
ABSTRACT 

FOSTER, COREY MICHAEL. Fabrication and Characterization of Gallium Nitride 

Biointerfaces. (Under the direction of Dr. Albena Ivanisevic.) 

 

Recently, investigation of III-V semiconductors has gained interest as a possible route 

for the development of chemical and biological sensors and biological interfaces.  The unique 

blend of optical and electronic properties as well as chemical stability and biocompatibility 

make gallium nitride an excellent candidate for these applications.  

This thesis reports an evaluation of the surface stability of Ga- and N-polar gallium 

nitride surfaces and an investigation of the biocompatibility of covalent and non-covalent 

functionalized gallium nitride surfaces.  To evaluate aqueous surface stability, Ga-polar and 

N-polar gallium nitride surfaces were incubated in deionized water, pH 5, pH 9, and H2O2 

solutions for seven days.  Inductively coupled plasma mass spectrometry was used to 

determine the level of gallium leached from these surfaces at three time points.  Following 

incubation for seven days the surfaces were evaluated using X-ray photoelectron 

spectroscopy and atomic force microscopy.   The results indicate that N-polar surfaces are 

less stable in the solutions tested than Ga-polar surfaces.  Both surface types demonstrated 

the greatest stability in neutral and acidic solutions.  The surface roughness of Ga-polar 

surfaces increased after incubation in all of the solutions tested with acidic solutions causing 

the greatest increase.  Changes to the surface roughness of N-polar surfaces were less 

pronounced.  In addition, the N-polar surface demonstrates increased oxide formation over 

the Ga-polar surface after incubation in the evaluated solutions.        

Ga-polar gallium nitride surfaces were functionalized by covalent and non-covalent 

methods and the biocompatibility was assessed through PC12 cell culture.  Covalent 



functionalization was facilitated by olefin metathesis and non-covalent functionalization was 

achieved using the gallium nitride recognition peptide.  The IKVAV sequence was 

incorporated into the functionalization schemes to promote PC12 cell adhesion.  X-ray 

photoelectron spectroscopy was used to verify successful functionalization and atomic force 

microscopy was used to evaluate the morphology of the modified surfaces.  PC12 cell 

proliferation as well as morphology on the modified surfaces is reported.  The results show 

that the functionalization method influences cell behavior on the surfaces suggesting that 

each method may be suited to unique applications.  The gallium nitride recognition peptide 

sequence and the IKVAV sequence are also shown to maintain functionality when sequenced 

together.   

The work presented here provides motivation for further investigations that evaluate 

surface stability as well as more detailed cell studies on functionalized gallium nitride 

surfaces.  
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1. Introduction 

 

 

Developing suitable interfaces between technologically relevant  electronics and 

biological materials is of importance to a number of applications including chemical and gas 

sensing as well as healthcare. [1]  Semiconductors are attractive materials for achieving this 

interface as they can be easily integrated with existing electronics for data analysis and a 

wealth of knowledge on their properties and processing already exists as a result of 

widespread use in the microelectronics industry.  Silicon is currently the most widely used 

material for microelectronics fabrication.  However, the instability of silicon oxide that forms 

in the aqueous conditions required for many sensing applications and biological interactions 

make application of this material to these areas challenging.  Some III-V semiconductors on 

the other hand have shown excellent chemical stability and are strong candidates for 

interfacing electronics technology with biological materials.   

In addition to being stable in aqueous environments, biocompatible, and non-toxic, 

the unique optical and electrical properties of gallium nitride make this material particularly 

attractive for sensing and healthcare applications. [2-4]  Possible applications of this 

particular III-V semiconductor include implantable neural probes, cell culture substrates, and 

single-cell probes. [5-7]  

Molecular modification provides a route to enhanced chemical stability, improved 

sensor selectivity and sensitivity, cell adhesion, cell signaling, and greater biocompatibility.  

Both covalent and non-covalent methods for molecularly modifying gallium nitride have 

been investigated.  Among the covalent approaches are methods that require an oxidize layer 



 

 

 

2 

 

 

and methods that result in molecular linkage to a cleaned or etched surface. 

Organophosphonic acids and organosilanes have been covalently bonded to oxidized gallium 

nitride surfaces.  Thiol adsorption has been achieved under ultra-high vacuum conditions.  

Schemes initiating with the attachment of hydrogen, halide, and amine groups have proven to 

be suitable for modifying the un-oxidized surface.  Non-covalent attachment has been 

achieved through the use of peptide sequences that naturally recognize the gallium nitride 

surface.  A reaction series to complete the surface modification and present the desired 

functional group usually follows initial modification of the surface.  The following sections 

summarize the most prominent examples of gallium nitride surface modification in literature 

in the order of their introduction above. 

 

 

1.1 Organosilane Attachment to Oxidized Gallium Nitride 

 

 

Organosilanes are among the most prevalent molecules for surface modification and 

their use has been demonstrated in numerous studies in the last decade. [8-15]  Organosilane 

functionalization was first applied to gallium nitride based heterostructures for sensing the 

protein streptavidin via binding with immobilized biotin. [16]  The covalent attachment of 

organosilanes, however, was not confirmed until later. [17]  Recently an organosilane based 

approach was implemented to graft luminescent dies to the gallium nitride surface taking 

advantage of the light emitting properties of this material for chemical sensing. [18]  
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Silanization of gallium nitride is a two-step modification process where the surface is 

hydroxylated prior to organosilane adsorption, Figure 1. [17]  A thin oxide layer and the 

activation of surface hydroxyl groups can be accomplished through treatment with piranha 

solution, H2SO4/H2O2 (3:1 v/v), or by oxygen plasma. [16-17]  To confirm covalent 

attachment of silanes to the gallium nitride surface, 3-aminopropytriethoxysilane was 

adsorbed to the hydroxylated surface from a solution of toluene at 50 
o
C.  The covalent 

attachment of the resulting monolayer was confirmed using X-ray photoelectron 

spectroscopy and temperature-programmed desorption mass spectrometry.  Interestingly, 

height images of the gallium nitride surface taken before and after functionalization show the 

terrace and hillock structures which are characteristic of gallium nitride indicating the 

absence of multilayer formation or organosilane aggregation.  Fluorescent tagging of photo-

patterned 3-aminopropyltriethoxysilane monolayers by hybridization with alexa fluor 488-

labled single stranded DNA was used to demonstrate organosilane monolayers as an initial 

modification suitable for further functionalization. 

