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ABSTRACT
SiO2/Al2O3 double dielectric stack layer was deposited on the surface of the GaN-based Light-Emitting Diode (LED).
The double dielectric stack layer enhances both the electrical characteristics and the optical output power of the LED
because the first Al2O3 layer plays a role of effectively passivating the p-GaN surface and the second lower index SiO2
layer increases the critical angle of the light emitted from the LED surface. In addition, the effect of the Fresnel reflection is also responsible for the enhancement in output power of the double dielectric passivated LED. The leakage current of the LED passivated with Al2O3 layer was –3.46 × 10–11 A at –5 V, at least two and three orders lower in magnitude compared to that passivated with SiO2 layer (–7.14 × 10–9 A) and that of non-passivated LED (–1.9 × 10–8 A), respectively, which indicates that the Al2O3 layer is very effective in passivating the exposed GaN surface after dry etch
and hence reduces nonradiative recombination as well as reabsorption of the emitted light near the etched surface.
Keywords: GaN; Light-Emitting Diode (LED); Al2O3; PEALD; Passivation; Double Dielectric Stack Layer

1. Introduction
The III-nitrides are suitable materials for photoelectronic
applications covering most of the electromagnetic spectrum due to their wide range of direct bandgap energy.
Light emitting diodes (LEDs) are promising semiconductor devices for solid state lighting. Due to a remarkable development in LED fabrication technologies, the
LEDs are now being commercialized in various applications such as traffic signals, full-color displays, back
lighting in liquid-crystal displays, and so on [1]. However,
further improvement in output power with long life time
is still required for the GaN-based LED to be more efficiently used in such a field. The increase of the external
quantum efficiency (ηEQE), which can be determined
from the product of injection efficiency (ηinj) × radiative
efficiency (ηrad) × extraction efficiency (ηext), is the most
important factor in achieving a high efficiency LED. ηinj
and ηrad can be increased by improving the crystal quality
and optimizing the epitaxial layer structure which maximizes the radiative recombination in active region. Surface passivation with appropriate dielectric layers is also
necessary to avoid non-radiative recombination for high
ηrad [2]. Special techniques such as control of surface
roughness [3-5], preparation of patterned sapphire substrate
Copyright © 2012 SciRes.

(PSS) [6,7], application of flip-chip bonding [8-10],
adaption of laser lift-off process [11], and formation of
photonic crystal structure [12] are frequently used to improve ηext, which can be increased by increasing the critical angle for the emitted light through an appropriate
modification of the surface of the LED [13,14].
Anti-reflection (AR) coating of dielectric layers is frequently used to reduce the Fresnel reflection at the semicon- ductor-air interface in communication LEDs.
In this work, we report, in more detail, the development of passivation technique for the GaN-based LEDs
by using double dielectric stack layer design is not optimized for the maximum anti-reflectivity.

2. Device Fabrication
Figure 1(a) shows the schematic LED configuration investigated in this work. The layer structure was grown on
the patterned sapphire substrate (PSS) by metal-organic
chemical vapor deposition (MOCVD). The blue LED
structure contains low temperature grown GaN buffer
layer, un-doped GaN layer, Si doped n-GaN layer, InGaN/GaN multi-quantum well active layer and Mg doped
p-GaN cladding layer. The composition and thickness of
InGaN/GaN multi-quantum well active layer was optiOPJ
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cated. For comparison, three different LEDs were also
prepared; 5 nm-thick single Al2O3-passivated, 50-nm thick
single SiO2-passivated, and non-passivated LED.

3. Optimization of Double Dielectric
Stack Layer
To maximize the optical output power, the refractive index
and the thickness of a dielectric layer, were estimated
from the concept based on the Fresnel reflection for the
antireflection. The Fresnel reflection at the interface can
be reduced to zero, assuming normal incidence, when an
anti-reflective dielectric layer is inserted between air and
semiconductor, which has the following relations:
Re franctive index : n AR  n S  n A

(1)

and
thickness 

(b)

Figure 1. The schematic of the LED configuration investigated in this work (a); and the fabrication of the 430 μm ×
430 μm size real LED chip (b).

