ABSTRACT
WILKINS, STEWART JOHN. Functionalization of III-V Materials for Modulated Surface
Opto-Electronic Properties. (Under the direction of Dr. Albena Ivanisevic).
With recent interest in organic light-emitting diodes (LEDs) and solar cells, surface
functionalization of semiconductors has gained substantial importance through modifications
to surface optical and electrical properties. Surface functionalization utilizes dangling bonds
on the surface to bind desired species to the substrate material. These adsorbates benefit the
final device by imparting additional properties such as chemical stability, optical
luminescence, additional binding sites, and modified work functions that are lacking from
traditional semiconductor processing techniques. Of the semiconductors commercially
available such as silicon (Si), gallium arsenide (GaAs), and indium arsenide (InAs), gallium
nitride (GaN) stands out as an excellent candidate for biological and chemical sensing
applications due to improved chemical resistance, biocompatibility, thermal stability, and
higher breakdown voltages versus other semiconducting materials. Despite the natural
chemical resistance, GaN is vulnerable to pH extreme solutions of molten potassium
hydroxide, sodium hydroxide, phosphoric acid, sulfuric acid, and oxalic acid, which expose
additional surface area via etching to form more binding sites. This dissertation focuses on
utilizing phosphoric acid in conjunction with thiol and phosphonic acid adsorbates to modify
the surface chemistry, topography, and optical/electrical properties of planar polar and
nonpolar GaN as well as high aspect ratio GaN nanorods through simultaneous etching and
functionalization with adsorbates. The formation of oxides and subsequent environmental
stability of III-V materials (GaN and GaP) via hydrogen peroxide capping provides insight
into binding events and interfacial reactions not reported to date. This work will investigate

the roles topography and surface chemistry via hydrogen peroxide plays with
functionalization. Surface characterization techniques such as X-ray photoelectron
spectroscopy (XPS), water goniometry, and atomic force microscopy (AFM) paired with
kelvin probe force microscopy (KPFM) were utilized to examine the surface chemistry,
hydrophobicity, topography, and surface potential respectively. Additional techniques such
as inductively coupled plasma-mass spectrometry (ICP-MS) and photoluminesce (PL)
identified leaching within various aqueous environments and the photoluminescent response
from topography and surface groups.
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1. Introduction

1.1 Overview

Surface treatments of semiconductors have been explored for many material sets as a
way to modify host properties such as optical and electrical properties for unique
applications. Organic molecules are frequently used to passivate surfaces due to structural
flexibility and self-assembling properties that are associated with a wide variety of binding
groups. This has been seen in many applications such as biosensors,[1-3] chemical
sensors,[4-6] drug delivery systems,[7-9] solar cells,[10-12] and light emitting diodes
(LEDs).[13-15] For biosensors, the use of polypeptide, antibody, or deoxyribonucleic acid
(DNA) attachment provides an interaction site by which proteins, antigens, or base pairs of
specific compositions result in an alteration in the bulk electrical characteristics of the host
material. This has been seen where antibody coated high electron mobility transistors
(HEMTs) provided the detection of breast cancer markers [16] as well as immobilized DNA
on gallium phosphide (GaP) for cDNA collection.[17] Chemical sensors tend to operate
much the same way, where the high sensitivity of the device is determined by the affinity of
the bound adsorbates to species of interest. Drug delivery systems, often in the form of nanoparticles due to the high aspect ratio of surface area to volume, utilize tailored environmental
conditions (light, temperature, pH) [9] to control the release of drugs within a biological
environment. Solar cells benefit from surface functionalization by allowing for work
functions across material interfaces to be matched. The matching of such electrical properties
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allow for improved charge injection and overall device efficiency.[18] For organic solar cell
systems, disproportionate electrical junctions between materials can be lessened if not
mitigated with careful selection of surface adsorbates. In the case of LEDs, surface
passivation has shown to improve luminosity in some material systems,[14] which can
provide better charge injection as well as surface combination not seen with bare surfaces..
The host substrate determines many device properties such as binding affinities,
optical and electrical characteristics as well as the overall stability of the final device. This is
measured through adsorbate coverage, luminescence and resistance, as well as leaching
within various environments. Many of the bio and chemical sensors mentioned currently rely
on the use of silicon as a substrate.[19-21] As a result, silanes tend to be frequently used to
passivate the surface due to the improved adhesion with hydroxyl species. Silanes offer
improved chemical stability over other surface passivation methods as the use of
pristine/environmentally neutral processing environments are not needed in addition to an
adjustable platform for a plethora of side and terminal groups. Unfortunately, silanes are
mildly toxic should they detach from the silicon surface and react with the surrounding
environment.[22] For sensors in harsh aquatic environments, the use of silicon results in
biocompatibility issues due to leaching [23] and surface breakdown from harsh
chemicals.[24] This is in addition to inefficiencies derived from an indirect band gap.[25]
Hence the application of silicon is limited to controlled environments, even with the addition
of passivating adlayers. To address the indirect band gap and its associated inefficiencies, IIVI and III-V semiconducting materials have gained significant attention due to both their
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direct band gaps as well as varied energy band separations (see Table 1). The expanded
repertoire of usable materials multiplies not only the bulk electrical characteristics, but also
potential binding sites for adsorbates. This opens up another front for surface
functionalization of semiconducting materials for new applications.

Table 1 Examples of II-VI and III-V direct band gap binary compounds and their associated
band energies.
Compound
Band Gap (eV)
AlN
6.20 [24]
GaN
3.40 [26]
GaAs
1.40 [24]
GaSb
0.78 [27]
InN
0.76 [26]
InP
1.35 [28]
InAs
0.36 [27]
InSb
0.28 [28]
CdSe
1.74 [29]
CdsS
2.43 [30]
ZnO
3.35 [30]
ZnSe
2.67 [24]
ZnS
3.68 [30]
ZnTe
2.25 [30]

1.2 Dissertation Focus: GaN

Of the various semiconducting materials mentioned, GaN is the material of choice for
a variety of reasons. Unlike other widely used III-V semiconductors such as InN or GaAs,
GaN boasts a large band gap of 3.4 eV as opposed to 0.76 and 1.40 eV respectively. Indium
is elementally scarcer than gallium (0.05 ppm versus 16.9 ppm), [31, 32] thus posing a
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financial burden on device fabrication. InN is difficult to fabricate due to lattice mismatches
in growth substrates and subsequent layering, thus resulting in large quantities of defects (108
cm-2 threading dislocations) throughout the material.[33] InN also suffers from thermal
breakdown at elevated temperatures, which limits processing to low temperature/slow growth
techniques.[34] GaAs fares much better than InN in that it is well studied, higher quality,
easy to fabricate, and commercially available.[35] GaAs boasts the formation of a native
oxide layer, which when introduced to aqueous environments tends to leach due to oxide
instabilities. The leaching, though smaller than silicon, can prove toxic due to the use of
arsenic, which prevents its use for biological applications.[36, 37] Recent advances in GaN
fabrication are capable of yielding faster growth of low defect, high quality free-standing
structures in addition to utilizing cheaper raw materials than other III-V semiconductors.
Like GaAs, GaN produces an oxide layer that readily leaches into solutions of extreme
pHs.[36] The oxide layer is not resistant to acidic/basic solutions; however, the use of GaN
limits the exposure of biological environments to overly toxic components such as arsenic
and indium.[36, 38] GaN remains resistant to many chemical attacks;[34] however,
vulnerability to acidic solutions provides a means to alter topographical features. By
increasing the surface area, additional dangling bonds are formed that can provide sites for
chemical binding in addition to modulating bulk photoluminescence properties. This will be
discussed in further detail in chapter 1.5 and 1.6. It is thus the focus of this dissertation to
utilize acid assisted functionalization to explore unique optical and electronic properties of
GaN.
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1.3 Gallium Nitride Fabrication

GaN was first produced by Maruska and Tietjen in 1969, whereupon a thin layer of
GaN was grown via hydride vapor phase epitaxy (HVPE).[39] Until then, GaN was only
available in polycrystalline form, which limited its applications as a semiconductor due to
high defect density and grain boundary formations. The advent of single crystalline GaN
eventually enabled the formation of intense blue LEDs and other applications; however,
many developments were required to move from the initial defect rich single crystalline
specimen to what can be achieved with GaN today.[40]

1.3.1 Buffer Layers

Early GaN substrates suffered from high dislocation densities due to lattice mismatch
between the GaN thin film and the sapphire substrate.[40] To correct for this, buffer layers
were introduced to improve epitaxial formation through stress relaxation by utilizing similar
lattice constants between substrate and epi-layer. Initial use of AlN by Yoshida in 1983
paved the way for buffer layers throughout GaN growth and development.[41] Additional
buffer layers include ZnO,[42] AlGaN,[43], BN,[44] and a thin layer of GaN.[45] The use of
buffer layers is contingent on the substrate being used, in addition to desired impurities
(intentional or otherwise) to the GaN layer. In addition to closing the lattice mismatch, use of
buffer layers promoted improved films due to decreased surface cracking resulting from
diverse coefficients of thermal expansion.

5

1.3.2 Foreign Substrates

In addition to buffer layers, the types of foreign substrates used for growth was also
explored. Sapphire was originally chosen due to physical stability within hot environments in
addition to being chemically resistant to the ammonia, a precursor for GaN formation.
Sapphire has a lattice mismatch of 14% relative to GaN and a thermal expansion mismatch of
25%.[46] Of the many viable foreign substrates, sapphire has one of the greatest lattice
mismatches relative to GaN in addition to the discrepancy in thermal expansion.[47] Buffer
layers were initially developed to overcome sapphire’s limitations; however, other foreign
substrates such as AlN,[48] SiC,[49] ZnO,[50] ScAlMgO4,[51] LiAlO2,[52] LiGaO2,[53]
Si,[54] GaAs,[55] and MgO [56] were explored concurrently. Of these foreign substrates,
SiC is perhaps the most widely used substrate for GaN growth commercially due to its low
lattice mismatch and high thermal conductivity.[57] It was not until 1997 when NEC Corp.
utilized GaN as a native substrate for subsequent GaN growth.[58] The perfect matchup
enabled a dramatic decrease in crystallographic defects by two to three orders of magnitude
versus foreign substrate growth.[40]

1.3.3 Growth Processes

In addition to a wide range of substrates available, GaN production spans a plethora
of growth environments. HVPE, as previously mentioned, was the first growth technique
utilized for GaN fabrication within this dissertation. HVPE utilizes gaseous ammonia and
gallium hydride (often GaCl) precursors for formation. HVPE benefits from high growth
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rates, but risks propagating defects throughout the entirety of the structure to result in
cracking.[59] Due to this, HVPE was largely neglected until better substrates and nucleation
layers were developed.[47] Another form of vapor phase epitaxy called metal organic vapor
phase epitaxy (MOVPE) renewed interest in HVPE by providing higher quality thin layers of
GaN through reduced formation temperatures.[47] MOVPE replaces hydride bound gallium
with organically bound gallium such as trimethylgallium.[60] The cost of the high quality
GaN formation is significantly longer process times than HVPE. Prior to the development of
MOVPE for improved GaN, molecular beam epitaxy (MBE) was used to produce very
smooth layers.[40] MBE forms GaN via combining plasma from gallium and nitrogen
sources and deposits onto a substrate.[61] Plasma free MBE also exists, where the use of a
reactive ion beam forms the epitaxial layers.[47] Though MBE grown GaN is of higher
quality than initial HVPE grown GaN, slow deposition limits its use to thin layers. A recent
addition to GaN fabrication is ammonothermal growth, whereupon a supercritical bath of
ammonia and solid polycrystalline GaN form additional layers upon a GaN seed layer.[62,
63] This method has shown promising results in terms of crystal quality and boule size;
however, final product quality seems to be entirely dependent upon the quality of the seed
layer.[62]
Formation of high quality GaN was first achieved with a technique called epitaxial
lateral overgrowth (ELO). ELO was developed for GaN by Nam et al. in 1997 [64] following
previous uses for high quality Si,[65] GaAs,[66] and InP.[67] ELO utilizes a lithographic
approach of creating a mask layer of SiO2 over a layer of grown GaN (utilizing improved
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substates, buffer layers, and growth techniques mentioned before). GaN was then further
grown from between the masked regions resulting in a pyramidal structure. Eventually after
enough growth, the regions will coalesce over the mask and form a region of reduced
threading dislocations. The pyramidal structures resulted from the formation of c-plane or (0
0 0 1) GaN that would grow through the mask defined by {1 1 -2 2} planes.[68] This can
also be accomplished with other starting substrate orientations such as {1 1 -2 0}.[69] The
orientation of GaN growing between masks depended upon the temperature and pressure of
the growth chamber. The use of higher temperatures and lower pressures promotes the
creation of rectangular formations that predominantly grow from the a-plane or {1 1 -2 0}
planes.[70] Relaxation of stresses above the mask layer frequently produces voids, which is
undesirable for high quality substrates.[69] Initial use of ELO was able to reduce the number
of threading dislocations from 108 - 1010 cm-2 to 107 cm-2.[68] Subsequent removal of the
substrate and additional ELO techniques have allowed for improved substrates that have led
to threading dislocations on the order of 106 cm-2.[40]

1.3.4 Liftoff Techniques

In addition to ELO, free-standing epitaxial or bulk GaN substrates offer another
method to provide homoepitaxial deposition substrates for subsequent GaN growth. Initial
methods of producing free-standing GaN structures include polishing away or using reactive
ion etching to remove the substrate and subsequent defect rich layers.[71] These methods
provided free-standing layers of GaN; however, surface roughening from each technique was
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detrimental to future applications. The use of a UV laser to promote thermal liftoff of the
GaN layer from foreign substrates improved the quality of GaN closest to the substrate as
well as decreased processing time required for liftoff.[71, 72] The use of laser liftoff provides
a high quality GaN layer for subsequent GaN deposition, which is often augmented with
additional processing steps of chemical-mechanical polishing (CMP). Thermal liftoff can
result in thermally induced cracking, which can be mitigated by heating the substrate during
liftoff. Homoepitaxial grown GaN on free-standing GaN substrates provides increased bulk
fabrication capabilities via HVPE and ammonthermal growth not available under other bulk
techniques utilizing extreme growth conditions.[73]

1.3.5 Crystallographic Orientations

Gallium nitride has two primary crystal structures: wurtzite and zinc blende.[34] Zinc
blende is frequently seen for thin GaN structures such as nanowires;[74] however, due to
thermodynamic instabilities associated with processing and the lack of high quality bulk
structures, zinc blende GaN remains a challenging research endeavor. The wurtzite crystal
structure as seen in Figure 1, is a hexagonal prism. The basal plane, termed c-plane or polar
GaN (Figure 1 a), is terminated in either gallium atoms (0 0 0 1) or nitrogen atoms (0 0 0 -1).
Polar GaN was the first structure studied due to its natural formation on sapphire and is mass
produced for transistor and LED applications due to high crystal quality.[34] Though polar
GaN is readily produced in large amounts, the separation of gallium atom planes from
nitrogen planes produces an internal electric field. The internal electric field creates a
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piezopolarization and quantum-Stark effect, which through separation of charge carriers
decreases the overall emission efficiency and produces blue shifting for LEDs.[75] To
mitigate this spontaneous piezoelectric effect, other crystallographic planes of GaN were
investigated. A-plane (Figure 1 b) GaN and m-plane GaN utilize crystallographic planes that
have equal numbers of gallium and nitrogen atoms present.[59] This eliminates the internal
electric field; however, processing issues from heteroepitaxial growth promote poor
crystalline quality. Growth and dicing of GaN boules along desired planes have shown a
promising way of developing native free-standing nonpolar structures of high quality.[59] In
addition to nonpolar planes, semipolar planes with varying degrees of an internal electric
fields based upon atomic composition are available depending on the desired application.

Figure 1 Representative wurtzite structures of c-plane (a) and a-plane (b) configurations for
GaN. Blue represents gallium atoms while green represents nitrogen atoms.
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1.3.6 Doping

Like most semiconductors, the electrical characteristics of the bulk material of GaN
can be altered via doping species. Due to the foreign substrates being utilized for earlier
heteroepitaxial growth, GaN was often unintentially doped with substrate species.[40] GaN
frequently demonstrates background n-type doping, primarily from carbon contaminations
within growth chambers as well as silicon incorporation from the use of silicon and SiC
foreign substrates for growth.[34] N-type doping results primarily from shallow donors that
have replaced nitrogen vacancies. The first reported instance of p-type doping for GaN was
in 1989 with the use of magnesium.[76] Mg replaces gallium sites and by acting as an
acceptor promotes the p-type carrier response within GaN. Better control of growth and
purity allowed for deeper level dopants including Zn, Hg, Cd, Br, and Li.[34] Today, doping
is routinely performed to create junctions for LEDs, transistors, and other applications.

1.4 GaN Defects

The majority of defects seen within GaN layers result primarily from the use of
foreign substrates for growth. Two primary forms of defects occur from this interface:
stacking faults (SFs) and misfit dislocations.[47] SFs form boundaries where the stacking
order of planes of atoms is interrupted, thus creating stress from mismatched atomic
spacings. Poor epitaxial quality is defined by SFs on the order of 105 cm-1 and frequently are
found near basal planes.[77] Misfit dislocations are the manifestations of strain releases
within the material through edge, screw, or mixed dislocations at the interface of an epitaxial
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growth. Misfit dislocations are traditionally very difficult to identify, but their presence
promotes decreased crystal quality of subsequently grown GaN.[47] Both interfacial defects
pose challenges to final crystalline quality; however, the presence of threading dislocations is
the greatest issue in terms of final device performance. Threading dislocations (TDs) are
edge, screw, or mixed dislocations that permeate throughout the entirety of the crystal. TDs
are choice spots for nonradiative recombination, which can limit performance for FETs, and
LEDs. Most threading dislocations are composed of edge dislocations. Manifestations of
threading dislocations within surface topography provide insight into misfit characteristics.
For c-plane GaN, a hillock structure is the result of multiple screw dislocations, whereas a
step-like structure is predominantly edge.[47] The use of MOVPE or MBE growth
techniques can reduce the degree of screw dislocations to less than 10%. TDs on the order of
108 - 1010 cm-2 were common for initial GaN specimens, which has been cut to ~105 cm-2 in
recent years.[47]

1.4.1 Surface Identification for C-Plane and A-Plane GaN

In addition to various underlying causes for a defect, the crystallographic orientation
of GaN alters how a defect terminates. Surface topography is a convenient way to establish
the types of defects, usually by techniques such as atomic force microscopy (AFM) or
scanning electron microscopy (SEM).[78] As mentioned earlier, screw dislocations for cplane GaN produce hillock structures, while edge dislocations result in a wave-like structure.
Mixed dislocations are far more prominent in HVPE grown GaN than other growth processes
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and form a mixed surface topography.[78] The surface topography of a-plane GaN is
generally composed of facets throughout the structure.[79] Better processing techniques
remove these facets; however, not all defects disappear. Defects frequently show up along cplane directions within a-plane GaN.[80] Pits that would normally signify the termination of
a dislocation for c-plane GaN are manifested as v-grooves along the surface.[81]
Dislocations in a-plane GaN do not create hillock or step-like structures as within polar GaN;
however, high defect densities can produce a wavy like structure. As high quality
homoepitaxial a-plane GaN is developed, additional effects from basal plane stacking faults
and prismatic/pyramidal stacking faults are seen from heteroepitaxial growth as jagged
striations across the surface.[82] Collectively, they appear as lines and are not distinguished
unless investigated by transmission electron microscopy (TEM).[82] M-plane GaN behaves
similarly to a-plane GaN, but with an incorporated tilt. Semipolar GaN (such as r-plane) will
not be discussed here as they were not utilized within this study.

1.5 Etching GaN

Semiconductor etching is frequently performed to expose regions of interest, whether
they are areas for subsequent device fabrication or defect identification. In the case of device
fabrication, chemical etching provides a means to remove material along specific
crystallographic orientations while providing atomically smooth surfaces. Other methods of
material removal such as mechanical polishing or reactive ion etching produce regions of
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thermal and kinetic damage from friction.[83] In addition to higher quality surfaces, chemical
etching is scalable for industrial environments whereas ion milling is not.
III-V semiconductor etching is challenging due to the natural resistance to chemical
attack. Of the III-V semiconductors, GaAs was one of the first to be chemically etched,
owing to its weaker overall chemical stability compared to other III-V semiconductors.[84]
GaN is one of the most chemically stable III-V compounds, which limits etching to harsh
chemicals such as molten potassium hydroxide (KOH), sodium hydroxide (NaOH), hot
phosphoric acid (H3PO4), and sulfuric acid (H2SO4).[78] Additional etching techniques
include UV-assisted etching, typically done with molten KOH or hot phosphoric acid.[85]
The reaction of gallium nitride with water, utilizing the etchant as a catalyst, produces
ammonia and gallium oxide.[85] Gallium oxide is soluble and unstable at both low and high
pH values. Despite this, the nitrogen faces of GaN are less stable than gallium faces. This is
observed in gallium terminated polar GaN. When exposed to etchants, the surface forms pits
along the [0 0 0 -1] direction with nonpolar and semipolar facets.[86, 87] In the case of
nitrogen terminated polar GaN, the reverse occurs: multifaceted pyramids form along
nonpolar and gallium rich semipolar planes.[85] In the case of nonpolar GaN, v-grooves
grow along the [0 0 0 -1] direction leaving semipolar {1 0 -1 1} facets behind.[86] In
addition to providing a convenient way of identifying crystallographic polarity, chemical
etching can be used to identify dislocations without the use of advanced microscopes like the
TEM. Edge dislocations tend to form smaller pits for c-plane GaN than screw dislocations.
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Mixed dislocations, being a mixture of both edge and screw, form pits of a medium size
relative to either individual component.[78]
In addition to providing information on the material quality, etching enables
additional benefits such as improved luminescent properties through increased surface area.
The critical angle of escape for photons from GaN is 23.6° as described by Snell’s Law.[85]
By using smooth GaN, this angle is further decreased to as low as 4°, which limits the
luminescence of the final device.[85] By etching along a c-plane threading dislocation, the
subsequent critical angle increases and improves final luminescence. This has been shown in
multiple studies for c-plane GaN.[85, 88] A-plane GaN does not benefit as much from this as
continued etching produces line trenches that can eventually coalesce and limit the critical
angle.[81, 86, 89] The increased surface area formed from etching enables additional binding
sites by producing dangling bonds that are energetically unfavorable. Without capping
dangling bonds unsatisfied carriers encourage charge annihilation through nonradiative
recombination, which is detrimental for optical applications.[90]

1.5.1 Fabrication of High Aspect Ratio GaN Structures

Increasing the surface area beyond the limitations of 2D morphologies from above is
achieved with aggressive etching techniques by utilizing higher temperatures, longer times,
photo or electrical assistance, and/or multi-component etch processes. These extreme
conditions accelerate the natural etching along specific orientations, particularly for defect
rich substrates, which subsequently controls the number of features and subsequent
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spacing.[78] Termed defect-assisted etching, high energy locations from terminating
threading dislocations act as preferential etch sites as seen in Figure 2.[91] In this way, the
final device morphology can be controlled by the aforementioned conditions. This allows the
formation of nanorods,[92] nanopyramids,[93] nanowires,[78] and other morphologies that
are otherwise unavailable. For applications, the high aspect ratios increases the number of
potential binding sites that in the case of sensors, allows for significantly greater responses to
environmental conditions and subsequent binding events.[94, 95]

Figure 2 Schematic of defect-assisted etching for forming 3D GaN structures. Threading
dislocations are shown as black lines connecting the substrate to the initial surface.
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1.6 Surface Passivation of Semiconductors

Surface functionalization of semiconductors provides a convenient way to modify the
surface optical and electrical characteristics without use of material or equipment intensive
processing.[96] Though the bulk properties are controlled by overall quality of the crystal
such as dopants used or defects present, the surface interface ultimately controls properties
such as electrical conductivity, chemical selectivity, and optical recombination events. In the
presence of a total vacuum, the surface would be covered with unsatisfied bonds. With the
addition of atmosphere, these dangling bonds seek to lower their energy by reacting with
surrounding molecules to create a passivated layer.[97] In the case of semiconducting
materials, this is often the formation of an oxide layer, which with increased humidity can
terminate the surface with hydroxyl or hydrogen species.[98] To improve device
performance, uniform surface profiles are required to limit complications from undesirable
adsorbates. In the case of optical properties, undesirable species and defects can lead to
nonradiative recombination of charge carriers.[99] This limits the overall emission efficiency
and produces unwanted heat. This is also seen electrically with higher sheet resistances from
nonradiative recombination events [100] and high carrier recombination velocities.[101] For
electrical interfaces of semiconductors the difference in work functions, controlled by the
Fermi level within the bandgap, hinder device performance through charge trapping.[102] By
controlling the surface chemistry, these properties can be manipulated to ensure desired
function.
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Organic based surface functionalization of semiconductors has seen significant
developments due to desirable properties such as environmental stability, unique electrical
and optical properties, secondary binding platforms, chemical selectivity, and simplified
processing methods. Organic functional groups are composed of a binding group and a tail or
terminal group as represented in Figure 3. The binding group determines the stability of
adhesion whereas the tail and terminal groups control properties and assembling
characteristics. For the most part, these molecules assemble themselves without the need for
external coercion, which are termed as self-assembling molecules (SAMs). Many factors
control the adhesion such as temperature, pressure, and solvent solution; however, these
specific parameters allow for flexibility in device fabrication. Processing of SAMs usually
takes the form of an evaporative process [103] or a lengthy soak [104] to encourage
coverage; however, this dissertation focuses on a rapid immersive process that combines both
functionalization and substrate etching into one.
Of the SAMs currently being investigated, only thiol and phosphonic acids were
chosen for this study. By isolating two binding groups, the properties from unique terminal
groups are explored in detail as will be discussed in future sections.
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Figure 3 Representation of a few potential binding adsorbates for III-V semiconductors.