 

 

 
Figure 1 Reaction scheme for attachment of 3-aminopropyltriethoxysilane (ATPES) to the 

gallium nitride (GaN) surface. 
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Hydroxyl groups are the primary chemical species through which organosilanes are 

able to link to a surface. [19] This was confirmed for the gallium nitride surface in a study of 

organosilane layer formation using angle resolved X-ray photoelectron spectroscopy. [20]  

Using 3-aminopropyltriethoxysilane as a model organosilane, both p-type and n-type gallium 

nitride were chemically functionalized.  A distinct difference in monolayer coverage is 

observed with p-type gallium nitride forming a surface coverage of 78% while n-type 

gallium nitride formed a ~3 monolayer thick film.  A scarcity of hydroxyl groups on n-type 

gallium nitride, even after treatment in piranha solution, is cited as the primary cause of 

multilayer formation.  On n-type gallium nitride, silanol groups that did not bond with 

surface hydroxyls are free to bond with other silane molecules forming siloxane bonds (Si-O-

Si).  This results in polymerization and formation of a network of silane molecules rather 

than the monolayer observed on p-type gallium nitride where hydroxyl groups were 

abundant.  This dependency on the density of surface hydroxyl groups to form monolayer 

coverage is a distinct limitation of organosilane surface modification of gallium nitride.  This 

is especially true for field effect based sensor applications where a thick multilayer film 

shields the signal produced by binding events on the functionalized surface from the 

underlying device. 
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1.2 Organophosphonic Acid Attachment to Oxidized Gallium Nitride Surfaces 

 

 

Organophosphonic acids have been covalently linked to oxidized gallium nitride 

surfaces. [21]  Because this scheme is dependent on the presence of oxygen, the first step is 

to form a surface oxide by exposure to ultraviolet light.  However, it is important to note that 

the density of hydroxyl groups does not influence monolayer formation as is the case with 

organosilanes. [22]  Following oxidation, organophosphonic acids in tetrahydrofuran have 

been adsorbed to the oxidized surface by allowing the solvent to evaporate, Figure 2. [21]  To 

complete the scheme the surfaces with adsorbed organophosphonic acids were then heat 

treated at 130
o
C to promote covalent attachment of the phosphonate groups to the oxidized 

surface.  The scheme was demonstrated to be effective with both octadecylphosphonic acid 

and 11-hydroxyundecylphosphonic acid though octadecylphosphonic acid was found to form 

a denser monolayer.  The denser octadecylphosphonic acid monolayer was shown to provide 

superior stability in neutral and acidic buffered aqueous solutions as measured through area 

ratios of characteristic X-ray photoelectron peaks.  At high pH both surfaces demonstrated 

considerably less stability.  The decreased stability of 11-hydroxyundecylphosphonic acid 

functionalized surfaces was attributed to increased heterogeneity of this monolayer.  One 

possible contributor of disorder in the 11-hydroxyundecylphosphonic acid monolayer was 

thought to be the presence of -OH groups which promote inverted adsorption of the 

molecule.  Despite reduced stability, functionalization with organophosphonic acids that 

contain reactive species like -OH is important for providing a route for subsequent linkage of 

biomolecules that can be used to promote cell attachment or sensor selectivity.    
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Figure 2 Reaction scheme for attachment of organophosphonic acids to gallium nitride. The 

R group represents -n-(CH2)7CH3 or -CH2OH to complete octadecylphosphoic acid and 11-

hydroxyundecylphosphonic acid, respectively.  Adapted from Kim et al. [21]  

 

 

 

Improvements to surface treatments prior to organosilane or organophosphonic acid 

adsorption may be able to enhance monolayer formation.  It has been shown that 

intentionally oxidized surfaces form more hydrophobic monolayers than those formed on 

surfaces with the native oxide removed. [23]  The study compares adsorption of 

octadecylphosphonic acid to gallium nitride surfaces treated with hydrochloric acid to 

remove oxide and those treated with UV/O3 to promote oxide formation.  The adsorbed 

layers were evaluated using water contact angle.  The equilibrium adsorption of 

octadecylphosphonic acid to UV/O3 treated surfaces resulted in more hydrophobic surfaces 

when compared to hydrocholoric acid treated surfaces, ~ 105
o
 and 98

o
 respectively.  The 

water contact angle on unmodified UV/O3 and hydrochloric acid treated surfaces was 13
o
 and 

20
o
, respectively.  The results are in agreement with studies that show strong affinity of 
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phosphonic acids with titanium oxides. [24-25]  The study also compared the adsorption of 

hydrocarbons terminated with -OH, -SH, -NH2, and -COOH functional groups.  Through 

comparison of these functional groups with phosphonic acids it was determined that 

phosphonic acids demonstrate a stronger binding affinity based on water contact angle 

measurements.  Moreover the study confirms improved chemical stability of phosphonic acid 

modified surfaces after heat treatment possibly due to covalent linkage to the oxidized 

surface.  Here again, the surfaces are shown to be most stable in acidic and neutral aqueous 

conditions and demonstrate less stability in basic environments.   

Grafting of both organosilanes and organophosphonic acids occurs by linkage to the 

surface oxide.  Since gallium oxide is unstable and dissolves in aqueous media, the primary 

mechanism by which organosilanes and organophosphonic acids can stabilize this surface is 

through dense packing of hydrophobic groups that repel attack of the underlying oxide.  

