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ABSTRACT
Recently, InGaN/GaN based blue light emitting diodes (LEDs) have become
widely available commercially, but their efficiency is reduced due to the quantum
confined Stark effect (QCSE) induced by the InGaN/GaN mismatch. These LEDs, when
combined with a phosphor or other LEDs, can be used to provide white lighting, and
maximizing their energy efficiency is desirable. Therefore, a new LED structure using
nanopillars has been studied, which increases the surface area for light to escape as well
as reducing the quantum confined Stark effect in order to improve the device efficiency.
However, when InGaN/GaN nanopillars are prepared by dry etching, N vacancies and
group Ⅲ oxides are created on the nanopillar sidewalls, causing excessive leakage current
and non-radiative surface recombination. As a result, the internal quantum efficiency
drops, and it degrades the device efficiency. In this research, reducing the etch rate and
adding consecutive KOH wet etching and (NH4)2S/ isopropanol passivation steps were
studied to reduce the sidewall damage and increase the device efficiency. The
photoluminescence intensity in nanopillars prepared with the slow etch rate (0.18 nm/s)
was 2 times higher than that of planar structures. In nanopillar LEDs, an additional 4
times higher electroluminescence intensity and suppressed leakage current under reverse
and forward bias were recorded with sulfur passivation.
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Chapter 1
Introduction

1.1 General information on InGaN/GaN planar and nanopillar LEDs
A light-emitting diode (LED) is a semiconductor light source using the
electroluminescence effect, which is explained by recombination of holes and excited
electrons and released energy in the form of photons under forward bias [1]. The LED is
a potential light source which can replace incandescent or fluorescent lamps due to its
superior properties such as high luminescence efficiency, low energy consumption, long
lifetime and quick response [2]. The light emitting diodes are currently used in various
applications such as general lighting, traffic signals, aviation lighting and automotive
lighting.
The white color LED is produced by packaging LED devices with three different
primary colors of red, green and blue, which are determined by the unique energy gaps of
the semiconductor materials. Among these three primary color LEDs, blue LEDs based
on InGaN/GaN multi quantum wells have been an issue because obtaining high
efficiency from blue LEDs is more difficult. Both InGaN and GaN have direct band gaps,
and their band gap energies are 2.0 eV-3.4 eV and 3.4 eV. The band gap energy of InGaN
is changeable depending on the ratio of InN to GaN in the InxGa1-xN alloy. Figure 1-1
shows a cross sectional image of conventional planar InGaN/GaN LED. The n electrode
is deposited on n-GaN, and the transparent p electrode (indium tin oxide) is deposited on
p-GaN. Blue light is emitted when positive voltage is applied to the p electrode, whereas
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negative voltage is applied to cause electron and hole recombination across the
InGaN/GaN multi quantum well. Figure 1-2 shows the recombination process with a
band diagram [2]

Figure 1-1 A cross sectional schematic of an InGaN/GaN planar LED.

Figure 1-2 Energy band diagram of an InGaN/GaN LED.
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There has been an issue with the InGaN/GaN planar LED sturucture. When the
InGaN/GaN multi quantum well is deposited by the metal organic chemical vapor
deposition (MOCVD) technique, the mismatch at the interface between InGaN and GaN
layers induces strain in the multi quantum well. The piezoelectric field induced by the
strain at the multi quantum well shifts electrons and holes to the opposite sites. As a
result, it interrupts hole and electron recombination, and the internal quantum efficiency
of the LED is degraded [3]. This phenomenon is called the quantum confined Stark
effect (QCSE) [4], and it is one of the main reasons for the efficiency droop that happens
at high injection current [5]. In order to avoid this quantum confined Stark effect,
researchers have been studying how to release the strain in the LED device. Therefore,
they have designed a new LED structure called the nanopillar or nanorod. Figure 1-3
shows the cross sectional image of a nanopillar LED. The p-GaN, MQW, and n-GaN
regions are divided into nanopillars, and the gaps of the nanopillars are filled by dielectric
material to prevent electrical shorting.

Figure 1-3 A cross sectional schematic of InGaN/GaN nanopillar LED.
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The strain released by nanopillar formation enhances the internal quantum
efficiency of the LED device [3]. In addition, increased surface areas act as pathways
where generated photons escape, and the light extraction efficiency is enhanced. The
improvement of internal quantum efficiency and extraction efficiency improves the
device performance [6].

1.2 Photoluminescence comparison of planar and nanopillar LEDs
The light emission efficiency of planar and nanopillar LEDs can be compared
using photoluminescence (PL) intensity. The active region of an ideal LED emits one
photon for every electron injected, and the internal quantum efficiency is defined as

int 

number of photons emitted from active region per second Pint /( hv)

number of electrons injected into LED per second
I /e

Pint means the optical power emitted from the active region, h is Planck’s constant, ν is
frequency, I is the injection current, and e is elementary charge.

Photons generated in the active region have to escape from the LED die to the
free space to emit light, and the light extraction efficiency and expressed by

 extraction 

number of photons emitted into free space per second
P /( hv)

number of photons emitted from active region per second Pint /( hv)

P means the optical power emitted into free space, Pint is the optical power emitted from
the active region, h is Planck’s constant, ν is frequency.

5

The external quantum efficiency is defined by the ratio between photons emitted
into free space and injected electrons and expressed by the below equation [1].

 ext 

number of photons emitted into free space per second P /( hv)

 int extraction
number of electrons injected into LED per second
I /e

P means the optical power emitted into free space, h is Planck’s constant, ν is frequency,
I is the injection current, and e is elementary charge.

A preliminary comparison of planar and nanopillar LEDs can be performed using
the photoluminescence intensity, even though practical devices operate by
electroluminescence. For photoluminescence,

I  Aabsextractionint [7]
Photoluminescence (PL) intensity (I) is determined by the light emitting area (A),
the absorption efficiency of the pumping laser (  abs ), the light extraction efficiency
(extraction ), and the internal quantum efficiency of the quantum well structure ( int ). Light
emitting area increases due to larger surface area by forming nanopillars compared to
planar structures. Also, the absorption efficiency of the pumping laser and the light
extraction efficiency increase because of the cylindrical shape and small diameter of the
nanopillars [8]. As mentioned before, internal quantum efficiency improves due to strain
release [3]. The above equation explains why nanopillar LED devices show the better
performance than planar LEDs when comparing PL intensity. This reason is why
nanopillar devices should be developed in the future work.
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1.3 Literature review of nanopillar LEDs
In the nanopillar LED development, two different techniques have been studied
by researchers: bottom up and top down techniques. Because of the difficuly to grow
uniform nanopillars by bottom up techniques [6], [8] the top down nanopillar formation
technique was chosen for this research. Figure 1-4 shows the general techniques forming
nanopillar LEDs with dry etching [9].