1.6.1 Surface Passivation with Thiols

Sulfur group adhesion to III-V semiconductors for simultaneous stability and
electrical enhancement was first observed in 1987 on GaAs.[101] It wasn’t until 1991 when
organic sulfur functional groups were introduced to GaAs with a similar role.[105] In the
years following, GaAs saw an explosion in surface functionalization primarily with
octadecylthiol [106, 107] and similar long chained thiols.[108] Long chained thiols are well
studied and consistently form monolayers. The adhesion of thiols depends entirely on the
purity of the substrate surface. Thiols readily bind to noble metals due to minimal oxygen
contamination as oxygen limits thiol adhesion due to charge repulsion. In the case of GaAs,
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oxides must be removed prior to functionalization to ensure complete binding. This is
performed with a series of oxide removal strategies such as HCl and HF.
Thiol functionalization of GaN was first explored in 2003 with 1-octanethiol.[109]
Since then, GaN has remained an unexplored substrate for thiol functionalization. In light of
recent research, cysteamine has shown many interesting properties as can be seen in Table 2.
Cysteamine is a short double carbon backboned thiol with an amine terminal group that has
been used as an agent for overdoses of paracetamol [110] as well as kidney protection by
reducing cystine storage from cystinosis.[111] For this reason, cysteamine has garnered a lot
of attention from the quantum dot community as a potential passivating agent to reduce cell
necrosis but improve quantum dot uptake. For bulk materials such as GaAs and InAs,
cysteamine has demonstrated the ability to limit oxide formation and control surface stability
in a variety of environments.[112-114] The possibilities discussed have led to patenting of
this passivation technique with the intent of forming biological sensors. [115] Cysteamine’s
amine group provides additional binding sites without the added toxicity from aromatic,
aliphatic, or heterocyclic groups in addition to providing a dipole moment with a positive
terminal group.[116] Unlike octadecylthiol, cysteamine does not always form a well ordered
monolayer. It is a time and concentration sensitive functionalization process rather than a
kinetic based process as discussed in future chapters.
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Table 2 Thiol functionalization on various semiconductors and observed properties.
Substrate
InAs

InAs

GaAs

Functionalization Process
1 hour full solution dip.
Concentrations of 1, 10, 100 mM
cysteamine
in
ethanol.
Temperature not specified.
30 minute full solution dip.
Concentrations
of
10
mM
cysteamine in 1:9 NH4OH
:ethanol. Performed at 55°C.
18 hours of full solution dip. 5 mM
cysteamine in ethanol with 5%
ammonia. Performed at 55°C

CdTe

2 hours full solution dip and
sonicated.
0.24%
cysteamine
hydrochloride
in
water.
Temperature not specified.
CdS, ZnS Time not specified. Cysteamine
hydrochloride aqueous solution.
Performed at room temperature.

Observed Properties
Cysteamine reduced formation
of oxide.

Ref.
[112]

Simultaneous oxide removal
and surface functionalization
was observed with cysteamine.

[114]

Cysteamine did not enhance
passivation or PL intensity
unlike longer chained thiols.
Demonstrated hydrophobicity.
Cysteamine
decreased
metabolic cell rates at dose
above 10 mg/mL but decreased
fluorescence of QDs
Increased absorbance and blue
shifted PL spectra. Reduced
electrical
resistance
and
capacitance.
Allowed for binding of single
strand DNA to CdTe for
improved fluoresce. Redshifted
absorbance.
Stable PL intensity in PBS and
redshifted absorbance. Low
uptake cysteamine treated QDs
with human SH-SY5Y cells.
Lowered mitrocondrial activity,
but high uptake capability
No DNA damage observed with
4 µM solution for 12 hours.

[113]

CdTe

Time
not
specified.
2:4:1
CdCl2:cysteamine:NaHTe aqueous
solution. Performed at 100°C.

CdTe

25
minute
reflux
process.
Cysteamine hydrochloride (2.64
mM) in NaHTe solution. Heated to
reflux temperature.

ZnS
coated
CdSe
CdTe,
ZnS
coated
CdSe

Time
not
specified.
1:1
cysteamine:thioglycerol solution.
Temperature not specified.
Time
not
specified.
1:1 Lowered QD
uptake with
cysteamine:thioglycerol solution. CdTe,
but
lowered
Temperature not specified.
luminescence and increased
leaching for CdSe based QDs.

[117]

[118]

[119]

[120]

[121]

[122]
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1.6.2 Surface Passivation with Phosphonic Acids

Surface passivation with phosphonic acids (also known as alkyl phosphonates) have
seen use on metallic oxide formations such as TiO2,[104] ZnO,[103] Ta2O5 [123] as well as
semimetal oxides like SiO2.[124] Similar to thiols, phosphonic acids have been explored as a
way to pin the Fermi level to control properties such as surface recombination velocity and
the work function. In applications such as solar cells, controlling the degree of band bending
in electrode materials such as ZnO and TiO2 is crucial in order to enhance overall device
efficiency. Alkyl phosphonic acids boast unique features such as a customizable carbon
backbone that can support a myriad of terminal and side groups that can alter surface
properties.[18, 104, 125] In the case of dye-sensitized solar cells, charge recombination can
be prevented through the use of phosphonic acids for better interfaces with sensitizer
materials. Phosphonic acids differ from thiols in that adhesion utilizes a binding group with
three oxygen atoms, which offers more binding mechanisms as seen in Figure 4. This
subsequently offers a higher probability of surface passivation. Unlike thiols, phosphonic
acids require a native oxide layer in order to bind. This benefits surface passivation
techniques as ultra-pure processing environments are not necessary. With recent interest in
environmentally stable interfaces for chemical and biological applications, phosphonic acids
have seen use with materials such as ZnSe,[126] GaAs,[127] and GaN (seen in Table 3).
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Figure 4 Potential binding mechanisms for phosphonic acids.
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Table 3 Phosphonic acid functionalization of GaN and observed properties.
Chemical Name
Functionalization Process
Octadecyl1-5
mM
in
phosphonic acid tetrahydrofuran (THF) for
(ODPA)
unspecified time and
temperature.
11-hydroundecyl
phosphonic acid
(HO-UDPA),
octadecylphosphonic acid
(ODPA)
Octadecylphosphonic acid
(ODPA)

1 mM ODPA in THF
solution at 130°C for 48
hours. Sonicate for 30
minutes. Repeat with 50
µM HO-UDPA.

Octadecylphospho
nic acid (ODPA)
and
16phosphonohexa
decanoic acid (16PHDA)
Diacetylenicalkyl
phosphonic acid
(DEAPA)

1 mM in toluene for 15
hours
at
room
temperature. Rinsed in
toluene and baked at
160°C for 72 hours.

Octadecylphosphonic
(ODPA)

5 mM ODPA in toluene
for 17 hours. On set baked
at 160°C at 0.6 torr for 24
hours.

Observed Properties
Ref.
ODPA was hydrophobic [128]
while
octadecanethiol
(ODT) was not. ODPA
survived one week, while
ODT did not.
ODPA was more stable than [129]
HO-UDPA in pH 5 and 7,
but not within a pH 9
solution. Thiol stable in pH
9 solution.
ODPA induced hydrophobic [130]
behavior, with a slight
increase in water contact
angle for N-polar verses Gapolar.
Heat
treatment
improved adhesion in acidic
and neutral environments
only.
16-PHDA reduced sheet [131]
resistance compared to
control
and
ODPA
treatment.
Fermi
level
pinning was observed.

0.1 mM DEAPA in
toluene for 17 hours.
Baked at 160°C at 0.6 torr
for 24 hours. Treated with
UV light for various
amounts of time.

DEAPA
showed [132]
hydrophobicity;
but
desorbed
without
UV
irradiation.
Most
hydrophobicity seen with 5
minutes of irradiation. Basic
solution removed material
and DEAPA.
5 mM ODPA in toluene ODPA had water contact [133]
acid for 17 hours. On set baked angles greater than other
at 160°C at 0.6 torr for 24 surface treatments. AFM
hours.
revealed smooth treated
surfaces. Good coverage.
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1.6.3 Environmental Passivation

Though briefly touched on in the previous sections, environmental stability of
semiconductors remains an ongoing research topic, particularly in the case of III-V
semiconductors. For GaN, a thin (1-5 nm) amorphous oxide layer forms in ambient air and
subsequently inhibits further growth of the oxide layer.[6, 134] Unlike a mono-species
material such as Si that only produces SiO2, GaN produces a myriad of oxides and suboxides that have varying electrical and chemical properties. For applications in aqueous
environments, the pH and electric potential controls the stability of the surface and
subsequent leaching species as seen in Figure 5. As GaN contains multiple species, the
environmental stability is highly contingent on ratio of III to V species on the surface.
Previous studies have shown that increased V content on the surface leads to increasing
leaching characteristics, which is frequently seen for harsh conditions with etching.[135]
This is a result of smaller dissociation energies required to break bonds for V species than for
III species.[136, 137] For a device within an aqueous solution, it is therefore imperative to
subsequently cap the surface (substrate and any formed oxides) to prevent additional leaching
that might occur. Surface functionalization provides a mechanism to alter the optical and
electrical properties as previously mentioned, but also a way to reduce unsatisfied bonds and
stabilize surface oxides. To test the effectiveness of surface functionalization, GaP, a III-V
semiconductor with an indirect bandgap of 2.26 eV,[138] will be compared to GaN as a way
to identify the effectiveness of surface passivation as well as the stability of another III-V
compound.
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Figure 5 Soluble III-V species for GaN (left) and GaP (right) within various aqueous
environments.[139]

1.7 Characterization Techniques

In an effort to characterize surface passivation effects, surface sensitive techniques
such as X-ray photoelectron spectroscopy (XPS), water goniometry (also referred to as water
contact angle), and atomic force microscopy (AFM) coupled with kelvin probe force
microscopy (KPFM) are used to identify alterations to surface chemistry, hydrophobicity,
topography, and electrical properties. Additionally, inductively coupled plasma-mass
spectrometry (ICP-MS) and photoluminescence (PL) were utilized for aqueous particle
concentrations and photoluminescence emission. Mentioned techniques will be discussed in
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detail in the following sections. Other characterization methods that performed include X-ray
diffraction (XRD) and optical microscopy; however, they will not be discussed due to their
minor contributions to this dissertation.

1.7.1 X-ray Photoelectron Spectroscopy

XPS provides high resolution surface chemistry analysis through the photoelectron
effect. Originally discovered in 1887,[140] the photoelectron effect operates by extracting
electrons from a material via photon excitation. The orbital that the electron is removed from
corresponds to a specific binding energy required to remove it from the atom. In the case of
the modern XPS, which has been around since the 1950s,[141] x-rays are used to excite
electrons to identify surface species through equation 1.[142]
hv = KE + BE – Φ

(1)

The energy of the x-ray source is hv and defined as 1486.7 eV for an Al Kα source or 1253.6
eV for a Mg Kα source. The kinetic energy (KE) is the energy that the electrons strike an
electron analyzer with. The work function (Φ) of the spectrometer is a collection of energies
from analyzer heating and other processes that account for no more than 2 eV.[143] Knowing
the calibration of the instrument allows this term to be ignored. By knowing the KE and hv,
the binding energy of an electron can be calculated, which is associated with a specific band
within the material electron structure (see Figure 6). Each electron with a specific energy is
summed up to produce an intensity profile within a given binding energy spectra.
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Intensities of different binding energies are compared to one another, which allows
for a qualitative analysis of chemical composition. Large survey scans are typically used to
identify sources of contamination and other impurities. Survey scans utilize large pass

Figure 6 Interaction of x-ray with electron to form photoelectron effect and the resulting
spectra.

energies, which limits the resolution. By decreasing the pass energy, region scans provide
high resolution spectra of specific binding energies that allow for detailed analysis. Prior to
analysis, charge calibration must be done to ensure the peaks are where they should be
assigned. As XPS acts similar to a chemical fingerprinting technique, lack of calibration or
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inappropriate calibration can skew interpretation. As advantageous carbon is present in all
environments, calibrating the primary carbon 1s peak to 284.8 eV is both convenient and
well expressed.[144] Other internationally accepted calibrations include Cu 2p3/2 at 932.62
eV, Ag 3d5/2 at 368.21 eV, and Au 4f7/2 at 83.96 eV according to the International
Standards Organization.[145]
When analyzing a region, the observance of peak shifting indicates two things:
potential charging effects associated with a nonconductive surface and/or the possibility of
additional binding species on the surface. In the first case, charging is frequently seen for
GaN, especially when using a monochromated source. Monochromated sources improve
final resolution by interacting with a smaller surface area, through a shorter x-ray line width,
and reducing noise due to bremsstrahlung radiation and satellite peaks.[142] The downside to
a monochromated source is confined beam energy across a small area that results in thermal
artifacts as well as charging. To account for this, a charge neutralizer plants lower energy
electrons near the region of charging to dissipate energetic species. This is in addition to
utilizing conductive sample mounting platforms to encourage charge dissipation, as well as
decreased dwell time. Charging manifests as increased noise within survey scans as well as
shifting of peaks to higher binding energies, hence calibration is used to account for these
artifacts. In the second case, peak shifting implies binding associated with various unique
elemental species. Based upon the materials being analyzed, this can move to higher or lower
binding energies. As discussed in future chapters, the binding energies of GaN are associated
with oxides (higher binding energies) and native metal bonding (lower binding
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energies).[142] This is generally seen as more energy is required to remove an electron from
an ionic bond than a metallic bond.
High resolution region scans also enable quantification. The areas produced under
individual components contribute to a total signal area that when related to other species can
identify atomic compositions. Care must be taken as overlap between bound species can
occur, which also includes doublets and auger peaks. Auger peaks pose a problem for GaN as
gallium auger peaks overlap N1s peaks with a Al Kα source [146] and overlap C1s peaks
with a Mg Kα source.[147] As calibration was performed with C1s, gallium auger peaks
were identified via peaks with broad full width half max (FWHM) almost twice the width of
the primary N1s peak.
The use of quantification when performing angle resolved XPS allows for film
thickness measurements. The spectra formed by tilting the sample can be used to characterize
the degree of coverage for a monolayer in addition to identifying the depth of oxides and
shallow elemental species. By exposing the surface to a greater surface section, the
propensity for noisy signal increases with increasing take-off angle. Multiple scans of a given
spot ensure an accurate intensity capture as well as reduced noise levels when averaged over
the course of the scans.

1.7.2 Photoluminescence

PL is a frequently used nondestructive technique for understanding underlying
contributions to the optical properties of materials. PL has existed since the late 1960s when
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high powered lasers were being unveiled.[148] The general operating principle of PL is the
excitation of charge carriers, the formation of an electron-hole pair known as an exciton, with
a photon source with energy greater than the band gap. Because of this, PL is largely
relegated to materials with a distinct band gap such as semiconductors and some
insulators.[149] Following excitation, the exciton relaxes and the charge carriers migrate
back across the band gap to recombine. Depending on the mode of relaxation, phonons
(typically heat through nonradiative recombination) or photons (light through radiative
recombination) are released. This nearly simultaneous process allows for the measurement of
contributions to the optical properties by unveiling modes of recombination in the form of
spectral intensity. Factors such as lattice parameters, defects, dopants, and many others
contribute to the final radiative emission, which is the only observable signal.[149] In the
case of direct band gap semiconductors, the number and type of contributions influence the
final radiative radiation as seen in Figure 7. For band to band recombination, the shortest
wavelength is released, indicating high purity and crystalline quality. The introduction of
shallow donors and acceptors increases the emitted wavelength, which is only further
increased with deeper level donors and acceptors.[149]
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Figure 7 Example of PL recombination events for band to band (top) versus defect driven
recombination from donors and acceptors (bottom) and resulting spectra.

By comparing a defect free material the degree of non-band to band recombination
contributions can be estimated.[148] In the case of doping, this provides a reliable check for
growth complications. The lack of a pristine material can limit this, especially when
performed at room temperature. Reducing the temperature to liquid helium (~4 K) narrows
the peak FWHM revealing individual band relaxation events.[149] This temperature
dependent behavior is attributed to the density of carriers available, which will recombine at
a slower rate at lower temperatures.[148] Cooling the material suppresses much of the
nonradiative recombination events that contribute to wider FWHM and red-shifting for many
semiconductors. For this dissertation, the quality of GaN was high enough to not require the
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use of low temperatures to achieve discernable differences between treatments. Additionally,
room temperature PL allowed for batch processing of samples to eliminate variance between
laser output and focus. Another way of resolving recombination mechanisms is measuring
the decay intervals between excitation. This can discern band overlap, especially when
combined with lowered temperatures.[150]
Due to the excitation based response, the laser wavelength must be smaller than the
band gap. By utilizing different laser sources such as HeCd or Ar, different penetration
depths are possible, which provides flexibility for regions of interest. All PL performed
throughout this dissertation utilized a 325 nm HeCd laser that penetrates a maximum depth of
40 nm.[149] This shallow profile allows greater analysis of the effects that surface species
have on the final surface optical properties. Other factors that go into the final spectra include
resolution, which is determined by the grating or separator within the detector. The focus of
the laser and signal filtering contribute to final spectra output and only prevent detector
saturation.

1.7.3 Atomic Force Microscopy

AFM is one of many surface characterization techniques available today. Unlike
techniques such as SEM, AFM provides qualitative as well as quantitative data. AFM
operates by reflecting a laser off of a cantilever that responds to interactions between a tip
and the surface as seen in Figure 8. The reflected laser is detected with a quadrant photodiode
that compiles images from each line scan. AFM boasts of a wide range of capabilities from
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identifying binding events on a surface [151] to surface roughness,[152] potential,[153]
magnetic fields,[154] and chemical identification.[155] To simplify the discussion, only
surface topography and surface potential will be discussed. Developed in 1981, the first AFM
utilized a current through the tip (also known as scanning tunneling microscopy) to image
conductive atomic species.[156] It was not until later (1986) that the first contact mode was
developed to identify insulating species by interaction with coulomb and van-der-Waals
forces.[157] There exist two primary modes within AFM: noncontact and contact.
Noncontact relies on the minute attractive forces between the surface and the tip. As these
forces are on the order of pN-fN, very little interaction occurs between the tip and the
surface.[158] This prevents tip blunting and the formation of artifacts frequently seen within
contact based AFM; however, noncontact AFM requires the use of ultra-high vacuum as well
as cryogenic temperatures to achieve resolvable data.[158] Noncontact modes are frequently
carried out with soft materials due to delicate structures. On the other hand, contact mode
utilizes strong repulsion forces to resolve topography. The stronger forces result in the
physical deformation of AFM tips, which can produce artifacts and other defects.[156] As
the tip geometry controls the final resolution, a sharper tip is required to achieve higher
resolutions. By blunting the tip, the final resolution is limited to the new tip radius of
curvature, which should the tip become excessively dull, facets from tip fabrication appears
as either regular triangular or square-like features. Unexpected prismatic structures should
not be confused with novel features for self-assembled or nanofabricated devices.
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Figure 8 Schematic of AFM tip assembly and interaction with surface and photodiode.

Within contact mode, two additional modes exist: contact and tapping (or frequency)
mode.[156] Contact mode utilizes AFM cantilevers with lower spring constants such as SixN.
As this mode remains in constant repulsion with the surface, increased tip dulling as well as
contamination adhesion frequently occurs. Tapping mode (used in this dissertation) pulses
the cantilever with an AC current at a harmonic frequency according to its geometry and
spring constant. Stiffer materials are frequently used as higher resonance frequencies are
attainable, which improves topography tracking. With each oscillation, the tip comes in
contact with the surface and is repelled. Each deflection is recorded and compiled to form the
final micrograph. Tip dulling is reduced with decreased points per line, which corresponds to
the final image resolution.
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1.7.3.1 Kelvin Probe Force Microscopy

KPFM allows for the detection of surface charged species by charging the cantilever
and detecting the forces between the tip and the surface.[159] The measured forces are in
direct response to the capacitive cavity formed between the probe (referenced at 0 V) and the
sample surface. In operation, KPFM produces both topographic and surface potential maps.
This is done by rastering the tip across the surface in repulsion mode (topography) and
following with a second raster at a user specified distance (typically between 1-40 nm) in an
noncontact mode (surface potential). KPFM was first developed in 1991 to identify features
that would go unnoticed with a traditional topography image.[159] The charge sensitive
nature of KPFM allows for accurate identification of work functions with the use of reference
electrodes or materials with known work functions such as pyrolytic carbon.[160, 161] In
addition to identifying nanoscale particles, KPFM can identify surface defects due to
resulting dangling bonds [162] as well as charged adsorbates used for electronic surface
functionalization.[153] This latter feature is the focus for work within this dissertation as
adsorbates can contain significant dipole structures.
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Figure 9 Schematic of KPFM operation and resulting profile scans.

1.7.4 Inductively Coupled Plasma Spectrometry

ICP-MS has been around since the 1980s.[163] ICP-MS offers another ultra-sensitive
elemental analysis that can readily achieve resolutions on the order of ppb and sometimes
ppt.[164] In comparison, XPS frequently reports concentrations (surface only) on the order of
ppm to ppb.[142] Unlike XPS, ICP-MS is a destructive testing technique. This is done by
stripping away electrons from atomic species with a plasma to form ions that then pass
through an electric field and separate based upon charge and mass.[164] Because of this,
subsequent repeat testing is not possible. Another ICP technique known as inductively
coupled plasma-optical emission spectroscopy (ICP-OES) is also frequently used. Instead of
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using an electric field from a quadrapole to separate masses, species are separated by color
spectra.[165] As individual atomization is required to enter the plasma and form ions,
materials must be in a gaseous form. Most accepted materials are in solution form to
facilitate this. There have been studies utilizing ICP to etch away materials; however, for the
purposes of spectroscopy the power required is too high to observe without detector
damage.[166] Materials accepted within ICP-MS and ICP-OES tend to be metallic or
semimetallic as these materials are more readily ionized. To improve sensitivity, solutions
may be digested or significantly diluted to less than 0.1 M concentrations.[164] Care must be
taken for sample solutions as certain digestion can interfere with quantification or chemically
attack the equipment. For the purposes of this dissertation, ICP-MS was used in preference to
ICP-OES as higher sensitivity was obtained with ICP-MS.[165] It should be noted that no
samples tested throughout this dissertation required the use of digestion.

1.7.5 Water Goniometry

Water goniometry provides information on surface hydrophobicity, which is
controlled by the degree of functional surface group coverage, contamination, and
topography.[103, 167, 168] Fluid goniometry covers a wide range of solutions (oils, solvents,
water, etc) in addition to various techniques for measurement (static drop, receding drop,
advancing drop, bouncing, coalescence, etc).[169, 170] The final droplet size is controlled by
the three interfacial energies in equation 2 as shown in Figure 10.
γSV = γLVcosθ + γSL

(2)
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Equation 2, frequently referred to as Young’s equation, relates the liquid-vapor interface
(γLV) to the solid-liquid (γSL) and solid-vapor (γSV) interfaces. The angle between γSL and γLV
is known as the contact angle (θ). The contact angle varies depending on the surfaces, fluids,
environment, and approach. Techniques involving hyper dynamic (bouncing, splashing, etc)
testing require the use of high speed cameras to capture the angles at point of impact. This is
often to demonstrate environmental conditions that surfaces might experience in an outdoor
environment. Other types of dynamic testing include advancing and receding contact angles.
The slower motion by retaining the drop on the tip of the dispenser allows for detailed
analysis of spreading on the surface with respect to the dispenser material. In other words,
the angle is no longer between the liquid and the substrate. The benefit of these techniques is
a decrease in error resulting from nonuniform surface coverage or contamination.[170] Static
contact angle relies on equilibrium between all of the interfaces and does not require high
speed cameras or other specialized equipment. Static contact angle provides a method of
identifying interfacial energies when in contact for large amounts of time. For the purposes
of this dissertation, fluid goniometry is limited to water and static measurements to identify
surface group effects on hydrophobicity.
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Figure 10 Diagram of droplet and interfacial forces acting on it.

1.8 Summary

The utilization of an acid etch in conjunction with a desired adsorbate provides a
simplified process that is designed to alter the surface properties of a host material. Though
surface functionalization is routinely done without etchants for many material systems, the
use of an acid etch provides a simultaneous alteration to the surface topography as well as
surface chemistry by inducing increased numbers of exposed bonds for potential binding
sites. It is through this assistance that improved chemisorption of adsorbates takes place,
which can lead to more complete surface coverage. The primary questions that this
dissertation addresses are the roles GaN topography, crystallographic orientation, and surface
terminations have on adsorbate binding events. The functional groups attached to organic
adsorbates are used to alter the electrical and optical properties as well as chemical stability
of GaN, which has been little explored to date. By choosing GaN, compatible binding groups
and etchants are limited due to functionalization mechanisms and GaN’s natural chemical
resistance; however, it is the aim of this dissertation to explore these limitations with a
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material that demonstrates excellent potential for future light emission, chemical sensing, and
biosensing applications.
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2.1 Abstract

In-situ functionalization of polar GaN was performed by adding cysteamine to a
phosphoric acid etchant in order to study its effect on photoluminescence and oxide
formation on the surfaces. The functionalization was characterized by atomic force
microscopy, x-ray photoelectron spectroscopy, photoluminescence (PL), and water contact
angle measurements. Two sets of polar GaN samples with different dislocation densities
were evaluated, thin GaN layers residing on sapphire and thick freestanding GaN separated
from sapphire substrate aiming to reveal the effect of material quality on in-situ
functionalization. The addition of cysteamine to the phosphoric acid solution was found to
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result in: (i) decreased surface roughness, (ii) no change to hydrophobicity, (iii) decreased
oxygen content especially at high-temperature treatments. The effect of the in-situ
functionalization on the PL efficiency was more pronounced in the free-standing sample than
in the film residing on the sapphire, which was attributed to a higher crystal quality free from
strain.