Water, hydroxyl ions, and other reactive species can cause release of the oxide and attached 

monolayer. [21]  Dense layers are also important for protecting bonds between the grafted 

molecules and the oxide layer that may be susceptible to attack by reactive species.  As a 

result achieving densely packed monolayer formation is important for realizing use of these 

schemes in sensing and healthcare applications. 
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1.3 Thiol Adsorption Under Ultra-High Vacuum Conditions 

 

 

Thiol adsorption has been applied as a modification method to a number of surfaces 

including gold and gallium arsenide. [26-27]  In addition adsorption of sulfur has been shown 

to passivate the gallium nitride surface. [28] 

A study of the adsorption of 1-octanethiol to gallium nitride under ultra-high vacuum 

conditions found that absorbed molecules orient parallel to the surface and attach via the thiol 

groups.  Surface saturation is reached at a coverage of ~0.28 monolayers. [29]  Thermal 

annealing up to 350
  o

C  resulted in a significant reduction in surface carbon with little change 

to sulfur as observed by X-ray photoelectron spectroscopy.  The result is an indication that 

the thiol decomposes under high temperature leaving sulfur bonded to the surface.  

First-principals density functional theory calculations were used to provide more 

detail about the adsorption of thiols to the gallium nitride surface. [30]  The most stable 

adsorption mechanism was found to be the dissociation of the thiol into hydrogen and 

thiolate.  The sulfur atom of the thiolate forms a bridge between two surface gallium atoms 

while the dissociated hydrogen bonds to a neighboring gallium atom.  Calculations 

simulating ethanethiol and butanethiol adsorption found that increased chain length increased 

the angle of the adsorbed thiolate relative to the surface normal, 56
o 
and 74

o
 respectively.  

The study also evaluated the desorption of thiolate by comparing the reaction energies of 

possible mechanisms.  Recombinant desorption to form the original thiol was found to be  

less energetically favorable than scission of the C-S bond which eventually results in alkene 

formation and subsequent desorption into vacuum.  The later mechanism agrees well with 
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experimental results that show sulfur remaining on the surface in spite of hydrocarbon 

desorption during thermal annealing. [31]        

 

 

1.4 Attachment of Molecular Hydrogen to Gallium Nitride 

 

 

Kim et al. extended the method of photochemical functionalization of hydrogen 

terminated surfaces with organic alkanes to gallium nitride surfaces, Figure 3. [32]  In 

summary, the surfaces are first treated with an inductively coupled hydrogen plasma to yield 

a hydrogen terminated surface.  The next step of the reaction sequence was to 

photochemically functionalize the gallium nitride surface with an alkene using ultraviolet 

light at 254 nm.  An appropriate molecule contains an alkene at one end for linking to the 

surface and a reactive group at the opposite end that can be used to complete the 

functionalization scheme.  In this case a protected amine was present on the opposite end of 

the molecule and after deprotection was used to link DNA to the gallium nitride surface.  The 

primary advantages of this approach is that it does not require ultra-high vacuum or high 

temperature conditions.  Additionally, because photochemical linking only occurs under 

ultraviolet illumination, chemical groups can be patterned with the aid of a mask.  The 

approach is versatile and has been demostrated on several other surfaces that are readily 

passivated with atomic hydrogen including diamond and silicon. [33-34]  
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Figure 3 Reaction scheme for photochemical functionalization of gallium nitride and 

subsequent deprotection of a terminal amine.  Adapted from Kim et al. [32]  

 

 

 

Hydrogen termination has also been shown to be a valuable preliminary modification 

for subsequent halide termination.  Functionalization via Gringard reaction followed by 

olefin cross-metathesis can lead to the attachment of biologically relevant molecules. [35] A 

demonstration of functionalization by this scheme proceded by hydrogen termination via a 

hydrogen plasma followed by chlorine termination in a super saturated solution of 

phosphorous pentachloride with benzoyl peroxide catalyst at 90
 o
C.  The gringard reaction 

was carried out using allylmagnesium chloride which resulted in an alkene terminated 

surface suitable for priming with Grubbs catalyst and finally cross-methesis with a bromine 

labled alkene.  The chlorination step through the olefin cross-metathesis require the 

protection of an inert electron environment which can be achieved in a nitrogen purged 

glovebox.  X-ray photoelectron spectroscopy was used to verify and evaluate the gallium 

nitride surfaces at various stages throughout the scheme.  Analysis of the X-ray photoelectron 
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spectra reveals a suface coverage of 0.26 and 0.10 monolayers was achieved for the chlorine 

and bromine labled alkene surfaces, respectively.   

Treatment in room temperature ammonium fluoride has also be used to achieve a 

hydrogen terminated surface suitable for further halide termination, Figure 4. [36]  In 

conjugation with the above described olefine metathesis reaction scheme, the method was 

shown to be effective for teathering a peptide to the surface resulting in a surface coverage of 

0.5-1 monolayers.  PC12 cell culture, a model cell line for neuronal behavior, was used to 

show that the covalently attached peptides improved the biocompatibility of the gallium 

nitride surface. 

 

 

 
Figure 4 Reaction scheme for hydrogen termination via ammonium fluoride and the 

following functionalization with Grinard reagent and Grubbs catalyst.  Adapted from 

Makowski et al. [35]  

 

 

 

1.5 Attachment of Halides to Gallium Nitride 

 

 

A method for forming a chlorine terminated surface on etched gallium nitride has 

been demonstrated, Figure 5. [37]  In this scheme the gallium nitride surface is etched with 

potassium hydroxide which is often used to improve surface texture for enhanced light 
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emitting diod efficiency. [38]  Subsequent reaction of the etched surfaces with a super 

saturated solution of phosphorous pentachloride at 95 
o
C with benzoyl peroxide as a catalyst 

results in chlorine terminated surfaces.  The surface chlorines can then react with 

nucleophilic agents to form Ga-C bonds.  The success of the scheme was proven by 

attachment of 4-fluorophenyl  by Gringard reaction and the stability of the functionalization 

was demonstrated by the persistance of a fluorine peak in the X-ray photoelectron spectra 

after repeated washing with methanol. [37] 

 

 

 
Figure 5 Reaction scheme for attachment of chlorine to etched gallium nitride. 

 

 

 

1.6 Attachment of Amine Groups to Gallium Nitride 

 

 

Amine termination is a promising method for promoting reactivity of the gallium 

nitride surface and reducing the separation between the receptor and inorganic surface which 

is important for improving the sensitivity of field effect devices. [39]  

Study of the chemisorption of amine (NH3) under ultra high vacuum conditions by 

ultraviolet photoelectron spectroscopy and semiemperical molecular orbital calculations 

suggests that NH3 dissociates into NH2 and hydrogen upon adsorption to a clean (0001) 

gallium polar gallium nitride surface. [31]  The evidence suggest that nitrogen assumes four-

fold symmetry and the resulting Ga-NH2-Ga bridge has asymetric bond strength.  No 
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evidence for bonding to surface nitrogens was observed.  Chemisorption of amine is 

associated with the removal of surface states near the valence band maximum with no 

observed band bending which is consistant with studies of oxygen and hydrogen adsorption. 