Figure 1-4 Top down nanopillar LED formation by dry etching adapted from [9].
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1.4 Research objective
Top down nanopillar LEDs created by the dry etching technique face great
challenges to be used for practical applications because of leakage current and nonradiative surface recombination which degrade internal quantum efficiency and device
performance [10]. First of all, the leakage current occurs at damaged sidewalls created by
dry etching [9], [10]. When MQW layers, the InGaN/GaN heterostructure, are etched by
chlorine based plasma, N is preferentially etched over Ga due to the stronger binding
energy of Ga-O over Ga-N. Generated nitrogen vacancies have shallow donor energy
levels and enhance conduction. As a result, the generated nitrogen vacancies work as
leakage current pathways and act like non radiative recombination centers [11]. In
addition, GaOx, InOx created on the nanopillar sidewalls cause non-radiative surface
recombination [12].
In this reasearch, passivation techniques to reduce the sidewall damage on the
nanopillars were discussed. First of all, the passivation effect was confirmed comparing
photoluminescense intensities on nanopillar and planar InGaN/GaN heterostructure
samples. In addition, the nanopillar LEDs were fabricated with regard to other key
process steps for transparent ohmic contact to p-GaN and oblique deposition as well as
the results from passivation experiments. Then, electroluminescense and I-V (currentvoltage) measurements were used for the device characterization. The research objective
was to examine if the device efficiency could be increased by suppressing leakage current
and enhancing internal quantum efficiency using the passivation techniques.
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Chapter 2
Literature review
In this chapter, literature on the key process steps to determine device
performance, such as nanopillar formation, passivation techniques to reduce the sidewall
damage, methods for forming transparent ohmic contacts to p-GaN, and oblique
deposition were reviewed. The experiments for each process set up would be conducted
based on the literature review.

2.1 Nanopillar formation
In this study, the top down nanopillar formation technique by dry etching was
chosen, and selecting the proper patterning techniques was required. Currently, e-beam
lithography has been used for patterning uniform and high resolution nano-features, but
its disadvantage for the commercial device fabrication is low throughput and high cost
[13][14]. Alternatively, many research groups studied the various techniques to form selfassembled nanomasks, providing high throughput and low cost. The sorts of selfassembled nanomasks were classified into self assembled Ni clusters, silica nanoparticles,
and ITO nanospheres.
First of all, the self-assembled Ni clusters were formed by the following
procedures. On the InGaN/GaN heterostructure sample, a thick silicon dioxide (SiO2) or
silicon nitride (Si3N4) layer and a thin Ni layer were deposited by plasma-enhanced
chemical vapor deposition (PECVD) and e-beam evaporation, consecutively. Then the
sample was heated by rapid thermal annealing (RTA) under N2 at 800-900°C for 1 min to
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form various nanometer sized Ni clusters. These Ni clusters and SiO2 or Si3N4 layers
were used as the first and second masks when LED nanopillars were formed by dry
etching. The advantage of this technique was that the nanopillar dimension was
controllable with varying the Ni layer thicknesses [13]. Second, a spin coated monolayer
of silica nanoparticles was used as an etch mask. The monolayer of silica nanoparticles
was coated by electrostatic force on the p-GaN surface, and the nanopillar dimension was
determined by the diameters of the silica nanoparticles. The advantage of this technique
is the availability to form uniform patterning [14]. Finally, indium tin oxide (ITO)
nanospheres were used as an etch mask. ITO nanospheres were formed by wet etching an
ITO layer with the very dilute hydrochloric acid (HCl) (3%). The mechanism is explained
by the preferential wet etching of In2O3 at the grain boundaries and remaining nanodots
of the In2O3 and SnO2 mixture. The advantage of this technique is the availability to
obtain high density nanospheres and nanopillars by dry etching [15]. Top view of
nanopillar patterns created by those three different techniques was described in Figure
2-1.

Figure 2-1 Three different self-assembled nanomasks adapted from [13], [14], and [15].
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2.2 Techniques to reduce the sidewall damage
Research groups implemented various techniques to reduce the sidewall damage
such as lowering InGaN/GaN MQW etch rate, wet chemical treatment, wet oxidation,
nanopillar gapfilling with dielectric materials, and (NH4)2S passivation. First of all, Yu et
al. demonstrated PL intensity enhancement upon lowering etch rate and claimed that
slower etch rate contributed to reducing the sidewall damage [16]. Also, wet chemical
and oxidation were used for reducing the sidewall damage. Zhu et al. showed that the wet
chemical treatments such as HCl, KOH, H3PO4 were effective and claimed HCl was the
best chemical treatment by showing 14 times PL intensity enhancement compared to the
planar structure [17]. However, neither Yu et al. nor Zhu et al. showed optical and
electrical data from nanopillar LEDs because they obtained PL data from only nanopillars
for their studies. Chiu et al. proved that the sidewall damage was recovered by using
photo enhanced chemical (PEC) wet oxidation and showed the improvement with EL and
I-V (current-voltage) data [18, 19]. The research groups studied Spin On Glass (SOG)
[20-23], SiO2 [24, 25], and SU-8 [14] for nanopillar gapfilling and demonstrated the
effectiveness by showing the better performance of nanopillar LEDs rather than planar
LEDs using the I-V, EL, and output power comparison. Finally, Yang et al. studied the
(NH4)2 treatment, which was effective for recovering the sidewall damage. They
explained that (NH4)2 removed the unstable native oxide which had surface states and
formed a monolayer of sulfides. As a result, leakage current and nonradiative surface
recombination decreased. They showed the recovery of the sidewall damage by I-V
characteristics [26]. However, they did not present any EL data after the sulfur
passivation.
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2.3 Transparent ohmic contacts to p-GaN
Forming ohmic contacts to p-GaN on top of the nanopillar is a critical issue
because poor ohmic contacts lead to a large voltage drop, which degrades device
reliability and efficiency [27]. Achievement of ohmic contacts to p-GaN is very difficult
because of the high activation energv (~170 meV) of the Mg dopant, which leads to a
modest hole concentration (<1018 cm-3). In this section, various techniques for lowering
the specific contact resistivity (SCR) between metals and p-GaN were introduced. In
addition, transparent conductive oxide (TCO) contacts to p-GaN were described because
high transmittance is another critical factor for the LED devices. There also have been
lots of attempts to achieve high quality TCO contacts to p-GaN.

2.3.1 Approaches to achieve metal/p-GaN ohmic contact
Because of the importance of ohmic contact formation to p-GaN for
optoelectronic devices, lots of techniques were introduced by various researchers. The
techniques can be classified into three different groups: surface treatment, introducing
high work function metals and annealing, and forming NiO interlayers.

A. Surface treatment
Native oxide is easily formed on the p-GaN surface because of strong bonds
between O and Ga. The native oxide can act as a barrier interrupting hole transport
between the metal and semiconductor. It may also play a role in Fermi level pinning,
whereby the effect of the metal work function on the Schottky barrier height is reduced.
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In order to remove the native oxide, various kinds of surface treatment techniques
have been studied. Commonly used solutions were dilute HCl [28], buffered oxide etch
(BOE) [29], dilute HF [30] and KOH [31]. Among these surface treatments, BOE
treatment offered the best performance to achieve ohmic contacts to p-GaN, and long
treatment times were more effective than short times. The research groups who used the
BOE treatment techniques showed that the Fermi level on the surface of GaN shifted to
the acceptor level near the valence band and lowered the barrier height. Then ohmic
contacts were achieved by these surface treatments with high work function metals such
as Pt and Pd or bilayers including these metals [29].
Some research groups claimed that the native oxide is not completely removed by
a one-step surface treatment and is possibly formed again during deposition under
vacuum in an open system. Therefore, two-step surface treatments were introduced by
other researchers in order to prevent re-oxidation. The first step was to use buffered
oxide etch (BOE). Then the sample was treated by (NH4)2S for the second step. When
GaN sample was dipped in (NH4)2S solution, sulfide was formed on the GaN surface
because of stronger Ga-S bonding than Ga-O bonding. The strong sulfide bonding lasts
more than a few months and prevents native oxide formation [32].
Another effort to improve the ohmic contact by surface treatment was intentional
change of the surface states. Lee et al. oxidized the p-GaN surface at 750 ⁰C in air and
then dipped the sample in (NH4)2S solution for 30 min. As a result, they assumed that Ga
vacancies were generated on the surface, and the Fermi level position was shifted towards
the valence band [33]. Another effort was to utilize N2 plasma to activate more Mg
acceptors by removing nitrogen vacancies from MgGa-VN deep donors [34].
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B. Introducing high work function metals and annealing
p-GaN has a very high work function close to 7.5 eV. Therefore, achieving high
quality ohmic contact to p-GaN is difficult because the highest work function of a metal
(Pt) is just 5.65 eV, and there also could be Fermi level pinning on the interface between
metal and p-GaN. In order to overcome the barrier, various attempts were performed by
researchers to form ohmic contacts by using high work function metal alloys and
annealing, such as Pt/Ru (2.2 x 10-6 Ω·cm2) [35], Pt/Pd/Au (3.1 x 10-5 Ω·cm2) [36],
Pd/Ir/Au (2 x 10-5 Ω·cm2) [37], Ti/Pt/Au (4.2 x 10-5 Ω·cm2) [38], Pd/Ni/Au (2.4 x 10-5 Ω·
cm2) [39], Pd/Ru (2.4 x 10-5 Ω·cm2) [40], Pd/Re (8.7 x 10-4 Ω·cm2) [41], and Pt/Ni/Au
(5.1 x 10-4 Ω·cm2) [42]. All of these contacts were annealed at the temperatures between
350 ⁰C to 700 ⁰C in N2 ambient. The main concepts to utilize the high work function of
metals and annealing are as follows. When the high work function of metals such as Pd
and Pt are deposited on the p GaN and are annealed, Ga outdiffuses from the p-GaN
surface, and interfacial phases such as Pd and Pt gallides are formed. As the result, Ga
vacancies are generated on the p-GaN surface and lead to reduction of SCR. The high
work function of the Pd and Pt-rich alloys also presumably result in a reduced barrier
height [35].