2.2 Introduction

Nitride materials are III–V semiconductors characterized by a bandgap spanning wide
ranges from 0.7 to 6.1 eV and [34] desirable for many optoelectronic applications, primarily
blue and UV light emitting diodes (LEDs) as well as high frequency and power
transistors.[171] In addition to its use in traditional semiconductor applications, GaN has
been shown recently as a suitable candidate for biological interface applications due to
GaN’s chemical stability [172] and biological compatibility.[173] Polar GaN layers with
(0001) surface orientation grown on sapphire substrates by hydride vapor phase epitaxy
(HVPE) are often preferred templates for epitaxial growth of devices structures, aiming to
avoid the low-temperature buffer, while the free-standing quasi-bulk GaN released from the
substrates are the most desired substrate for homoepiatxial growth due to substantially lower
defect density achieved in this material. The HVPE offers faster growth than processes such
as metal organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE).[59] This
faster, high quality growth of polar GaN allows for thicker GaN with low amounts of
threading dislocations and stacking faults that is common amongst heteroepitaxy deposition
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techniques (growth of GaN on sapphire or silicon carbide).[59, 174] The very nature of polar
GaN results in a spontaneous polarization due to specific packing of the wurtzite crystal
structure with Ga or N atoms, which in turn affects doping capabilities,[175] carrier
distributions,[176] and emission wavelength.[177] Aiming to modify the surface properties
of GaN in a controllable way doping with various elements has been explored. Examples
include Mg [178, 179] and Si [179, 180] for p- and n-type GaN, respectively. Alternatively,
the surface can be etched (via heated KOH [85, 86, 88] or phosphoric/sulfuric [81, 85] acid)
or coated with thiols,[109] or other molecules.[14, 129, 181-184] The etching and surface
functionalization routes provide convenient ways to modify GaN surface properties without
the need for intensive doping strategies that predominantly rely on hazardous chemicals.[180,
185] Etching adds the ability to alter both the surface morphology as well as composition
through the formation of pitting structures, which cannot be accomplished by only chemi- or
physisorbing compounds on the surface.[186] Etched polar GaN has shown increased
luminescence over pristine GaN, which produces more efficient optoelectronic devices.[88]
Etching processes are sensitive not only to the etchant being used,[180] but also to the
temperature,[187] time,[187] and pressure,[188] hence pairing additives with etchants may
result in unique properties not seen before. Phosphoric acid acts as the catalyst as well as
solvent for dissolved gallium oxide during the etching process. We hypothesized that one can
alter the amount of gallium oxide formed on the surface if a small organic molecule with an
affinity for the GaN surface is added during the etching process. In this study, phosphoric
acid and cysteamine (NH2CH2CH2SH) were used to produce quantifiable in-situ

44

functionalization on the polar (0001) surface of GaN. GaN has been reported to etch in the
presence of water and acid to form gallium oxide and ammonia.[189] The presence of the
cysteamine during etching permits to cap the surface and control the amount of oxide
reformation. The surface morphology was analyzed with atomic force microscopy (AFM)
and water contact angle, while the chemical composition was analyzed with x-ray diffraction
(XRD) and x-ray photoelectron spectroscopy (XPS). Photoluminescence (PL) provided a
way to quantify changes in optical properties.

2.3 Experiment

2.3.1 Sample preparation

GaN samples were grown by HVPE at 1030°C utilizing 330-µm-thick c-plane
sapphire wafers. Two sets of samples were used for this study: (i) thin GaN layers with
thickness of 1.5 µm residing on sapphire with dislocation density of about 8 x 109 cm-2,[190]
and (ii) thick GaN layer with thickness of about 1 mm, which was initially grown on sapphire
substrates and self-separated from the sapphire substrates. After separation, the sample was
polished on both sides and formed 374-µm-thick free-standing GaN sample with typical
dislocation density in the range of 5 x 105–1 x 106 cm-2.[190] The Ga- face surface of the
free-standing sample was chemically mechanically polished before being dicing. Both types
of samples were diced into 3 x 3mm2 squares. The samples were cleaned in solvent baths of
acetone and methanol before being rinsed with deionized (DI) water (18.2 MΩ*cm
resistivity) and dried with nitrogen. A hot hydrochloric acid bath followed by a room
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temperature hydrofluoric acid was used for etching, leading to the formation of native oxide.
The samples were stored in a desiccator under low vacuum.

2.3.2 Etching

The two sets of GaN samples, thin layers residing on sapphire and thick free-standing
samples, were each split in two subsets of samples, aiming to be treated either in phosphoric
acid (Stock 95 vol.% phosphoric acid (Fisher Scientific)) or in phosphoric acid + cysteamine
solution (95% phosphoric acid: 3mM cysteamine (Sigma-Aldrich)). Each set of samples was
etched for 150 min at either 40°C or 100°C and evaluated after each treatment.

2.3.3 Characterization

Prior to etching, samples were analyzed using a Rigaku Geigerflex model D/Max IIA
XRD with MDI DataScan4 software. A 20mA electron beam accelerated to 25 kV was used
to excite a Cu Kα (hv = 8047.7 eV) source. Diffraction slits of 1° were used for the
diffraction and scattering slits in conjunction with a 0.6mm receiving slit and a 0.8mm
receiving slit monochromator. The Rigaku was calibrated to the 004 silicon reflection
(69.13° 2θ). The XRD served primarily as a sample orientation verification method as both
sample sets appeared transparent and of equal clarity. We recorded 2θ scans in the range of
30°-75° with a step of 0.008°. The spectra (not shown here) revealed, as expected, only two
peaks related to 002 and 004 GaN reflections as expected and 0006 Al2O3 reflection for the
sample residing on sapphire substrates. Surface topography images were taken with an
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Asylum Research Cypher AFM. The images were recorded for each sample after cleaning
and after etching. The samples were mounted to 12mm diameter 430 stainless steel discs.
Three random locations on each sample were scanned using a 1Hz tapping mode performed
over a 10 x 10 µm2 area. The images were flattened with Igor Pro (Ver. 10.0) software and
used to calculate root mean square (RMS) roughness values. Averages from all scans are
reported.
Water contact angle was performed with a Ramé-hart Model 200-F4 goniometer
equipped with a 28 ga. (AWG) needle. Each drop was captured at 2 frames per second for 5
s. The half-angle was then averaged to produce an average contact angle for that test. The
samples were then dried with nitrogen and tested four times for consistency. The angles were
captured with DROPImage (Ver. 2.4.07) software.
Surface chemistry was analyzed with a Kratos Axis Ultra XPS utilizing a
monochromated Al Kα (hv = 1486.7 eV) source with charge neutralizer (2.0A filament
current). Samples were mounted to an aluminum sample holder with copper tape. Pass
energies of 160 and 20 eV produced survey and high resolution region scans (C1s, Ga2p,
Ga3d, N1s, P2p, S2p) at 0° take off angle. Survey scans were performed once, while region
scans are the average of 5 sweeps. All scans were performed at 3 x 10-8 Torr. Casa XPS (Ver.
2.3.16 PR) was used to deconvolute peaks after calibrating the C1s peak to 284.8 eV.[144]
The full-width at half-maximum (FWHM) of the deconvoluted peaks was limited to the
primary peak according to a Lorentzian fit. The background was removed with a Shirley
approximation before surface quantification with Kratos provided atomic sensitivity factors.
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Ga3d region was used to calculate atomic percentages rather than Ga2p due to greater depth
profiling.[191] Ga auger peaks from the N1s spectra were not included in the calculation. All
region scans were normalized following quantification.
Photoluminescence spectra were recorded at room temperature via a Horiba Jobin
Yvon LabRam ARAMIS Ramen/PL setup utilizing a 325 nm HeCd laser excitation. The
microscope was aligned to Teflon (middle Ramen peak of 1295 cm-1) with 40x UV objective
at a 2400 grating/min. resolution. The spectra were recorded from 330 to 700 nm utilizing a
constant objective height from calibration. The RTD exposure time, accumulated exposure
time, and number of accumulations were 5 s, 2 s, and 5, respectively. 30% filter was used to
prevent signal cutoff for free-standing GaN. Each sample was spotted in five random
locations.

2.4 Results and Discussion

2.4.1 Surface Morphology

Figure 11 shows AFM images taken from free-standing bulk GaN and thin layer GaN
residing on sapphire before and after etching with phosphoric acid. The free-standing GaN
surfaces (Figures 7(a) and 7(b)) show no increase in pit density, while a noticeable increase
in surface contamination following treatment in etch containing cysteamine was seen (Figure
11(b)). This observation confirms qualitatively the Gaface character of the GaN surface, as
no prominent pyramidal structures can be seen.[85, 88, 186, 187, 192] The RMS surface
roughness for the free-standing bulk GaN surface was found to be 3.4 ± 1.2 nm, which
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increased to 3.9 ± 1.1 nm and 9.1 ± 6.5 nm, respectively, after etching with phosphoric acid
with and without cysteamine at 40°C. Increasing the temperature treatment to 100°C resulted
in decreased roughness to 2.7 ± 0.9 nm after treatment with cysteamine, but increased
roughness to 13.3 ± 6.9 nm after 100°C treatment without cysteamine. Comparing only the
effect of treatment in solutions without cysteamine, the surface roughness increases with
higher temperature. Comparing only the effect of treatment in solutions with cysteamine
added, the surface roughness appears to remain the same within the range of standard
deviation.
The AFM images of thin layer GaN residing on sapphire (Figures 7(c) and 7(d))
revealed hillock features, consistent with previous reports for HVPE grown GaN[179, 189,
193] that were not seen in the free-standing bulk GaN sample due to polishing processing.
Figure 11(d) reveals the effects of etching in solution without cysteamine at 40°C. One can
see a little change in the morphology features in addition to an increase of contaminants on
the surface. The RMS roughness of 13.1 ± 16.3 nm following the cleaning decreased to 2.5 ±
0.8 nm and to 2.2 ± 0.5 nm after etching at 40°C with and without cysteamine additive,
respectively. Elevating the solution temperature to 100°C led to higher roughness of 40.6 ±
20.8 nm and 90.0 ± 25.0 nm after etching with and without cysteamine, respectively. The
surface of the thin GaN layer seems to suffer from increased acid sensitivity as compared to
the surface of free-standing bulk GaN sample. Both sample surfaces performed similarly
after treatment in solution utilizing only KOH as an etchant.[88] The use of cysteamine in
both cases produced decreased surface roughness as compared to specimens etched with
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stock phosphoric acid. This is expected if cysteamine interferes with gallium oxide formation
and protects the surface from more aggressive etching, which has been observed previously
with other III–V materials.[114, 194] All pitting defects are attributed to threading
dislocations that are intersecting the sample surface. The different size of etched pits can be
related to the different types of dislocations,[78, 195] as reported previously, but it is beyond
the focus of this study.

Figure 11 AFM images of free-standing bulk GaN sample (a) and (b) and thin layer GaN
residing on sapphire substrate (c) and (d) before etching (a) and (c) and after etching (b)
and (d). The height scales are 21 nm (a) and (b), 15 nm (c) and 11 nm (d).
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Water contact angle measurements (Figure 12) show a changing of water angle with
varying both etching solutions and temperature. For the free-standing bulk GaN, the initial
contact angle was estimated to be 80.6° ± 4.6°. After etching at 40°C in phosphoric acid with
and without cysteamine, the contact angles decreased to 65.5° ± 1.0° and 72.9° ± 6.1°,
respectively. Elevating the treatment temperature to 100°C resulted in a further decrease of
the contact angle to 30.6° ± 7.9° and 36.3° ± 9.1° with and without cysteamine, respectively.
The surface of the thin layer GaN on sapphire showed a contact angle of 72.1° ± 2.7° before
etching, which decreased to 68.1° ± 6.9° and 67.9° ± 1.0° after etching at 40°C in solution of
phosphoric acid with and without cysteamine, respectively. Higher treatment temperature led
to contact angles of 63.0° ± 6.6° and 52.7° ± 6.6° with and without cysteamine, respectively.
The increased contact angle at 40°C is likely due to surface contamination that remained
following the cleaning step, as the pristine III–V materials have hydrophilic
characteristics.[196, 197] Comparing the effects of solutions with and without cysteamine,
the water contact angle is about the same. This implies that there is not enough cysteamine
on the surface to produce a hydrophobic monolayer.[172, 198, 199] The decreased
hydrophobic character of the free-standing bulk GaN surface after treatment at 100°C as
compared to that of the surface of thin GaN layer on sapphire is likely due to the formation of
microchips on the surface. The increased surface area (as seen in Figure. 8) promoted
increased water adhesion.
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Figure 12 Water droplets images used for contact angle measurements on free- standing
bulk GaN and thin layer GaN residing on sapphire at different stages of treatment.

2.4.2 Chemical Composition

XPS was used to identify chemical species on the surfaces of both sample sets
throughout the various etch combinations. Figure 13 shows a high resolution Ga2p3/2 scan of
both free-standing bulk GaN and thin layer GaN on sapphire (b) after peak normalization.
Comparing the different treatments performed on the free-standing bulk GaN (Figure 13(a)),
the pristine sample shows the rightmost peak shift to low binding energies. The sample
treatment utilizing phosphoric acid at 40°C promotes peak shifting to higher binding
energies, while the treatment in solution with added cysteamine to the phosphoric acid at the
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same temperature shifts the peak to lower binding energies, although it remains at higher
energy as compared to the peak in the spectrum from the cleaned sample. The same trend is
seen in spectra from the samples treated at 100°C, but to a greater extent. The spectra from
the thin GaN layer on sapphire (Fig. 9(b)) remain largely unchanged by the same treatments,
although the treatment at 100°C in phosphoric acid with cysteamine led to a small shift of the
peak by 0.1 eV, which is the maximum resolution of the XPS.
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Figure 13 XPS Ga2p spectra of free-standing bulk GaN (a) and thin layer GaN residing on
Al2O3 (b). The reported binding energies for Ga2O3, Ga-N, and Ga-Ga are indicated with
dotted lines at 1119, 1117.5, and 1116 eV, respectively.
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A deconvolution procedure of the spectra produced three distinct peaks associated
with Ga-Ga bonding, Ga-N bonding, and gallium oxide (Ga2O3). The Ga-Ga bonding is cited
at 1116 eV,[200, 201] the Ga-N bonding at 1117.5 eV,[202, 203] and the gallium oxide at
1119 eV.[204, 205] The deconvoluted peaks are limited to 60.5 eV of the respective binding
energy to prevent peak overlapping. During the deconvolution procedure, each peak FWHM
was controlled by the Ga-N peak, in such a way that an excessive broadening was prevented.
In most of the spectra, the FWHM was found to vary no more than 0.2 eV across both sample
sets’ treatments. Only the spectrum from the free-standing bulk GaN sample treated in
phosphoric acid at 100°C revealed a noticeably larger FWHM of 0.4 eV, which can be
attributed to an increased oxide formation.[137, 206, 207] Analyzing the oxide formation for
gallium oxide related peaks. It is difficult to resolve the Ga2O peak from the Ga2O3 peak. It is
widely assumed that most gallium tend to form Ga2O3 over Ga2O due to the lower Gibbs free
energy associated with Ga2O3 formation.[208] The gallium oxide is known to lead to a
broadening of the peaks in addition to shifting the peaks to higher binding energies.[137]
Both effects are observed in our spectra. However, the peak shift seen in the spectrum from
the sample treated in phosphoric acid at 100°C (Fig. 9(a)) is beyond the expected binding
energies of gallium oxide and does not correspond to any elements possibly related to the
substrate or solutions used. We note that despite using a charge neutralizer, conductive
copper tape, C1s peak calibration, and limited x-ray exposure, this sample appears to
experience some measure of surface charging. This was likewise seen in other scans of the
same sample, such as Ga3d and N1s, which are not shown.
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A quantitative analysis of the surface composition was performed utilizing the Ga3d
peak for gallium content. The Ga2p peak was not used for quantitative analysis as its electron
attenuation length is shorter than that for the Ga3d (0.7 vs. 2.2 nm),[137, 181] although it
provides superior surface qualification. The areas from pre-normalized spectra (Ga3d, C1s,
N1s, P2p, O1s, S2p) were used to identify surface atomic percentages of both free-standing
bulk GaN and thin GaN layer on sapphire. The results are shown in Tables 4 and 5,
respectively. The gallium auger peaks within the N1s spectra were left out of the
quantification.
Analyzing the data in Table 4 for the free-standing bulk GaN, one can see that
increasing the solution temperature led to a decreased amount of carbon, while the amounts
of oxygen and phosphorous increased. Adding cysteamine to the solution, regardless of the
temperature, led to increased amounts of both nitrogen and gallium. The sample treated in
phosphoric acid at 100°C was determined to experience ~2/3 of its surface covered by
oxygen. Such an amount of oxygen has the potential to shift the Ga2p peak well beyond the
typical binding energies, which may negate some of the charging effects discussed above.
Analyzing the data for the thin GaN layer on sapphire (Table 5), one can see that higher
treatment temperature resulted only in increased amount of phosphorous on the sample
surface. The surface of the sample treated in solution with cysteamine exhibited a lower
carbon content, while nitrogen and gallium contents increased. The oxygen content on the
sample surfaces remained largely unchanged throughout the different treatments as was seen
from Figure 13(b). A comparison of the two samples reveals that the addition of cyteamine
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led to higher nitrogen and gallium contents. The temporary binding of cysteamine is believed
to inhibit oxidation by forming an hydrophobic surface that prevents the contact of water
with gallium,[209] and thus, the GaN surface is passivated and further oxide formation is
halted.[189, 209] We expected that cysteamine may show up in the S2p spectra as the thiol
group readily attaches to the surface.[109] Our inability to observe sulfur is likely due to low
amounts on the surface, which are below the detection limits.

Table 4 Atomic % of surface species on free-standing bulk GaN samples calculated from
XPS data.
Treatment
Cleaned

C

O

N

P

Ga

11.2%

49.7%

15.5%

0.0%

23.6%

40°C H3PO4

36.9%

46.8%

5.1%

2.4%

8.9%

40°C H3PO4
+ Cysteamine

33.2%

47.8%

6.2%

2.5%

10.2%

100°C H3PO4

10.4%

66.1%

2.6%

16.3%

4.6%

100°C H3PO4
+ Cysteamine

18.8%

54.5%

8.6%

4.1%

14.1%
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Table 5 Atomic % of surface species on thin layer GaN residing on sapphire calculated from
XPS data.
Treatment
Cleaned

C
13.5%

O
14.8%

N
29.0%

P
0.0%

Ga
42.8%

40°C H3PO4

60.1%

27.6%

4.0%

0.0%

8.3%

40°C H3PO4
+ Cysteamine

40.1%

19.2%

14.7%

1.4%

24.6%

100°C H3PO4

61.4%

18.5%

3.4%

1.1%

5.7%

100°C H3PO4
+ Cysteamine

50.9%

19.2%

9.9%

2.3%

17.7%

2.4.3 Optical Properties

Photoluminescence was used to identify the effect of different etching procedures on
the optical properties as a result of surface modification. PL spectra taken in the nearbandgap
region (free exciton emission) after each treatment of the free-standing bulk GaN (Figure
14(a)), revealed that the PL intensity of the sample treated in phosphoric acid at 40°C
increased the most. Subsequent treatment at the higher temperature of 100°C led to a
decrease of the PL intensity. The treatments in solutions with added cysteamine led to the
same results, at both temperatures of 40°C and 100°C. PL spectra taken after each treatment
of the thin GaN layer on sapphire (Figure 14(b)) led to a reversed effect, namely the PL
intensities were the most increased in samples treated at the higher temperature of 100°C.
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Figure 14 PL spectra of free-standing bulk GaN (a) and thin layer GaN residing on sapphire
(b) after performing different treatments, as indicated.
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A bar-graph comparison of the PL modifications with changing surface roughness is
surmised in Figure 15. In both types of samples, the addition of cysteamine to the treatment
solution generally limits the total increase in photoluminescence intensity as the amount of
catalyst (phosphoric acid) is decreased (Figure 15(b)). This is consistent with the effect of the
addition of cysteamine on the surface roughening decrease, as revealed by the AFM images
and seen in Figure 15(a), reducing the light extraction and hence decreasing the PL emission.
For thin layer GaN on sapphire, the larger increase in PL response was seen with greater
surface roughening at higher temperature. The concentration of cysteamine on the sample
surface was determined to be low enough to avoid photon adsorption that has been seen with
other surface modifications.[14] What does change is the temperature of phosphoric acid
required to maximize photoluminescence in the different types of samples. It has been shown
that etching increased the photoluminescence as the surface roughness increases the critical
angle for photon escape;[85, 86] however, there is an upper limit as over etching can produce
light scattering and device degradation.[86] The addition of cysteamine at 100°C prevents
over etching, while maximizing photoluminescence for thin GaN layer on sapphire.
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Figure 15 Calculated % difference from RMS roughness (a) and from maximum PL
intensities in Figs. 10(a) and 10(b) versus pristine substrates (b).
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The free-standing bulk GaN appears to be more sensitive to etching than the thin GaN
layer on sapphire. The etchant solution treatment at 40°C resulted in higher PL intensity than
that of the sample treated with 100°C solutions. In addition, the PL intensities from the freestanding bulk GaN sample experienced three times stronger PL intensity than those from the
thin GaN layer on sapphire, which is related to higher crystal quality of the bulk GaN
manifested by the lower dislocation density.[59, 210] We note that all the spectra from the
bulk GaN, in addition to the free exciton emission, also exhibit a shoulder on the low energy
side, which is the longitudinal-optical (LO) phonon replica of the main exciton emission,
usually visible in the room temperature spectra of high-quality GaN.[211] The peak positions
of the free exciton emission from the thin GaN layer on sapphire show a slight blue shift with
respect to the peak position in the free-standing sample due to typical strain related effect in
such thin layers.[212, 213] In addition, the PL spectra of both types of samples also
demonstrated yellow band emissions (not shown), which are characteristic for the presence
of point defect related deep levels in the bandgap in this material.[14, 59, 214]

2.5 Conclusion

In this study, the in situ functionalization of freestanding bulk GaN and thin layer
GaN residing on sapphire with phosphoric acid and cysteamine was analyzed by several
techniques: AFM, water contact angle, XPS, and PL. The effect of the addition of cysteamine
to the etching solution treatment at two temperatures, 40°C and 100°C, resulted in a
decreased surface roughness as compared to the surface morphology of the samples treated in
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solutions of stock phosphoric acid. No significant change was seen in the water contact angle
with adding cysteamine, although the bulk GaN was hydrophilic in nature at increased
solution temperatures. The poor hydrophobic nature of the freestanding bulk GaN revealed
low cysteamine concentration, which still increased the gallium and nitrogen surface
concentration compared to etchant alone. The free-standing bulk GaN demonstrated
hypersensitivity to stock phosphoric acid, which produced increased levels on oxide
formation and stronger PL emission. Our results demonstrate that the addition of cysteamine
promotes increased photoluminescence efficiency, while decreasing the amount of oxide
formation.
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3.1 Abstract

In-situ functionalization of nonpolar a-plane gallium nitride (GaN) surface was
achieved by adding cysteamine to phosphoric acid, aiming to modulate its optical properties.
The emission properties and oxide formation were explored through surface characterization
with atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS),
photoluminescence (PL), and water contact angle. Nonpolar a-plane bulk GaN sample sliced
from a GaN boule and nonpolar a-plane GaN thin layer heteroepitaxially grown on r-plane
sapphire were used to elucidate the effects of in-situ functionalization of identical surface
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orientation of GaN crystals with different defect ensembles. The addition of cysteamine to
the phosphoric acid solution was found to result in: (i) increased surface roughness, (ii) no
change to hydrophobicity, (iii) decreased oxygen content at high solution temperatures and
increased gallium and nitrogen content versus phosphoric acid solutions at similar
temperatures without cysteamine. The in situ functionalization resulted in enhanced PL
intensity from the nonpolar bulk GaN, while the PL intensity from the nonpolar
heteroepitaxially grown GaN layer on sapphire was significantly reduced. The opposite PL
modulation was explained by the effects of different defects present in the two samples on
the nonradiative recombination.