[40-41]  

The formation of surface amines on gallium nitride has been achieved using 

humidified air plasma created in a radio frequency glow discharge plasma chamber, Figure 6. 

[39]  The mechanism was speculated to result from the breakage of Ga-N bonds in favor of 

Ga-O and N-H bonds.  The maximum theoretical surface coverage for this mechanism is 

33% which is much lower than that possible through use of amine terminated silanes.  In a 

study comparing the two schemes though,  amine termination using silanes did not result in a 

significantly higher concentration of biomolecule when the surface was functionalized with a 

protein. [42]  This can likely be explained by the difference in size scale between a straight 

chain organosilane or single amine and a protein which could span multiple surface binding 

sites.  Investigation of the surface with X-ray photoelectron spectroscopy was facilitated by 

an amine specific fluorine label.  The surface analysis showed that humidified air which 

provides a source of hydrogen was necessary for the formation of amines.  The analysis also 

showed that over exposure to the humidified air plasma resulted in decreased amine surface 

density which is thought to be reduced by competitive gallium oxide formation.  

Conductivity of the surfaces as measured by four point probe shows only a slight ~2% 

variation which is not likely to affect device operation.   
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Figure 6 Reaction scheme for the formation of amine groups on gallium nitride. 

 

 

 

One challenge posed by schemes where reactive molecules are attached directly to the 

gallium nitride surface is the subsequent direct attachment of large molecules.  The challenge 

arises when the chemically active groups are so close to the gallium nitride surface that 

further functionalization by large molecules is made difficult because of steric henderences 

that prevent molecules from approaching the surface. [15]  This was suggested as a possible 

reason for unsuccessful attachment of a luminescent ruthenium(II) polyazaheterocyclic dye 

to the aminated gallium nitride surface via a sulfonamide bond. [15]  The scheme was proven 

to work with the use of a suitable alkyl chain linking the gallium nitride surface to the 

reactive amine.     

 

 

1.7 Recognition Peptide Attachment to Gallium Nitride  

 

 

Recently there has been interest in finding ways to utilizing the adsorption of proteins 

and peptides as a route for linking biomolecules to semiconductor surfaces. [43-45]  Phage 

display has been proven to be a powerful technique for isolating peptides with a strong 

affinity to a specific surface from libraries containing millions of peptide sequences. [43]  

The technique of phage display is the cyclic repetition of presenting the phage library to the 

targeted surface, washing the surface of loosely adsorbed phages, and amplifying the phages 
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that remain on the surface.  A phage is a type of virus capable of infecting bacteria which 

then replicate the phage.  In this application the phages in a library present random peptide 

sequences which make them useful for rapidly screening peptide sequences for their binding 

affinity to a target substrate.  This technique has been applied to the isolation of a 12-mer 

peptide sequence that displays a high binding affinity for the gallium nitride surface. [46]  

The peptide sequence SVSVGMKPSPRP, which in solution does not have secondary 

structure, contains both a hydrophobic and hydrophilic section and is composed of 

hydrophobic, neutral, and basic amino acids.  Fourier transform infrared - attenuated total 

reflectance spectroscopy measurements were used to characterize the structure of the peptide 

in solution and after adsorption to the gallium nitride surface.  Interestingly, the spectra show 

that peptide assumes a secondary structure when adsorbed to gallium nitride though it is 

difficult to eliminate the effect of peptide agglomeration.  Indeed, one challenge of using 

peptides isolated by phage display as an approach to functionalization is balancing the forces 

that drive aggregation of the peptide with those that result in adhesion to the substrate 

surface.  A better understanding of these forces will aid formation of uniform monolayers. 

 

 

1.8 Conclusion 

 

 

Representative examples of gallium nitride surface modification schemes have been 

reviewed.  Among the above schemes are those which covalently modify oxidized, cleaned, 

and etched surfaces as well as a method for non-covalent attachment.      
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The following two studies evaluate the stability and molecular modification of 

gallium nitride surfaces.  Chapter 2 is a study of the stability of Ga- and N- polar gallium 

nitride surfaces in aqueous solutions. [47]  The surface stability is primarily characterized 

through inductively coupled mass spectrometry which is used to measure gallium leached 

into solution.  Interestingly, the results of this study are in agreement with those of previous 

studies on organosilane and organophosphonic acid modified surfaces.  Both surface types 

are most stable in neutral or acidic conditions and exhibit the least stability in basic solutions.  

This result provides evidence that dissociation of oxide from the surface is a major 

contributor to degradation of organosilane and organophosphonic acid modified gallium 

nitride surfaces.  In Chapter 3, the response of PC12 cells to functionalized gallium nitride 

surfaces is evaluated for covalent and non-covalent functionalization schemes.  The study 

demonstrates the successful tethering of the IKVAV peptide sequence, which has been 

shown to promote PC12 cell adhesion, to the gallium nitride surface using both olefin 

metathesis and recognition peptides.  Unique cell behavior is observed for the covalent and 

non-covalent functionalization schemes suggesting that each may be appropriate for different 

applications.  Lastly, Chapter 4 reviews some of the opportunities for future work and areas 

for growth in understanding molecular modification of gallium nitride and organic/inorganic 

interfaces.   
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2.1 Abstract 

 

 

The stability of III-nitride semiconductors in various solutions becomes important as 

researchers begin to integrate them into sensing platforms.  A stability study of Ga- and N-

polar GaN was conducted by immersion of the surfaces in deionized H2O, pH 5, pH 9, and 