C. Forming NiO interlayer
The Ni/Au contact annealed in air ambient was tested by many research groups,
and the range of low SCRs from 10-4 to 10-6 Ω·cm2 were produced [43]-[51]. The main
mechanism why Ni/Au alloy produces low SCR is as follows. When the p-GaN/Ni/Au
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contacted sample is annealed in air, Ni outdiffuses to the surface through Au, while Au
indiffuses to p-GaN because this sample is annealed in air, and Ni forms NiO at the
surface. According to Ho’s model, NiO is a p-type semiconductor, which enhances the
hole concentration while high work function Au islands are formed on the p-GaN
interface. There is a hole notch at the heterojunction because of the band offset between
p-NiO and p-GaN, and hole flows through this hole notch. Also, a very low Schottky
barrier of 0.2 eV is formed between Au (5.1 eV) and p-NiO (4.9 eV). This unique
structure yields the low SCR [43].
One research group built different metal alloy layers including Ni to form ohmic
contacts. Song et al. used Ni-Mg solid solution/Au and Zn-Ni solid solution/Au contacts
and produced the low SCRs of 3.0 x 10−5 and 5.2 x 10−5 Ω·cm2 [52], [53]. Both samples
were annealed at ~550 ⁰C for 1 min in air. Other groups formed Ni–Co/Au [54], Ni/Cu
[55], Ni/Pd/Au [56], and Ni/Au–Zn [57] contacts by annealing in air. The range of
contact resistivity obtained was 10−5–10−6 Ω·cm2.

2.3.2 Tranparent Ohmic contacts to p-GaN
Transparent ohmic contacts are very important for the optoelectronic devices such
as LEDs, photodetectors, and laser diodes in order to enhance light emission efficiency.
Recently, semi transparent thin Ni/Au electrodes have been used commercially. However,
these metal-based semi transparent materials have some drawbacks such as low refractive
index, bad current spreading and thermal instability [58]. In order to overcome these
drawbacks, the studies of ohmic contacts between transparent conductive oxides and
p-GaN have been performed.
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Indium tin oxside (ITO) is a kind of transparent conductive oxide (TCO) that is a
good current spreading layer and has high transparency of over 90 % in the visible
spectrum and low electrical resistivity less than 5 x 10-4 Ω∙cm. Due to its good electrical
and optical properties, there have been lots of efforts to form ITO contacts to p-GaN [59].
However, ohmic contact formation between ITO and p-GaN is difficult due to ITO’s low
work function (4.7 eV) [60]. Therefore, the techniques inserting various ultra thin layers
such as InGaN, Ag, Ni-based alloys, Cu doped Indium Oxide (CIO), and Sn-Ag alloys
between ITO and p-GaN and then annealing in air at high temperature were introduced
by research groups to achieve a high quality ITO ohmic contact to p-GaN.
First of all, InGaN was used for a strained layer. The SBH of the pGaN/In0.15Ga0.85N/ITO contact was calculated to be 2.3 eV, while the SBH of the
ITO/GaN contact was 2.7 eV. The use of strained InGaN reduced the SBH by 0.4 eV.
Also, the polarization effect of InGaN increased the hole concentration and enhanced the
hole tunneling current. After annealing at 550 ⁰C for 1 min, the specific contact resistivity
of 3.2 x 10-5 Ω∙cm2 was obtained [61].
Song et al. used 1nm of Ag between ITO and p GaN, and then they annealed the
sample at 500⁰C for 1 min in an air. As a result, they obtained the SCR of 1.17 x 10-4
Ω∙cm2 and transparency of 96%. The reduction of SBH is explained by two causes. First,
a Ag-Ga solid solution was formed and produced the acceptor-like Ga vacancies on the
GaN surface, and it increased the carrier concentration and reduced band bending.
Second, the inhomogeneous Schottky barriers were formed due to Ag nanodots by
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breaking up the ultra thin Ag layer, and the electric field distribution at the metal
semiconductor interface lowered the barrier height [62].
Many other research groups introduced thin Ni based layers or solid solutions
between ITO and p-GaN to obtain low SCR. Hong et al. formed Ni (10 nm)/ITO (250 nm)
contacts and annealed them at 500 ⁰C in air and obtained the SCR of 8.6 x 10-4 Ω∙cm2.
The main mechanism was explained by forming the NiO layer between p-GaN and ITO
[63]. Chae et al. formed p-GaN/ZnNi solid solution (5 nm)/ITO and annealed it at 500 ⁰C
for 1 min in an O2, and the SCR of 1.27 x 10-4 Ω∙cm2 and transmission of ~90 % was
obtained [64]. Other researchers formed Ni bilayer contacts such as Ni(2 nm)/ Au(3 nm)/
ITO(60 nm) [65] and Ru(5 nm)/Ni(5 nm)/ITO(60 nm) [66], and then they annealed the
samples at ~500 ⁰C for 1 min in air or O2. They both yielded SCR of
2.0 x 10-4 Ω∙cm2 with transmittances of 90 % and 92 %. Also, Cu-doped indium (CIO)
(3 nm) [67], Sn-Ag alloy (6 nm) [68] and ITO contacts were formed and annealed at
530 ⁰C - 630 ⁰C for 1 min in air. These contacts produced the SCRs of 1.56 x 10-4 Ω∙cm2
and 4.72 x 10-4 Ω∙cm2 with high transmittance.

2.4 Oblique deposition on top of the nanopillars
In most practical nanopillar LEDs, SOG, SiO2, and polymers are used as the
gapfilling materials to reduce the sidewall damage from dry etching. However, the
gapfilling techniques have some drawbacks. First, controlling thickness and uniformity of
the dielectric material is very difficult. Incomplete gap filling of the dielectric materials
causes the localized current injection and creates leakage current paths. Second, the
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additional coating process increases the fabrication cost as well as reduces production
yield. Therefore, Lee et al. introduced oblique ITO deposition techniques to overcome the
drawbacks and create direct and selective contact on the top of nanopillars.