3.2 Introduction

Group-III nitrides have seen use in applications such as blue and UV light emitting
diodes (LEDs),[75, 215, 216] and UV detectors [217] due to the easily modified band gaps in
wide spectral range (0.7–6.1 eV). Most of the currently developed nitride-based devices are
grown along the [0 0 0 1] (c-axis) wurtzite crystallographic direction due to the optimized
high-quality growth on c-plane sapphire (Al2O3) and silicon carbide (SiC) developed over the
years. The major drawback of heterostructures grown along the polar [0 0 0 1] direction is
the presence of the internal polarization-induced electric field which spatially separates the
carriers and reduces the emission efficiency of the LEDs.[75, 218] This problem can be
avoided if the structures are grown in directions perpendicular to the c-axis (so-called a- or
m- directions).[218, 219] Nonpolar (a- or m- plane) GaN can be grown heteroepitaxially on
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r-plane sapphire, a- or m-plane SiC, and γ-LiAlO2, or produced from a GaN boule grown
along the [0 0 0 1] direction by cutting perpendicular to the a- or m- directions.[77] The
heteroepitaxial approach usually leads to a high density of stacking faults (SFs) (∼5 x 105
cm-1) which together with a common high density of threading dislocations (TDs) (∼109 cm2

) significantly deteriorates the structural quality of the material.[77, 219] On the other hand,

nonpolar GaN sliced from boules possesses a threading dislocation density in the range of 5 x
105 – 3 x 106 cm-2 with no SFs. Such bulk GaN substrates have been previously shown to
exhibit better structural and optical properties over heteroepitaxially grown GaN nonpolar
templates, which ensures improved radiative recombination and overall better efficiency of
the light emission devices.
In addition to improvements in GaN crystal quality, surface modifications were
employed to increase device optical properties through techniques such as focused ion beam
(FIB) milling, dry plasma etching, laser assisted grooving, and wet chemical etching.[220]
Though FIB, dry plasma etching, and laser assisted grooving improve final device
performance, thermal damage from plasma and laser techniques [83, 221] as well as kinetic
damage from FIB [222, 223] limit performance and require further processing to remove
structural damage. Wet chemical etching lacks surface damage caused by ablation techniques
and can be employed en masse for scalable production.[220] Wet chemical etching is often
paired with photon assistance from UV sources to improve etching characteristics. [89, 224]
To date, wet chemical etching has been reported for polar GaN [85, 88, 186] and some
nonpolar heteroepitaxial thin layers GaN.[86, 89, 220, 224] For example, hot potassium

66

hydroxide (KOH) was shown to preferentially etch along c-plane directions and increase
optical efficiency for both current injection and photoluminescence for polar GaN [85, 88] as
well as thin layer of nonpolar GaN. [89, 224] Phosphoric acid (H3PO4) is also known to
produce etching effects for polar GaN, [85, 186] but little has been reported for nonpolar
GaN.[81] As etching processes are sensitive to temperature, pressure, time, and
concentration, we hypothesize that the addition of small organic molecules attracted to GaN
will produce unique properties through surface functionalization and control of gallium oxide
(Ga2O3) formation.
In this study cysteamine (NH2CH2CH2SH) and phosphoric acid were used to produce
quantifiable in-situ functionalization of the surface of nonpolar (1 1 -2 0) GaN. GaN has been
reported to etch in the presence of water and a catalyst (phosphoric acid), forming gallium
oxide and ammonia. [189] The manifestation of cysteamine during etching permits control of
oxide reformation through surface capping. The surface morphology was analyzed with
atomic force microscopy (AFM) and water contact angle, while the crystallographic
orientation was analyzed with x-ray diffraction (XRD). The chemical composition was
analyzed via x-ray photoelectron spectroscopy (XPS). The optical properties and their
modulation upon different treatments were quantified with photoluminescence (PL).
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3.3 Materials and methods

3.3.1 Sample Preparation

The GaN samples were grown by hydride-vapor phase epitaxy (HVPE). Two sets of
nonpolar (1 1 -2 0) GaN samples were used for this study. The first set of samples was
prepared from a heteroepitaxial grown GaN layer along the [1 1 -2 0] direction on (1 1 0 -2)
plane sapphire in a conventional horizontal reactor at 1080°C on metal organic vapor phase
epitaxial GaN template layers.[225] The second set of GaN samples was prepared from a
nonpolar bulk wafer grown by HVPE at Kyma Technologies. Boules with 2 in. diameter and
thickness up to 7–8 mm were grown in the [0 0 0 1] direction. Then rectangular bars with
sizes of about 10 mm × 6 mm were sliced parallel to the (1 1 -2 0) plane, followed by
polishing of both sides to form ∼420-µm-thick nonpolar bulk GaN substrate. This was
finished with one-side chemical mechanical polishing (CMP).[225]

Each of the two sets contains five samples with a similar 3 mm × 3 mm square-shape.
All specimens were pretreated with solvent baths of acetone and methanol before being
washed with deionized (DI) water (18.2 MΩ *cm resistivity) and dried with nitrogen. A
100°C hydrochloric acid bath followed by a room temperature hydrofluoric acid bath was
used for oxide removal. The samples were kept in a desiccator under low vacuum.
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3.3.2 Etching

Both sets of GaN samples, thin layer GaN residing on sapphire and bulk GaN
samples, were each split in two subsets, which were treated either in phosphoric acid (Stock
95 vol.% phosphoric acid (Fisher Scientific)) or in 1:1 phosphoric + cysteamine solution
(95% phosphoric acid: 3 mM cysteamine (Sigma–Aldrich)). All samples were etched for 150
min at the two temperatures of 40°C or 100°C and characterized after each treatment.

3.3.3 Characterization

Before etching, samples were analyzed using a Rigaku Geigerflex model D/Max IIA
XRD with MDI DataScan4 software. A Cu K_ (hv = 8047.7 eV) source was excited with an
electron beam of 20 mA accelerated to 25 kV. 1° diffraction slits were used for the
diffraction and scattering slits in union with a 0.6 mm receiving slit and a 0.8 mm receiving
slit monochromator. A (0 0 4) silicon peak (69.13° 2θ) was used to calibrate the Rigaku. The
XRD served primarily as a sample orientation and verification method as both sample sets
appeared transparent. The free-standing GaN samples were distinguished from thin layer
GaN on sapphire by a faint yellow tint. XRD 2θ scans in the range of 30–75° were captured
with a step height of 0.008°. The spectra (not shown here) revealed, as anticipated, a (1 1 0)
GaN reflection, as well as the (2 -2 4) Al2O3 reflection for the samples residing on the r-plane
sapphire.
An Asylum Research Cypher AFM was utilized to take topography images for each
sample after cleaning and after etching. 12-mm-diameter 430 stainless steel discs were used
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to mount samples during imaging. Three random 10 µm x 10 µm locations were imaged on
each sample using a 1 Hz tapping mode. All images were flattened using Igor Pro (Ver. 10.0)
software and averaged to calculate root mean square (RMS) roughness values.
A Ramé-hart Model 200-F4 goniometer equipped with a 28 ga. (AWG) needle was
used to perform water contact angle. Water drops were captured at 2 frames per second for 5
s. The half-angle was then averaged to produce an average contact angle, which was
performed four more times to produce a total sample average. After each test samples were
dried with nitrogen. The water contact angles were captured with DROPImage (Ver. 2.4.07)
software.
A Kratos Axis Ultra XPS utilizing a monochromated Al K_ (hv = 1486.7 eV) source
with charge neutralizer (2.0 A filament current) was used to analyze surface chemistry. A
conductive copper tape was used to mount samples to an aluminum sample holder. Small
energy passes were made for high resolution region scans for C1s (276 - 296 eV), Ga2p
(1110 - 1130 eV), Ga3d (10 - 30 eV), N1s (384 - 408 eV), O1s (524 - 544 eV) P2p (123 143 eV), S2p (152 - 172 eV). These scans were swept 5 times to form average region scans
with a maximum resolution of 0.1 eV. Survey scans were produced by scanning 0 - 1200 eV
and were only scanned once. All scans were performed at 3 x 10-8 Torr and at a 0° take off
angle. Casa XPS (Ver. 2.3.16 PR) was used to deconvolute peaks after calibrating all XPS
spectra to the C1s peak to 284.8 eV, which is associated with adventitious carbon.[144]
Adventitious carbon naturally occurs due to contamination from atmospheric exposure,
which provides a convenient charge reference to identify peak shifting in other species. The
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full-width at half-maximum (FWHM) of deconvoluted peaks was limited to the primary peak
according to a Lorentzian fit after removing the background with a Shirley approximation.
Kratos provided atomic sensitivity factors were utilized for surface quantification. The Ga3d
region area was used to calculate atomic percentages rather than Ga2p due to greater depth
profiling.[191] Ga auger peaks from the N1s spectra were not included in the surface
quantification. All region scans were normalized following quantification.
A Horiba Jobin Yvon LabRam ARAMIS Ramen/PL setup, utilizing a 325 nm HeCd
laser excitation, was used to record photoluminescence spectra at room temperature. The
microscope was aligned to Teflon (middle Raman peak of 1295 cm-1) with a 40x UV
objective at a 2400 grating/minute resolution. The objective height was locked from
calibration to capture spectra from 330 nm to 400 nm. The real time data (RTD) exposure
time, accumulated exposure time, and number of accumulations were 1, 1, and 5,
respectively. 90% filter was used to prevent signal cutoff for the PL of the nonpolar bulk
GaN samples. Each sample was spotted in five random locations to account for surface
variances.

3.4 Results and Discussion

3.4.1 Surface morphology

Figure 16 displays AFM images taken from a nonpolar bulk GaN and a thin layer
GaN residing on sapphire before and after etching with phosphoric acid and cysteamine at
40°C. The bulk nonpolar GaN surface (Figure 16(b)) demonstrates pit formation upon
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treatment with phosphoric acid. The pits (Figure 16(b)) are random in size and shape (no
uniform structure), which is consistent with previous reports in the literature. [86, 89]
Qualitatively, the lack of a smooth surface with symmetric hexagonal pits (associated with
gallium terminated polar structures) as well as hillock or pyramidal features (characteristic of
nitrogen terminated polar GaN) confirms the presence of a uniform surface without polar
orientation. [226-228] For the bulk GaN, the RMS roughness of a cleaned sample was 3.0 ±
1.2 nm, which remained unchanged (2.7 ± 0.1 nm) after etching with phosphoric acid without
cysteamine at 40°C but increased to 5.8 ± 1.2 nm with cysteamine at 40°C. Using a higher
temperature solution of 100°C phosphoric acid, however, led to a significant increase of the
surface roughness up to 23.2 ± 10.9 nm and 22.0 ± 17.7 nm without and with cysteamine,
respectively. The addition of cysteamine was seen to have increased the roughness for the
40°C etchant solution; however, no changes were discernible at higher temperature. The
elevated temperature did increase the overall roughness versus a pristine and lower
temperature treated sample, which confirms active etching at these conditions.
Figure 16(c) and (d) shows AFM images of thin layer a-plane GaN on r-plane
sapphire substrate before and after etching. Qualitatively there is little difference between the
pristine sample (Figure 16(c)) and an etched sample (Figure 16(d)). Triangle-shaped pits
have been previously reported for the heteroepitaxial nonpolar GaN layers on r-plane
sapphire, and the etching produced better defined facets (Figure 16(d)). The surface
roughness of the heteroepitaxial nonpolar layer (93.0 ± 12.0 nm) was more than an order of
magnitude higher than that of the bulk nonpolar GaN (3.0 ± 1.20 nm) and only slightly
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increased (103.3 ± 82.3 nm) upon treatment with phosphoric acid without cysteamine at
40°C. However, adding cysteamine increased the surface roughness by a factor of 2 up to
174.6 ± 36.1 nm, which replicated a similar response from the nonpolar bulk GaN.
Interestingly, increasing the etchant temperature led to an opposite effect, namely a decrease
of the surface roughness by an order of magnitude to 18.6 ± 6.2 nm and 42.2 ± 7.8 nm for
phosphoric acid treatment without and with cysteamine, respectively. The addition of
cysteamine again produced a rougher surface, but the increased etchant temperature produced
a flattening effect. At low temperatures, both sample types show increased sensitivity to
cysteamine addition, which is more likely a result from contamination agglomeration than
any actual increase in pit formation. At elevated temperatures, the etching of the bulk
nonpolar GaN produced an expected increase in surface roughness that is associated with pit
formation. [86, 89] The thin heteroepitaxial nonpolar layer GaN on sapphire behaved
differently due to increased defect density on the untreated sample surface.[80, 229] This
type of thin heteroepitaxial nonpolar layers of GaN has been previously shown in numerous
reports to possess a significant increase in stacking faults (SFs).[79, 225, 230, 231] These
thin nonpolar layer GaN demonstrates increased sensitivity to etching as the phosphoric acid
preferentially reacts with defects. Though the nonpolar surfaces lack the formation of
hexagonal pits or polygonal pyramids seen from gallium or nitrogen terminated polar
surfaces, these nonpolar GaN surfaces showed nonsymmetrical pits characteristic of vgrooves formed along polar directions.[81, 232] Additional etching with KOH and
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phosphoric acid has been shown to produce preferential etching along polarv-groove pits,[81,
86, 89] which, however, was not observed in our experiments.

Figure 16 AFM images of nonpolar a-plane bulk GaN sample (a and b) and thin
heteroepitxaial a-plane layer GaN residing on r-plane sapphire substrate (c and d) before
etching (a and c) and after etching with 40°C phosphoric acid and cysteamine (b and d). The
height scales are 14 nm (a), 17 nm (b), 410 nm (c), and 450 nm (d).

In addition to atomic force microscopy, water contact angle was performed to
understand surface topography through changes in hydrophobicity upon treatments with
varying etching temperatures and solutions. For the bulk nonpolar GaN (Figure 17), the
initial water contact angle following cleaning was 90.0 ± 5.1°. With the use of a 40°C
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phosphoric acid solution the contact angle decreased to 78.2 ± 4.7° and 67.3 ± 6.4° without
and with cysteamine, respectively. Utilizing higher-temperature 100°C solution treatments
without and with cysteamine decreased the water contact angle to 67.8 ± 4.6° and 72.9 ± 8.5°
respectively, which is similar to the effect of 40°C solution treatments. The thin
heteroepitaxial nonpolar layer GaN on r-plane sapphire demonstrated a similar response. In a
pristine state, the thin layer GaN produced a water contact angle of 92.9 ± 3.0°. With 40°C
phosphoric acid without cysteamine the water contact angle was found to be 84.3 ± 6.1°,
whereas the addition of cysteamine produced a similar 85.8 ± 4.8° water contact angle. Using
the 100°C phosphoric acid without and with cysteamine formed contact angles of 71.8 ± 4.0°
and 65.1 ± 5.4°respectively. In both cases (bulk GaN and thin layer GaN on sapphire), the
use of an etchant (both with and without cysteamine) decreased the hydrophobicity. It is well
known that clean III-V materials demonstrate hydrophobic characteristics.[196, 197] The
increased roughness, as revealed by AFM imaging (Figure 16), represents an increase in the
surface area of pits and hence, regions for water to flow into. However, the decrease in RMS
roughness for the thin nonpolar layer GaN on sapphire etched with 100°C solutions does not
correspond to an increase in water contact angle. This is most likely due to the surface
flattening through an increased number of pits, whereas the 40°C etchants expanded existing
pits. The use of cysteamine produced no difference (within the standard deviation) between
etchant solutions at identical temperatures and did not increase hydrophobicity that is seen at
high cysteamine concentrations in agreement with previous studies.[172, 198, 199]
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Figure 17 Water droplets images used for contact angle measurements on nonpolar a-plane
bulk GaN and thin heteroepitaxial a-plane layer GaN residing on r-plane sapphire at different
stages of treatment.

3.4.2 Chemical composition

Figure 18 shows high resolution Ga2p3/2 spectra of both bulk nonpolar GaN (a) and
thin heteroepitaxial a-plane layer GaN on r-plane sapphire substrate (b) after peak
normalization. Comparing only the bulk nonpolar GaN species, the pristine sample (Figure
18(a)) exhibited the right-most shifted peak toward lower binding energies (black line). The
use of phosphoric acid treatment promoted increased peak shifting to higher binding energies
at both 40°Cand 100°C solutions with greater shift at 100°C. The addition of cysteamine also
led to a shift of the peaks to higher binding energies, as compared to the peak position in the
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spectra from the pristine, but not to the extent of the pure phosphoric acid treatment effect.
The 100°C phosphoric acid with cysteamine solution treatment produced a similar effect of
increase in binding energies as the treatment in 40°C phosphoric acid with cysteamine. A
similar trend is seen for thin nonpolar GaN layer on sapphire (Figure 18(b)). The treatment at
40°C solution without cysteamine led to a greater shift to higher binding energies than the
etchant solution treatment with cysteamine. Unlike the bulk nonpolar GaN, the 100°C
solution treatments did not lead to as large of a shift as their 40°C counterparts, although the
trend of lower binding energy with cysteamine vs. without cysteamine remained consistent.
Other than 40°C phosphoric acid with cysteamine for the bulk GaN, the binding energy was
increased as compared to the pristine stage. For the treatment with 40°C phosphoric acid with
cysteamine, the peak shift was found less than the spectral resolution of the XPS (0.1 eV).

77

Figure 18 XPS Ga2p spectra of nonpolar a-plane bulk GaN (a) and thin heteroepitaxial aplane layer GaN residing on r-plane Al2O3 (b). The reported energies for Ga2O3, Ga-N, and
Ga-Ga are indicated with dotted lines at 1119.0, 1117.5, and 1116.0 eV respectively.
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Three distinct peaks associated with Ga-Ga bonding, Ga-N bonding, and gallium
oxide formation (Ga2O3) were identified by deconvolution of the Ga2p3/2 peak in the XPS
spectra. Gallium oxide (blue) is reported to have a binding energy of 1119.0 eV,[204, 205]
the Ga-N bonding (red) is reported to be at 1117.5 eV, [59, 209] and the Ga-Ga bonding
(green) is reported to reside around 1116.0 eV. [200, 201] A potential formation of additional
gallium oxide species (Ga2O) could not be resolved from the dominant Ga2O3 peak but the
Ga2O formation is less likely as the Ga2O3 has a lower Gibbs free energy of formation and
thus appears to be the more stable species.[208] The FWHM of the deconvoluted peaks were
controlled by the FWHM of the primary Ga-N species peak to prevent unreasonable
broadening. The FWHM of the peaks from the bulk nonpolar GaN had a maximum variance
of 0.34 eV, while the FWHM of the peaks from the thin nonpolar layer GaN on sapphire
showed a maximum variation of 0.13 eV. The formation of gallium oxide is known to cause
a peak broadening as well as a peak shift to higher energies.[137, 206, 207] In addition to
controlling the FWHM, the energies were bound to less than ± 0.5 eV from the reported
binding energies in order to prevent peak overlapping and thus, avoiding imaginary peaks.
A quantitative analysis of surface composition after various treatments in phosphoric
acid solutions with and without cysteamine was performed and the results are shown in
Tables 6 and 7. The Ga2p3/2 peak provides excellent surface qualification; however, the
shorter attenuation length (0.7 nm) limits a holistic understanding of chemical
composition.[137, 181] Hence the Ga3d peak (with an attenuation length of 2.2 nm) was
utilized for atomic % calculations. [137, 181] Along with the Ga3d peak, the amount of

79

carbon, oxygen, sulfur, phosphorous, and nitrogen were calculated with areas from prenormalized C1s, O1s, S2p, P2p, and N1s peaks with gallium auger peaks from the N1s
spectra being excluded.
For the bulk nonpolar GaN samples (Table 6), the use of any etchant led to an
increase of the amount of carbon contamination due to environmental exposure and handling.
The treatment in 40°C solutions with adding cysteamine led to increased amount of surface
oxygen, while decreasing the amount of surface nitrogen and gallium. The 100°C phosphoric
acid without cysteamine treatment produced both higher amounts of oxygen and carbon, but
decreased amounts of nitrogen and gallium. For the thin nonpolar layer GaN on r-plane
sapphire (Table 7) the treatments led to similar responses as for the bulk nonpolar GaN at
both solution temperatures. In addition, both etchants with and without cysteamine decreased
the amount of oxygen, increased the amount of gallium, and increased (or equaled, as in the
case for 40°C solution) the amount of nitrogen. The bulk nonpolar GaN demonstrated a
higher sensitivity to oxide formation (Figure 18(a)) as compared to that of the thin nonpolar
layer GaN. The use of etchants in both cases decreased the surface nitrogen and gallium
content, which is expected via the formation of surface oxides and contamination via carbon
or residual phosphoric acid. The use of cysteamine reduced the amount of oxide formation
for all solutions except for the case of 40°C etching of the bulk nonpolar GaN. As the surface
roughness remainedunchanged upon treatment, no measurable amount of etching took place,
which prevented surface passivation by cysteamine.[189, 209] The atomic % of sulfur was
not shown as the amount of cysteamine on the surface was below the detection limits of the
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XPS. This is consistent with the results from water contact angle measurements, showing no
increase of hydrophobicity with the addition of 3 mM of cysteamine to the etchant solutions.

Table 6 Atomic % of surface species on nonpolar a-plane bulk GaN samples calculated from
XPS data.
Treatment
Pristine

C
24.7%

O
39.3%

N
15.8%

P
0.0%

Ga
20.2%

40°C H3PO4

44.7%

44.0%

4.3%

0.8%

6.2%

40°C H3PO4
+ Cysteamine

31.3%

55.8%

2.4%

6.8%

3.8%

100°C H3PO4

48.2%

39.9%

3.0%

3.9%

4.9%

100°C H3PO4
+ Cysteamine

39.2%

38.6%

6.2%

3.7%

12.2%

Table 7 Atomic % of surface species on thin heteroepitaxial a-plane layer GaN residing on rplane sapphire calculated from XPS data.
Treatment
Pristine

C
39.3%

O
19.9%

N
16.1%

P
0.0%

Ga
24.8%

40°C H3PO4

49.7%

26.9%

7.9%

3.1%

12.5%

40°C H3PO4
+ Cysteamine

55.1%

21.3%

7.9%

2.3%

13.4%

100°C H3PO4

65.1%

17.9%

4.8%

2.8%

9.4%

100°C H3PO4
+ Cysteamine

53.3%

17.3%

10.1%

3.4%

15.9%
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3.4.3 Optical Properties

Photoluminescence spectra were taken in the near-bandgap region, dominated by free
exciton emission at room temperature, which aimed to identify the effects of different etching
methods on optical properties. For the bulk nonpolar GaN all surface treatments resulted in
an increase of the PL intensity as seen in Figure 19(a). The 100°C treatments resulted in a
greater increase in photoluminescence intensity as compared to that of the sample treated in
the 40°C solutions. The addition of cysteamine to the etching solution led to increased
photoluminescence at both temperatures as compared to the pristine, although the pure
phosphoric acid solution etching showed stronger relative increase. Surprisingly the
treatments of the thin nonpolar layer GaN on r-plane sapphire (Figure 19(b)) demonstrated
the opposite effects in all cases. The treatments in both phosphoric acid solutions with and
without cysteamine led to a decrease of the photoluminescence intensity with stronger
effectat higher temperature. In all tests, the addition of cysteamine led to a reduced effect on
the PL intensity as compared to the effect of etching without the cysteamine.
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Figure 19 PL spectra of nonpolar a-plane bulk GaN (a) and thin heteroepitaxial non-polar aplane layer GaN residing on r-plane sapphire (b) after performing different treatments, as
indicated.
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Figure 20 shows a bar-chart representation of PL intensities modulation compared to
the respective non-etched samples. One can clearly see the opposite treatments effects on the
optical properties of the bulk nonpolar GaN (as shown by the gray bars) and of the thin
heteroepitaxial GaN layer (as shown by the red bars). The limited effects of adding the
cysteamine can also be seen for both samples and for any respective treatment without the
cysteamine. In addition, the modulation of the PL intensity of the bulk nonpolar GaN by all
the treatments was significantly stronger (50–300%) than the PL modulation of the thin
nonpolar layer (20–45%).

Figure 20 Calculated % difference from maximum PL intensities in Figure 19 (a and b)
versus pristine substrates.
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It is also important to point out that the PL intensities of the bulk nonpolar GaN was
significantly stronger than the intensities in the PL spectra from the thin nonpolar layer GaN,
and had to be controlled with a filter. The stronger signal response and sensitivity to
treatments stems from the higher crystal quality of the bulk GaN manifested by significantly
smaller amounts of dislocations related to nonradiative recombination.[59, 233] The high
quality of the bulk GaN is confirmed by the shoulder on the lower energy side of the exciton
peak (Figure 19(a)) that is characteristic of longitudinal-optical (LO) phonon replicas seen at
room temperature PL.[211]
The thin nonpolar GaN heteroepitaxially grown on r-plane sapphire is characterized
by rougher morphology (as shown in Figure 16(c)), high dislocation density in the range of
109 cm-2 and high SF density in the range of 105 cm-1. The SF defects are characteristic only
for the nonpolar heteroepitaxial thin layer and not for the bulk nonpolar sample.[225]
Considering the identical modulation effects of the chemical treatments of the two samples
with respect to the chemical composition and oxide formation it is clear that the opposite
effects on the PL response is related to the specific defects on the surface and near-surface
region of the thin layer exposed to the laser excitation. All of the defects listed above
contribute to nonradiative recombination. The etching treatment is known to be more
effective in the vicinity of the dislocations intersecting the surface and the pit with facets of
different orientations. This enhanced etching results in increasing the defect areas and thus
the density of the nonradiative recombination centers. The cysteamine adding to the etching
solutions contributes to the surface passivation of some of the surface donor/acceptor centers
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and thus, depresses the nonradiative surface recombination which partly compensates for the
etching effect. While the etching effect in vicinity of high defect density seems to be the
dominating effect in thin nonpolar GaN layer, this effect is much less evident in the bulk
GaN sample in absence of such prominent defects.
We also stress on the fact that despite the different effect of the chemical treatments
on the optical response in the two types of samples, they both are significantly pronounced.
Our results clearly demonstrate the modulation of optical properties by the in-situ
functionalization with phosphoric acid with or without cysteamine, due to the high sensitivity
of the GaN nonpolar surfaces toward these chemical spices and have the potential to be
utilized in variety of sensing approaches.

3.5 Conclusion

In this study AFM, water contact angle, XPS, and PL were utilized to characterize insitu functionalization with phosphoric acid and cysteamine of nonpolar bulk GaN and
heteroepitaxial thin layer GaN residing on sapphire. Cysteamine added to phosphoric acid
solutions at 40°C and 100°C resulted either in no change or a slight increase in surface
roughness compared to samples treated with stock phosphoric acid solutions. As only 3 mM
of cysteamine was used, no significant change in the water contact angle was observed
versus solutions without cysteamine. The change in water contact angle did decrease with
increasing solution temperatures. The low amount of cysteamine was confirmed with the
inability to detect sulfur from the thiol group in the XPS spectra. Despite the low
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concentration, cysteamine added did decrease the amount of oxygen formed at high
temperatures and improved the amount of surface gallium and nitrogen species. The in-situ
functionalization was shown to modulate the PL response of both types of nonpolar GaN due
to high sensitivity of this surface to the chemical exposure. The enhanced PL intensity from
the nonpolar bulk GaN, observed after all the treatments, was explained by the depressed
nonradiative recombination due to oxide formation, while the reduced PL intensity from the
nonpolar GaN layer heteroepitaxially grown on r-plane sapphire was explained by the higher
density of defects present in this type of material and their enhanced effect on the
nonradiative recombination upon chemical treatments.
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4.1 Abstract

In situ functionalization of polar (c plane) and nonpolar (a plane) gallium nitride
(GaN) was performed by adding (3-bromopropyl) phosphonic acid or propyl phosphonic acid
to a phosphoric acid etch. The target was to modulate the emission properties and oxide
formation of GaN, which was explored through surface characterization with atomic force
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microscopy, X-ray photoelectron spectroscopy, photoluminescence (PL), inductively coupled
plasma−mass spectrometry, and water contact angle. The use of (3-bromopropyl) phosphonic
acid and propyl phosphonic acid in phosphoric acid demonstrated lower amounts of gallium
oxide formation and greater hydrophobicity for both sample sets, while also improving PL
emission of polar GaN samples. In addition to crystal orientation, growth-related factors such
as defect density in bulk GaN versus thin GaN films residing on sapphire substrates were
investigated as well as their responses to in situ functionalization. Thin nonpolar GaN layers
were the most sensitive to etching treatments due in part to higher defect densities (stacking
faults and threading dislocations), which accounts for large surface depressions. High-quality
GaN (both free-standing bulk polar and bulk nonpolar) demonstrated increased sensitivity to
oxide formation. Room-temperature PL stands out as an excellent technique to identify
nonradiative recombination as observed in the spectra of heteroepitaxially grown GaN
samples. The chemical methods applied to tune optical and physical properties of GaN
provide a quantitative framework for future novel chemical and biochemical sensor
development.