H2O2 solutions for 7 days.  Inductively coupled plasma mass spectrometry of the solutions 

was conducted to determine the amount of gallium leached from the surface.  X-ray 

photoelectron spectroscopy and atomic force microscopy were used to compare the treated 

surfaces to untreated surfaces.  The results show that both gallium nitride surface types 

exhibit the greatest stability in acidic and neutral solutions.  Gallium polar surfaces were 

found to exhibit superior stability to nitrogen polar surfaces in the solutions studied.  Our 

findings highlight the need for further research on surface passivation and functionalization 

techniques for polar III-nitride semiconductors.  
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2.2 Introduction 

 

The unique optical and electrical properties as well as demonstrated chemical 

stability, biocompatibility, and the ability to accommodate a variety of functionalization 

schemes make GaN of interest for a number of microelectronic applications. [32, 48-50]  

Development of growth techniques for N-polar GaN films facilitates further exploration of 

GaN devices that take advantage of the unique properties of this surface. [51]  In addition, 

recent advancement of techniques for chemical passivation and functionalization of GaN 

show promise for broadening the applications of this wide band-gap semiconductor. [10, 15, 

21, 37, 39, 52]  The wurtzite GaN crystal possess a polar axis along the <0001> direction as a 

result of the non-centrosymmetric crystal structure. [53]  The N-polar direction is designated 

as the structure with a single nitrogen bond oriented toward the surface while the Ga-polar 

direction has three nitrogen bonds oriented toward the surface. [53]  The N-polar surface 

presents the opportunity for fabrication of novel devices that take advantage of the 180 

inverted spontaneous polarization as compared to Ga-polar GaN, such as lateral-polarity 

heterostructures and surface-sensitive high electron mobility transistors. [51, 54-55]  The 

highly reactive N-polar surface could also be applied to sensor applications. [56]  Recent 

development of smooth, high-quality N-polar films grown on sapphire by metal organic 

chemical vapor deposition enables exploration of N-polar devices. [57-59] 

Aqueous surface modification is used for GaN processing.  For example, potassium 

hydroxide and phosphoric acid have been shown to enhance the surface texturing of GaN and 

improve the performance of optoelectronic GaN devices. [38, 60-61]  In addition, 
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hydrochloric acid has been reported to reduce surface oxide and contamination. [62-64]  As 

the GaN materials become integrated into devices such as sensors that use field effect 

transistors it is important to monitor the stability of this semiconductor under different 

solution conditions. [65]  We recently assessed the stability and toxicity of Ga-polar GaN. 

[36]  In this report we examine both the Ga-polar and N-polar (0001) faces of the wurtzite 

GaN crystal, that have been referred to in the literature as +c GaN and -c GaN, respectively.  

The stability of both types of surfaces is characterized by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) of the aqueous solutions incubated with them.  The surface 

chemistry and topography is then investigated with X-ray Photoelectron Spectroscopy (XPS) 

and Atomic Force Microscopy (AFM), respectively.  To the best of our knowledge this is the 

first study that quantitatively compares and contrasts surface chemistry and morphology of 

the Ga- and N-polar GaN with the amount of gallium leached from each polar orientaion 

under different solution conditions. 

 

 

2.3 Experimental 

 

 

2.3.1 Materials 

 

 

1.2 µm thick epilayers of non-intentionally doped (0001) N-polar or Ga-polar GaN 

were deposited on 430 µm thick c-plane sapphire wafers via metalorganic vapor phase 

epitaxy. [55, 59, 66]  The resulting GaN thin films were diced into 3 x 3 mm
2
 samples.  All 

experiments were done with samples with identical surface area.  The samples were rinsed 
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and cleaned by sequential immersion in acetone, methanol, and water and dried with a stream 

of N2 gas. Selected surfaces of each type were also etched in HCl for 5 min at room 

temperature, rinsed in water, and dried with a stream of N2 gas.  

 

 

2.3.2 Stability Study 

 

 

Buffered pH 5 and pH 9 solutions were prepared with sodium acetate and tris buffer, 

respectively.  A saline solution containing 10% H2O2 was prepared to mimic H2O2 release by 

macrophages during oxidative burst.  To study the stability of each type of GaN surface in 

the three prepared solutions and de-ionized water, cleaned 3 x 3 mm
2
 samples were placed in 

Epindorph disposable 1.7 ml microvials.  Subsequently 1.5 ml of pH 5, pH 9, 10% H2O2 in 

saline, or de-ionized water were added into separate microvials.  The microvials were stored 

in the dark at room temperature, and 500 µl aliquots were taken at 1, 3, and 7 days.  

Aluminum foil was used to further limit light exposure for microvials containing H2O2 to 

reduce its decomposition.  The aliquots were preserved by dilution in 2 mL of 2% nitric acid 

prior to analysis.  These treatments are henceforth referred to as pH 5, pH 9, H2O2, and d-

H2O, respectively. The gallium concentration of the aliquots was obtained by ICP-MS.  The 

raw data was corrected to take into account the removal of a significant volume at each time 

point.  Values reported are the average of three replicates.  Following the above treatment, 

the GaN surfaces were blown dry with N2 gas and stored in ambient conditions for several 

days prior to XPS analysis. 
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2.3.3 X-ray Photoelectron Spectroscopy (XPS) 

 

 

XPS data was collected with a Kratos Analytical Axis Ultra using an Al Kα (hν = 

1,486.6 eV) radiation source and 160 eV and 20 eV pass energy for survey (0-1,200 eV) and 

high resolution scans, respectively.  The Kratos charge neutralizer was operated with a 

filament current of 2 amps.  Samples were attached to a holder with double-sided conductive 

copper tape.  The C 1s, N 1s, O 1s, Ga 2p3/2, Ga2p1/2, Ga 3d, and survey spectra were 

acquired at a photoemission angle of 0o from the surface normal.  CasaXPS software version 

2.3.16 [67] was used for XPS data analysis.  Photoemission spectra were charge corrected by 

shifting the data an average of 2.6 eV to align the C 1s peak for adventitious carbon to 284.8 

eV.  All values reported correspond to the corrected values.  Curve fitting was accomplished 

using a sum of Gaussian and Lorentzian curve shapes with either a linear or Shirley 

background.  The peak width of each component in a given core level spectra was 

constrained to have the same full-width at half-maximum. [68]  The spectra were normalized 

prior to plotting to aid visual comparison of chemical shift and peak broadening.  Atomic 

sensitivity factors provided by Kratos were used to calculate elemental compositions from 

the high resolution spectra after background subtraction.  Values for nitrogen are based only 

on the component attributed to the N-Ga bond to exclude contributions from the overlapping 

gallium Auger peaks. 
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2.3.4 Atomic Force Microscopy (AFM) 

 

 

AFM images were collected using an Asylum Research Cypher scanning probe 

microscope.  Igor Pro software was used for image acquisition and data analysis.  One 

sample of each type was cleaned by rinsing in d-H2O and ethanol and was mounted on a 12 

mm AFM disk with double-sided tape.  Three 5 x 5 µm
2
 images were taken at random 

locations with a scan rate of 1.5 Hz and a resolution of 512 x 512 points per image.  The 

RMS surface roughness was calculated from the flattened height images using Igor Pro 

software.  The average of the three surface roughness values is reported. 