Figure 2-2 A schematic of incident vapor ﬂow selectively growing on the top of the
nanopillars adapted from [69].

Figure 2-2 shows slanted ITO grown on the top of nanopillars by oblique angle
deposition using e-beam evaporation. For the oblique angle deposition, the sample stage
was on the substrate which has a certain tilt angle with respect to the vapor flow direction.
Since e-beam evaporation is directional, the ITO was deposited only on the tops of
nanopillars due to a “shadowing effect”, and LEDs avoided the electrical short. Then, a
successive blanket ITO layer was deposited on the slanted ITO layers and creates a
continuous surface morphology to improve the film quality. As a result, the electrical
current from the p-electrode is spread out to isolated nanopillars [69].

18

Chapter 3
Experimental procedures
In this chapter, experimental procedures for key process steps such as nanopillar
formation, passivation techniques to reduce the sidewall damage, methods for forming
transparent ohmic contacts to p-GaN, and oblique deposition were introduced. Also, tools
for the process and characterization were presented.

3.1 Nanopillar formation
For the nanopillar patterning, three different self-assembled masks: Ni clusters,
silica nanoparticles and ITO nanospheres, have been introduced by various research
groups. In this study, the self-assembled mask which has the highest density and yield
with 100 nm average diameter was required. The density of self-assembled Ni clusters is
lower than that of silica nanoparticles and ITO nanospheres. Even though the densities of
the silica nanoparticles and ITO nanospheres are comparable, forming silica
nanoparticles with high yield is difficult to implement because serious yield degradation
is expected when they are unsuccessfully coated. Therefore, ITO nanospheres were
chosen as the proper self-assembled mask because they satisfied all of the requirements
such as high density and yield with average 100 nm diameter. Figure 3-1 presents the
schematic of process flow for forming nanopillars by dry etching with ITO nanospheres.
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Figure 3-1 A schematic of the process flow for forming nanopillars with ITO
nanospheres.

(1) First, InGaN/GaN heterostructure samples are degreased using acetone and
isopropanol for 5 min each. Then, they are rinsed in de-ionized (DI) water and
dried with a N2 gun.
(2) The 350 nm SiO2 layer is deposited on the degreased samples by Plasma
Enhanced Chemical Vapor Deposition (PECVD).
(3) Photoresist is coated over the n-electrode region on the SiO2 layer.
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(4) The 60nm Indium Tin Oxide (ITO) layer is deposited by e-beam evaporation, and
then the ITO layer over the photoresist is lifted off.
(5) The deposited ITO layer over the p-electrode region is chemically etched with 3 %
HCl for 30 s. Then, the ITO nanospheres with the average diameter of 100 nm are
self-assembled.
(6) SiO2 nanopillars are formed beneath the self-assembled ITO nanospheres using a
fluorine-based plasma.
(7) Consecutively, InGaN/GaN heterostructure nanopillars are formed beneath the
SiO2 nanopillars using chlorine based plasma.
(8) The remaining SiO2 nanopillars are removed by the 10 min 1:10 Buffered Oxide
Etch (BOE) treatment.

The nanopillars are formed by two step etching processes with fluorine based dry
etching and chlorine based dry etching using ITO nanospheres as the mask.
First, SiO2 nanopillars were formed by fluorine based dry etching beneath ITO
nanospheres. In this study, two types of fluorine gases of CF4 and CHF3 were used, and
the recipes varying the ratios of CF4 to CHF3 were tested in order to confirm if the
etching selectivity against ITO nanospheres were changed. Higher density SiO2
nanopillars were expected to be formed with the higher selectivity against ITO
nanospheres. Also, the higher density SiO2 nanopillars were expected to generate the
higher density InGaN/GaN nanopillars.
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For the next step, InGaN/GaN heterostructure nanopillars were formed by
chlorine based dry etching beneath SiO2 nanopillars.
BCl3+e→BCl2+Cl+e
BCl2+Cl2→BCl3+Cl [70]
The above reactions show how the chlorine based plasma is dissociated from Cl2
and BCl3. BCl2 dissociated from BCl3 acts as the passivation source while Cl plasma
etches the sidewalls [70]. Therefore, the nanopillar profile can be varied by adjusting the
ratio of Cl2 to BCl3. In this study, the recipes with various ratios of Cl2 to BCl3 were
tested in order to find the recipe forming the vertical profiles.

3.2 Techniques to reduce the sidewall damage
In the previous chapter, various techniques to reduce the sidewall damage were
reviewed: lowering InGaN/GaN MQW etch rate, wet chemical treatment, wet oxidation,
nanopillar gapfilling with dielectric materials, and (NH4)2S passivation. The gapfilling
technique has some problems such as localized current injection by incomplete gap filling
and enhancing the fabrication cost as well as reducing production yield [69]. Also, using
tools required for wet oxidation was not available. Therefore, the technique combining
different methods of lowering InGaN/GaN MQW etch rate and consecutive wet etching
and (NH4)2S passivation was chosen in order to maximize the effect for the reduction of
sidewall damage.
Zhu et al. [24] claimed that HCl, KOH and H3SO4 were effective for reducing the
sidewall damage. In this study, KOH was chosen for the wet chemical treatment because
the chemical reaction was more established by other researchers. The reason why the
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KOH treatment is effective for reducing the sidewall damage is explained as follows. The
Ga rich surface formed on the nanopillar sidewalls after the dry etching acts as the
leakage current path, as shown in Figure 3-2 [11]. When the dry etched nanopillars are
treated by KOH solution, KOH selectively etches the extra Ga on the nanopillar sidewalls
by the following reaction.
GaN + OH- + 3H2O → Ga(OH)4- + NH3 [71]
Ga(OH)4- is soft and soluble in water. As a result, the ratio of Ga to N on the sidewalls
becomes well balanced, and the leakage current paths are diminished.
For the (NH4)2S passivation, the mechanism is explained by the following
reaction.
2NH4+ + S2- ↔ NH3 + NH4+ + HS- ↔ 2NH3 + H2S

(1)

GaAs + H2S ↔ Gax’ Sy’ + Asx”Sy” + RO- + H2↑

(2) [72]

When the (NH4)2S is mixed with the solvent which has lower dielctric constant, the
equilibrium is more shifted to the right in equation (1). Then, the sulfur formation
happens with the GaAs by the reaction (2) [72]. Bessolov et al. claimed that the harder
covalent bonding between the III-V semiconductor and S was formed after the
passivation in the solution of (NH4)2S/ solvent with a lower dielectric constant than in the
usual aqueous sulfide solutions [73]. Because MQW in LED hetero-structure consists of
InGaN/GaN multiayers, Gax’ Sy’ and Inx”Sy” are expected to be created by (NH4)2S
treatment. In this study, (NH4)2S/isopropanol (ISP) (dielectric constant of 18.23) solution
was used to remove the native oxide and form the strong sulfide bonding on the
InGaN/GaN sidewall surface and then prevents the re-oxidation.
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Figure 3-2 The process flows with the two step passivation treatments.
(1) Prepare the nanopillars with dry etching and SiO2 removed.
(2) Dip the nanopillar samples into the KOH at 90°C.
(3) Dip the nanopillar samples into the 20-24 % (NH4)2S/isopropanol (1:10) solution
at 35°C.
Figure 3-2 shows the process flows of the two step passivation technique, and the
processes were implemented at 90°C and 35°C each for the better reaction.

Photoluminescence
Photoluminescence is the non-destructive technique used for characterizing the
passivation effect on the III–V semiconductors.