4.2 Introduction

Surface functionalization of III−V semiconductors has gained recent attention due to
the ability to tailor optical [13, 234-236] and electrical responses [236, 237] as well as
physical properties [130, 237, 238] and chemical signatures of semiconducting materials with
tailored surface chemistry.[129, 130, 239] The tunable band gaps and unique crystallographic
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features provided by III−V semiconductors paired with distinctive surface platforms offers
the ability to form a wide array of sensing applications through the binding and release of
analytes from surface groups. Examples include functionalized transistors for the detection of
ions through a lipid bilayer [240] or DNA/protein detection via bound gold
nanoparticles.[241] GaN has shown unique properties such as high chemical stability [172]
and biocompatibility,[173] particularly over gallium phosphide [242] and gallium
arsenide,[243] which make it a prime candidate for biological sensors.[179] GaN can be
grown along different crystallographic orientations to provide variable sets of binding
locations. Polar GaN (c plane within a wurtzite crystal structure) is defined by either a
gallium or nitrogen terminated surface that is readily grown using a variety of substrates and
techniques. Due to the offset of gallium and nitrogen atoms, an internal polarization-induced
electric field is formed, which has been shown to reduce device emission efficiency due to
the spatial separation of charge carriers.[75] To address this, GaN has been grown along
different crystallographic orientations such as a or m planes to eliminate spontaneous
polarization. These planes are termed nonpolar and are characterized with an equal number
of surface gallium and nitrogen atoms. This in turn prevents the formation of polarizationinduced electrical fields. Other orientations exist (known as semipolar), which possess
varying degrees of spontaneous polarization.
Though the crystal orientation provides exciting potential for tunable properties,
growth of high quality substrates, particularly for orientations not in the [0001] direction, is
associated with unique challenges. Traditional growth of nonpolar GaN relied on
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heteroeptixial growth of thin layers of GaN on r plane sapphire, a or m plane SiC, or γLiAlO2,18 which leads to high stacking fault densities and partial dislocations from lattice
mismatch. In order to reduce defects, GaN substrates are grown in thick layers and cut
according to desired orientation. Through this growth and slice process, threading
dislocations have been decreased 3 - 4 orders of magnitude compared to thin-layer
heteroepitaxial nonpolar GaN. This method provides a high-quality surface for device
fabrication by the absence of stacking faults, pits, and other defects.[77] Due to these
challenges associated with the growth of the high-quality material, any additional strategies
that permit modulation of the GaN properties can be of use for applications such as sensing.
In this study, in situ functionalization of polar (c plane) and nonpolar (a plane) GaN
was achieved by adding (3-bromopropyl) phosphonic acid (BrC3H6PO(OH)2) or propyl
phosphonic acid (C3H7PO(OH)2) to a phosphoric acid (H3PO4) etch, which aimed to
modulate the optical properties of GaN. Wet chemical etching provides an efficient method
to modulate bulk properties such as surface roughness and luminescence.[86] Etchants of
GaN include phosphoric acid, potassium hydroxide, and sulfuric acid, which preferentially
attack regions of high energy such as surface defects.[85] GaN is known to react to etchants
through the formation of gallium oxide: 2GaN + 3H2O → Ga2O3 + 2NH3. The etchant
(phosphoric acid) acts as the catalyst through which water reacts with gallium and removes
gallium oxide into solution.[85] The concentration, time, pressure, and temperature all
control the degree of etching, which was limited to concentration and temperature for this
study. The addition of phosphonic acid serves to stabilize the surface, alter the optical
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properties, and promote functionalization sites.[130] Phosphonic acid has been used in
biosensing for pesticide detection [244] as well as a carbon dioxide quantification.[245] By
adding phosphonic acid to phosphoric acid, we seek to modify the optical properties of GaN,
while simultaneously controlling the degree of oxide formation to avoid over etching. This
one-step approach promises to reduce device fabrication time by combining both etching and
functionalization processes into a single step for future sensor applications. We believe this
to be the first study performed utilizing short-chained phosphonic acids as a means to modify
the GaN surfaces. The emission properties and oxide formation were explored through
surface characterization (atomic force microscopy (AFM) and water contact angle), chemical
characterization (X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma−mass spectrometry (ICP-MS)), and optical characterization (photoluminescence
(PL)). In addition to observing phosphonic acid functionalization on GaN, the effects of
crystal orientation and growth related factors such as defect density in bulk GaN versus thin
GaN films residing on a sapphire substrate were also investigated.

4.3 Experimental Methods

4.3.1 Sample Preparation

Polar (0 0 0 1) and nonpolar (1 1 -2 0) GaN was grown by hydride vapor phase
epitaxy (HVPE). Two types of polar GaN samples were studied, thin heteroepitaxial GaN
layer and bulk free-standing GaN. The thin polar GaN layer with a thickness of ∼1.5 μm was
grown on 330 μm thick sapphire. This type of GaN material is characterized with a high
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dislocation density of about 8 x 109 to 1 x 1010 cm-2.[190] The bulk free-standing polar GaN
was grown to approximately 1 mm thickness and separated from the sapphire substrate
before undergoing polishing on both sides to achieve a 374 μm thick free-standing GaN
sample with a dislocation density around 5 x 105 to 1 x 106 cm-2.[190] The as-grown Ga face
was subjected to chemically mechanically polishing (CMP) prior to dicing. Two sets of
nonpolar GaN samples were also evaluated: a heteroepitaxial thin layer and a bulk sample.
The thin a plane nonpolar GaN layer was grown at 1080°C on a metal organic vapor phase
epitaxial (MOVPE) (1 1 -2 0) GaN template on r plane (1 1 0 -2) sapphire. The bulk a plane
nonpolar GaN sample was diced from a thick GaN boule grown on 2 in. diameter sapphire
wafers to a thickness of 7 - 8 mm in the [0 0 0 1] direction.[225] Rectangular bars of 10 × 6
mm2 were diced perpendicular to the boule surface, parallel to the (1 1 -2 0) plane, and were
polished on both sides to form ∼420 μm thick nonpolar bulk GaN substrates.[225] CMP was

performed on one side only.

All samples were diced into 3 x 3 mm2 squares, degreased in solvent baths of acetone
and methanol, and rinsed with deionized (DI) water (18.2 MΩ*cm resistivity). Samples were
then dried with nitrogen before being dipped into a 100°C 50/50 vol % H2O/hydrochloric
acid (Fisher Scientific, 35−38 vol %) solution for 10 min to remove native oxide, rinsed,
dried, and dipped into hydrofluoric acid (Sigma Aldrich, 48 vol %). Once rinsed and dried,
samples were stored in a desiccator under low vacuum.
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4.3.2 Etching

Each of the four types of GaN samples were split into three groups for different
chemical treatments: (i) phosphoric acid (Fisher Scientific, 95 vol %); (ii) a 1:1, v/v
phosphoric acid/3 mM (3- bromopropyl) phosphonic acid (Sigma−Aldrich, 97%) solution;
and (iii) a 1:1, v/v phosphoric acid/3 mM propyl phosphonic acid (Sigma−Aldrich, 95%)
solution. All samples were etched for 150 min at the temperatures of 40 or 100°C and
characterized after each treatment.

4.3.3 Characterization.

A Rigaku Geigerflex model D/Max IIA X-ray diffraction (XRD) system with a Cu
Kα (hv = 8047.7 eV) source was used to verify crystal orientation and configuration. It was
equipped with 1° diffraction slits on both diffraction and scattering sides in conjunction with
a 0.6 mm receiving slit and a 0.8 mm receiving slit monochromator. A (0 0 4) silicon peak
(69.13° 2θ) was used for calibration. XRD 2θ scans in the range 30 - 75° were captured with
a step size of 0.008°. The spectra (not shown here) revealed, as anticipated, only two peaks
((0 0 2) and (0 0 4)) for bulk free-standing polar GaN but an extra peak associated with (0 0
6) sapphire reflection for the thin-layer heteroepitaxial polar GaN spectra. For nonpolar
samples, the (1 1 0) GaN reflection was seen as well as the (2 -2 4) Al2O3 reflection for the
samples residing on the r plane sapphire. All the spectra were analyzed using MDI
DataScan4 software. The control groups were characterized before and after etching using
the following techniques.
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A Cypher AFM by Asylum Research was employed to take topography images for
each sample with Veeco aluminum-coated SiN tips. 12 mm diameter 430 stainless steel discs
were used to mount samples during imaging. Three random 10 x 10 μm2 locations were
imaged on each sample using a 1 Hz frequency. All images were flattened via Igor Pro (v.
10.0) software and averaged to calculate root mean-square (rms) roughness values.
A model 200-F4 goniometer by Ramé-hart was equipped with a 28 ga. (AWG) needle
to perform water contact angle measurements. Water drops were captured at 2 frames per
second for 5 s. This was performed five times per sample. The half angles were averaged
together and then averaged across the repeated tests to produce a cumulative sample average.
Nitrogen was used to dry the samples after each test. The water contact angles were captured
with DROPImage (v. 2.4.07) software.
An Axis Ultra XPS by Kratos utilizing a monochromated Al Kα (hv = 1486.7 eV)
source with charge neutralizer (2.0 filament current) examined surface chemistry. Copper
tape was used to mount samples to an aluminum sample holder. Pass energies of 20 eV
produced high resolution region scans (Br3d, C1s, Ga2p, Ga3d, N1s, O1s, P2p, and S2p) that
were swept five times to form final average region scans. Survey scans were produced with
160 eV pass energies and were only scanned once. All scans were performed at 3 × 10−8
Torr and at a 0°, 45°, and 60° take off angles. Deconvolution of high-resolution region scans
were performed with Casa XPS (v. 2.3.16 PR) after calibrating the C1s peak to 284.8
eV.[144] The full-width at half-maximum (FWHM) of deconvoluted peaks was limited to the
strongest peak according to a Lorentzian fit after removing the background with a Shirley
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approximation. Kratos provided atomic sensitivity factors were utilized for surface
quantification. The deconvoluted Ga2p peaks were used to calculate atomic percentages
(average of the three take off angles) rather than Ga3d due to more surface sensitive depth
profiling.[191] Nitrogen content was quantified after removing contributions from Ga auger
peaks from the N1s spectra. All region scans were normalized following quantification.
A Jobin Yvon LabRam ARAMIS Raman/PL setup by Horiba was used to record
photoluminescence spectra at room temperature with a 325 nm HeCd laser. The microscope
was calibrated to Teflon (Raman peak of 1295 cm-1) with a 40x UV objective at 2400
grating/min resolution. The objective height was locked from calibration to capture spectra
from 330 to 400 nm. The real time data (RTD) exposure time, accumulated exposure time,
and filters were varied to prevent signal cutoff. The RTD, exposure time, and filter were 5, 2,
and 30% for polar bulk free-standing GaN; 5, 2, and 0% for thin-layer polar GaN; 1, 1, and
90% for bulk nonpolar GaN; and 1, 1, and 0% for thin-layer nonpolar GaN.
An 820 ICP-MS spectrometer by Varian was used to identify leaching of gallium
from four individual bulk free-standing polar GaN samples. Samples were functionalized
with 40 °C (3-bromopropyl) phosphonic acid in phosphoric acid and steeped in 1.5 mL of DI
water, physiological saline solution (0.9 g NaCl/100 mL H2O), physiological saline solution
with 10 vol % H2O2, and 0.1 M sodium acetate (pHs 7.9, 4.7, 3.8, and 5.0, respectively)
solutions for 7 days. Samples were removed from solution, cleaned as previously described,
etched in 40 °C phosphoric acid, and dunked into fresh solutions for 7 days. Gallium
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concentration calibration was performed via monitoring gallium 69 with a linear fit against
random samplings.

4.4 Results and Discussion

4.4.1 Surface Morphology

Topography images of GaN were taken to qualitatively assess the effects of etching
and functionalization. Thin polar GaN layer residing on sapphire shows a hillock structure
that lacked surface pits (see the Supporting Information).[189] Free-standing bulk polar GaN
on the other hand has multifaceted pit formation, which is associated with nonfully
coalescent intentionally introduced pits at the interface, aiming to reduce to strain and to
assist the self-separation.[233] Throughout the treatments, little changes in surface
topography are seen other than surface contamination. This was confirmed with surface rms
roughness data (Supporting Information), revealing almost no morphology difference
between treatments with and without phosphonic acid additives.
The nonpolar bulk GaN displays a smooth surface relative to that of thin-layer
heteroepitaxial GaN, which is characterized by pits. Unlike the free-standing bulk polar GaN,
the nonpolar GaN surface of the thin layer is characterized by deep diamond shaped pits and
v-grooves, which are characteristic of stacking faults manifesting themselves through partial
dislocations along polar directions.[79, 81, 225] These grooves are essentially a side view of
uniformly shaped polygonal pits seen from the polar GaN.[246] No correlation is discernible
between etchant temperatures or composition, as treatments resulted in relatively smooth

97

surfaces. As evaluation spots were selected randomly across the sample, it is likely that
images may show unusual smooth regions. It should be noted that the v-grooves and pits did
not increase in length as treatments were relatively mild (not long enough or hot enough) to
promote preferential etching as seen elsewhere.[81, 86, 89] The thin heteroepitaxial nonpolar
GaN layer demonstrated a greatest surface roughness due to a higher density of stacking
faults and associated partial dislocations that is common with this growth technique.[225]
Due to the large standard deviation across the sample sets, no clear correlation can be
made regarding the effect of the phosphonic acid attachment on the surface roughness.
Longer chained phosphonic acids altered a smooth solid gallium surface by only 0.06 nm;
hence, any significance is likely lost in the noise as short-chained phosphonic acid groups
were utilized within this study.[237]

4.4.2 Hydrophobicity

Water hydrophobicity is used as a measurable quality for surface functionalization of
materials. For GaN, an oxide-deficient surface demonstrates hydrophobic characteristics,
while hydrophilic characteristics reveal an oxide layer.[130] Additionally, self-assembled
monolayers bestow hydrophobic properties upon a surface with sufficient coverage. The
nonpolar GaN samples (Supporting Information) demonstrate hydrophobic characteristics
that have been reported for cleaned gallium compounds.[196, 197, 238] The polar GaN
produces a comparable degree of hydrophobicity to that reported for nonpolar GaN and solid
gallium but fall short of the degree of hydrophobicity seen from polar GaN samples within
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this study.[237] Pristine samples show water contact angles larger than those on samples
following 40 and 100°C treatments without phosphonic acid additives, which is consistent
regardless of sample orientation or quality. This indicates the formation of an oxide layer,
formed during the etch process. The addition of phosphonic acids to phosphoric acid resulted
in contact angles more similar to those on pristine samples, which were greater than the
angles seen on samples having only been treated with 40°C phosphoric acid. Further
increasing the etchant temperature to 100°C led to a similar effect to that of 40°C solution
treatment but not always. The use of 3 mM short alkyl chained phosphonic acid groups for a
maximum 150 min at high temperature may result in a limited formation of uniform layer on
the surface. Other reports have shown that increased time [237] and decreased temperature
[238] resulted in larger contact angles. In comparison to the literature, shorter alkyl chains
are less likely to form complete monolayers due to decreased van der Waals interactions
between the chains and decreased steric hindrance between the water molecules and the
substrate surface.[130] The formation of phosphonic-based monolayers requires water as a
base for surface hydroxyl ions, water molecules, and oxides that assist in the formation of the
monolayers.[129, 131, 239, 247]

4.4.3 Chemical Composition

To identify the surface species contributing to the changes in hydrophobicity, XPS
was employed. The technique allowed us to probe the surface with high sensitivity. Figures
17 and 18 show high-resolution Ga2p spectra of polar and nonpolar GaN samples,
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respectively. The deconvolution of XPS spectra provides a way to examine individual
species formed within a single peak that is lost with peak shifting interpretation. This was
performed by breaking the Ga2p3/2 peak into three distinct regions associated with Ga-Ga
bonding, Ga-N bonding, and gallium oxide formation (Ga2O3). The Ga-Ga bonding was
reported to have binding energies around 1116.0 eV,[200, 201] the Ga-N bonding was
reported to reside near 1118.0 eV,[248, 249] and the gallium oxide peak was reported to
reside near 1119.5 eV.[248] The three respective peaks are colored green, red, and blue to
better distinguish each species, while the black line represents the raw signal. In order to
avoid the individual peaks from overlapping, additional constraints were placed. Hence, each
deconvoluted species binding energy was given a limited ± 0.25 eV tolerance to ensure no
unusual shifting. This agrees with values seen within the literature. An additional gallium
oxide species (Ga2O) is known to form during reactions but could not be resolved from the
dominant Ga2O3 peak. As the Ga2O formation is less thermodynamically stable, it is unlikely
to be the dominant gallium oxide signal due to its instability.[208] The FWHM of the
deconvoluted peaks was controlled by the FWHM of the primary Ga-N species peak to
prevent unreasonable broadening. The FWHM of the peaks from bulk free-standing polar
GaN showed a maximum variance of 0.336 eV, 0.053 eV for thin-layer polar GaN, 0.131 eV
for bulk nonpolar GaN, and 0.273 eV for thin nonpolar layer GaN on sapphire. The entire
FWHM analysis can be seen in the Supporting Information. The formation of gallium oxide
is known to cause a peak broadening as well as a peak shifting to higher energies; however, it
is distinguishable from other species.[137, 206, 207]
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Figure 21a,b shows high-resolution Ga2p3/2 spectra of freestanding bulk polar GaN
and thin heteroepitaxial c plane layer GaN on sapphire, respectively. The bulk free-standing
polar GaN demonstrated higher sensitivity to the treatments, as compared to that of the thin
GaN layer, manifested by a significant shifting of the XPS peaks toward higher binding
energies (resulting from the formation of oxide species represented in blue). The 100°C
phosphoric acid treatment led to the greatest amount of oxide formation while a clean
substrate demonstrated the least amount of oxide for bulk polar GaN. By adding phosphonic
acid, the amount of oxide formation was decreased at both treatment temperatures with (3bromopropyl) phosphonic acid having a greater effect than that of the propyl phosphonic
acid. This trend was not seen for thin-layer heteroeptixial polar GaN, which demonstrated
minimal shifting to higher binding energies. Propyl phosphonic acid assisted phosphoric acid
solutions treatment led to minor shifting at high temperatures and no shifting at lower
temperatures.
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Figure 21 XPS Ga2p spectra of (a) polar c plane free-standing bulk GaN and (b) thin
heteroepitaxial c plane layer GaN residing on c plane Al2O3. The reported binding energies
for Ga2O3, Ga-N, and Ga-Ga are indicated with dotted lines at 1119.5, 1118.0, and 1116.0
eV, respectively.
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High-resolution Ga2p3/2 spectra for nonpolar GaN samples, shown in Figure 22,
display similar characteristics to those shown for polar samples in Figure 21. Treatments with
phosphoric acid only promote increased gallium oxide formation, while the addition of
phosphonic acid to the phosphoric acid etch limits this formation. Similar to the spectra from
the thin polar GaN layer, minimal shifting was seen for other treatments. Overall, nonpolar
bulk GaN demonstrates a decreased sensitivity to oxide formation than polar bulk GaN,
while the thin-layer versions remain relatively unresponsive to different treatments. The
increased gallium content for the polar bulk GaN may be responsible for this increased oxide
formation as there are more gallium atoms readily available for reactions. The indifference of
the thin-layer GaN versions is likely to be a result from the substrate interaction and
stabilization on the GaN film. It should be noted that peak shifting is limited to the 0.1 eV
resolution of the XPS.
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Figure 22 XPS Ga2p spectra of (a) nonpolar a plane bulk GaN and (b) thin heteroepitaxial a
plane layer GaN residing on r plane Al2O3. The reported binding energies for Ga2O3, Ga-N,
and Ga-Ga are indicated with dotted lines at 1119.5, 1118.0, and 1116.0 eV, respectively.
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Quantitative analysis of the ratios of gallium oxide to other species can be seen in
Table 8, represented by the ratio of the respective peak integral area. For the polar bulk freestanding GaN, treatments in 40 and 100°C phosphoric acid led to the most gallium oxide to
other gallium binding species. This is consistent with previous studies where unprotected
gallium nitride surfaces undergo extensive oxidation.[208] The addition of phosphonic acid
limits the formation of additional oxide layers as binding of phosphonic acid prevents
subsequent attack of gallium to form more gallium oxide. This can be seen when comparing
the Ga2p to Ga3d Ga/O ratio (Supporting Information), with the exception of 40°C
phosphoric acid for bulk free-standing polar GaN. Without an oxide layer, phosphonic acid
cannot bind to a surface,[129, 246] which in turn limits the stability of the oxide layer under
harsh environments. Direct phosphonic acid attachment was manifested by a wide oxide peak
appearance in the O1s spectra (not shown). The wide oxide peak is composed of a primary
peak at 533 eV and a secondary peak at 531 eV, which is characteristic for phosphonic acid
(taken in powder form). The 531 eV is associated with hydroxyl groups that readily react to
form a monolayer. The stronger this peak is, the greater the likelihood phosphonic acid
groups have attached to the surface.[103] The surface treated with phosphonic acid
demonstrated greater amounts of carbon content (Supporting Information) than the
nonfunctionalized surfaces, which is attributed to the alkyl chains of the phosphonic acids.
The change in surface chemistry, as shown by XPS, confirms that the change in
hydrophobicity (a useful indicator of bulk properties) was not solely due to oxide or
topography changes from the etchant but from surface modification due to phosphonic acid
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groups as well. Furthermore, statistical analysis via a t test was performed (Supporting
Information) in order to determine differences between the crystallographic directions upon
similar treatments. The latter revealed that only the 100°C (3-bromopropyl) phosphonic acid
proved significant among the treatments (no difference between substrates). Unlike thiol
based functionalization that requires a pristine surface to directly bind to, phosphate groups
are more stable under a variety of conditions when used in conjunction with an oxidized
surface.[130] Both nonpolar bulk GaN and thin-layer GaN demonstrated this effect similar to
polar free-standing bulk GaN. Such a trend was not observed for thin-layer polar GaN, likely
due to a region of inhomogeneous oxide coverage.

Table 8 Ratios of the integral areas of the peaks related to G-N and Ga-Ga divided by that of
the Ga2O3 related peak for the different sample sets and treatments. - signifies insignificant
gallium oxide for ratio calculation.
Polar
Nonpolar
Free-standing Bulk Thin Layer
Bulk
Thin Layer
Pristine
8.9
14.0
19.8
40°C H3PO4
0.3
19.0
1.1
4.4
40°C H3PO4 +
BrC3H6PO(OH)2
8.4
14.1
18.4
40°C H3PO4 +
C3H7PO(OH)2
8.7
11.0
18.4
100°C H3PO4
0.5
12.8
1.1
7.1
100°C H3PO4 +
BrC3H6PO(OH)2
11.2
14.1
29.0
14.4
100°C H3PO4 +
C3H7PO(OH)2
5.4
5.0
19.9
15.1

In addition to identifying the surface composition, the reactivity of GaN surfaces
(functionalized and nonfunctionalized) to different liquid environments was investigated via
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ICPMS. GaN has shown potential as a biologically compatible material;[173] hence, a few
solutions corresponding to fluids found within a body (with the exception of DI water) were
selected for our study. Only the treatments at 40°C were tested in order to utilize the
sensitivity of the polar free-standing bulk GaN toward oxide formation observed. A
temperature of 40°C was chosen so as to avoid overetching that occurred at higher
temperatures. As can be seen from Table 2, the 40°C phosphoric acid treatment led to a
magnitude greater gallium leach within DI water, saline solution, and 0.1 M sodium acetate
solution as compared to the treatment at the 40°C with 3 mM (3-bromopropyl) phosphonic
acid in phosphoric acid. This result demonstrates the protective quality of the phosphonic
acid treatment that prevents increased leaching of gallium through retained oxide formation.
Phosphoric acid was seen to produce larger quantities of gallium oxide, which confirms the
mechanisms associated with etching GaN. The addition of 10 vol % hydrogen peroxide was
used to simulate altered physiological saline solution as in the case of environments
containing macrophages.[167, 242] In that particular case, we observed halting of gallium
leaching from the samples treated with phosphoric acid at 40°C. Hydrogen peroxide readily
forms intermediate hydroxyl surface radicals, which promotes rapid oxide formation.[250]
This rapid oxide formation promotes a more uniform passivation layer not achieved with
atmosphere and water alone. Additionally, phosphonic acids provide passivation better at
lower pH solutions,[129] which was seen in Table 9.
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Table 9 Gallium concentration (ppb) measured by ICP-MS after 7 days in different solutions
(horizontal rows) verses two different etchants treatments (vertical columns).
Treatment/Gallium
40°C H3PO4 +
Concentration (ppb)
40°C H3PO4
BrC3H6PO(OH)2
DI H2O
168.8
37.7
H2O + NaCl
182.4
17.8
H2O + NaCl + H2O2
8.5
11.1
H2O + CH3COONa
179.4
34.5

4.4.4 Optical Properties

Room-temperature PL provided an effective technique to identify the effects of
etching, acid attachment, and crystal quality. Figure 23a,b shows representative PL spectra in
the near-band-edge (NBE) region of pristine surface of free-standing bulk polar GaN and
thin-layer heteroepitaxial GaN, respectively. Comparative analysis of the averaged intensities
of the NBE emission from the pristine surface reveals stronger emission from the bulk freestanding polar GaN with a high signal-to-noise ratio. The PL spectrum from the thin-layer
GaN on the other hand showed increased jagged signal quality, lending itself to increased
signal obstruction from nonradiative recombination from increased defect density.[59, 233]
By analyzing the PL wavelength, it was observed that the NBE peak from the thin-layer polar
GaN was blue-shifted relative to the emission wavelength from the freestanding bulk GaN as
a consequence of the biaxial induced strain due to the lattice and thermal expansion
coefficient mismatch between the GaN and c plane sapphire.[212, 213] In addition to peak
shifting, the PL spectrum from the thin-layer GaN lacked the manifestation of longitudinal-
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optical (LO) phonon replicas from the primary exciton emission in contrast to the wellpronounced LO-related shoulders seen in the freestanding bulk GaN. LO phonon replicas are
frequently seen in room-temperature PL spectra from high-quality, low-defect density GaN
samples.[251]
Wet chemical etching is used as a way to modify optical properties in an efficient and
inexpensive way.[88] A schematic comparative diagram of the altered NBE emissions
integral intensity for the two sets of polar GaN samples are shown in Figure 23c. The PL
intensity of the thin-layer GaN on sapphire was the most enhanced after the sample was
treated with 40°C (3-bromopropyl) phosphonic acid assisted phosphoric acid. Enhancement
of the PL signals to a less extent was also seen in the spectra from the samples treated with
40°C propyl phosphonic acid in phosphoric acid and with 100°C phosphoric acid solutions.
The PL emission form the freestanding bulk GaN samples treated at 40°C with (3bromopropyl) phosphonic acid assisted phosphoric acid and with propyl phosphonic acid
assisted phosphoric acid showed only moderate PL enhancement. Both polar free-standing
bulk GaN and thin-layer GaN demonstrate sensitivity to the temperature and the composition
of the chemical solution treatment. The emission from the free-standing bulk polar GaN is
the most sensitive to the temperature treatment most likely related to the formation of large
pits with additional crystallographic facets. On the other hand, the PL spectra from thin-layer
polar GaN demonstrate increased PL intensity after low-temperature phosphonic acid
assisted phosphoric acid treatments as well as phosphonic acid free high-temperature
phosphoric acid. The diminished PL signal degradation as compared to that of the PL spectra
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from the bulk polar GaN samples treated with phosphoric acid only is explained by the
adherence of phosphonic groups, which also limited the formation of oxides.