 

 

2.4 Results and Discussion 

 

 

2.4.1 ICP-MS Analysis 

 

 

The ICP-MS data of both N-polar GaN (grey bars) and Ga-polar GaN (white bars) 

after 1, 3, and 7 days of incubation in the indicated solutions is presented in Figure 7.    More 

gallium is present in solutions incubated with N-polar GaN than those incubated with Ga-

polar GaN indicating that the former is less stable in aqueous conditions.  The highest 

gallium concentration among the same surface type was observed in pH 9 solutions while the 

lowest was observed in H2O2 solutions.  After 7 days in a pH 9 buffered solution 

557.10±139.44 ug/L of gallium were released from the N-polar GaN samples compared to 

13.03±1.38 ug/L of gallium from the Ga-polar GaN.  After 7 days in water 56.10±3.81 ug/L 
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of gallium were detected in solutions incubated in N-polar GaN and 0.39±0.08 ug/L of 

gallium were measured in water solutions immersed in Ga-polar GaN.  After 7 days in 

solutions containing H2O2 the N-polar GaN samples leached 35.50±2.36 ug/L of gallium and 

Ga-polar GaN surfaces leached 0.30±0.03 ug/L of gallium. 

 

 

 
Figure 7 Gallium concentrations of d-H2O, pH 5, pH 9, and H2O2 solutions after 1, 3, and 7 

day incubation with 3 x 3 mm
2
 N-polar Ga-polar GaN surfaces as determined by ICP-MS 

 

 

2.4.2 XPS Analysis 

 

 

Cleaned and etched surfaces as well as those incubated in d-H2O, pH 5, pH 9, and 

H2O2 solutions were studied using XPS. Though incubated surfaces were not etched prior to 
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the study to limit chemical and physical changes to the surface, comparison to this surface is 

important as it is a commonly used method for removing gallium oxide.  

The location of the Ga 2p3/2 peak for GaN is reported in the literature as 1118.2 eV. 

[69]  For oxidized surfaces the Ga 2p3/2 has been reported to shift to higher binding energies 

of 1119.1 eV [70] and 1119.5 eV [69] with noticeable peak broadening.  The Ga 3d spectra 

has also been shown to exhibit similar peak shift and broadening during oxidation, [71] 

though to a lesser degree as it is known that the Ga 2p3/2 is the more surface sensitive 

transition given that it has an Electron Attenuation Length (EAL) of 0.7 nm compared to the 

2.2 nm EAL of Ga 3d. [72]  Therefore, chemical shift to higher binding energy and peak 

broadening in the Ga 2p3/2 and Ga 3d spectra can be used to qualitatively assess oxide 

formation on GaN. 

Figure 8 shows the Ga 2p3/2 spectra of Ga-polar GaN and N-polar GaN surfaces 

following solvent cleaning, HCl etch, and 7 day incubation in d-H2O, pH 5, pH 9, and H2O2 

solution.  The spectra were normalized in order to have the same intensity prior to plotting.  

The Ga 2p3/2 peak for the cleaned surface containing the native oxide was found to occur at 

1117.1 eV for N-polar GaN and 1116.5 eV for Ga-polar GaN surface.  These peak positions 

are indicative of greater levels of oxide on the native N-polar GaN surface.  The Ga 3d 

spectra, Figure 9, demonstrated a smaller chemical shift between the surface types and 

showed binding energies of 19.6 eV for N-polar GaN and 19.7 eV for Ga-polar GaN.  Ga 

2p3/2 and Ga 3d peaks for N-polar GaN surfaces occurred at higher binding energies than 

those of Ga-polar GaN surfaces after comparable treatments.  The magnitude of the observed 

chemical shift was found to increase in order of d-H2O, pH 5, pH 9, and H2O2.  More oxide 
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present on the surface is expected to result in greater amount of Ga leached in solution, 

which was confirmed by ICP-MS, except when H2O2 was utilized for the solution treatments.  

In cases where H2O2 solutions were used, we found the lowest gallium concentrations.  XPS 

data indicates that gallium oxide formed on the H2O2 treated N-polar GaN and remained on 

the surface because the oxide was less soluble in the H2O2 solution leading to low gallium 

concentrations in the ICP-MS analysis for these samples. 
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Figure 8 Ga 2p3/2 XPS spectra of N-polar and Ga-polar GaN surfaces after solvent cleaning, 

HCl etch, and 7 day immersion in d-H2O, pH 5, pH 9, and H2O2 solutions  

 

 

 

N-Polar 
Ga-Polar
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Figure 9 Ga 3d XPS spectra of N-polar and Ga-polar GaN surfaces after solvent clean, HCl 

etch, and 7 day immersion in d-H2O, pH 5, pH 9, and H2O2 solutions  

 

 

 

The Ga-polar GaN O 1s spectra are representative of both polarities and are shown in 

Figure 10.  Deconvolution of the O 1s spectra reveals that oxygen on the GaN surfaces is 

primarily in the form of gallium oxide.  It is also of interest that GaN surfaces incubated with 

pH 9 have an additional oxygen state present.  A corresponding contribution from the C-N 

bond in the C 1s spectra (not shown) for pH 9 incubated samples was observed.  We 

suspected that the additional peak is due to residual buffer left on the surface.  Since buffered 

solutions are used in many biomaterials and biosensors studies it is important to understand 

their contribution to the surfaces’ chemical composition.  The main component of the Tris 

buffer we used is tris(hydroxymethyl)aminomethane. The additional peak in the O 1s spectra 

N-Polar 
Ga-Polar
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was investigated by conducting XPS analysis on the powdered Tris buffer and Tris buffer 

dried on a Ga-polar GaN surface, Figure 11.  To prepare the Tris buffer on the GaN samples, 

a drop of 50 mM tris buffer was placed on the surface and blown dry with N2 gas three times.  

