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In an attempt to further elucidate the operating voltage increase in a vertical UV-C LED with p-electrode composed of transparent conducting Sn-
doped indium oxide (ITO)/Al reflector, the interface formation between ITO and Al thin film was studied by using scanning transmission electron
microscopy in combination with electron energy loss spectroscopy. It was confirmed that the oxidized layer was formed at the interface of the ITO/
Al electrode in accordance with the thermal annealing. It was found that not only the thickness of oxide formation grew with the increased annealing
temperature, the content of oxygen also increased. Moreover, it was also ascertained that the prolonged annealing time at high temperature
induced the indium diffusion into the Al-oxide layer. © 2021 The Japan Society of Applied Physics

1. Introduction

Recently, the fabrication technology of aluminum gallium nitride
(AlGaN)-based deep ultraviolet lighting emitting diodes (DUV
LEDs) has grown dramatically in fields such as water purifica-
tion, surface disinfection, biomedicine, detection of material,
phototherapy, UV curing, plant growth lighting and so on.1–5) In
spite of growing interests in AlGaN-based DUV LEDs, they are
still farfetched from becoming a major player in the industry due
to lack of high light output power and low external quantum
efficiency, which deficiencies are known to be attributed to its
low light extraction efficiency and high epitaxial crystalline
defects. Lately, the vertical type of UV-C LEDs has been
reported by the researchers in an attempt to enhance the light
extraction efficiency, where highly reflective p-electrodes have
been adopted to reduce the optical absorption loss with
transparent p-AlGaN epi structure in the UV-C region.6–10) Ag
has been widely used as the p-electrode of GaN-based visible
wavelength LEDs due to its simultaneous formation of low
resistance and high reflectance ohmic contact on p-GaN.11–15)

Unfortunately, Ag is inappropriate for p-electrode in DUV LEDs
due to the fact that the reflectivity of Ag metal is low (i.e. below
30%) at the DUV wavelength region.6) Unlike Ag, the Al has
high reflectivity (i.e. over 90%) in the DUV wavelength region.
Unfortunately, Al cannot form good ohmic contact with p-GaN
due to its low work function, which is about 4.3 eV.16) To
overcome this problem, thin layers of Ni/Mg, Rh and Ni/Al have
been introduced into the reflective electrodes in the p-AlGaN
structure.17–19) Recently, we reported thin indium-tin-oxide/
aluminum (ITO/Al) p-ohmic reflector schemes to improve the
light extraction efficiency and to suppress the Joule heating in the
vertical-type UV-C LEDs.6) Comparing the ITO/Al electrode
and the Ni/Au electrode for p-AlGaN, the ITO/Al reflector
enhances the light output power of vertical-type UV-C LEDs
better than the Ni/Au reflector but at a cost of requiring higher
operating voltage compared to Ni/Au counterpart. It is well
known that a nanometer thick aluminum oxide layers could be
easily formed at room temperature of ~300K, which have been
used for the fabrication of metal-insulator-metal tunnel
junctions.20,21) It is assumed that the origin of increased

operating voltage might be attributed to the formation of
Al2O3 layer at the ITO/Al interface and/or the high barrier
height of ITO on p-AlGaN. The oxidic compound (i.e. Al2O3)
can be easily formed at the ITO/Al interface due to their negative
Gibbs free energy, which causes the interfacial reactions of ITO/
metal interface. However, it is not yet clearly understood under
what conditions Al2O3 is formed at the interface of ITO/Al.
In this paper, we designed an array of ITO/Al metal

contacts on UV-C LEDs for ohmic contact test. We
investigated the ITO/Al interface formation in UV-C LED
with varying the annealing temperature. The reaction me-
chanisms within ITO/Al metallization schemes were ana-
lyzed using scanning transmission electron microscopy
(TEM) in combination with electron energy loss spectro-
scopy (EELS).