Figure 3-3 A schemetic of photoluminescence arrangement [74].
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Figure 3-3 shows the schematic photoluminescence arrangement. The sample is
excited with optical sources such as lasers with energy hv > Eg, and the detector detects
the emitted light generated by the radiatively recombined electron-hole pairs. Then the
spectrograph shows the photoluminescence intensity as a function of wavelength [74].

I  Aabsextractionint [7]
Photoluminescense (PL) intensity (I) is determined by the light emitting area (A), the
absorption efficiency of the pumping laser (  abs ), the light extraction efficiency ( extraction ),
and the internal quantum efficiency of the quantum well structure ( int ).
In this study, the light emitting area, the absorption efficiency of the pumping
laser and the light extraction efficiency are expected to be comparable because the
nanopillars used for the passivation treatments have almost the same structures.
Therefore, PL intensity difference represents the internal quantum efficiency difference.
The surface recombination originating defects causes the non-radiative recombination
rather than radiative recombination and emits heat instead of the light [74]. Because the
internal quantum efficiency can be evaluated by the ratio between the radiative
recombination and non-radiative recombination, depending on the defect states on the
sidewalls, the passivation effects can be confirmed by the PL intensity comparison.

3.3 Transparent ohmic contacts to p-GaN
When the nanopillars are treated by the two step passivation technique of KOH
and (NH4)2S, the top of p-GaN is also treated by the chemicals simultaneously. Therefore,
it is necessary to confirm the effect of the two step passivation technique on the surface
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of p-GaN. From the literature review, Lee et al. reported that KOH is effective for
improving the contact to p-GaN because KOH removes the native oxide on the p-GaN
and lowers the Schottky barrier height [75]. Jang et al. reported that sulfide treatment
improves the contact because of the sulfide replacing the native oxide [32]. Also, the
literature that demonstrated the annealing effect in the ITO contact to p-GaN was
reviewed to design the appropriate experimental plans for this study. Su et al. claimed
that high transparency and low specific contact resistivity were obtained when the ITO
deposited on the p-GaN is annealed at 600°C under N2 for 10 min [76].
In this study, two kinds of experiments were performed. The first experiment is
testing whether the combination of the two step chemical treatments and high
temperature N2 annealing is effective for improving the ITO contact to p-GaN. The
second experiment is to confirm if the ITO contact to p-GaN contact improves by
inserting high work function metals such as Pd, Ni and Pt between ITO and p-GaN. The
experimental procedures follow the below process steps.
(1) 5 mm by 5 mm sized p-GaN samples are degreased by acetone then isopropanol
for 5min each. Then, they are rinsed by de-ionized (DI) water and dried by
nitrogen gun.
(2) Dip the samples into 1:10 BOE solution in order to remove the native oxide on
the sample surface, rinse them in DI water and dry in N2. Then dip the samples
into 0.4% KOH solution at 35 ⁰C for 90 s and 20-24 % (NH4)2S/ISP 1:10 solution
at 35 ⁰C for 20 s.
(3) Circular transmission line model (C-TLM) test structures are patterned on the
p-GaN by the following process steps.
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a. Dehydrate at 200 ⁰C for 5 min.
b. Spin coat the sample with SF11 at 3000 rpm for 45 s. (D09/30/45)
c. Softbake the sample at 170 ⁰C for 5 min.
d. Spin coat the sample with SPR3012 at 4000 rpm for 45 s. (D09/40/45)
e. Softbake the sample at 95 ⁰C for 1 min.
f. Expose the patterned sample at 8 mW/cm2 for 7.6 s using MABA6
g. Develop the sample in CD 26 for 2 min and inspect the sample under
microscope
(4) Expose the patterned sample in the UV ozone system to remove the carbon
contamination on the surface of p-GaN.
(5) Load the patterned samples in the e-beam evaporation system (Edwards), and wait
until the chamber pressure is lowered below 10-7 Torr.
(6) Deposit ITO or other thin metals.
(7) Soak the ITO or metal deposited samples into the PG remover at 85 ⁰C with
800 rpm spinning speed. The samples are rinsed in isopropanol and water and
dried.
(8) The current versus voltage (I-V) characteristics are measured using four probes
and a Keithley 236 source measurement unit.
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Circular transmission line model
The quality of contact is determined by the specific contact resistivity comparison.
In this study, the circular transmission line model is used to calculate ρC. Figure 3-4
shows the CTLM patterns and the measurements.

Figure 3-4 CTLM patterns and the I-V characterization technique.

For the I-V characterization, the 7 CTLM patterns which have the same 40 μm
inner radius and different outer radiuses from 42 μm to 54 μm with 2 μm gap difference.
Two high current and voltage tips are touched on the inner metal area, and the other two
low current and voltage probe tips are touched on the outer metal area. Then a current
sweep is performed and the voltage is measured. For the better reliability of the
measurements, at least three different sets are measured.
According to Marlow and Das [77], the voltage drop across the gap of d at the
applied current is:
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Rs: The sheet resistance of semiconductor
i0: Applied current
LT: Transfer length
r0: The radius of the circular inner region
r1: The radius of the circular outer region
I0: The modified Bessel function of the first kind of order zero
I1: The modified Bessel function of the first kind of order one
K0: The modified Bessel function of the second kind of order zero
K1: The modified Bessel function of the second kind of order one,

From above equation, a non-linear curve is obtained from the graph of total resistance as
a function of gap spacing. Then, the method of least squares to fit the non-linear curve is
utilized to estimate the accurate Rs and LT using a series expansion of the Bessel
functions. Also, ρc and Rs are calculated by the following equations.
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For the ITO contact to p-GaN, it is hard to obtain the linear I-V curves because
the specific contact resistivity is not low enough. Therefore, all of the RT data calculated
from the voltage at the current of 1 mA.
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3.4 Oblique deposition on the top of the nanopillars
Because the gaps of the nanopillars are not filled by the passivation technique,
general blanket ITO deposition is not available in this study. Therefore, the oblique ITO
deposition technique was chosen in order to avoid the electrical short occurring from
depositing ITO on the n-GaN region. For the oblique deposition, the e-beam evaporation
tool called Axxis was used.

Figure 3-5 Inside the Axxis system.

In the Axxis system, the sample holder is tilted up to 360°. Therefore, the ITO can
be deposited at any angle. Figure 3-5 shows the inside the Axxis system.
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Chapter 4
Experimental results
In this chapter, experimental results of key process steps such as nanopillar
formation, passivation techniques to reduce the sidewall damage, methods for forming
transparent ohmic contacts to p-GaN, and oblique deposition are presented. The best
exprerimental results from the each process step will be reflected in the nanopillar LED
device fabrication.

4.1 Nanopillar formation
The nanopillars were formed by three successive process steps: ITO nanosphere
formation by HCl wet etching, and SiO2 and InGaN/GaN two step dry etching. Figure 4-1
shows the FESEM image of ITO nanospheres formed by 3 % HCl treatment for 30 s.

1μm

Figure 4-1 The FESEM image of ITO nanospheres.
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100nm

100nm

100nm

Figure 4-2 The FESEM images of SiO2 nanopillars formed using various recipes with
different CF4/CHF3 ratios (from left to right: 50 sccm; 35 sccm/15 sccm;
30 sccm/20 sccm).

