contact. The n-type and p-type electrodes are then spatially separated by
an insulator. Next, for the wafer bonding process, bonding metals are deposited to combine the
LED wafer with a metal carrier wafer at a high temperature of 300°C. The coefficient of thermal
expansion (CTE) of the metal carrier wafer is similar to that of the LED wafer in order to reduce
the warpage of wafers following the wafer bonding process. The epi structure is transferred
from the sapphire substrate to the metal carrier wafer by an LLO process. We believe that the
stress between the sapphire and metal carrier needs to be well controlled to reduce through CTE
matching of the wafers in order to obtain a crack-free epilayer after the LLO process. The LLO
process is carried out using a high energy laser. After the LLO process, the LED structure on the
metal carrier wafer is dipped into a HCl solution for 1 min to remove Al and Ga metal droplets,
then etched by an inductively coupled plasma (ICP) etcher until exposing the N-face n-AlGaN.
The exposed n-AlGaN surface is roughened through a crystallographic wet etching process with
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an alkali solution. The sample without surface roughening is also prepared using an ITO/Al
p-electrode for comparison.
In order to compare the device characteristics of the vertical chip with an ITO/Al reflector and
surface roughening with the conventional chip, a flip type chip is fabricated using the same LED
epi structure and ITO/Al reflective electrode. Figure 1 shows schematic drawings of Fig. 1(a)
cross-sectional and Fig. 1(b) tile-view of the fabricated vertical UV-C LEDs structure with the
Ga-face n-contact.

Fig. 1. Schematic drawing of (a) cross-sectional and (b) tile-view of Ga-face n-contact type
vertical LED structure.

3.

Results and Discussion

Figure 2 shows the Fig. 2(a) tilt-view and Fig. 2(b) plane-view of SEM images obtained from the
roughened N-face n-AlGaN surface of the vertical chip, where the cone density is approximately
6.8×108 /cm2 and the average cone diameter is about 0.5 µm. There is no exposed flat area on the
roughening surface. The wet etching conditions of surface roughening are set in an attempt to
achieve an optimal cone size to improve the light extraction.

Fig. 2. Scanning electron micrograph of the roughened N-face n-AlGaN surface etched by
an alkali solution. (a) The tilt-view image and (b) plane-view after the passivation deposition
on the extractor surface with a diameter of approximately 0.5 µm.

In order to evaluate the reflectance of the p-electrode materials in the UV-C wavelength region,
the four different metal layer schemes of Ni/Au, ITO/Al, Ru(150nm), and Ni(2nm)/Al(150nm)
are deposited on 430 µm-thick sapphire, after which the reflectivity is measured. The reflectivity
is calibrated based on aluminum/sapphire, the reflectivity of which is 92% at 280nm. The results
are shown in Fig. 3, and the reflectivities of Ni/Au, ITO/Al, Ru, and Ni/Al are 35.7, 67.8, 61.2,
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and 55.79% at 280nm, respectively, indicating that the ITO/Al scheme is a promising reflector in
the UV-C wavelength region. In order to investigate the effects of reflective p-type electrodes
and n-AlGaN surface roughening on the light extraction of UV-C LEDs, 1 × 1mm2 vertical chips
with either the Ni/Au reflector or the ITO/Al reflector are prepared with surface roughening as
shown in Figs. 2(a) and 2(b). Further, the vertical chips with and without the surface roughening
are also prepared using the ITO/Al electrodes.

Fig. 3. Relative reflectivities of ITO/Al, Ni/Au, Ni(2 nm)/Al(150 nm), and Rh(150 nm)
layers deposited on sapphire substrate. Reflectivity was calibrated based on aluminum 92%.

Figure 4 shows the current-voltage (I-V) characteristics of 1 × 1mm2 vertical chips fabricated
with the Ni/Au and ITO/Al electrodes. At an injection current of 350 mA, the series resistance
of the LED with Ni/Au is 1.21ohm, while that with ITO/Al is 1.25ohm. At 350 mA, the I-V
measurement also shows that the voltage of the vertical chip with the Ni/Au electrode is 6.55 V,
while that with ITO/Al is 6.76 V, indicating that the series resistance of p-electrodes or the
specific contact resistance of the Ni/Au electrode on p-AlGaN is slightly lower than that of the
ITO/Al electrode. This may be attributed to the formation of Al2 O3 at the ITO/Al interface [21]
and the high barrier height of ITO on p-AlGaN [22,23].

Fig. 4. Current-voltage (I-V) characteristics of 1 × 1mm2 vertical chip fabricated with
Ni/Au and ITO/Al p-type electrodes.
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Figure 5 shows the Fig. 5(a) current-light output power (I-L) and Fig. 5(b) current-EQE
(I-EQE) characteristics of the UV-C vertical chip LEDs with variations in the p-type electrodes
and surface roughness. Figure 5(a) shows that the light output power of the chip with the Ni/Au
reflector with the surface roughening is 48.6 mW at an injection current of 350 mA and with a
peak wavelength of 276.5 nm. The light output power of the chip with the ITO/Al reflector with
the surface roughening is 104.4 mW at an injection current of 350 mA and with a peak wavelength
of 277.6 nm. It should be noted that the light output power of the chip with the ITO/Al reflector
is 2.15 times higher than that with the Ni/Au reflector. The differences in the light output power
between the Ni/Au and ITO/Al electrodes are attributed to the differences in the reflectivity
between p-AlGaN and the electrode. For the chip with no surface roughening with the ITO/Al
electrode, the light output power is 62.8 mW at the injection current of 350 mA and with a peak
wavelength of 274.7 nm. The light output power of the surface-roughened chip is 1.66 times
higher than that of the chip with no surface roughening, which is due to the suppression of the
total internal reflection. This means that the light extraction of the surface roughened chip has an
increase of the scattering event which is sufficient to out-couple the light [24], while the chip
with no surface roughening has a long travel distance of light, resulting in an internal loss of light
due to the large reflection angle. It should be noted that the transparent p-AlGaN with the ITO/Al
high reflective mirror and surface roughening of n-AlGaN is important in improving the light
output power in the UV-C region. Figure 5(b) shows that the EQE of the vertical chips for the
Ni/Au electrode with surface roughening, the ITO/Al electrode without surface roughening, and
the ITO/Al electrode with surface roughening are 3.1, 3.97, and 6.68% at an injection current of
350 mA, respectively. The ITO/Al electrode and the surface roughening improve the EQE by
factors of 2.15 and 1.66, respectively, meaning that improving the p-electrode reflectivity and
surface roughness of n-AlGaN can significantly increase the LEE of the UV-C LEDs.