2. Experimental methods

The AlGaN-based UV-C LED epi structure was grown on a
4 inch sapphire substrate using a metal organic chemical vapor
deposition system. The epi structure included 3μm thick AlN,
200 nm thick Al0.45Ga0.45N for a sacrificial layer of laser lift-off
(LLO) formation, 2.5 μm thick Si-doped n-Al0.7Ga0.3N,
0.5μm thick n-Al0.6Ga0.4N, five pairs of Al0.4Ga0.6
N/Al0.64Ga0.36N multiple quantum wells, 35 nm thick Mg-doped
p-Al0.75Ga0.25N electron blocking layer, and 50 nm thick Mg-
doped p-AlGaN ohmic contact layer. After growing UV-C LED
epi structure, an array of ITO/Al p-electrodes scheme is
employed for transfer length measurement (TLM) pattern, where
schematic cross-sectional structure is shown in Fig. 1(a) and the
TLM pad size is 100× 200μm2. A 50 nm thick ITO layer is
deposited on wafer by radio frequency sputtering at room
temperature followed by annealing at temperature of 650 °C
for 30 s in N2 ambient using the rapid thermal annealing system
for the ohmic contact on p-AlGaN epi layer. After the annealing
has been completed, Al metal is evaporated on the ITO film to
form a reflector. Figure 1(b) shows a three-dimensional tilt image
of the vertical type UV-C LED structure, where Ga-face
n-contact holes are drilled into n-AlGaN layer by dry etching.
The Ti/Al/Ni/Au multi-layers are then deposited on the exposed
n-AlGaN, where the light emission through n-side is illustrated
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in Fig. 1(b). The device fabricated has a chip size of 1× 1 mm2

and the emission peak wavelength of LEDs is at about 276 nm
with full-width at half-maximum at about 11 nm, Fig. 2. Detailed
fabrication processes of UV-C vertical chips were published
elsewhere.6)

3. Results and discussions

To understand the interface formation of ITO/Al on
p-AlGaN, each TLM samples were annealed for 1 min at
different temperatures of 270, 300 and 350 °C, respectively.
On-chip p-electrode to p-electrode current–voltage (I–V )
measurements before and after heat treatments has been
performed as shown in Fig. 3(a), where it shows the
resistance increases with post-heat temperature. The compar-
ison between the increased resistance for each annealing
temperatures and the in situ TLM pattern without annealing
are depicted in Fig. 3(b). We assume that the change of I–V
slope is due to an increase in the thickness of the oxide film at
the ITO/Al interface. The relatively low temperature of post-
heat treatment compared to ITO annealing of 650 °C could
not result in drastic changes at the ITO/p-AlGaN interface.
Therefore, it can be assumed that the post-heat treatment has
a strong influence on the changes in the formation of the ITO/
Al interface. To investigate the effect of ITO/Al annealing,

we measured the operating I–V curves of UV-C LEDs after
ITO/Al annealing, as shown in Fig. 4. The series resistances
at 100 mA of each LED were about 5.9, 6.0 and 8.8 Ω for
each LED (i.e. the reference LED without annealing, the
annealed LEDs at 270 °C and 350 °C), respectively. In the
case of annealing at 270 °C, it can be seen that the I–V curve
after turn-on is not different from that of the reference LED
without annealing. This result indicates that the thickness of
oxide film formed on ITO/Al interface did not change
significantly after annealing at 270 °C for 1 min compared
to that of the reference device without annealing. However,
as shown in Fig. 4, it can be found that the operating voltage
at 100 mA increases about 1.3 V as the annealing temperature
increases to 350 °C. It can be explained that the oxide film
thickness of ITO/Al interface increased by the high tempera-
ture annealing process. Based on the results in Fig. 3(a) for
ITO/Al interface resistance, the increased resistance for

(a)

(b)

Fig. 1. (Color online) (a) Schematics of (a) ITO/Al p-electrode TLM
pattern integrated on UV-C LED epi structure and (b) n-AlGaN surface
textured vertical type UV-C LED chip structure with p- and n- electrode.

Fig. 2. The emission spectrum of vertical type UV-C LED after annealing
at 350 °C. Operating current is 100 mA.

(a)

(b)

Fig. 3. (Color online) (a) Current–voltage (I–V ) curves for ITO/Al
p-electrode ohmic contact measured by TLM pattern and (b) the relative
increase of resistance compared to the reference sample without annealing.