Figure 23 PL spectra of (a) a pristine polar c plane free-standing bulk GaN sample, (b) a thin
heteroeptiaxial layer polar GaN sample, and (c) a comparison of averaged maximum PL
intensities relative to pristine samples.
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The effect of different treatments on the optical properties of the nonpolar samples
was also evaluated, and the results are summarized in Figure 24. The PL spectrum from the
bulk nonpolar GaN (Figure 24a) was similar to that from the bulk free-standing polar GaN,
possessing similar strong intensity with high signal-to-noise ratio along with a similar
phonon related replica. This is an expected result for samples of similar high crystalline
quality. The PL spectrum from the nonpolar thin-layer GaN (Figure 24b) however reveals
diminished intensity with noticeable noise and broader NBE emission related to the high
defect density, partial dislocations, and stacking faults, typical for this material as seen from
AFM. The larger broadening in this case is most likely due to enhanced exciton-defect
scattering that leads to inability to resolve the zero-phonon line and the phonon line. In this
case, strain related shifting was not observed despite the fact that such a thin layer is not
likely to be strain-free. This was previously explained by the anisotropic character of the
three strain components in the a plane GaN, which allows for a certain combination of the inplane components a zero shift of the bandgap emission.[252, 253] The effect of the different
chemical treatments on the emission intensity was similarly summarized in Figure 24c. The
PL intensity of the bulk nonpolar GaN was enhanced the most after the treatment with 100°C
phosphoric acid followed closely by treatment with 40°C phosphoric acid. The PL intensity
from the thin nonpolar layer GaN on sapphire was also enhanced after the treatment with
40°C phosphoric acid but remained largely unchanged with other treatments. The PL
spectrum from the bulk nonpolar GaN showed enhancement as well after treatment with (3bromopropyl) phosphonic acid assisted phosphoric acid at both 40 and 100°C. Comparing
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the PL spectra from the two types of nonpolar GaN samples with noticeably different defect
densities, one can see that the emission from the bulk nonpolar GaN is significantly stronger
due to enhanced exciton-related emission being less affected by defect scattering in higher
quality material. Comparing the PL spectra from all four types of GaN, one can identify that
the PL from the polar GaN (both freestanding bulk and thin layer) was less affected by all the
chemical treatments than the PL from the nonpolar samples. We attribute this observation to
the highest chemical resistivity of the Ga face of the polar material. This leads us to a
conclusion that the optical properties of the nonpolar GaN, with an equal number of gallium
and nitrogen atoms, appear more sensitive to chemical variations and the material can be
used as a more optically sensitive interface for chemical sensor applications.

112

Figure 24 PL spectra of (a) a pristine nonpolar a plane bulk GaN, (b) a thin heteroepitaxial
nonpolar a plane layer GaN residing on r plane sapphire, and (c) a comparison of averaged
maximum PL intensities relative to pristine samples.
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4.5 Conclusions

In this study, AFM, water contact angle, XPS, ICP-MS, and PL were utilized to
characterize functionalization of GaN with various crystal qualities and surface orientations
upon treatments with phosphoric acid, (3-bromopropyl) phosphonic acid, and propyl
phosphonic acid. The addition of phosphonic acids to phosphoric acid did not lead to a
noticeable change in the surface roughness of the various GaN samples. Etchant solutions
containing phosphonic acids promoted hydrophobic behavior for all GaN samples at low
temperature and for most samples at higher etchant temperature. The use of (3-bromopropyl)
phosphonic acid and propyl phosphonic acid in phosphoric acid led to lower amounts of
gallium oxide formation, which is associated with phosphonic group attachment to the
surface as a result of surface passivation. Bare GaN exhibited decreased hydrophobicity and
greater oxide formation as a result of treatment with only phosphoric acid. Phosphonic
groups were identified through decreased oxide formation (greater hydrophobicity and
decreased gallium oxide formation) as well as increased carbon content from phosphonic
acids. In addition to providing passivation, phosphonic acid assisted phosphoric acid
treatment resulted in enhanced PL emission from both thin layer and bulk freestanding polar
GaN at low temperatures and bulk nonpolar GaN at 40 and 100°C (3-bromopropyl)
phosphonic acid assisted etching solutions. High-quality GaN (both freestanding bulk polar
and bulk nonpolar) demonstrated increased propensity to oxide formation, which in turn
affected the chemical stability of the PL signal. The combination of etching and
functionalization provide a potential avenue for future sensor fabrication.
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5.1 Abstract

Surface potential, chemistry, topography, and optical properties were modulated
utilizing the attachment of phosphonic acids (11-Mercaptoundecylphosphonic acid,
1H,1H,2H,2H-Perfluorooctanephosphonic acid, and 1,8-Octanediphosphonic acid) with
phosphoric acid to polar (c-plane) GaN. These changes were identified using x-ray
photoelectron spectroscopy (XPS), atomic force microscopy (AFM) with kelvin probe force
microscopy (KPFM), photoluminescence (PL), and water contact angle. The results indicated
that the attachment of phosphonic groups to gallium nitride strongly depends on the
formation of a native oxide layer and subsequent passivation. It was seen that a fluorine
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terminated phosphonic acid increased the overall surface oxide versus other groups, as well
as reduced the surface potential and improved the photoluminescence relative to other
treatments. Sulfur terminated phosphonic acid demonstrated a similar reduction in surface
potential and oxide formation to fluorine based phosphonic acid; however, improvements of
optical luminescence on the same scale were not achieved.
Keywords: In-situ functionalization, polar, gallium nitride, x-ray photoelectron spectroscopy,
kelvin probe microscopy.

5.2 Introduction

Surface functionalization of gallium nitride (GaN), a III-V semiconductor, provides
unique properties such as increased water hydrophobicity,[92, 128, 133] extra binding
sites,[254] and modified optical properties.[152] GaN has gained significant attention due to
its electrical and optical properties that are dependent on crystallographic orientations,[59]
but also improved chemical stability[172] and biocompatibility[173] over other
semiconducting platforms such as GaAs[243] or GaP.[242] This has enabled new
applications for GaN such as chemical and biological sensors.[255] To date, surface
functionalization of GaN has been performed using carboxylic,[133] thiol,[92] and
phosphonic groups.[131] In terms of surface stability, phosphonic acids produce the strongest
surface bonding and improve performance with increased oxide coverage. Thiols and
carboxylic groups require pristine surfaces for adhesion, which in turn requires the use of
highly controlled environments. The exposure to aqueous environments replaces thiol groups
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with hydroxyl and oxide groups, thus limiting the effectiveness of thiol treatments on
GaN.[128, 133] Short and long chained alkanephosphonic acid functionalization of GaN
have been explored previously;[128, 130, 131, 133] however, the use of phosphonic acids
with terminal groups of high electronegativity has not been reported. The use of benzyl
phosphonic acids and terminated alkanephosphonates has been shown for materials such as
TiO2,[104] indium tin oxide (ITO),[125, 247, 256-259] and ZnO.[103, 260, 261] Phosphonic
acids provide not only a change in surface chemistry, but also in electrical characteristics
such as improved charge injection for TiO2[104] and removal of midgap surface states through
band bending for ZnO.[260] In the case of organic dye sensitized solar cells and organic light
emitting diodes (OLEDs), matching the electrical structure across interfaces is crucial for
improved device efficiency.
In-situ functionalization of polar (c-plane) free-standing bulk GaN via phosphonic
acids altered surface electrical and chemical signatures as well as produced quantifiable
changes to optical properties. This was performed by altering the concentration of phosphoric
acid

and

adding

11-Mercaptoundecylphosphonic

acid

(MUDPA),

1H,1H,2H,2H-

Perfluorooctanephosphonic acid (PFOPA) , and 1,8-Octanediphosphonic acid (ODPA) to
various treatments. Phosphoric acid is known to catalyze with regions of high energy within
GaN, such as defects, with water to form gallium oxide and ammonia.[85] The formation of
gallium oxide (Ga2O3) alters the surface optical properties as the band gap shifts from 3.4 eV
(GaN) to approximately 5.0 eV.[262, 263] In addition to producing gallium oxide, aqueous
solutions increase the amount of surface hydroxyl groups, with subsequent attachment of
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additives via condensation reactions. By attaching groups to the thin oxide layer, additional
chemical attacks are lessened by stabilizing this oxide layer, which additionally provides
unique surface properties and additional secondary reaction platforms.[130] X-ray
photoelectron spectroscopy (XPS) was utilized to identify changes to the surface chemistry,
while atomic force microscopy (AFM) and kelvin probe force microscopy (KPFM) identified
alterations to the surface topography and potential. Optical properties and water
hydrophobicity were observed via photoluminescence (PL) and water contact angle.

5.3 Materials and Methods

5.3.1 Sample Preparation
Polar (0001) free-standing GaN with a dislocation density in the range of 5x105-1x106
cm-2 was manufactured by hydride-vapor phase epitaxy (HVPE).[190] The sample was
approximately 1.2 mm thick prior to being separated from a sapphire substrate and chemicalmechanically polished on the gallium terminated side. 3 x 2 mm2 rectangles were formed
from dicing and were pretreated with solvent baths of acetone and methanol before being
washed with deionized (DI) water (18.2 MΩ*cm). Nitrogen was used to dry the samples
before being placed in a 100°C 50/50 vol.% hydrochloric acid (Fisher Scientific 35-38% vol.
%)/water solution for 10 minutes. The samples were rinsed with DI water for 2 seconds,
immediately dried with nitrogen and were held in a desiccator under vacuum for storage.
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5.3.2 Sample Treatment

A total of 5 samples were treated with various solutions of phosphoric acid (Fisher
Scientific, 95%) and phosphonic acid additives: (i) 95% phosphoric acid; (ii) 50/50 vol.%
water/phosphoric acid; (iii) 50/50 vol.% 3mM 11-Mercaptoundecylphosphonic acid (SigmaAldrich,

97%)/phosphoric

acid;

(iv)

50/50

vol.%

3mM

1H,1H,2H,2H-

Perfluorooctanephosphonic acid (Sigma-Aldrich, 95%)/phosphoric acid; and (v) 50/50 vol.%
3mM 1,8-Octanediphosphonic acid (Sigma-Aldrich, 97%)/phosphoric acid. All the samples
were treated for 150 minutes at 40°C, rinsed with DI water for 2 seconds, dried with
nitrogen, and characterized.

5.3.3 Characterization

The samples were examined with a Kratos Axis Ultra XPS within two hours from
treatment to safeguard purity. The surface chemistry was analyzed with a monochromated Al
Kα (hv = 1486.7 eV) source with charge neutralizer (2.0 A filament current). Copper tape
was used to mount samples to an aluminum sample holder. Three random spots were taken
on each specimen at 0°, 45°, and 60° photoemission angles per spot. 5 sweeps of 20 eV pass
energies were averaged to produce high resolution region scans of C1s, Ga2p, Ga3d, N1s,
P2p, S2p, F1s, and O1s. Survey scans were formed with 160 eV pass energies and were only
scanned once. All scans were recorded at pressures at or below 3 x 10-8 torr. Casa XPS (Ver.
2.3.16 PR) software was used for peak deconvolution following charge correction using C1s
(284.8 eV).[144] The XPS is calibrated to Ag (368.21 eV) according to ISO TC/201.[145]
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The full-width at half-maximum (FWHM) of deconvoluted peaks was limited to the primary
peak according to a Lorentzian fit after removing the background with a Shirley
approximation. Kratos provided atomic sensitivity factors were utilized for surface
quantification. Ga3d region was used to calculate atomic percentages rather than Ga2p due to
its greater depth profiling.[191] Ga auger peaks from the N1s spectra were not included in
the surface quantification. The Ga2p region scans were normalized for presentation.
Room temperature photoluminescence was recorded with a Horiba Jobin Yvon
LabRam ARAMIS Raman/PL setup utilizing a 325 nm HeCd laser excitation source. The
microscope was aligned to Teflon (middle Raman peak of 1295 cm-1) with a 40x UV
objective at a 2400 grating/minute resolution. The objective height was locked following a
calibration to capture spectra from 330 to 400 nm across all samples. The real-time display
(RTD) exposure time, accumulated exposure time, and number of accumulations were 1
second, 1 second, and 5 respectively, with a 60% signal filter. Each sample was evaluated in
five random locations to account for surface variances.
Surface roughness and potential were taken using an Asylum Research Cypher AFM
following the PL measurements. Three random 5 x 5 um2 locations were imaged on each
sample using a 1 Hz scan rate under the Surface Kelvin Probe Microscopy (SKPM) setup
within the Igor Pro (Ver. 10.0) software. This utilizes a tapping mode protocol that produces
both topographic and surface potential images simultaneously. No stage bias was used in this
setup. Asylum Research AC240TM tips were used for all samples, with Asylum Research
ASYELEC-01 tips used for data verification. All images were flattened within Igor Pro and
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averaged to calculate root mean square (RMS) roughness and surface potential values.
Statistical significance for both PL and AFM/KPFM was performed utilizing a t-test within
SAS (Ver. 9.4 TS) software.
Water contact angle was studied with a Ramé-hart Model 200-F4 goniometer
equipped with a 28 ga. (AWG) needle using DI water. Water droplets were formed by
placing one drop on the surface and slowly retracting the needle. Once retracted, water drops
were captured at 2 frames per second for 5 seconds. The half-angle was averaged to produce
an average contact angle for each test, which was performed four more times to produce a
total sample average. Following each drop, nitrogen was blasted on the surface to ensure a
dry surface. The water contact angles were captured with DROPImage (Ver. 2.4.07)
software. Optical microscopy images were captured with a Zeiss Axiovert 40 MAT
microscopy with a Zeiss Epiplan 10x objective lens.

5.4 Results and Discussion

Material interfaces play a crucial role in the electrical properties of organic based
devices. For example, in the case of dye sensitized solar cells, the ability to match the work
function of the electrode and sensitizer enables improved efficiency as the mid gap band
bending between materials is decreased. This provides a greater customizability for materials
selection for organic electronics. Alkanephosphonic acids have demonstrated the ability to
alter physical properties such as surface roughness and water hydrophobicity, but only by
adding additional side/terminal groups do the phosphonates provide beneficial electrical
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properties. Among the available phosphonic acids, MUDPA, PFOPA, and ODPA (Figure 25)
were selected due to their unique terminal groups that promote unexplored packing and
properties on GaN.
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Figure 25 Chemical structure of phosphonic acids added to phosphoric acid solutions

5.4.1 Surface Homogeneity

Different scanning probe modes were utilized to assess the changes on the GaN
interface after in situ-functionalization with the three different phosphonic acid molecules.
The surface topography images (Figure A.1) of GaN display a wavy structure that has been
previously observed on other thick c-plane GaN substrates.[264] Though the surface does
not display the traditional pit formation[233] associated with polar GaN or hillock structure
seen on HVPE grown substrates,[179] crack and finger-like formations can be seen in some
of the images, which is likely to be the coalescence of multiple pits. The wavy texture
typically appears as striations across the surface in optical microscopy, which was observed
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(Figure A.1).[264] The surface RMS roughness (Figure 26) of a bare substrate was 2.65 ±
0.36 nm. The treatment with phosphoric acid and subsequent phosphonic acid solutions
increased the roughness by a minimum of 0.56 nm assuming extremes in the standard
deviation (AFM data in Table A.1). No significant difference in roughness could be
distinguished between individual treatments. The star and double star in Figure 26 indicate
statistical difference in quantities that did not transfer throughout the subset of treatments;
however, the ODPA treatment provided a notable change in the surface roughness with
respect to that of the cleaned substrate (P value of 0.02).
Mapping of charge distribution on materials for photovoltaics and solar cells is
necessary when trying to assess the homogeneity of the interface between an organic
molecular layer and a solid support. KPFM was used to identify changes to surface electrical
characteristics with the three phosphonic acid derivatives. As seen in Figure 26, the surface
potential for a freshly cleaned substrate closely resembles the potentials (within standard
deviation) after all treatments except for those containing MUDPA and PFOPA. The cross
(MUDPA and PFOPA) versus double cross (phosphoric acid) symbol in Figure 26 indicates
exclusive statistical difference. As has been reported for other material surfaces such as
ITO[125, 257] and ZnO,[260] the adhesion of phosphonic acids results in a change of the
surface charge by modulating the work function. The ODPA treatment demonstrated a
significantly different surface potential than that of both MUDPA and PFOPA treatments,
likely due to various conformations that it may take (laying down due to binding on both
ends versus standing up on one end group). In that way, the surface charge modifications
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behave in unpredictable ways and results in a similar output to that of the phosphoric acid
solution. This is the first reported surface potential measured on GaN following a phosphonic
acid attachment. Many oxide materials (ZnO, ITO, TiO2, etc.) have been characterized with
respect to their surface electrical properties following phosphonic acid attachment, but in this
work we report for the first time a similar analysis on GaN. The quantitative information in
Figure 26 allows one to compare how topography and solution processing of the chosen GaN
surface correlate with the homogeneity of their electrical properties. As expected, treating the
surface with a concentrated etchant (H3PO4) in absence of organic adsorbates produces the
largest heterogeneity in the surface potential properties. As predicted the adsorbates bound
through a single terminal group (one phosphonic acid linkage), results in a more
homogeneous surface as compared to surfaces treated with adsorbates with multiple surface
binding groups. These results demonstrate that one can produce homogeneous interfaces
using organic molecules on GaN. The latter has a significant practical importance because
GaN has been proposed as an alternative material for dye-sensitized solar cells. The band
alignment of GaN and the dye molecule is more favorable as compared to that of TiO2. Prior
studies have shown the superior stability of GaN surfaces and devices in solutions, and now
we demonstrate improved homogeneity of the surface potential after the covalent attachment
of MUDPA and PFOPA to the semiconductor surface.
The surface hydrophobicity (Figure A.2) not only demonstrated a native oxide
formation that resulted in a large water contact angle, but also revealed that the use of
phosphonic acids with phosphoric acid did not produce a large surface to liquid angle as seen
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Figure 26 Compilation of RMS surface roughness (black thatch) with associated surface
potential (red) of GaN following various acid treatments.

with other phosphonic acid treated GaN surfaces (Table A.2).[128, 133] Small contact angles
for phosphonic acid treatments result from nonuniform coverage of the GaN surface, which
has been seen previously.[265] While the concentration used here is similar to that in other
studies,[125, 128, 132, 266] the use of phosphoric acid rather than a solvent in addition to a
shorter dwell time and no post annealing may lead to incomplete coverage.
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5.4.2 Surface Composition

The surface chemistry was investigated via XPS to identify phosphonic acid
attachment onto GaN. The phosphonic acids are known to adhere to III-V semiconductors by
utilizing dangling hydroxyl bonds [92, 128, 132] in either bidentate or tridentate
configuration through condensation reactions.[256, 261]

Due to the sensitivity of

phosphonic groups to surface oxide, the Ga2p3/2 spectra shown in Figure 27 reveal the effects
of treatments on oxide formation. The Ga2p3/2 peak was deconvoluted into four distinct
peaks associated with Ga-Ga bonding, Ga-N bonding, gallium oxide formation (Ga2O3), and
assorted gallium oxide formations (Ga2O, GaO-termed sub oxides). The gallium oxide is
reported to have a binding energy at 1119 eV,[204, 267] gallium sub oxides at 1118.5
eV,[201, 205] Ga-N bonding at 1118 eV,[248] and metallic Ga-Ga bonding at 1116.5
eV.[268] Ga2O has been shown to dominate the sub oxide spectra,[201] but was unresolvable
due to a sprectrometer resolution of 0.4-0.5 eV. Additionly, many of these sub oxides, given
enough time, will form Ga2O3 due to its lower Gibbs free energy of formation.[208] The
Ga2O3 is most likely amorphous in nature due to functionalization treatment conditions.[263]
The FWHM of the Ga2p3/2 deconvoluted peak was controlled by that of the Ga-N species,
with an average FWHM value of 1.35 ± 0.03 eV. This was done in order to eliminate a
questionable peak broadening seen from oxide formation,[137, 206, 207] which allowed for
the distinction of the sub oxide species. Among all the treatments, MUDPA, PFOPA, and
additive free phosphoric acid produced the greatest amount of gallium oxide and sub oxides
(indicated in green and orange). The use of phosphoric acid enhanced the formation of

126

gallium oxide, in agreement with previous findings.[152, 265] The use of MUDPA and
PFOPA stabilized what little surface oxide was produced as the dilution of phosphoric acid
limits gallium oxide formation. The ODPA appears to not stabilize the produced surface
oxide, most likely due to its multiple binding configurations.

Figure 27 XPS Ga2p3/2 spectra of free-standing bulk GaN following various treatments. The
reported binding energies for Ga2O3, Ga-N, and Ga-Ga are indicated with dotted lines at
1119, 1118, and 1116.5 eV respectively. Gallium sub oxides (Ga2O, GaO) binding energies
are indicated at 1118.5 eV.
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The attachment of phosphonic acids was confirmed by high resolution F1s (Figure
A.3), C1s (Figure A.4), and S2p spectra (Figure 28). The fluorine spectrum identifies only
fluorine content when PFOPA is utilized. The spectrum was not normalized, aiming to show
the relative intensity difference of the pure PFOPA (powder form) signal versus the expected
signal from PFOPA attached to GaN. HCl etching was performed to remove oxide from the
surface so that the phosphoric acid could control the oxide formation (increased carbon
contributions for cleaned GaN reflected decreased oxygen content post cleaning). Usually HF
etching is performed post HCl etching to assist the oxide removal, however, in an effort to
avoid fluorine contamination, the HF etching was not performed (hence no fluorine signal
was seen for a cleaned sample). The attachment of PFOPA was confirmed by the C1s spectra
(normalized intensities) with CF3 and CF2 binding at 293.5 eV and 291.1 eV from fluorine
attachment along the phosphonic acid chain. The peak area ratio of 1:5 CF3:CF2 matched the
chain configuration reported in the literature.[125] Significant primary peak broadening was
observed with a shoulder near 286.8 eV associated with P-C and O-C bonding. The MUDPA
adhesion was identified through the S2p spectra shown in Fig. 28 (normalized peaks). The
MUDPA powder (black line) formed an S-H doublet at 163.5 eV (S2p3/2) and 164.7 eV
(S2p1/2).[269, 270] The addition of MUDPA resulted in a broadening of the Ga3s peak,
which is in close proximity of the S2p peak. The Ga3s spectra of a cleaned sample displayed
some broadening, which accounted for no more than 7% of the total area from sulfur
impurities/contamination bound to gallium.[271] By adding MUDPA, this shoulder increased

128

to almost 15% of the area, supporting a thiol contribution. The FWHM of the S2p peaks
hovered near 0.98 eV, while the Ga3s demonstrated significantly larger FWHM of 2.32 eV.

Figure 28 XPS S2p/Ga3s spectra for MUDPA (chemical only showing in black) and
MUDPA with phosphoric acid treated GaN (shown in purple). Carbon-sulfur and galliumsulfur bonding is shown with associated doublets.

Atomic percentages were calculated utilizing Ga3d (Tables A.3-9) and Ga2p3/2
(Tables A.10-15) for gallium content. Ga2p3/2 provides an excellent surface qualification
(attenuation length of 0.7 nm); however, the shorter attenuation length is limited to thin
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layers.[137] The atomic percentages were calculated using non-normalized data from C1s,
O1s, S2p, P2p, Ga3d/Ga2p3/2, F1s, and N1s peaks. Gallium auger peaks seen within the N1s
spectra (not shown) were excluded as well as Ga3s overlap with S2p for atomic %
calculations and subsequently the Ga/P, Ga/C, Ga/O, Ga/N, and O/P ratios (Tables A.16-21
via Ga3d and Tables A.22-27 via Ga2p3/2). The angle resolved XPS indicates greater
carbonaceous and oxide species closer to the surface. It is observed that the phosphorous was
absent from a cleaned substrate (as well as sulfur and fluorine) but appears as soon as a
phosphoric acid solution is used. The nitrogen and gallium content decreases with increasing
photoemission angle, but the gallium to nitrogen ratio remains in the range of 1.5 to 2.0
throughout all of the treatments. Summarized in Table 10 are the Ga/P, Ga/O, and O/P ratios
for the various treatments at a 0° photoemission angle using Ga3d for gallium content. While
the phosphoric acid and diluted phosphoric acid treatments added some phosphorous to the
surface, MUDPA and PFOPA treated samples showed increased phosphorous content as seen
by lowered Ga/P ratios from terminal phosphonic groups. Due to complex adsorption
mechanisms, the addition of ODPA increased the amount of phosphorous marginally
compared to dilute phosphoric acid solutions. The binding of phosphonic acids to GaN
require an oxide layer, which was seen with low Ga/O ratios for MUDPA and PFOPA
functionalized surfaces. The combination of both increased phosphorous and oxygen
contributions for both MUDPA and PFOPA treated samples in addition to individual
identifier spectras (S2p and F1s respectively) indicate surface coverage via phosphonic acids.
The similar O/P ratios for MUDPA and PFOPA infer similar adsorption mechanisms versus
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the ODPA treated sample, which has a O/P ratio between phosphonic acid solutions and
phosphoric acid only treatments.