Figure 4-3 The FESEM images of InGaN/GaN nanopillars formed using various recipes
with different Cl2/BCl3 ratios (from left to right: 19 sccm/14 sccm; 21 sccm/12 sccm;
23 sccm/10 sccm).
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SiO2 nanopillar profile was altered when the ratios of CF4 to CHF3 were varied
while other variables were kept constant (pressure: 5 mTorr, ICP power: 700 W, RIE
power: 150 W, time: 127 s) as shown in Figure 4-2. Also, the InGaN/GaN nanopillar
profile was altered when the ratios of Cl2 to BCl3 were varied while other variables were
kept constant (Ar: 20 sccm, pressure: 10 mTorr, ICP power: 500 W, RIE power: 200 W,
time: 200 s) as shown in Figure 4-3. The most vertical and highest density InGaN/GaN
nanopillars were created by the two step dry etching using the recipes including
CF4/CHF3 (35 sccm/15 sccm) and Cl2/BCl3 (21 sccm/12 sccm), and they were used for
the passivation tests.

4.2 Techniques to reduce the sidewall damage
In this section, the PL intensities were compared with different InGaN/GaN
nanopillar etch rates and treatment techniques.

Figure 4-4 The FESEM images of InGaN/GaN nanopillars created using the dry etching
recipes including CF4/CHF3 (35 sccm/15 sccm) and Cl2/BCl3 (21 sccm/12 sccm) at
InGaN/GaN etch rate of 3.5 nm/s (left: 30° tilted view, right: cross-sectional view).

200nm

100nm
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Figure 4-5 PL spectra of nanopillars created at 3.5 nm/s etch rate and then treated in 4%
KOH solutions at various times.

Figure 4-4 shows the FESEM images of InGaN/GaN nanopillars created at
InGaN/GaN etch rate of 3.5 nm/s. For the passivation test, these nanopillars were treated
by 4 % KOH solutions at 90°C for different times. The PL characterization results are
shown in Figure 4-5, and the best results were obtained from 4 % KOH treatment for 4
min. These experimental results demonstrate that the high concentration requires shorter
treatment time, and PL intensity increases up to a saturation time and decreases over the
saturation time.
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For the next experiment, the nanopillar samples were treated by the two step
passivation technique of 4 % KOH and (NH4)2S/ISP=1:10.

Figure 4-6 PL spectra of the InGaN/GaN nanopillars created with the 3.5 nm/s etch rate
followed by the two step 4 % KOH and (NH4)2S/ISP=1:10 treatments at various times.

When the nanopillar samples were treated with 4 % KOH for 4 min and a
(NH4)2S/ISP=1:10 solution for 10 s, consecutively, the best result of 1.3 times higher PL
intensity than the planar structure was obtained as shown in Figure 4-6. In addition, a
blue shift occurred in the as etched nanopillars compared to the planar structure, and it
represents the reduction of the QCSE induced by the strain relaxation.
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Figure 4-7 The FESEM images of the InGaN/GaN nanopillars created at the 0.18 nm/s
etch rate (left: 30°tilted view, right: cross-sectional view).

Figure 4-8 PL spectra of InGaN/GaN nanopillars created at the 0.18 nm/s etch rate
followed by the two step 4 % KOH and (NH4)2S/ISP=1:10 treatments at various times.
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The next experiment was to form the nanopillar profile with a slower etch rate to
confirm if the slower etch would reduce the sidewall damage by itself. The dry etching
recipe for SiO2 etching was unchanged, but the dry etching recipe for InGaN/GaN
etching was modified to Cl2: 21 sccm, BCl3: 12 sccm, pressure: 6 mTorr, ICP power: 100
W, RIE power: 10 W, time: 3600 s. Then the InGaN/GaN etch rate dropped to 0.18 nm/s.
The nanopillar profiles is shown in Figure 4-7. In order to confirm the passivation effect,
the nanopillars created by the slow etch rate recipe were treated by the two step
passivation technique. In Figure 4-8, the PL intensity of the nanopillars created by the
slow etch rate recipe is 1.3 times higher than the PL intensity of the planar structure.
After the two step passivation of 4 % KOH for 5 min and (NH4)2S/ISP=1:10 for 10 s, the
PL intensity of the nanopillars were 2 times higher than the PL intensity of the planar
structure. The blue shift was less significant compared to the fast dry etching.

Figure 4-9 The sketch of InGaN/GaN heterostructure.
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The InGaN/GaN heterostructure sample consists of approximate 410 nm of pGaN and 270 nm of multi quantum wells and very thick n-GaN from the top to bottom.
The sketch is shown in Figure 4-9. For device fabrication, the n-GaN layer must be
exposed in order to deposit the ohmic contact on n-GaN. Therefore, the InGaN/GaN
nanopillars etched at the slower etch rate with the deeper target depth of 850 nm is better
for device fabrication. The previous etching depth was just 650 nm.

Figure 4-10 The FESEM images of InGaN/GaN nanopillars created at the 0.18 nm/s etch
rate with greater etching depth (over 850 nm)

Figure 4-10 shows the nanopillar profiles with deeper etching. Dry etching recipe
for SiO2 etching was unchanged, but the ratio of Cl2 to BCl3 in InGaN/GaN etching
recipe was modified from 21 sccm/12 sccm to 27 sccm/6 sccm to enhance the selectivity
against SiO2 nanopillars. Also, the etching time increased from 3600 s to 4200 s. As a
result, the nanopillars with the average etching depth of 850 nm were created.
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Figure 4-11 PL spectra of InGaN/GaN nanopillars created at 0.18 nm/s etch rate with
deeper etching depth.

Figure 4-11 shows the PL intensity comparison between the nanopillar and planar
structure. Without any passivation, the nanopillars showed a 2.1 times higher PL intensity
compared to the planar structure. The full exposure of the MQW region explains the
additional enhancement of PL intensity and blue shift. For device fabrication, the
nanopillars prepared at a deeper target etch depth and slow etch rate were used without
KOH treatment due to the possibility to attack of the p-GaN layer on top of the
nanopillars.

39

4.3 Transparent ohmic contact to p-GaN
In order to confirm if the combination of surface treatment and N2 annealing is
effective to lower the specific contact resistivity, the following experiments were
implemented. The surfaces of the p-GaN samples were treated by one to three step
surface treatments such as 1:10 BOE only; 1:10 BOE and (NH4)2S/ISP; and BOE, 0.4 %
KOH, and (NH4)2S/ISP. Then the samples were annealed at 600°C under N2 in the RTA
for various times. Table 4-1shows the experimental data. In these experiments, the p-GaN
samples which have the following Hall data were used. p: 2.67x1019 cm-3, mobility:
0.468 cm2/Vs, resistivity : 0.5017 ohm-cm, the thickness of p-GaN: 170 nm.

Table 4-1 Specific contact resistivities depending on the different surface treatments and
annealing conditions.
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The experimental results proved that the specific contact resistivities did not much
improve by varying the surface treatments. Also, the specific contact resistivity improved
when the sample was annealed at 600°C under N2 in the rapid thermal annealing (RTA)
for 1 min, but it did not improve further at longer time.
The next experiment was to confirm if inserting a thin metal film of a high work
function metal between ITO and p-GaN is effective for lowering the specific contact
resistivity. The experimental results are shown in Table 4-2. In these experiments, the
p-GaN samples which have the following Hall data were used. p: 8.4x1017 cm-3, mobility:
6.5 cm2/Vs, resistivity: 0.95 ohm-cm, sheet resistance: ~26,000 ohm/sqr.

Table 4-2 The difference of specific contact resistivities depending on inserting high
work function metals between ITO and p-GaN.

The specific contact resistivity improved when thin metals such as Ni, Pd, and Pt
were inserted between ITO and p-GaN. Among the three kinds of high work function
metals, inserting thin Ni was the most effective to improve the contact. Based on those
experimental results, the proper ITO contact conditions were determined for device
fabrication.
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4.4 Oblique deposition on top of the nanopillars
In order to prevent the electrical short by depositing ITO on the n-GaN region, the
oblique ITO deposition was tested. First, the ITO was deposited at the angles of -30°/30°
and -45°/45° with 300 nm each and then at 0° with 100nm (nominal value).