mized for emission wavelength of ~460 nm. Figure 1(b)
shows the fabricated LED chip with size of 430 μm ×
430 μm.
The window for n-electrode was first defined by dry
etching and a transparent electrode consisting of Ni/Au
(50 Å/50 Å) was deposited on p-GaN layer, which was
followed by rapid thermal annealing at 500˚C (at N2/O2
ambient) for ohmic contact between the transparent electrode and p-GaN top layer. Thick Ti/Au bonding pads with
thickness of 300 Å/4000 Å was then deposited. The double dielectric stack layer, which consists of 5 nm-thick
Al2O3 layer [15] deposited by plasma-enhanced atomic
layer deposition (PEALD) and 50 nm-thick SiO2 layer
deposited by plasma-enhanced chemical vapor deposition
(PECVD), was sequentially deposited on the surface of
the LED to complete the fabrication process. The PEALD
method has the advantages such as an excellent uniformity, a high quality film density, a controllability of atom
level thickness and the perfect surface step coverage for
the LED structure due to the self-limiting deposition characteristic. A gas phase reaction can be suppressed among
the injected reactant. Therefore, a thin film layer is formed
by a saturated surface reaction therefore the low temperature deposition is possible. In addition, to evaluate the interface trap density between SiO2 or Al2O3 layer and p-GaN
layer, the MOS capacitors with anode pattern of 300 µm
diameter and virtual ground contact [16] were also fabriCopyright © 2012 SciRes.
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where nAR is a refractive index of anti-reflection layer,
nS is a refractive index of semiconductor, nA is a refractive index of air, and λ is wavelength, respectively. The
estimated refractive index and the thickness of an antirefraction layer is 1.55 and ~70 nm, respectively, when
the semiconductor is GaN and the emission wavelength λ
is 460 nm. To obtain nAR of 1.55 with double dielectric
stack layer, such as Al2O3 (refractive index of 1.77)/SiO2
(refractive index of 1.46) investigated in this work, the
thickness ratio between two dielectric layers is approximately 7(SiO2):3(Al2O3), which approximately corresponds to the SiO2 thickness of 50 nm and the Al2O3 thickness of 20 nm. However, the 5 nm-thick Al2O3 layer was
used for the double layer in this work, instead of the calculated value of 20 nm because the reverse current characteristics of the Al2O3-passivated LED become rapidly
degraded as the thickness increases as shown in Figure
2(a) (the leakage current of the 5 and 20 nm thick Al2O3
passivated layer were –3.46 × 10–11 A and the 2.21 × 10–8
A at –5 V, respectively).
The degradation in reverse characteristics is believed
to be due to the time dependent plasma damage, where
the surface damage increases as the exposure time of the
LED surface to the plasma increases during the deposition of dielectric layers. The plasma damage may lead to
the formation of lattice defects and/or dangling bonds at
near-surface which results in the degradation in output
power of LEDs as shown in Figure 2(b) [17,18].
The output power of the LED with 20 nm-thick Al2O3
layer is considerably decreased compared to other LEDs
with thinner Al2O3 layer. For this reason, the 5 nm-thick
Al2O3 layer was chosen to minimize the plasma damage.
Additionally, the 5 nm-thick Al2O3 layer plays a role of
not only very effective passivation layer of the LED surOPJ
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face but also partially anti-reflective layer in combination
with 50 nm-thick SiO2 layer even though the thickness is
thinner than the calculated value for the anti-reflective
layer. As a result, the total thickness for the double dielectric stack layer was optimized as 55 nm to achieve an
efficient operation of the LED even though the thickness
is not optimized for the maximum anti-reflectivity.

4. Results and Discussion
The linear and semi-log I-V characteristics of all fabricated LEDs are shown in Figures 3(a) and (b). The forward voltages measured at 20 mA were approximately
3.31, 3.33, 3.39 and 3.39 V for the non-passivated, the
Al2O3-passivated, the SiO2-passivated, and the SiO2/Al2O3passivated LED, respectively. The forward voltages of the
Al2O3, the SiO2 and the SiO2/Al2O3-passivated LEDs are
slightly higher than that of the non-passivated LED. It is
a little difficult to observe the difference in slopes between LEDs. To clearly see the difference, we compared
the I-V curves for only two LEDs in (c) of the figure
with the non-passivated LED and the SiO2/Al2O3 double
Copyright © 2012 SciRes.
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Figure 2. The the leakage current characteristics (a) and the
output power characteristics (b) of the SiO2 (50 nm)/Al2O3
(5 nm), SiO2 (50 nm)/Al2O3 (7.5 nm), SiO2 (50 nm)/Al2O3
(10 nm), and SiO2 (50 nm)/Al2O3 (20 nm)-passivated LEDs,
respectively.
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Figure 3. The linear and semi-log I-V characteristics for all
investigated LEDs at forward bias (a) and (b). To clearly
see the difference, we compared the I-V curves for only two
LEDs in (b) of the figure with non-passivated LED and the
SiO2/Al2O3 double dielectric passivated LED.