Table 10 Averaged Ga/P, Ga/O, and O/P
angle.
Treatment
Cleaned
H3PO4
H2O + H3PO4
MUDPA + H3PO4
PFOPA + H3PO4
ODPA + H3PO4

ratios of various treatments at a 0° photoemission
Ga/P
29.3
39.6
7.2
4.0
28.3

Ga/O
4.4
2.6
3.6
2.1
1.3
4.3

O/P
11.5
11.1
3.2
3.0
6.6

5.4.3 Photoluminescence Properties

Room temperature photoluminescence of treated substrates in the near band-edge
(NBE) region are shown in Figure 29. The NBE appears centered near 363 nm and does not
shift with the treatments or additives used. Usually, high-quality free-standing bulk GaN
demonstrates a shoulder formation at longer wavelengths due to contribution of longitudinaloptical phonon replicas to the PL spectra [211] Though a shoulder exists (~368 nm), the
decreased intensity of the NBE indicates a nonradiative recombination through increased
defect density compared to previously studied substrates.[59, 233, 265]
The treatment with phosphoric acid and additive assisted phosphoric acid etches
appear to reduce the overall photoluminescence intensity of the treated gallium nitride
samples. A decrease in the luminescence of samples treated with phosphoric acid alone has
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been observed previously;[265] however, the use of longer chained phosphonic groups
appear to have a negative effect on the emission intensity as compared to their shorter
chained counterparts.[265] Optical images (Figure A.5) does not reveal surface deterioration
upon etching (such as formation of pits)[86] to be the reason for this reduction. The
addition of MUDPA led to a similar photoluminescence intensity decrease as compared to
the unmodified phosphoric acid, which is the greatest reduction in the overall signal. The
addition of ODPA to a phosphoric acid solution does not result in any increased
luminescence relative to that of the phosphoric acid solution alone. Only by adding PFOPA
does the photoluminescence intensity approach the intensities seen from a cleaned substrate.
The addition of PFOPA increases the photoluminescence intensity by 184% versus a standalone phosphoric acid solution. An increase in photoluminescence has previously been
observed for ITO treated surfaces, where a fluorine terminated phosphonic acid resulted in
greater luminescence versus carbon backbone only phosphonic acid.[257] The improved
quantum efficiency derived from surface modifications is a direct result of induced band
bending on the surface. Though only the surface potential was analyzed, there is an
indication that organic groups on the surface substantially affect the optical properties of
polar GaN.
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Figure 29 PL spectra of treated GaN utilizing maximum intensities for each treatment.

A quantitative comparison of PL intensities can be seen in Figure 30. The star
indicates a statistical significance between the PFOPA treatment and other additive and
additive-free solutions. While the MUDPA produced a similar surface potential to the
PFOPA solution (Fig. 26), the PFOPA exhibited significantly (281%) improved emission. It
is thought that while the sulfur terminated chain can produce a locally similar surface
potential, the incomplete coverage (seen by a diminished oxygen content required for surface
adhesion and phosphorous content relative to PFOPA treatments) combined with minimal
side groups does not impart enough of a change on the bulk material to promote improved
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emission characteristics. By having a diminished surface coverage and oxide layer, not
enough of a bulk modification is reached to distinguish unique optical properties from
phosphoric acid alone via band bending.[257, 272]

Figure 30. Calculated % difference from maximum PL intensities in Fig. 4 versus pristine
substrates.
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5.5 Conclusions

In this study three distinct phosphonic acids were used to alter the etching
characteristics of phosphoric acid and subsequently, the surface properties of polar freestanding GaN. Among the three phosphonic acids utilized, the MUDPA and PFOPA attached
more readily than the ODPA. This was seen from increased phosphorous intensity from XPS,
as well as increased surface oxide that was necessary for the attachment and surface stability.
Both phosphonic acids resulted in a lowered surface potential and similar surface roughness;
however, only the PFOPA led to a decreased luminescence upon treatment. The ODPA
treatment led to a similar oxide level compared to the treatment with unadulterated
phosphoric acid, as well as a similar surface roughness and photoluminescence properties;
however, ODPA closely matched a mixed water/phosphoric acid etch for modifications of
the surface potential. Due to the potential for multiple binding sites, the ODPA is likely to
form many configurations on the surface that may not cover the surface enough at moderate
concentrations.
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6.1 Abstract

Surface functionalization via etching of high aspect ratio GaN nanostructures
provides a way to modulate the optical properties in addition to properties gained from
unique topographical formations. In this study, planar layered (heteroepitaxy) and bulk freestanding gallium nitride were modified via a phosphonic acid (1H,1H,2H,2HPerfluorooctanephosphonic acid) assisted phosphoric acid etch in conjunction with an
aqueous KOH + K2S2O8 formed gallium nitride nanostructured surface. Despite the high
defect concentrations in the thin planar and nanostructured GaN layer, the nanostructured
GaN sample produced improved photoluminescence intensities versus the high quality bulk
free-standing gallium nitride. Subsequent treatments with additive and additive-free
phosphoric etches provided a means of additional optical manipulation in the form of red-
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shifting the near-band-edge (NBE) emission of the nanostructured GaN sample and
increasing the maximum NBE photoluminescence intensity.

6.2 Introduction

Deposition, growth, and processing of planar gallium nitride (GaN) provides many
quality challenges resulting from numerous stacking faults and threading dislocations from
lattice mismatches between growth substrates and subsequent epilayers. Techniques such as
lattice mismatches between growth substrates and subsequent epilayers. Techniques such as
epitaxial lateral overgrowth,[273] laser-induced lift-off,[274] and native epi-deposition[275]
have sought to reduce defect densities, currently on order of 5x105 - 1x106 cm-2,[274] but
work continues in the drive towards higher quality GaN. Planar GaN already sees uses as
light emitting diode stacks[276] and high-electron mobility transistors,[277] which require
high quality defect free substrates. In a push to improve device performance, particularly in
the realm of light emitting diodes, multi-dimensional GaN morphologies are being
explored.[278-280] 3D GaN morphologies such as wires,[279] rods,[281] and pyramids[282,
283] have been introduced in an effort to modulate optical properties of GaN that are
nominally limited in a purely planar format due to the critical angle of escape for
photons.[284] By increasing the number of facets and subsequent area of escape, internal
reflection is reduced and subsequent devices provide enhanced output.[88, 284]
Like planar GaN, nanostructured GaN fabrication is ultimately controlled by defects
within the starting material. Nanostructured surface fabrication primarily utilizes techniques
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such as reactive ion etching (RIE),[285] catalyst deposition,[286] and chemical etching[282]
as methodologies of choice. Reactive ion etching requires the use of pristine GaN to form the
final structure by physically ablating material with reactive ions. Though RIE provides direct
control universally throughout GaN regardless of orientation via top-down fabrication,
physical damage and subsequent thermal zones are induced via RIE.[287] The thermal
damage increases the degree of dangling bonds and physical damage, which in addition to
being low throughput in nature result in poor performing devices.[288] By utilizing
chemically assisted etching, benefits such as high throughput and rapid fabrication can be
achieved by using chemicals such as molten KOH, phosphoric acid, sulfuric acid, or dilute
aqueous KOH solutions.[281] In addition to open cell etching, chemical etching can be
assisted by UV sources and placed in a galvanic cell to improve etching characteristics.[281]
Owing to its natural chemical resistance, GaN offers unique etching rates based upon
crystallographic orientation. This stems from the preferential removal of nitrogen versus
gallium.[289] In this way, the final structure can be defined along different crystallographic
orientations from a given starting material.
In this study, chemical functionalization is used to modulate the optical response
across planar and high aspect ratio GaN topographies. The GaN nanostructure utilized
dislocations as site specific etching centers, termed defect-assisted etching, that are indicative
of the starting crystalline quality. Defect-assisted etching has already been seen with dilute
aqueous KOH solutions[281, 282] and provides a repeatable and scalable fabrication
technique. The benefit of defect-assisted etching is that defects, normally unwanted, are
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required to form uniform structures. To compare the properties of nanostructured GaN,
photoluminesce (PL) is used to identify changes to the critical photon escape angle as a result
of faceting and formation of high aspect structures. In the case of nanorods or nanopyramids,
the high aspect ratio provides unique opportunities for tailorable luminescence and binding
sites from increased surface area,[290] which is compared to both thin layer GaN and bulk
free-standing GaN. The thin layer GaN was residing on a sapphire substrate[282] whereas the
bulk free-standing GaN is a self-separated free of foreign substrate that has been
subsequently chemically-mechanically polished.[274] Chemical functionalization of GaN has
shown unique properties such as modified optical,[291] electrical,[182] and unique surface
hydrophobicity[290, 292] by chemical termination. With recent interest in interfaces for
applications such as organic light emitting diodes[293] and sensors,[294, 295] chemical
functionalization with desired adsorbates can provide tailored electrical, chemical,
topological and optical properties. In this investigation, the use of in-situ functionalization
with 1H,1H,2H,2H-perfluorooctanephosphonic acid (PFOPA), which has been previously
used on ZnO[103] and ITO,[296] is used to modulate the optical responses of the three types
of GaN structures in addition to identifying the resulting optical output following a lengthy
environmental soak that potential devices might encounter.

139

6.3 Experimental Methods

6.3.1 Sample Preparation

The GaN samples are separated into three categories: planar layer GaN residing on
sapphire, nanostructured GaN also residing on sapphire, and bulk free-standing GaN. The
nanostructured GaN formations were produced from the planar thin layer GaN deposited on
sapphire with n-type conductivity (Si doped) via metalorganic chemical vapor deposition
(MOCVD The samples were placed in an illuminated-galvanic cell utilizing a KSO-D
(0.02M KOH + 0.02 M K2S2O8)[282] aqueous solution and platinum counter electrode while
being exposed to a 300 watt xenon lamp for 60 minutes. The Ti contact protected about ¼ of
the sample surface against etching and this area was used as a comparison versus the etched
nanostructure.
The bulk free-standing GaN was grown via hydride vapor phase epitaxy (HVPE) on
sapphire until the GaN boule was 1.2 mm thick.[274] They were then self-separated from the
substrate during cooling down and subsequently chemically-mechanically polished and
diced. The thin layer GaN material was characterized with high dislocation density in the
range of 109 cm-2, while the bulk GaN material possessed a low dislocation density in the
range of 105-106 cm-2. The nanostructured material produced from the same thin layer GaN
possessed a slightly lower dislocation density as significant portions of the layer were etched
away. The remaining nanostructures still exhibits high dislocation density due to the fact that
the photo-etching process tends to take place around dislocations.[297]
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6.2.2 Surface Treatment

Prior to the secondary etching, all samples were placed in acetone, methanol, and
dilute HCl baths. The samples (nanostructure, layered, and bulk) were separated into three
groups: cleaned (no treatment) and etched with either a 50 vol. % H3PO4 or a 50/50 vol. %
H3PO4/3mM PFOPA solution. Samples were rinsed with deionized water, dried with
nitrogen and characterized. To replicate environmental conditions, samples were soaked in
deionized water for 7 days and characterized again.

6.3.3 Characterization

Surface morphology of the three types of samples was evaluated by Atomic force
miscroscopy (AFM) using Digital Instrument Nanoscope IIIa in tapping mode and by
scanning electron microscopy (SEM). The SEM images of the nanorod structure were
recorded with a Verios 460L SEM. Images were taken at a 4.4 mm working distance, 13 pA
filament current, 2.0 kV accelerating voltage at a 30˚ tilt without a stage bias.
Photoluminescence at room temperature was done with a Horiba Jobin Yvon LabRam
ARAMIS Raman/PL setup employing a 325 nm HeCd laser. Calibration was done using a
Raman peak of 1295 cm-1 from Teflon with a 40x UV objective at a 2400 grating/minute
resolution. The real-time display (RTD) exposure time, accumulated exposure time, and
number of acquisitions for averaged signal were 0.5 second, 0.5 second, and 5 respectively,
with a 90% signal filter. To ensure equal exposure, laser spot size was maintained at 10 um
(crossover) due to the different sample thicknesses. Each sample was evaluated at five
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random locations to account for surface variances with spectra capturing from 340 to 390
nm.

6.4 Results and Discussion

6.4.1 Surface Morphology

Figures 26(a) and 1(b) reveal smooth planar surface for both planar thin layer and
bulk GaN materials, with root mean square values were 0.7 and 0.2 nm, respectively. The
lower value for the bulk GaN surface is consistent with lower dislocation density, reflected in
lower number of surface depressions related to dislocations intersecting the surface. From
Figure 30(c), nanostructures with pyramidal shape, approximately 700 nm in length can be
seen. Their uniform shape and cone-like tip structure (Figure 30(c) inset) reveal gallium
enriched facets frequently associated with semipolar planes.[298] The KSO-D formula is
known to produce nanostructured surfaces of different shape, e.g. nanorods, nanowires,
nanopyramids. The nanotextured surface can be controlled by the etching time,[282] etching
solution[281] and UV source power. In addition, the properties (dislocation density and
carrier concentration/doping) of the initial GaN layer[299] were found to enable different
etching rates and nanostructures of various shape, density and aspect ratios. The moderate
doping, i.e. carrier concentration of about 1x1017 cm-3 and high dislocation density in our
GaN template, allowed pyramidal topography with semipolar facets, as opposed to the
nanorod structure (with more uniform diameter and no semipolar surfaces) typically
produced from highly doped GaN layer.
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Figure 31 Surface morphology of the three representative pristine samples: (a) AFM image
of 1
m x 1m ar
from bulk GaN sample; (c) SEM image of nanorods surface of etched thin GaN film tilted at
30˚. The inset shows a magnified image of the tip of the nanostructures with a scale bar of
200 nm.
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6.4.2 Optical Response

The PL responses to the different treatments shown in Figure 32 reveal that the near
band-edge (NBE) for the layered GaN resides at 361 nm, while the NBE for nanostructured
and bulk-freestanding GaN reside near 362 nm. The blue shift of the NBE emission from the
thin GaN layer on sapphire is a typical feature related to the biaxial substrate induced strain.
The similar spectral position of PL spectra from the nanostructure and the bulk free-standing
GaN can be explained by the reduced strain in both samples due to removed or reduced
substrate effect, respectively. For the planar layered GaN and the bulk free-standing GaN, the
NBE does not change with different treatments both pre and post water soak. In contrast, the
nanostructured samples allow for a greater response due to larger surface alterations as a
result of increased surface area and improved light extraction. In addition, one could also
expect a better surface sensitivity of the semipolar surfaces to the chemical treatments as
compared to the well-known chemical stability/resistivity of the Ga-face polar surface. By
utilizing a dilute phosphoric acid, a noticeable NBE shifting versus PFOPA added
phosphoric acid could be seen. In comparison to the PL spectrum from a cleaned
nanostructured sample, the NBE wavelength red-shifted by 0.4 nm in the spectrum from the
sample treated with the addition of phosphoric acid and an additional 0.2 nm with PFOPA
modified phosphoric acid. Concentrations below 43 vol. % were used to ensure that the
nanostructured surface would not undergo additional etching as well as to prevent
phosphonic acid agglomeration. Phosphonic acids, particularly those with unique electrical
signatures, provide another avenue to modulate optical properties by utilizing native
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oxides.[300] The PFOPA enables simplified characterization and is known to spontaneously
form on oxides.[301] Silanes, which offer a similar binding mechanism, have already been
demonstrated as potential nucleic acid detectors by means of nanorod platforms.[302] By
utilizing phosphonic acids, issues with increased toxicity are alleviated. In addition to the
shifting of the NBE, a shoulder can be seen on the PL spectra from nanostructured and
layered GaN samples at approximately 369 nm, which is associated with longitudinal-optical
phonon replicas being expressed.[303] This shoulder is also present in the PL spectra of the
bulk-free standing GaN, but was not visualized due to size of scale used.
In addition to shifting the spectra due to the chemical treatments, by exposing the
samples to water for 7 days resulted in an overall decrease in PL intensity (Figure 32 (a) vs.
Figure 32 (b)). Decreased PL signal, particularly of the NBE, is usually associated with
increased nonradiative recombination events verses radiative recombination events.[59, 304]
In this case, increased hydroxide and oxide species from soaking increased the amount of
nonradiative recombination sites at the surface, and thus lowering the overall emission
intensity between samples. This was particularly evident in the PL spectra of the thin GaN
layer treated with phosphoric acid, which saw a 41% decrease pre vs. post soak. Unlike the
PFOPA treated samples, phosphoric acid provides no passivation via oxide stabilization as
phosphonic acids have already shown decreased leaching characteristics for GaN not
available with unfunctionalized surfaces.[265] The degree of emission intensity decrease
between pre and post soaking provides relevant information for environmentally active
optical devices.
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Figure 32 PL responses pre-DI water soak (a) and post (b).
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For a more detailed look at the effect of treatments on the optical properties, Figure
33 compares alterations in maximum PL intensities versus individual treatments. In the presoaked samples, the use of both treatments results in an increase in total photoluminescence
for nanostructured and layered GaN, which was not the case for bulk free-standing GaN. As
the nanorod and layered GaN had already experienced both a polishing and etching process
(with a protective wax layer for layered GaN), it is likely that the surface of bulk freestanding GaN retained a greater number of nonradiative recombination centers as a result of
etching. It is not until the samples are soaked that all samples’ PL intensities are greater than
the cleaned versions. In the case of the nanostructured GaN, the PFOPA treatment
demonstrated the ability to increase the PL signal versus an additive free treatment, while this
was the reverse case for layered GaN. Based on these results, we conclude that the use of
PFOPA provides a way for optical modulation in of 3D GaN nanostructures with a stronger
sensitivity as compared to the planar GaN surfaces.
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Figure 33 PL response versus cleaned samples for (a, d) nanorods, (b, e) planar layered, and
(c, f) bulk free-standing GaN prior to DI water soak and post water soak respectively.
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6.5 Conclusion

In conclusion, additive assisted etching provides a unique way to modulate the optical
properties of both planar and 3D GaN nanostructures. This was seen particularly in the
increased PL intensity for nanostructured GaN treated with PFOPA as a result of the
increased surface area, improved light extraction and possible higher semipolar sensitivity
contribution versus polished polar GaN surface. All materials showed significant optical
sensitivity to surface functionalization, even following lengthy soaking. It is beneficial to
note that general trends, particularly for the defect rich layered GaN, remained consistent
with treatments and subsequent soaking. Acid treatments provided NBE wavelength
manipulation that was only seen with the high aspect ratio nanostructured GaN.
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7.1 Abstract

Surface functionalization via 1H,1H,2H,2H-perfluoro octanephosphonic acid was
done in the presence of phosphoric acid to provide a simplified surface passivation technique
for gallium nitride (GaN) and gallium phosphide (GaP). In an effort to identify leading
causes of surface instabilities, hydrogen peroxide was utilized as an additional chemical
modification to cap unsatisfied bonds. The stability of the surfaces were studied in an
aqueous environment and subsequently characterized. Physical characterization sought to
distinguish surface roughness and water hydrophobicity pre and post stability testing via
atomic force microscopy and water goniometry. Surface chemistry changes and solution
leaching were quantified via X-ray photoelectron spectroscopy and inductively-coupled
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plasma-mass spectrometry. Results indicate sensitivity to hydroxyl terminated species for
both GaN and GaP under aqueous environments as the increase of the degree of leaching was
more significant for hydrogen peroxide treated samples. The results support the notion that
hydroxyl species act as precursors to gallium oxide formation and lead to subsequent
instability in aqueous solutions.

7.2 Introduction
Organic surface functionalization of semiconductors provides a convenient way to
modify surface properties without using expensive materials or processing equipment.[96]
Surface functionalization seeks to control surface chemistry that frequently lead to
undesirable characteristics[100] as a result of nonradiative recombination centers[99] and
higher carrier recombination velocities from incomplete surface termination.[101] Although
the bulk properties are controlled by the overall quality of the crystal by dopants used and/or
defects present, the surface interface ultimately controls properties such as electrical
conductivity,[131, 250] chemical selectivity,[17] optical recombination events,[182] and
environmental stability.[265] The inherent need to reduce the total surface energy drives the
natural reduction of dangling bonds[305, 306] which, in the presence of organic functional
groups, form chemically adsorbed layers.[97] Many groups have explored surface adsorbates
such as thiols,[109] silanes,[92] phosphonic acids,[129] and carboxylic acids[235] as ways to
modulate the surface properties. Thiols, perhaps the most widely reported, bind directly to
metallic or low valence atoms centers.[239] Because of this, natural oxides must be removed
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prior to thiol functionalization. In the drive to improve environmental sustainability, ways to
produce similar qualities without expensive processing facilities or hazardous solvents has
led to interest in phosphonic and carboxylic acids. Both carboxylic and phosphonic acids are
known to utilize protonated surfaces, native oxide, and hydroxyl groups as potential
adsorption sites, which provides flexibility for binding not available with other
adsorbates.[18, 125, 307] In the case of phosphonic acids, up to three binding sites are
available, although only the two hydroxyl groups are expected to provide binding due to
lower dissociation energy.[125, 256] By utilizing the native oxide layer, not only are the
surface properties altered by adsorbate functionality, but the underlying material and oxide
layer is capped.[247] Normally oxides of monoatomic semiconductor species (such as Si)
form uniform, thick oxide layers that prevent subsequent attack of the underlying material.
Due to the diatomic nature of III-V semiconductors, a thick protective layer of oxide is not
available, which is problematic in both stability and in situations requiring high K dielectric
properties.[237, 308] In this way organic functionalization provides additional benefits
needed for materials with challenging chemistry in dynamic environments.
Of the semiconducting materials available, gallium nitride (GaN) and gallium
phosphide (GaP) are frequently cited as inherently resistant to chemical attack and
corrosion.[78, 84, 265] Their natural stability provides a platform for chemical sensors,[309]
solar technology,[310] and biological sensors.[294, 311] Fabrication for GaN and GaP
applications is limited to extreme acidic and basic conditions[312] as well as energetically
driven environments[227, 313] via etching solutions of molten KOH,[85] NaOH,[227]
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phosphoric acid,[314] sulfuric acid,[78] or nitric acid.[191, 315] Increased complexity is
added due to the different stabilities between group III and group V atoms, which leads to
preferential removal of group V atoms to form group III-rich crystallographic features.[249,
314] Within an acidic environment, the simplified etching mechanism for GaN can be seen in
Eq. (1).[85] The formation of ammonia provides the primary mechanism of crystal attack
2GaN (s) + 3H2O (l) → Ga2O3 (s) + 2NH3 (aq)

(1)

and subsequent isolation of insoluble gallium oxide (Ga2O3). Ga2O3 is the primary oxide
formed for gallium in neutral solutions, whereas ionic species of Ga3+, HGaO22-, and GaPO4
provide paths for gallium solubility in acidic environments.[139, 314, 316] Ionic species are
available only for pH < 3.0 as Ga2O3 dominates and limits subsequent gallium solubility.
Nitrogen does form oxides of its own but require oxygen rich environments in order to form
insoluble N2O5 (as all other oxide formations are soluble or reactive in water).[136] Unlike
GaN where the group V atoms do not readily form insoluble oxides of their own, GaP
possesses a unique metastable group V oxide. To date, etching GaP with phosphoric acid
(H3PO4) remains sparsely explored and not well understood.[317] GaP etching does not
follow Eq. (1) in aqueous solutions due to the insolubility of phosphine in water.[136] Some
have theorized that GaP immersed in an acidic environment under illumination forms a
phosphonic acid.[227] However, this does not account for the predominantly formed Ga2O3
seen from GaN as well as phosphorous oxides (PxOy) that have been reported in aqueous
environments.[196, 318] It is expected that phosphorous forms a phosphoric derivative
(depending on the degree of hydroxyl termination) to maximize solubility in low pH
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environments.[136] In addition to preferential removal of group V species, defects play a
crucial role as they present preferential etching locations due to increased energy at the
crystal defects. Although much of this has been documented, actual device testing in nonextreme conditions for response and subsequent corrosion has not been systematically
documented.
By utilizing an in-situ functionalization technique, the formation of oxide layers via
etching is critical to the subsequent adsorption of functional groups. Through this route,
simultaneous etching and functionalization can occur; however, there may remain regions
free of both oxide and functional adsorbates. By utilizing incomplete regions, this study
seeks to understand what role hydroxyl groups and other oxides play in the stability of GaN
and GaP in aqueous environments. To accomplish this, the surface was initially stripped of
the native oxide layer (Figure 35) via hydrochloric acid. Once protonated, subsequent etching
at low temperature provides additional hydroxyl groups on the surface[319] without the
concern of detrimental etching and pitting.[320] This in turn promotes adhesion of
1H,1H,2H,2H-Perfluorooctane phosphonic acid (PFOPA-Figure 34), which was chosen due
to its ability to modify work functions[18] as well as provide a prominent fluorine
signature.[320] Regions not capped with functional groups were used to test the leaching
capacity of hydroxyl groups versus subsequent oxide formations such as gallium sub-oxides
(GaO(OH), Ga2O, GaO) and amorphous gallium oxide (Ga2O3).[313] In addition to
analyzing patchy regions, use of hydrogen peroxide (H2O2) provides greater control of the
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surface terminal groups, specifically hydroxyl groups from H2O2 degradation.[321, 322] This
has already been shown to provide better control over surface termination[323] and
subsequent surface coverage.[324] As etching techniques require the formation and
subsequent dissolution of oxides, the degree of environmental degradation within an aqueous
environment should provide insight onto the more reactive species on the surface.