Figure 4-12 The slanted ITO deposition for different nominal deposition thickness and
oblique angle (left: 300 nm/300 nm/100 nm at -30°/30°/0°, right: 350 nm/350 nm/
100 nm at -45°/45°/0°).

Figure 4-12 shows ITO was deposited on the MQW region in both cases, possibly
causing the electrical short. Also, ITO can be deposited on the n-GaN region at 0°
deposition if the slanted ITO does not fill all of the holes between nanopillars. Therefore,
other angled deposition processes were designed as shown in Figure 4-13.
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Figure 4-13 The slanted ITO deposition at the oblique angles of -65°/65° and then
-45°/45°.

Uncovered area

Covered area

Figure 4-14 The FESEM image of the slanted ITO deposition at the oblique angles of 65°/65° and then -45°/45° with 300 nm (nominal value) at each angle.
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Figure 4-14 shows the top view of the oblique deposited ITO at -65°/65° and
-45°/ 45° with 300 nm deposited at each angle. The FESEM image shows that ITO
covered all the top of nanopillars without the blanket deposition. This ITO deposition
technique was chosen for the device fabrication, and the absence of electrical short was
confirmed by electrical characterization.
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Chapter 5
Device fabrication and characterization
In this chapter, InGaN/GaN nanopillar LED devices without and with sulfur
passivation were fabricated based on the preliminary data reported in the chapter 4. After
the device fabrication, electrical and optical characterization was performed.

5.1 InGaN/GaN nanopillar LED device fabrication
On top of the nanopillars, ITO film was deposited at the angles of 65°/ -65°/ 45°/
-45° with 300 nm each (nominal value) to create a transparent ohmic contact to
p-GaN as reported in chapter 4. However, the ITO film lost its transparency because its
thickness was too great (actual thickness: 600 nm). In order to check if ITO film becomes
transparent in a certain annealing condition, various annealing tests were conducted in air
and N2 at 500°C. The annealing temperature was lowered by 100°C compared to the
preliminary experiments in order to keep sulfur passivation effectiveness.

Figure 5-1 Images of deposited ITO on the glasses annealed under different conditions. (a)
as deposited, (b) annealed at 500°C under N2 in the RTA for 1 min, (c) annealed at 500°C
under air in the tube furnace for 10 min, (d) annealed at 500°C under air in the tube
furnace for 10 min and then annealed at 500°C under N2 in the RTA for 1 min.
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According to the experimental results represented in Figure 5-1, ITO became
transparent when it was annealed in air rather than N2. With regard to the ITO annealing
test results, a process flow was designed and demonstrated in Figure 5-2.

Figure 5-2 A process flow of the InGaN/GaN nanopillar device fabrication.
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(1) Degrease InGaN/GaN heterostructure, spin photoresist and pattern.
(2) Deposit Cr (80 nm) and lift off to form alignment mark.
(3) Deposit SiO2 (350 nm) by PECVD.
(4) Spin and pattern photoresist over n contact area.
(5) Deposit ITO (60 nm) by e-beam evaporation and lift off.
(6) Form ITO nanospheres by 3 % HCl etch.
(7) Form InGaN/GaN nanopillars by two step dry etching using fluorine and
chlorine based plasma.
(8) Remove remaining SiO2 with buffered oxide etch (BOE).
(9) Dip the nanopillar samples in the (NH4)2S/ isopropanol (1:10) solution at 35°C
for 10 s or not.
(10) Spin and pattern photoresist over n contact area.
(11) Oblique angle deposition of ITO (nominal thicknesses)
(60°: 300 nm → -60°: 300 nm → 45°: 300 nm→ -45°: 300 nm).
(12) Lift off and annealing in tube furnace (500°C, air, 10 min).
(13) Spin and pattern photoresist over p-electrode.
(14) n-electrode deposition of Ti (10 nm)/Al (40 nm)/Ti (40 nm)/Au (100 nm).
(15) Lift off and annealing in RTA (500°C, N2, 1 min).

The InGaN/GaN nanopillar devices without and with passivation were fabricated
by the above process flow. For the next step, electrical and optical characterization was
performed.
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5.2 Electrical and optical characterization
Electrical and optical characterization results of the nanopillar devices without
and with passivation are displayed as an I-V curve and the spectrum of
electroluminescence (EL). PL was used for the nanopillar characterization in preliminary
experiments. On the other hand, EL was used for the nanopillar device characterization.
PL and EL have a similarity in terms of detecting the light emission generated by
radiative recombination of electron and hole pairs. On the other hand, they have a
difference in terms of using different energy sources of laser and electrical field.

Figure 5-3 I-V characterization results of nanopillar device without and with passivation.
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Figure 5-3 shows the I-V characterization results. The absence of an electrical
short was confirmed, but the leakage current was observed in both the devices without
and with passivation under reverse bias. Also, light emission was not detected in
electroluminescence characterization. The reason why the light emission was not detected
can be explained by the following. The leakage current shown under reverse bias is
caused by the existence of surface defects on the sidewalls, which suppress the light
emission by depressing the radiative recombination. Because the leakage current was
observed in both devices without and with sulfur passivation, the sulfur passivation was
not regarded as the reason for the leakage current. Therefore, the annealing step was
assumed to be the main cause for the leakage current because the annealing step was not
proven to be acceptable in the preliminary experiment. Therefore, a modified process
flow leaving out the annealing steps was redesigned.

5.3 InGaN/GaN nanopillar LED device fabrication leaving out annealing
Based on the assumption that the leakage current happens due to the defects
created on the sidewall by annealing, a modified process flow leaving out annealing steps
was designed. Before the device fabrication, the ability to achieve the ohmic contact to nGaN and the transparent ohmic contact p-GaN without annealing was confirmed.
In previous device fabrication, Ti (10 nm)/Al (40 nm)/Ti (40 nm)/Au (100 nm)
layers were deposited on the n-GaN, and then the ohmic contact was accomplished by
annealing in N2 at 500°C for 1 min. However, whether Ti (10 nm)/Al (40 nm)/
Ti(40 nm)/Au (100 nm) forms an ohmic contact to to n-GaN without annealing was not
known. On the other hand, Cho et al. reported another technique to form the ohmic
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contact to n-GaN with Cr based metal layers [78]. In order to choose a proper contact
method, Ti/Al and Cr based contacts to n-GaN were compared in parallel, and the I-V
characterization results were demonstrated in Figure 5-4.

Figure 5-4 I-V characterization results of Ti/Al and Cr based contacts to n-GaN.

According to the I-V characterization results, the Cr based contact to n-GaN
showed the better ohmic behavior. Therefore the Cr based contact to n-GaN was chosen
for device fabrication.
Next, the transparent ITO ohmic contact to p-GaN was accomplished by
annealing under air at 500°C for 1 min in a tube furnace as in previous device fabrication.
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However, the technique to achieve transparent ITO ohmic contact to p-GaN without
annealing was also considered at this moment. In chapter 4, the contact improvement by
inserting high work function metals of Pd, Ni, and Pt between ITO and p-GaN was
proved, and Ni showed the best performance. Based on the preliminary experiments, two
assumptions were examined. First, Ni might form the better ohmic contact than ITO to
p-GaN without annealing. Second, oblique deposited Ni might show the better
transparency than blanket depositied Ni.

Figure 5-5 I-V characterization results of Ni and ITO contacts to p-GaN.
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Figure 5-6 Transparency comparison of oblique and blanket deposited Ni.