dielectric passivated LED. It is apparent that the nonpassivated LED exhibits two characteristic lines, with a
small slope at relatively low bias (<2.5 V) caused by
which is equivalent to the surface shunt resistance and
parasitic diode showing the prematured turn-on [19] as
described later. On the other hand, the SiO2/Al2O3 double
dielectric passivated LED shows almost one dominant
characteristic line with large slope, but the line with small
slope disappears except at very low bias below ~2.2 V.
OPJ
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This explains that the I-V characteristic of the nonpassivated LED is greatly affected by the existence of
the shunt components at surface showing a hump in the
curve, while that of the SiO2/Al2O3 double dielectric passivated LED is less affected by these shunt components
due to the effective surface passivation of the SiO2/Al2O3
double dielectric layer. Therefore, the SiO2/Al2O3 double
dielectric passivated LED exhibits much more improved
output power performance due to the decreased nonradiative recombination at surface. However, it is noticed that the SiO2 passivated LED exhibits even worse
I-V characteristic than that of the non-passivated one
with even further prematured turn-on as shown in the
figure. This is probably because the GaN surface becomes easily damaged when the surface is exposed to the
plasma during the long deposition time, while the damage becomes minimized for the SiO2/Al2O3 double dielectric passivation because the first thin Al2O3 layer deposited prior to the SiO2 deposition prevents the GaN
surface from being damaged. The GaN surface can be
passivated with the deposition of the SiO2 layer, which
can be resulted in decrease of the effect of the shunt diode at surface. However, the plasma damage introduced
during the deposition of the SiO2 layer causes another
surface leakage which is responsible for the worse I-V
characteristic for the SiO2 passivated LED. The passivation effect of the 5 nm-thick Al2O3 single dielectric layer
is not remarkable compared to that of the double dielectric-passivation as shown in the Figure 3(b). This is believed to be due to the insufficient surface passivation
caused by nonuniform surface covering of the dielectric
layer when the dielectric layer is very thin.
At a higher current level, however, the dielectric passivated LEDs exhibit larger series resistances than the
non-passivated LED does as shown in the Figure 4.
The reason for the increased resistance with dielectric
passivation can be understood by adopting an equivalent
circuit model, as shown in Figure 5(a), for the LED investigated in this work. The model consists of the main
ideal bulk p-n diode (D1), the contact resistance (RC), the
bulk series resistance (RSB) mainly due to highly resistive
p-type layer, the shunt resistance (RSS), and the parasitic
shunt diode (D2) [19]. The shunt diode (D2) and the shunt
resistance (RSS) are due to the surface leakage related to
the surface states. The I-V characteristics of non-passivated
LED can be inferred, considering all intrinsic and parasitic components. The I-V characteristics for D1 (dottedblack line) can be degraded due to RSB and RC (dotted-blue line) as shown in Figure 5(b). The curve for D2
with RSS is also shown as the dotted-green line in the
figure. Therefore, the observable I-V characteristics for
the non-passivated LED must be sum of the characteristics of the two diodes, shown as the dotted-red line in the
figure.
Copyright © 2012 SciRes.
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Figure 5. The Equivalent circuit model of the LED investigated in this work (a); the I-V characteristics of LEDs
without (b); and with (c) passivation.
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The I-V characteristics for D1 with RC and RSB do not
change even after passivation. However, the portion of
D2 with RSS in the I-V characteristics becomes much reduced because the passivation layer greatly decreases the
surface state density. This means that the effect of D2 and
RSS on the total diode characteristics becomes less which
can be visualized as green line in Figure 5(c). Therefore,
the I-V characteristics for the passivated LED, obtained
from the sum of the characteristics of the two diodes (the
broken blue line + the green line), can be drawn as red
line in the figure, where the slope of the I-V curve is
smaller than that of the I-V curve before the passivation,
indicating that the series resistance of the passivated
LED is larger than that of the non-passivated LED. The
premature turn-on observed for the passivated LED is
probably due to the surface leakage, which cannot be fully
eliminated by the passivation, and/or additional shunt resistance, caused by plasma damage.
Figure 6 shows the reverse leakage current characteristics for the fabricated LEDs. As shown in the figure,
the leakage current of the Al2O3-passivated LED was
–3.46 × 10–11 A at the –5 V, at least two and three orders
lower in magnitude compared to that of the SiO2-passivated LED (–7.14 × 10–9 A) and the non-passivated LED
(–1.9 × 10–8 A ), respectively.
This indicates that the Al2O3 layer is very effective in
passivating the exposed GaN surface after dry etch and
hence decreases the trap density near the surface, which
minimizes the leakage current through the surface of the
LED. The trap density at the GaN surface was obtained
by estimating the flatband voltage shift of the metalinsulator-semiconductor (MIS) capacitors, which depends
on the polarity and the density of charges in the oxide
and at the interface [20]. The measured C-V data were
compared to the theoretical values using the Equation (3)
below and the flatband voltage shift can be calculated.
 E g kT N  Q F
Q
 IT
VFB   M  S   
ln  
q
n i  COX COX
 2