Fig. 4. (Color online) I–V curves of the vertical-type UV-C LEDs before
and after annealing at different temperatures.

© 2021 The Japan Society of Applied Physics112002-2

Jpn. J. Appl. Phys. 60, 112002 (2021) Y. J. Sung et al.



UV-C LEDs annealed at 350 °C is 1.5 times larger than the
resistance of TLM measurement. We assume that it might be
due to the relatively increased oxide thickness of ITO/Al
interface for UV-C LEDs. This is because for the LEDs, the
post-heat treatment was done with the n-side facing up,
whereas for the TLM pattern, the post-heat treatment was
performed with the p-side facing up. Therefore, in the case of
LEDs, it is assumed that the oxidation rate of the ITO/Al
interface by heat treatment is higher. The ITO/Al interface of
each TLM sample was analyzed using TEM. In Fig. 5(a), it
can be seen that a thin 2.7 nm thick aluminum oxide (AlOx)
layer is already formed on the ITO/Al interface of the
reference sample. The oxide thickness (3.4 nm) of ITO/Al
interface annealed at 270 °C shown in Fig. 5(b) does not
dramatically increase compared to the oxide thickness
(2.7 nm) of the reference sample in Fig. 5(a). However, as
the annealing temperature increase to 350 °C, the oxide layer
thickness increased to 5.8 nm, as shown in Fig. 5(d). This
result is consistent with the relative operating voltage
increase of UV-C LED annealed at 350 °C compared to the
reference in situ sample without annealing in Fig. 4. In Fig. 5,
the blue, red and green circles represent the measurement
points of spatially resolved EELS for each sample; Al layer
[blue dot circle in Fig. 5(a)], ITO/Al interface without
annealing [red dot circle in Fig. 5(a)] and ITO/Al interface
with annealing at 350 °C [green dot circle in Fig. 5(d)].
Spatially resolved EELS spectra in Fig. 6 represent the
different atomic structure and/or the different chemical
bonding in each interface before and after annealing.
Specifically, it indicates the presence of Al2O3 phase at the
ITO/Al interface; a spectrum of a metallic Al layer is also
shown for comparison. It corresponds to the interface of each
TEM specimen; without post-annealing [Fig. 5(a)] and
with annealing at 350 °C [Fig. 5(d)], respectively. As the
annealing temperature increases to 350 °C, the decreased
EELS intensity occurs due to the progress of oxidation
compared to in situ sample. This result indicates that the
composition of the oxide compound at the interface of

ITO/Al changes due to the heat treatment. Here, the unclear
boundary seems to be due to inhomogeneous interface
oxidation. Equations (1) and (2) show the chemical reaction
of Al–In2O3 and Al–SnO2 and their products, respectively:

+  +6Al 3In O 3Al O 6In, 12 3 2 3 ( )

+  +4Al 3SnO 2Al O 3Sn, 22 2 3 ( )
and the standard Gibbs free energy can be calculated by three
state functions (enthalpy, temperature and entropy) as follow:

D  = D  - D G H T S , 3· ( )

where ΔG° is standard Gibbs free energy, ΔH° is standard
enthalpy, ΔS° is standard entropy, and T is temperature.
The standard state chemical thermodynamic properties of

individual substances in the crystalline are tabulated in
Table I.22,23) Calculating the interfacial reactions of both
Al–In2O3 and Al–SnO2 in ITO/Al by using Eqs. (1)–(3), the
standard Gibbs free energy is −375.8 kJ mol−1 at 298.15 K
and −401.3 kJ mol−1 at 298.15 K, respectively. This calcula-
tion indicates that the spontaneous oxidation at the ITO/Al
interface without annealing is plausible. We assume that
Al–In2O3 and Al–SnO2 compound layer is formed on the
ITO/Al interface after p-electrode deposition, as shown in
Fig. 7(b). From the TEM specimens, it was confirmed that
the oxygen ratio, as well as the oxide thickness at the
interface, increased with the post-heat treatment temperature
as shown in Fig. 8. This indicates that thin Al–In2O3 and
Al–SnO2 compound layer formed at the ITO/Al interface at
room temperature gets turned into a thick Al2O3 by the
reaction described in Eqs. (1) and (2) after high temperature
heat treatment as shown in Fig. 7(c). The tunnel barrier
formed of such dielectric film, i.e. amorphous aluminum

Fig. 5. (Color online) TEM images of ITO/oxide/Al interface depending
on annealing temperature; (a) the in situ without annealing, (b) 270 °C,
(c) 300 °C, (d) 350 °C, respectively.