Figure 34 1H,1H,2H,2H-Perfluorooctane phosphonic acid
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Figure 35 Surface stripping, etching, functionalization, and capping of GaN and GaP.
7.3Results and Discussion

7.3.1Topography and Hydrophobicity

Macroscopic changes to the surface were recorded by both atomic force microscopy
(AFM) and contact angle goniometry. AFM images of GaN (Supprting Information, S1)
indicate wavy structures consistent with other HVPE grown GaN.[264] The finger-like
trenches on the surface are a combination of surface pits that do not present themselves as
distinct polygonal pits consistently seen with hillock-type GaN from prominent screw
dislocations.[179, 233] The GaP samples, which were heteroepitaxially grown on Si, do not
show any defining surface features like the ones on GaN.[325] Optically, it appeared purple
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with a mirror-like finish, whereas the GaN was transparent with a light tint. The surface
roughness data (Figure 36) indicate a similar surface roughness for both samples. GaN
experienced surface roughening with subsequent treatments, while GaP produced a mixed
response. Soaking in water was expected to produce little change relative to pre-soaked
samples, which can be seen in Figure S1. Although no statistical quantities can be derived,
sensitivity of GaP to hydrogen peroxide is evident for post-soaked etched samples. Hydrogen
peroxide has shown the ability to form smooth microstructures on AlGaN[321, 322] and
ZnO[250] surfaces by forming secondary oxide structures, which seems to be the case for
pre-soaked etched GaN samples. By soaking them, the change for GaN is diminished,
whereas it becomes more evident for GaP.
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Figure 36 Surface RMS roughness captured via AFM both pre and post 7 day soak for GaN
and GaP.

Water goniometry (Figure 37) shows a unique response relative to the various
treatments and substrates being used. For GaN, the use of phosphoric acid without
subsequent hydrogen peroxide capping provides increased surface roughness, which is
matched with a decrease in the contact angle. By adding hydrogen peroxide, the roughness
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hardly changes whereas the water contact angle increases, indicating a response due to
surface chemistry rather than surface topography.[321, 322] For GaP, the contact angle is
based solely upon treatments rather than topography, confirming interactions via surface
chemistry. PFOPA is known to produce increased contact angles due to the repulsion from
fluorine termination.[103] The contact angle data indicates better coverage of PFOPA for
GaP than for GaN at a 3mM concentration.[125, 128] The low treatment temperatures as well
as water instead of an organic solvent were expected to have this effect. The one trend
consistent throughout the treatments is an increased water contact angle post soaking.
Normally decreased contact angles are expected post hydration due to residual water;
however, these effects are short lived and did not survive the time delay following XPS and
AFM analysis. Additionally, lower pH values tend not to result in as great of a decrease in
water contact angle post hydration as has been seen for neutral or basic conditions.[196]
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Figure 37 Water contact angle captured via water goniometry both pre- and post-7 day soaks
for GaN and GaP.

7.3.2 Surface Composition and Stability

In order to understand the mechanism behind surface stability of GaN and GaP, XPS
and ICP-MS were employed to investigate surface chemistry and leaching characteristics.
Atomic ratios (Supporting Information, S2 and S3) captured from the area ratios of high
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resolution C1s, F1s, Ga3d, N1s, O1s, and P2p spectra via XPS form a series of trends based
upon the various treatments. From the F1s data, PFOPA appears to bind more concentrated to
GaN than to GaP as the peak intensity is higher without any additional properties observed
from water goniometry. Subsequent capping with hydrogen peroxide masks any fluorine
signature from PFOPA for GaP, which was not seen for GaN. Regardless, PFOPA desorbs
during soaking as a result of unstable oxides binding of the phosphonic acid to the surface.
The degree of removal is a minimum of 77% fluorine contribution for GaP and 93% for
GaN. The P2p spectra indicate residual phosphoric acid species from etching that were not
removed post rinsing. The presence of fluorine and additional phosphorous from phosphonic
acid functionalization indicate surface attachment on GaN,[320] but is only inferred for GaP
due to the complex P2p spectra from oxide complexes. The oxygen content, which is
employed in both functionalization and subsequent leaching, increased by 2.6% for GaN and
4.5% for GaP from pre- to post-soaking. In addition, hydrogen peroxide capped surfaces
indicated greater oxygen content than uncapped surfaces, particularly for pre-soaked
samples. When looking at the gallium content, there appeared to be no significant differences
for GaN, but a decrease was seen for post-soaked GaP. Carbon and nitrogen content
fluctuated due to environmental impurities induced from a more relaxed and sustainable
functionalization process.
From the observed trends, it appears oxygen plays a crucial role in stability and
functionalization. To elucidate the role gallium oxide plays, the Ga2p3/2 spectra was
deconvoluted into five primary binding species: Ga-Ga (1116.0 eV),[200, 201] Ga-N (1117.7
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eV),[248, 249] Ga-P (1117.3 eV),[326] Ga-oxides (1118.5 eV),[201, 205] and Ga2O3 (1119.5
eV)[248] as seen in Figures 38 and 39. For pre-soaked GaN in Figure 38, hydrogen peroxide
capped surfaces produced more gallium sub-oxides (which include Ga2O, GaO, GaO(OH)
species) than Ga2O3. This was seen by the shifting of the Ga2p3/2 peak to higher binding
energies associated with oxide formation. Despite preferring sub-oxide formation, H2O2
capping appears to promote the formation of insoluble Ga2O3 as well. Soaking from Figure
38 indicates that exposure to a water environment alters the oxide composition to a Ga2O3centric makeup by either removing the sub-oxides into solution or converting them into
insoluble Ga2O3. Quantitatively (Supporting Information, S4 and S5) the type of oxide as
well as amount is highly dependent upon whether H2O2 treatment was performed,
particularly for post soaked samples. Although H2O2 was expected to decompose and cap the
surface with hydroxyl species prior to soaking,[250, 327] the data indicate a rapidly grown
thin Ga2O3 layer relative to uncapped samples. This changes post soaking as the ratios from
S4 confirm a difference in oxide composition (sub-oxide to Ga2O3), which is likely a result
from the spontaneous dissociation of water onto the surface.[328, 329] Deconvolution of the
O1s spectra (Supporting Information, S6) confirms the initial hydroxyl terminated oxide
setup (represented in Scheme 1) in addition to the migration of sub-oxides to Ga2O3
formations following soaking. This was supported by the shifting of the O1s spectra from
533 eV (corresponding to –OH termination) to 531 eV (corresponding to -O- type
bonding).[250, 327, 330] Subsequent soaking forms gallium rich oxide species for etchants
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not capped with hydrogen peroxide, while those capped continue to form gallium deficient
sub-oxides.

Figure 38 Deconvoluted Ga2p3/2 spectrum for GaN pre (a) and post (b) 7 day soaking.
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GaP behaves much the same to the treatments as GaN does prior to soaking. Capping
with hydrogen peroxide results in rapid oxide growth (Figure 39), whereas uncapped
treatments produce more sub-oxide species. The difference lies in the soaking process.
Unlike GaN which devolves into insoluble gallium oxide species and ammonia (no N-O peak
seen to indicate formation of nitrogen oxide-NxOy or hydroxyl termination), GaP forms
gallium oxide as well as phosphorous oxide (PxOy).[196, 271, 310, 331] Whereas post
soaking resulted in the formation of gallium rich species for primarily uncapped GaN, the
soaking produced gallium oxides of almost equal gallium content regardless of treatments.
There is a slight variation, but when observing the degree of phosphorous oxide the
difference is made up with increased phosphorous content (Supporting Information, S7). The
terminal oxide species from O1s follow the trend seen for GaN with decreasing hydroxyl
groups after soaking; despite the fact that the O= is now being divided between surface
gallium and phosphorous atoms.
The degree of surface stability was tested by the amount of leached gallium within
solution that was captured via ICP-MS. Other species (such as nitrogen or phosphorous) were
not tested due to the natural instabilities of V-group atoms relative to gallium.[137, 196]
Understanding that the surface areas contribute more to the stability than the bulk volume, a
ratio taken between total gallium leached (ppb) versus the total area exposed (mm2) provides
a mechanism to compare the two material types, which has not yet been explored. The use of
gallium terminated GaN and GaP morphologies (Supporting Information, S8) allows for a
more direct comparison. Following 7 days of soaking, GaN on average released less gallium
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into solution than GaP (27±11 ppb/mm2 vs. 34±7 ppb/mm2). It is expected that GaP is less
stable than GaN due to less ionic behavior,[332] which equates to lower bond strength

Figure 39 Deconvoluted Ga2p3/2 spectrum for GaP pre (a) and post (b) 7 day soaking.
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between III and V species.[186, 207, 333]. We note that for the free-standing high-quality
GaN samples both polar faces and nonpolar sides were exposed to the chemical treatments.
While we accounted for this by calculating the total exposed area, our experimental results
were influenced by both the Ga-face polar surface known as the most chemically resistant,
and by a contribution from the other surfaces, that are less chemically stable. Due to the
greater ionic strength, GaN preferentially forms Ga2O3, which due to the structural
conformation, limits access to nitrogen atoms. This subsequently slows leaching of gallium
into solution by forcing water to attack Ga2O3. GaP responds much the same way but forms a
secondary oxide via phosphorous. Comparing the oxide ratios of each species, the ratio of
Ga2O3 vs. PxOy went from 8:1 for pre-soaked GaP to a ratio of 7:1. The decrease in Ga2O3
indicates a mechanism for increased leaching of Ga from GaP via the more soluble PxOy
species.[4, 196, 239, 334] Given enough time, gallium oxides would have limited subsequent
leaching as simply by soaking the surface became more gallium rich. Despite the reported
insolubility of gallium oxide formations, the fact that water spontaneously dissociates when
in contact with these materials[328, 330] ultimately controls the degree of stability that
appears similar to one another.
By utilizing hydrogen peroxide to terminate uncoated regions, the amount of gallium
collected following each treatment indicates that hydroxyl termination is a catalyst for
gallium removal. In each case (Figure 40), the capping of hydrogen peroxide promotes
leaching by as much as 145% (Supporting Information, S9) for each individual treatment.
Correlation with XPS data confirms the increased reactivity caused by hydroxyl termination
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versus gallium oxide (specifically Ga2O3) formation. In reference to the Pourbaix diagram for
GaN,[335] the pH and potential utilized imply that Ga2O3 does provide some level of surface

Figure 40 ICP-MS data corrected for exposed surface area for GaN and GaP following a 7
day soak in DI water.

protection as phorphoric acid and hydrogen peroxide treated GaN produced the largest
amount of Ga2O3 and subsequently less leaching verses other treatments. Despite that, the
same treatment without hydrogen peroxide capping provides gallium rich oxide formations,
which indicates the degree of gallium content on the surface controls the ultimate stability.
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GaP mimicked this with the PFOPA treatment due to increased uniform coverage of PFOPA
and thus improved gallium oxide stability.

7.4 Conclusion

From this study, the surface stability of GaN and GaP was monitored following
surface functionalization with 1H,1H,2H,2H-perfluorooctanephosphonic acid and a
phosphoric acid etchant. Surface roughness data from AFM indicated no quantifiable
changes after the surface chemistry was altered. Water contact angle confirmed the stability
of bulk surface hydrophobicity with no significant differences between GaN and GaP.
Although macroscopic properties remained the same, XPS confirmed alterations to the
surface chemistry with significant signal contributions from hydroxyl groups, particularly
following hydrogen peroxide capping. By pairing with ICP-MS, the degree of sensitivity of
GaN and GaP to hydroxyl groups for subsequent gallium dissociation and oxide stability
became evident. Although GaN and GaP demonstrated similar degrees of solution stability,
GaP is more susceptible to gallium leaching than GaN.

7.5 Experimental Section

7.5.1

Sample Preparation

The two starting materials were polar (001) free-standing GaN and a polar (001) thin
GaP film. The GaN samples were grown via hydride-vapor phase epitaxy on sapphire and
were self-separated from the substrate during the cooling. These GaN samples typically
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possess a dislocation density in the range 5x105-1x106 cm-2.[190] Following growth, the GaN
was chemically-mechanically polished on the gallium rich side post substrate separation. The
free-standing GaN was 0.78 mm thick after final processing. A thin (80 nm) film of GaP was
grown on (100) silicon via metallorganic vapor phase epitaxy and exhibited a single crystal
X-ray diffraction pattern. Both GaN and GaP wafers were diced into 3x3 mm2 squares by
American Precision Dicing. Following dicing, samples were cleaned via sonication baths of
acetone and methanol seperately. Each sample was rinsed with deionized (DI) water (18.2
MΩ/cm) and exposed to a 100°C 50/50 vol.% hydrochloric acid (Fisher Scientific 35-38%
vol.%)/water solution for 10 minutes. Following the HCl bath, samples were rinsed again
with DI water for 2 seconds and immediately exposed to respective functionalization and
capping regimens. Samples were characterized following cleaning without further
modification.

7.5.2

Chemical Functionalization

Following cleaning samples were either exposed to a solution of 50/50 vol.%
phosphoric acid (Fisher Scientific, 95%)/DI water or a 50/50 vol.% phosphoric acid/ 3mM
1H,1H,2H,2H-Perfluorooctanephosphonic acid solution at 40˚C. After 150 minutes, each
sample was rinsed with DI water for 2 seconds and dried with nitrogen. One of each sample
(GaN and GaP) from each treatment was then subsequently exposed to a 10 vol.% H2O2
solution (Fisher Scientific, 30%) for 7.5 minutes at room temperature. A cleaned sample of
GaN and GaP was exposed to the H2O2 solution without undergoing functionalization.
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Samples were dried with nitrogen following H2O2 capping. All samples were analyzed via
XPS within 2 hours of post processing.

7.5.3

Physical Characterization

Structural configuration was confirmed with a Rigaku Geigerflex model D/Max IIA
XRD utilizing a Cu Kα (λ = 0.1542 nm) source excited by a 20 mA electron beam
accelerated to 25 kV. 1˚ diffraction slits were used with 0.6 mm and 0.8 mm receiving and
monochromator slits, respectively. The XRD was calibrated using the silicon (004) reflection
that corresponds to a 2θ of 69.13˚. 2θ scans were taken from 25-75˚ and captured with MDI
DataScan4 software. The XRD data (provided in supporting information) was to confirm
both polarity and epi-layer location on diced samples. The GaP diffraction pattern revealed a
(001) oriented film (see supporting information).
Surface roughness data was collected with an Asylum Research Cyper AFM
following XPS measurements. Samples were mounted to steel chucks and randomly scanned
at 5 locations over a 10 x 10 µm2 area per location. Asylum Research AC240TM tips were
used to raster at a scan rate of 1 Hz. Images were flattened within Igor Pro Ver.14 (for visual
effects only, see supporting information) and averaged for root mean square (RMS) surface
roughness quantification.
Surface hydrophobicity was tested after AFM with a Ramé-Hart Model 200-F4
goniometer. Water droplets were formed with DI water from a 28 ga. (AWG) needle. Each
droplet was brought into contact with the surface before the needle was retracted. The half-
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angles from each side were averaged to form the contact angle for each test. Half-angles were
collected via DROPImage (Ver.2.4.07) software at a rate of 2 frames per second for 5
seconds. Once images and angles were collected, the sample was dried with nitrogen. A total
of 5 random droplets were placed on each sample.
7.5.4

Chemical Characterization

Surface chemical characterization was performed with a Kratos Axis Ultra XPS. A
monochromated Al Kα (hv = 1486.7 eV) source with a 2.0 A charge neutralized were used at
3 x 10-8 torr. Samples were mounted on an aluminium stage with copper tape and analysed at
photoemission angles 0˚, 45˚, and 60˚. Three random spots were selected per sample with the
three aforementioned photoemission angles performed per spot. A single survey scan with
160 eV pass was performed in addition to high resolution region spectras of C1s, Cl2p, F1s,
Ga2p, Ga3d, O1s, N1s, P2p, and S2p composed of 5 averaged scans with 20 eV passes. The
XPS was calibrated to Ag (368.21 eV) in accordance to ISO TC/201.[145] All processing
and peak deconvolution was performed via Casa XPS (Ver. 2.3.16 PR) software. Spectra
were charge corrected using C1s (284.8 eV)[144] prior to deconvolution. Primary peak fullwidth at half-maximum (FWHM) served as limiter for subsequent peaks in the spectra to
prevent imaginary broadening. Each peak as fitted using the Lorentzian profile and the
background spectra was subsequently removed. For atomic species calculations, the Kratos
atomic sensitivity factors were loaded prior to quantification. Comparing atomic percentages,
Ga3d region was used rather than Ga2p3/2 due to greater depth profiling and decreased
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energy disparity between species.[191] No auger peaks were included within quantification,
such as gallium auger peaks within the N1s spectra.
Solution stability was tested following physical characterization. All samples were
soaked in 1.5 mL of DI water (pH 5.22) for 7 days. The samples were then removed from
solution and dried with nitrogen to undergo secondary characterization with XPS, AFM, and
water goniometry. The solutions were analysed for gallium with a Perkin Elmer Sciex Elan
DRCII ICP-MS after calibration with gallium 69 and solution dilution with water 5 times.
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8 Future Work

The stability studies from the previous section shed light onto natural differences in
reactivity between various III-V materials that would benefit from a more thorough
treatment. There are many III-V materials currently seeing use in aqueous environments
under various conditions.[336-338] Though it is accepted that specific pH ranges promote
leaching or even etching,[139, 312] but there is no consistent studies citing repeatable loss
rates or quantifiable stabilities. This is of concern, particularly for devices seeing action
within biological environments. It is known that indium alloys are exceedingly hazardous to
gallium derivatives,[339, 340] but the use of specific V-group species such as arsenic and
antimony are known by health organizations to produce toxic byproducts within the
body.[339, 341] Many of these species are limited to 10 ppb for arsenic[342] and 20 ppb for
antimony[343] by governing bodies. By focusing efforts on more benign V-species such as
nitrogen and phosphorous (which already account for 3.0% and 1.1% of the human body
respectively)[344] the hazards of leached material can be mitigated. Though the previous
section touched on the differences between GaN and GaP, a direct quantitative analysis
independent of exposed surface area would provide improved quantitative analysis. This can
be achieved by isolating equal surface areas to duplicate environments. With recent advances
in microfluidics, the ability to control flow rates, exposed surfaces, volumes, and fluid
compositions promises a unique ability to identify elemental species not available in larger
volumes.[345, 346] This enables the direct comparison of the surfaces explored here, but also
other crystallographic orientations that remain unexplored to date.
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The identification of specific adsorbate binding remains a challenge with the
characterization techniques previously utilized. XPS provides high resolution chemical
characterization, but is limited to small areas due to the time requirements to perform
elemental mapping. PL provides a higher throughput method than XPS but is ultimately
limited to the source and subsequent predetermined excitation paths.[347] It is not yet been
confirmed if adsorbates bind on high energy regions such as defects or prefer pristine
surfaces for agglomeration. Cathodoluminescence (CL) offers a novel approach to addressing
this concern, but also to identifying alloy composition for mixed III-V materials as well as
band structures of surface species.[348-351] CL is available in both hybid-optical
microscopy setups[347] in addition to SEM add-on detectors.[352] It is recommended that
SEM based CL provides high resolution-small area identification of the initial binding sites
and surface band structures. Once properly correlated, CL-optical microscopy offers a high
throughput option for systematic identification of surface adsorbates on the surface at both a
fraction of the equipment and operational costs. In this way the bulk properties, defects, and
surface species can be quantified.
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9 Conclusions and Outlook

9.1 Conclusion

III-V semiconductors have seen a recent surge in interest due to properties such as
faster

charge

mobility,

customizable

wide

band

gaps,

chemical

stability,

and

biocompatibilities that silicon cannot offer. Because the surface controls most of the
aforementioned properties, this dissertation seeks to investigate how surface properties of
GaN can be modified through surface passivation with organic adsorbates, which has been
little studied to date. Adsorbate binding was controlled by an in-situ etch in an effort to
understand the role crystallographic orientation, crystal quality, and adsorbate has on the
surface chemical, optical, and electrical properties of GaN. This work seeks to provide future
researchers with a greater understanding, of GaN surface interface interactions for potential
applications.
The first part of this dissertation discussed the adhesion of a short chained thiol
(cysteamine) onto polar GaN in both thin and thick layered configurations. Two temperatures
of phosphoric acid were utilized to understand the degree of cysteamine binding and oxide
formation that was captured through surface sensitive techniques (AFM, water contact angle,
XPS, PL). Surface passivation with cysteamine was observed at both temperatures; however,
bulk free-standing GaN appeared to be more sensitive to oxide formation due to sizable
surface pits. These pits rendered the surface hydrophilic with high temperature etching. The
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effects of cysteamine on topography, particularly for the defect rich thin layered GaN, was
seen in the control of surface roughness that promoted the greatest photoluminescence.
The second part continued the study but utilized nonpolar GaN in order to understand
the role of crystallographic orientation and cysteamine adsorption. Binding was again
confirmed via XPS; however, the difference in atomic compositions for etchants with and
without cysteamine was not as significant. This confirmed the role gallium stoichiometry has
on thiol binding as the increased nitrogen content for nonpolar GaN did not demonstrate the
same response as polar GaN. Free-standing nonpolar GaN showed increased sensitivity to
etching than the bulk polar GaN due to increased defect sites. Cysteamine was able to limit
oxide formation and subsequent etching for bulk GaN, but showed little effect for thin
layered GaN. This was identified with photoluminescence, which demonstrated decreased
intensities from solutions with cysteamine, primarily for thin layered GaN. Etchant
temperature had little effect on etching for nonpolar GaN, but was sensitive in the case of
polar GaN.
The third part expanded the study with the use of short chained phosphonic acids.
Again, the role of etchant composition and temperature were investigated on various GaN
configurations (polar and nonpolar as well as thin and thick layered samples). Though the
binding mechanism differs from thiols, the phosphonic acids added to the etchant provided
oxide stabilization which subsequently controlled topography and hydrophobicity. This in
turn controlled the photoluminescence, particularly for nonpolar GaN samples. The
mechanism of etching was confirmed as gallium oxide dependent (seen via gallium to
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nitrogen content across all samples), in addition to the higher sensitivity of thick GaN layered
samples to oxide formation. Polar bulk GaN demonstrated not only decreased oxide
formation with the use of phosphonic acids (as a result of passivation), but a significant
reduction of gallium oxide content for bromine terminated phosphonic acid. This indicates
not only good coverage but also a direct correlation between terminal groups and
functionalization characteristics. An environmental study was added via ICP-MS, which
confirmed passivation properties of adsorbates within etchants versus adsorbate free etchants.
Due to the unique behavior of the bromine terminated phosphonic acid, the fourth
section explores the role terminal groups have on passivation and other properties on polar
bulk GaN. The use of long chained phosphonic acids enabled retention of oxide formation
that was limited by both concentration and temperature, as well as reduced the surface
potential of GaN for adsorbates with electronegative species. Unlike the previous studies that
showed improved photoluminescence output with short chained phosphonic acids, the use of
long chained phosphonic acids inhibited photoluminescence intensities, but were able to
again control the surface chemical makeup and surface topography.
Utilizing the long-chained fluorine terminated phosphonic acid from the previous
section, the effects of functionalization of high aspect ratio GaN nanostructures was
compared to planar free-standing and epitaxial layered GaN in the sixth section.
Nanostructured GaN and layered planar GaN demonstrated significant changes to PL
response as a result of etching and functionalization. Free-standing bulk GaN, known for its
high crystalline quality, replicated the weak response from the previous section; whereas
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defect rich planar GaN reacted in an opposite manner. The mechanism of PL response is
oxide sensitive as by soaking the samples the ratio of etch to functionalization PL intensity
decreased for layered GaN. Nanostructured GaN, dominated by semipolar facets, did not
vary significantly over the course of soak. This indicates the importance of oxides to
functionalization and surface termination, as well as to the optical response.
The seventh section expanded the stability study from the fourth section by utilizing
hydrogen peroxide as a way to initiate hydroxyl termination to better understand the role
oxides play in III-V environmental stabilities. The degree of surface stability is controlled not
only by adsorbed molecules as seen previously, but also by the constituents available to form
insoluble passivating species. The complex nature of oxide formation for GaP lead to
increased leaching per area relative to GaN. The hydrogen peroxide formed gallium rich
oxides that when exposed to aqueous environments, lead to increased leaching and sub-oxide
rich termination. In this way, oxygen rich surface termination is required for surface
passivation in moderate pH environments.

9.2 Outlook

Due to the size of scale within the manufacturing world, the ability to remove a single
step from a process flow has the potential to vastly reduce production time and material
costs. Some applications, such as dye-sensitized solar cells, are already seeing interfacial
functionalization as a way to realize more efficient solar technology.[353] It is accepted that
III-V materials are unlikely to reach such magnitudes of production in terms of shear material
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mass; however, their uses in focused applications such as transistors, LEDs, and sensors is
rapidly growing. In the case of LEDs, the methods described in this dissertation shed light on
a convenient way to modulate surface chemistry and topography to alter optical and electrical
properties. With the advent of organic LEDs, the importance of electrical interfaces and
pairing between the inorganic and organic is magnified. GaN and similar III-nitride based
semiconductors have already breached the 100 lumens/watt threshold and are expected to
become the world’s most efficient light source according to Haitz’s law (an LED derivative
to Moore’s law).[354] White LEDs are typically blue LEDs with a yellow phosphor coating
that emits white light. This method suffers from inefficiencies due to the phosphorescent
process. By utilizing organic phosphors, direct grafting to specific regions could allow for
increased efficiency as well as higher pixel densities due to selective color segregation.[355]
In the realm of chemical and biological sensors, the proposed materials and
methodology could almost certainly be applied as a primary or additional processing
technique.[255, 356] Without additional surface treatments, GaN has already demonstrated
pH sensitivity simply from oxide formation.[357] By adding functional adsorbates, the
sensitivity and selectivity could be magnified significantly by increasing the surface area to
allow for more binding sites. This could be extended into high aspect ratio formations such as
quantum dots or nanowires that are difficult to functionalize. The focus of this dissertation
was primarily on GaN, a limited number of adsorbates, and one of five widely used III-V
semiconductor etchants, which leaves a lot of open possibilities.
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