where ΦM is the metal work function, χS is the electron
affinity of the semiconductor, Eg is the band gap energy,
k is the Boltzmann constant, T is the temperature, q is the
elementary charge, N is the doping density, ni is the intrinsic carrier concentration, QF is the density of fixed
charges, QIT is the density of interface trap charges, and
Cox is the oxide capacitance. The first three terms represent the ideal flatband valtage and the latter two causes
the flatband voltage shift which depends on the polarity
and the density of charges in the oxide and at the interface. The estimated interface trap density obtained from
the QIT are shown in Table 1. The decreased trap density
with Al2O3 passivation at the GaN surface leads to decrease in nonradiative surface recombination, which in
turn increases the radiative efficiency and hence the output power from the LED.
Figure 7 shows the output powers versus currents for
all LEDs studied in this work, which demonstrates the
output powers of dielectric-passivated LEDs are higher
than that of the non-passivated LED. The output power is
25.8, 26.5, 27.9, and 32.3 for the non-passivated, the
SiO2-passivated, the Al2O3-passivated, and the Al2O3/
SiO2-passivated LED at IF = 100 mA, respectively.
The reason for the higher output power for the dielectric passivated LED is because an additional transparent
layer with refractive index n on NiAu/GaN as well as on
the etched LED surface results in a larger critical angle
for the emitted light. It is also noticed that the output
power of the Al2O3-passivated LED is slightly higher than
Table 1. Characteristics of interface charge density in GaN
MIS structures.
material

value

Al2O3

2.6 × 1011 eV–1·cm–2

SiO2

6.2 × 1012 eV–1·cm–2

(3)

Figure 6. The LED with Al2O3 layer exhibits at least two
and three orders lower in leakage current compared to that
with SiO2 layer and without dielectric layer, respectively.
Copyright © 2012 SciRes.
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Figure 7. The output power characteristics of the nonpassivated, the SiO2-passivated, the Al2O3-passivated, and
the Al2O3/SiO2-passivated LED. The output power of the
Al2O3/SiO2-passivated LED exhibits about 25% higher than
that of the non-passivated LED.
OPJ
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that of the SiO2-passivated LED, which is unexpected
and must be discussed, and the double dielectric Al2O3/
SiO2-passivated LED exhibits further enhanced output
power. The output power of the SiO2-passivated LED
must be higher than that of the Al2O3-passivated LED,
because the lower index of the SiO2 layer deposited on
the LED plays a role of increasing the light extraction
efficiency due to larger critical angle factor as shown in
Table 2, which is contrary to the result observed in Figure 7. According to the Snell’s law, the critical angle
(θcrit) of total internal reflection is given by
 n2 

 n1 

 crit  sin 1 

(4)