Prior to XPS, powdered Tris was immobilized on the sample holder with conductive copper 

tape.  Comparison of the O 1s spectra from the powdered Tris buffer and the Tris dried on 

the semiconductor surface with the O 1s spectra of pH 9 incubated surfaces shows a strong 

agreement with the peak suspected to be residual Tris.  Though it is possible that this 

particular peak arises because pH 9 surfaces are more susceptible to adventitious carbon 

adsorption, the evidence suggests that the extra carbon and oxygen observed in the XPS 

spectra for these samples is primarily due to Tris buffer present on the surface.  
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Figure 10 Deconvoluted O1s XPS spectra of Ga-polar GaN surfaces after solvent cleaning, 

HCl etch, and 7 day immersion in d-H2O, pH 5, pH 9, and H2O2 solutions  
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Figure 11 O1s XPS spectra of N-polar and Ga-polar GaN surfaces after 7 day immersion in 

pH 9 solution compared to Tris powder and Tris adsorbed to the Ga-polar GaN surface. 

Peaks for Tris powder and tris adsorbed on the Ga-polar GaN surface agree well with the 

added components observed in the spectra of samples incubated in pH 9 solution 

 

 

 

CasaXPS software was used to calculate surface atomic percentages using the relative 

sensitivity factors supplied by Kratos.  The surface atomic percentage data, Table 1, show 

that N-polar GaN surfaces tend to have higher oxygen concentrations than Ga-polar GaN 

surfaces with pH 9 and H2O2 surfaces having the highest oxygen concentrations among each 

surface type.  Increased oxygen concentrations are consistent with ICP-MS and XPS results 

that indicate increased oxide formation on these surfaces.  Carbon concentrations vary from 

6.3% on etched Ga-polar GaN surfaces to 23.9% on pH 9 incubated N-polar GaN surfaces.  

Tris Powder

Tris on Ga-polar

Ga-polar pH 9

N-polar pH 9
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Increased carbon concentrations on pH 9 incubated samples are consistent with suspected 

Tris buffer adsorption.  Compared to cleaned surfaces the Ga/N ratio increased for etched 

samples, remained similar for d-H2O and pH 5 treatments, and decreased for pH 9 and H2O2 

treatments.  Decreased Ga/N ratios indicate more nitrogen rich surfaces while increased 

ratios indicate more gallium rich surfaces.  We note that changes in the Ga/N ratios may be 

also due to displacement of Ga or N atoms by water, OH-, oxygen or hydrocarbon 

adsorption.  In addition, the simple ratio of atomic percentages of gallium to nitrogen can 

only be used for comparative analysis due to differences in the EALs of nitrogen and 

gallium. [73] 

 

 

Table 1 Surface Atomic Percentages 

 
 

 

 

2.4.3 AFM Analysis 

 

 

AFM was performed to assess the surface roughness of cleaned and etched surfaces 

and compare them to those incubated in d-H2O, pH 5, pH 9, and H2O2 solutions.  Three 5 x 5 

µm
2
 height images were taken at random locations on the sample surface.  The surface 

roughness (nm) is reported in Figure 12.  The Ga-polar GaN surface exhibits spiral growth 

and the cleaned surface had an RMS roughness of 1.8 nm.  The cleaned N-polar GaN surface 
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exhibited a smooth morphology with an RMS roughness of 1.1 nm.  The N-polar GaN 

surfaces were noticeably roughened during incubation in pH 9 solutions which resulted in the 

formation of linear pitting.  A similar morphology can be seen in the pH 5 incubated surfaces 

though to a lesser degree.  The surface roughness values reported here are comparable to 

those previously reported for n-type gallium rich surfaces following cleaning with HCl and 

KOH. [62]  In addition, the HCl etched N-polar GaN surface (not shown) demonstrated 

noticeably higher surface roughness (RMS = 13.9 nm) and a surface morphology similar to 

N-polar GaN surfaces etched by KOH and H3PO4. [61] 
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Figure 12 RMS surface roughness of GaN surfaces after solvent cleaning and 7 day 

immersion in d-H2O, pH 5, pH 9, and H2O2 solutions  

 

 

 

2.5 Conclusion 

 

 

This stability study clearly showed that Ga-polar GaN demonstrated superior stability 

to N-polar GaN in aqueous conditions.  Though N-polar GaN resulted in high levels of 

dissolved gallium measured by ICP-MS and displayed an increased oxide formation analyzed 

by XPS, measurements of the surface roughness showed little change except for the etched 

surfaces.  In future studies we plan to investigate the use of surface functionalization schemes 

to passivate the N-polar GaN surface and enhance the unique characteristics of this surface. 

Cleaned pH 9pH 5 H2O2H2O

Ga-Polar

N-Polar
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3. Biocompatibility of Covalent and Non-Covalent Functionalized Gallium Nitride Surfaces 

 

 

3.1 Introduction 

 

 

Semiconductors are a unique platform through which the chemical and electrical 

mechanisms that influence cell behavior may be studied. [74] In addition, the incorporation 

of whole cells as receptors for sensing devices is important for chemical detection and 

environmental monitoring. [75] Ideally these devices will be compact, inexpensive, and 

easily incorporated into existing electronic technology to make portable devices capable of 

point of use sample analysis. [2] Development of interfaces that are electronically active, 

stable in aqueous environments, and promote long-term cell viability is crucial to realizing 

these applications.  Though silicon is widely used in electronic applications, low long-term 

aqueous stability makes deployment of silicon-based devices for chemical and biological 

sensing challenging.  Gallium nitride on the other hand demonstrates aqueous stability in 

conditions relevant to biological applications. [47] The biocompatibility of gallium nitride 

has been demonstrated by culture of rat fibroblasts which showed conserved vitality after 24 

hours and rat cerebellar granule neurons which showed improved cellular growth over silicon 

or tissue culture polystyrene. [5, 50]  Furthermore, recording of cell action potentials using 

gallium nitride based field-effect transistor devices has been successfully demonstrated. [6] 