Fig. 6. (Color online) EELS spectra on the TEM image of the ITO/Al
interface depending on annealing temperature corresponding to the blue, red
and green circles in Fig. 5.

Table I. The standard state chemical thermodynamic properties of
individual substances in the crystalline.

Enthalpy and entropy of substances at 298.15 K.

Molecular formula ΔfΗ° (kJ mol−1) S° (J mol−1·K)

In 0 57.8
In2O3 −925.8 104.2
Sn 0 51.6
SnO2 −580.7 52.3
Al 0 28.3
Al2O3 −1675.7 50.9
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oxide, only increases the electrical resistance. Figures 8(b)
and 8(c) shows the atomic concentration of elements on the
ITO/Al interface after heat treatment of 10 s at 300 and
350 °C, respectively. The indium component was detected at
the interface between the oxide and the aluminum layer of
each sample. This result indicates that the increased anneal
temperature and/or anneal time can induce the ITO

component diffusion into the Al2O3 layer as illustrated in
Fig. 7(d). To confirm the indium diffusion from ITO into the
oxide layer, we investigated the ITO/oxide/Al interface with
increasing the annealing time. The elemental analysis of the
TEM specimens was performed using energy-dispersive
X-ray spectroscopy (EDX) mounted on the TEM. As it can
be seen in Fig. 9(a), the TEM image of the in situ ITO/oxide/
Al interface is clear. However, as the aging time increased to
10 min at 300 °C, the atomic diffusion from ITO into the
oxide layer appeared clearly in the TEM image, as shown in
Fig. 9(b). In the formation of thin oxide film at the ITO/Al
interface at room temperature, the oxidation reaction between
Al–In2O3 and Al–SnO2 occurs concurrently. But, it is
estimated that the reaction between Al–In2O3 becomes
dominant as the heat treatment temperature gets increased.
It is assumed that after the oxidation reaction, the bonding
strength between the remaining indium and the surrounding
atoms weakens. Therefore, it seems that the indium diffusion
into the oxide film gets activated as the annealing temperature
and the annealing period is increased. That said, the
transformation of ITO/Al into an ITO/oxide/Al structure via
thermal treatment results in a structure with higher electrical
resistance and reduced mechanical adhesion, which result
could cause reliability issues in high-power UV-C LEDs
during high-temperature operations such as junction tem-
perature increase and mechanical stress of p-electrode.

4. Conclusions

We have investigated the interface formation between ITO
and Al thin film by using scanning TEM in combination with
EELS. It was confirmed that ITO/Al interfacial oxidation
occurs via Al-Sn2O3 and Al–In2O3 reaction during the
thermal annealing, which results in the increased operation
voltage of UV-C LEDs with ITO/Al reflector. It was found
that the oxide thickness, as well as the oxygen content,

(a) (b)

(c) (d)

Fig. 7. (Color online) Schematics of the ITO/Al interface formation before and after annealing process.

(a)

(b)

(c)

Fig. 8. (Color online) Atomic concentration of elements on the ITO/Al
interface depending on annealing temperature; (a) the in situ without
annealing, (b) after heat treatment of 10 s at 300 °C, and (c) after heat
treatment of 10 s at 350 °C, respectively.

Fig. 9. (Color online) TEM image of (a) the in situ ITO/oxide/Al interface
without annealing and (b) after the 10 min aging at 300 °C, respectively.
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increased with the annealing temperature. We also confirmed
that indium was found in the Al-oxide layer after annealing
for 10 min at 300 °C. In conclusion, the in situ oxidation of
ITO/Al interface induced the operation voltage increase in
UV-C LEDs, which triggers the unstable reliability issues.
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