Figure 5-5 and 5-6 show two different experimental results. According the
experimental results, Ni showed the better ohmic behavior than ITO to p-GaN, and
oblique deposited Ni demonstrated much higher transparency than blanket deposited Ni.
In Figure 5-6, letters are shown through the oblique deposited Ni, but they are not shown
through the blanket deposited Ni. With regard to these experimental results, oblique
deposited Ni was chosen for the contact to p-GaN in device fabrication. Additional
blanket Ni deposition on the oblique deposited Ni was not performed to absolutely avoid
the electrical short and keep high transparency.
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In order to verify that if the electrical short was completely prevented, the crosssection of the nanopillars was characterized by FESEM, and the images are shown in
Figure 5.7. The cross-sectional FESEM images demonstrated that Ni obliquely deposited
on the nanopillars only.

Figure 5-7 The cross-sectional FESEM image of Ni deposited at an oblique angle of 75°
to a nominal thickness of 180nm on top of the nanopillars.

Based on the preliminary data, a modified process flow was designed, and it was
demonstrated in Figure 5-8.
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Modified process flow

Figure 5-8 A modified process flow of InGaN/GaN nanopillar device fabrication leaving
out annealing steps.

(1) Degrease InGaN/GaN heterostructure, spin photoresist and pattern.
(2) Deposit Cr (80 nm) and lift off to form alignment mark.
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(3) Deposit SiO2 (350 nm) by PECVD.
(4) Spin and pattern photoresist over n-contact area.
(5) Deposit ITO (60 nm) by e-beam evaporation and lift off.
(6) Form ITO nanospheres by 3 % HCl etch.
(7) Form InGaN/GaN nanopillars by two step dry etching using fluorine and
chlorine based plasma.
(8) Remove remaining SiO2 with buffered oxide etch (BOE).
(9) Dip the nanopillar samples in the (NH4)2S/ isopropanol (1:10) solution at 35°C
for 10 s.
(10) Spin and pattern photoresist over p contact area.
(11) n-electrode deposition of Cr (20 nm)/ Ni (25 nm)/ Au (100 nm).
(12) Lift off.
(13) Spin and pattern photoresist over n-electrode.
(14) Oblique angle deposition of Ni (nominal thickness) (75°: 180 nm).
(15) Lift off.
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5.4 Electrical and optical characterization

(a)

(b)
Figure 5-9 I-V characterization results of nanopillar devices without and with passivation
under (a) forward bias, (b) reverse bias.
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Suppressed leakage current was demonstrated under reverse bias in both devices
without and with passivaiton compared to previous devices fabricated including
annealing steps in Figure 5-9. Also, less leakage current in reverse bias and higher current
in forward bias were observed in nanopillar devices with rather than without passivation.

Figure 5-10 EL characterization in nanopillar devices without and with sulfur passivation
as fabricated (current: 3mA, pulse width: 500μs, duty cycle: 50%).

4 times higher EL intensity was recorded in the nanopillar device with passivation
than without passivation as shown in Figure 5-10. Because all the nanopillars were
isolated, the light emission happened in a spot where the probe tips touched the pillars.
The blue shift of the passivated LED sample indicates an increased carrier density in the
MQW area, causing radiative recombination.
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Figure 5-11 EL characterization in nanopillar devices without and with sulfur passivation
50 days after stored in a desiccator (current: 3mA, pulse width: 500μs, duty cycle: 50%).

50 days after both LEDs were stored in a desiccator, the EL characterization was
repeated at the same spots in order to check the stability of sulfur passivation. Finally, the
comparable results were obtained as shown in Figure 5-11. For more reliable EL
comparison, the measurements were performed under following restrictions. The light
emission was captured with both LEDs while the same pulsed current of 3 mA was
prolonged under the same detector position. Also, the measurements were repeated at 3
different spots in each device to ensure the reproducibility.
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Chapter 6
Conclusion and future work
6.1 Conclusion
When InGaN/GaN nanopillar LEDs are prepared by dry etching, N vacancies and
GaOx, InOx are created on the nanopillar sidewalls, increasing the leakage current and
causing non-radiative surface recombination. As a result, the internal quantum efficiency
drops, and it degrades the device efficiency. In this study, lowering the etch rate and
using a two step techniques of consecutive KOH wet etching and (NH4)2S/ isopropanol
passivation were studied to reduce the sidewall damage and improve the device
efficiency. PL intensity in nanopillars prepared by the slow etch rate (0.18 nm/s) was 2
times higher than that of planar samples. In nanopillar LEDs, an additional 4 times higher
EL intensity and suppressed leakage current under reverse and forward bias were
recorded with rather than without sulfur passivation.
The effects of lowering InGaN/GaN etch rate and sulfur passivation can be
explained by the following. First, the etch rate was reduced by the elimination of Ar and
reduced ICP and RIE power. Then, the physical bombardment on the sidewall of
nanopillers was lessened, and the etch rate difference between Ga and N was diminished
simultaneously. As a result, the surface defects (generally N vacancies) on the sidewalls
were reduced. That is why the slow etching was helpful to improve the light emission.
KOH wet etching was less effective for the nanopillars created at the slow etch rate rather
than the fast etch rate because the sidewall damage was already reduced by the slow dry
etching.
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Second, when nanopillar LEDs were treated by the (NH4)2S/ISP solution, a sulfur
monolayer was coated on the nanopillar sidewall, with S replacing O. Then, the nonradiative recombination was suppressed on the InGaN/GaN nanopillar surface. As a
result, the light emission improved, and leakage current was suppressed.

6.2 Future work
In this study, the data obtained from electrical and optical characterizations
demonstrated that device efficiency was improved by sulfur passivation. However, the
reason why the non-radiative recombination on the InGaN/GaN nanopillar surface was
depressed by sulfur passivation was not clearly explained. Therefore, literature was
reviewed in order to find evidence supporting the mechanism in terms of materials
characterization. Based on the X-ray photoelectron spectroscopy (XPS) data for the
planar samples, Ga 2p spectra appeared while O 1s spectra disappeared [79][80][81].
Also, Huh et al. demonstrated that the O peak disappeared while the S peak appeared
Auger electron spectroscopy (AES) [82]. Those materials characterization results indicate
the GaOx was dissociated to Ga and O by the sulfur treatment, and GaSx was created. In
addition, Chang et al. showed that In-O bonding disappeared while In-S bonding
appeared by XPS characterization, in addition to change in the valence band maximum
and Fermi level on the surface [83].
Sik et al. explained the reduction of recombination velocity on the GaAs surface
from sulfur passivation. When the GaAs was treated with a (NH4)2S solution, the surface
Fermi-level position was modified due to the new surface trap associated with As–S and
Ga–S bonds. The surface Fermi level was shifted away from the midgap due to the

60

formation of the S-related chemical bonds. As a result, the shifted Fermi level position
induced a reduction of the nonradiative surface recombination velocity, and hence, PL
intensity increased [84].
With regard to above references, the following assumption was made. Valence
band edge shifts (changes in band bending near the surface) occur on the InGaN/GaN
nanopillar surface after sulfur passivation due to the generation of In-S and Ga-S
chemical bonds. Then, the Fermi level shifts upon the valence band edge shifts, and the
new Fermi level position depresses non-radiative surface recombination. Finally, the light
emission intensity increases and improves the device performance.
In order to prove the validity of the above assumption, XPS characterization with
a InGaN/GaN planar sample to see the effect of passivation on etched surface and TEM
characterization with a InGaN/GaN nanopillar sample to see the sulfur bonding on the
sidewall are recommended future work.
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