where n1 and n2 are the refractive indices of the semiconductor and air, respectively.
The reason why the Al2O3-passivated LED exhibits
higher output power can be explained as follow; the
Al2O3 layer covers whole surface of the LED, as shown
in Figure 1, including the side-wall surface near the edge
of the active quantum well exposed after plasma etching,
except the n- and p-type contact. This Al2O3 layer effectively passivates the surface of the LED, which not only
improves the electrical property of the LED by effectively
reducing surface leakage as described before, but also reduces probability of nonradiative recombination through
the surface trap and increases the radiative recombination
efficiency in the active quantum well near side-wall edge.
Furthermore, this passivation layer prevents the reabsorption of the emitted light near the surface regions. The surface passivation with Al2O3 layer, therefore, leads to increase of overall the external efficiency of the LED, even
though the extraction efficiency of the Al2O3-passivated
LED itself is lower than that of the SiO2-passivated LED.
The output power of the Al2O3-passivated LED can be
further increased by depositing additional 50 nm-thick SiO2
layer on the Al2O3 layer to form the SiO2/Al2O3 double
dielectric stack layer. The output power of the LED with
the double dielectric stack layer exhibits an output power,
about 25.4% higher than that of the non-passivated LED
and 15.6% higher than that of the Al2O3-passivated LED,
respectively. This remarkable enhancement in output power
of the LED with double dielectric passivation is because
the first Al2O3 layer plays a role of effectively passivating the p-GaN surface and the second lower index SiO2
Table 2. The critical angle calculated of dielectric deposited
on GaN surface.
Passivation method

Critical angle

Al2O3

34.4 degrees

SiO2

43.2 degrees

No dielectric

24.3 degrees

Copyright © 2012 SciRes.

layer plays a role of increasing the critical angle of the
light emitted from the LED surface. In addition, the effect of the Fresnel reflection are also responsible for this
enhancement in output power of the double dielectric
passivated LED. Assuming normal incidence of light,
the Fresnel power transmittance between GaN and air
without any dielectric layer is given by
2

 n  n air 
4n GaN n air
T  1  R  1   GaN
 
2
 n GaN  n air 
 n GaN  n air 

(5),

when thin dielectric layer, SiO2 or Al2O3, is inserted between GaN and air, the transmittance can be expressed as
below, neglecting multiple reflections between dielectric
layers for simple calculation.
T  1 R 

4n GaN n SiO2

n

GaN

 n SiO2



4n SiO2 n air

 n
2

SiO 2

 n air



,

2

(6)

or
T  1 R 

4n GaN n Al2 O3

n

GaN

 n Al2 O3



4n Al2 O3 n air

 n
2

 n air

Al2 O3



2

.

(7)

Similarly, when double dielectric stack layer, SiO2/
Al2O3, is inserted between GaN and air,
T

4n GaN n Al2 O3

n

GaN

 n Al2 O3



4n Al2 O3 n SiO2

 n
2

Al2 O3

 n SiO2



4n SiO2 n air

 n
2

SiO 2

 n air



2

(8)
where nGaN, n Al2 O3 , n SiO2 , and n air are the refractive
indices of the GaN, Al2O3, SiO2 and air, respectively.
The above equations can be formalized as below:
T  1  R   3i 1

4n i n i 1

 n i  n i 1 

2

(9)

where i = 1 corresponds to the case without dielectric
layer, i = 2 corresponds to the case with single dielectric
layer (SiO2 or Al2O3), and i = 3 corresponds to the case
with double dielectric layer (SiO2/Al2O3), respectively.
From the above equation, the Fresnel power transmittances of the LED without a dielectric layer, with SiO2,
the Al2O3, and Al2O3/SiO2 can be approximately calculated as 83.0%, 90.9%, 90.2%, and 93.5%, respectively.
The calculated Fresnel power transmittance of the LED
with double dielectric passivation, assuming normal incidence of the light, is approximately 10% higher than
that that of non-passivated LED. This factor must be included in the improvement of the output power of the
LED with double dielectric passivation, along with the
contribution from the enhanced radiative recombination
efficiency near side-wall edge as described before, which
results in increase in the overall extraction efficiency from
the LED.
OPJ
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5. Conclusion
We have proposed a new concept of surface passivation
for the GaN-based LED to improve the light extraction
efficiency by using SiO2/Al2O3 double dielectric stack layer
and investigated its effects on the output power of the
LED. The double dielectric stack layer not only effectively
passivates the surface of the LED, but also enhances the
overall extraction efficiency of the LED. The LED with
the SiO2/Al2O3 double dielectric stack layer exhibited
about a 25.4% increase in the output power compared to
the non-passivated LED.
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