Fig. 5. (a) I-L and (b) I-EQE characteristics of UV-C vertical LEDs according to p-type
mirror electrode and surface roughness. (1 × 1mm2 vertical chip)

Figure 6(a) shows the output power-current-voltage (L-I-V) characteristics of the vertical chip
and of the flip chip with 1.3 × 1.3mm2 chip size. The top and bottom insets in Fig. 6(a) show the
charge-coupled device (CCD) emission images of the vertical chip (upper) and flip chip (lower),
respectively, at an injection current of 350mA. Based on the CCD images, it is considered that
the emission distribution is quite uniform, implying that the current spreading is uniform. The
two different types of chips are fabricated using the ITO/Al p-electrodes. For the flip chip, the
light output power is 89.1mW at 350mA with a peak wavelength of 278.0nm, and it increases as
the current increases up to 2.0A. The maximum output power of 268.5mW is obtained. Then,
the light output power decreases over the current of 2.0A. For the vertical chip, the light output
power is 116.9mW at 350mA with a peak wavelength of 278.2nm. It should be noted that the
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light output power at 2A is 501.5mW. The light output power of the vertical chip is 1.31 times
higher than that of the flip chip at 350mA and 1.87 times higher than that at 2A. As the injection
current increases, the ratio of the light output power of the vertical chip to the flip chip gradually
increases. The light output power of the vertical chip increases with the injection current up to
3.5A. To avoid the heat effect on light output power, the integration time of measurement in an
integrated sphere is decreased from 600ms for low current conditions to 18ms (3.5A) for high
current conditions in Fig. 6(a). The maximum light output power is 630mW at 3.5A. These
results indicate that the vertical type chip structure is very suitable for realizing high power UV-C
LEDs with efficient heat dissipation. The increase of light output power of the vertical chip
is mainly attributed to the higher LEE due to the surface roughening and the higher thermal
conductivity by the conductive substrate, compared to the flip chip [16,25]. To the best of our
knowledge, the light output power of 630mW is the highest value that has been reported to date
in the UV-C region.

Fig. 6. Characteristics of (a) light output power-current-voltage (L-I-V), (b) peak wavelengthcurrent, and (c) junction temperature-current at ambient temperature of 60°C for the 1.3 ×
1.3mm2 vertical chip and flip chip of UV-C LED.

Figure 6(b) shows the peak wavelength shift behavior of the vertical and flip chips with
varying injection currents. For the flip chip, as the current increases from 3 to 250 mA, the
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peak wavelength moves to a slightly shorter wavelength from 278.6 to 278.3 nm due to the band
filling effect [26]. As the current increases from 250 mA to 2.2 A, the peak wavelength moves
to a longer wavelength of 280.9 nm due to the thermal bandgap lowering effect [25]. For the
vertical chip, as the current increases from 3 to 350 mA, the peak wavelength moves to a slightly
shorter wavelength, from 278.6 to 278.2 nm, similar to the flip chip. Further, as the current
increases from 350 mA to 2.2 A, the peak wavelength moves to a longer wavelength of 279.8 nm.
Compared to the 2.6 nm shift of the flip chip, the vertical chip shows a smaller long wavelength
shift of 1.6 nm. This indicates that the thermal effect of the vertical chip is relatively smaller than
that of the flip chip with increasing current [27]. In order to verify this, two different types of
chips are attached to the package with a heat sink to measure the junction temperature of the
LEDs. As shown in Fig. 6(c), at 350 mA and with the ambient temperature of 60°C, the junction
temperature of the vertical chip is 95.4°C while that of the flip chip is 113.7 °C. The metal
substrate of the vertical chip, which dissipates the heat throughout all of the area, has a good
thermal conductivity. Thus, it is expected for the vertical chip to effectively reduce the junction
temperature under a high injection current. The junction temperature affects the electrical and
optical properties as well as the reliability of the LEDs [28]. Therefore, compared to the flip chip,
it is concluded that the vertical type chip structure in high power UV-C LEDs can significantly
improve the light output power and the capability of heat dissipation.
4.

Conclusion

The characteristics of novel AlGaN-based vertical type UV-C LEDs, which consist of a Ga-face
n-contact structure, using an LLO process to transfer a LED epilayer to a carrier wafer are reported
here. The vertical type UV-C LED fabricated with a highly reflective ITO/Al p-electrode and
n-AlGaN surface roughening exhibits a high output power of 104.4 mW with a peak wavelength
of 277.6 nm at 350 mA. Comparing the vertical chip and the flip chip showed that the light
output power of the vertical chip is 1.31 times higher than that of the flip chip at 350 mA. A
maximum light output power of 630 mW at 3.5A is obtained from the vertical type high power
UV-C LED. The vertical chip exhibits better thermal characteristics than the flip chip, mainly
due to its efficient heat dissipation efficiency through a metal substrate.
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