Molecular modification of the gallium nitride surface is important for achieving the 

surface and electrical properties for a desired application.  Fundamental studies of the 

chemisorption of water, ammonia, octanethiol, aniline, hydrogen and oxygen under ultra-

high vacuum have been conducted. [29, 31, 40-41, 76-77]  Covalent funtionalization has 
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been achieved under ambient conditions using organosilanes, and phosphonic acid linkages 

and under an inert environment by olefin metathesis. [11-13, 18, 23, 32, 78]  Non-covalent 

functionalization via peptides that naturally recognize the gallium nitride surface has also 

been demonstrated. [46]  These peptides are isolated from random libraries using a 

combinatorial phage display technique and offer a one-step alternative path to 

functionalization. 

Here, we have studied the response of PC12 cells to the IKVAV peptide sequence 

immobilized on gallium nitride surfaces.  PC12 cells are a well characterized cell line 

commonly used to model neural differentiation. [79] The IKVAV peptide sequence which 

was derived from laminin was chosen to promote cellular adhesion. [80]  The gallium nitride 

surfaces were functionalized with the peptide covalently using olefin metathesis and non-

covalently using a peptide isolated by combinatorial phage display.  The surfaces are 

characterized using the complementary techniques of atomic force microscopy, water contact 

angle, and X-ray photoelectron spectroscopy.  Cell culture was evaluated by cell density and 

the cell morphology was assessed using optical microscopy.  We report unique cell behavior 

based on the method of functionalization.   
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3.2 Materials and Methods 

 

 

3.2.1 Materials and Chemicals 

 

 

All experiments were performed on unintentionally doped, 1 μm thick, gallium polar 

gallium nitride grown on c-plain sapphire by metalorganic chemical vapor deposition and 

exhibiting a smooth morphology. [81]  The gallium nitride wafers were diced into 3 mm x 3 

mm squares for this experiment.  

Ammonium fluoride, phosphorus pentachloride, benzoyl peroxide blend with 

dicyclohexyl phthalate, phosphate-buffered saline, horse serum, fetal bovine serum, 

penicillin/streptomycin, Dulbecco’s modified Eagles’s medium (DMEM) powder, 

chlorobenzene, tetrahydrofuran (THF), 2M allylmagnesium chloride in THF, 0.1 M 5-Hexen-

1-ol in dichloromethane, Grubbs first generation catalyst, dimethyl sulfoxide, and 30,000 

molecular wt% poly-L-lysine hydrobromide were obtained from Sigma-Aldrich. PMPI(p-

Maleimidophenyl Isocyanate) was obtained from Thermo Scientific. Murine 2.5S nerve 

growth factor (NGF) was purchase from Invitrogen.  The peptides described in Table 2 were 

sequenced by Genscript.  Note that an amide group was added to the C terminus of the 

peptides. 

 

  



 

 

 

37 

 

 

Table 2 Peptide Sequences 

Name Sequence Purity 
P1 SVSVGMKPSPRP-NH2 92.0% 

RP1 PRPSPKMGVSVS-NH2 90.5% 
P1-IKVAV SVSVGMKPSPRPIKVAV-NH2 89.8% 
IKVAV-P1 IKVAVSVSVGMKPSPRP-NH2 90.3% 
IKVAV(6) CIKVAV-NH2 84.1% 

IKVAV(19) CSRARKQAASIKVAVSADR-NH2 84.8% 

 

 

3.2.2 Surface Functionalization 

 

 

The diced gallium nitride surfaces were cleaned by rinsing sequentially in acetone, 

ethanol, and then deionized water.  Organic molecules were then stripped from the surface by 

immersion for 15 minute in a piranha etch consisting of 3:1 solution of concentrated sulfuric 

acid and 30% hydrogen peroxide.  The surfaces were then triple rinsed in deionized water.  

Surface oxide was removed from the gallium nitride surfaces by a 5 minute etch in 

hydrochloric acid followed by triple rinse in deionized water.  The surfaces were then dried 

with flowing nitrogen gas.  Following oxide removal the surfaces were immediately treated 

to produce covalently or recognition peptide functionalized surfaces, coated with poly-L-

lysine, or retained to be studied as an etched gallium nitride surface.  Etched gallium nitride 

surfaces were stored in a vacuum desiccator. 

    

Recognition Peptide Functionalization 

 

Immediately following oxide removal, randomly selected 3 x 3 mm gallium nitride 

surfaces were functionalized with peptides containing the P1 sequence previously reported to 
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recognize the gallium nitride surface.  P1, reverse P1, IKVAV-P1, and P1-IKVAV were 

dissolved in deionized water to form 0.1 mM solutions.  A small volume of dilute acetic acid 

was used to promote dissolution of IKVAV-P1.  Peptide solutions were agitated by a shaking 

platform for 15 minutes to 1 hour immediately prior to the following step.  A 5 μL droplet of 

the 0.1 mM peptide solution was then spotted onto a gallium nitride surface.  The surfaces 

were dried and stored in a vacuum desiccator, Figure 13.  

As a point of comparison gallium nitride surfaces were also coated with poly-lysine.  

A 5 μL droplet of 0.1 wt% solution of poly-L-lysine in deionized water was spotted onto a 

gallium nitride surface, allowed to dry, and stored in a vacuum desiccator.   

 

Covalent Functionalization 

 

The covalent functionalization of gallium nitride with a peptide was conducted by 

successive hydrogen, chlorine, and alkene terminations, followed by cross metathesis with an 

alkenol, and subsequent cross linking of the peptide was adapted from a procedure discussed 

previously [36] and was based on a scheme for functionalizing silicon. [82-83]  The reactions 

were performed in a glass reaction vessel that closes with a Teflon cap  and seals with a 

fuoroelastomer ring containing tetrafluoroethylene addatives (FETFE) from Ace Glass Inc.  

The FETFE o-ring, which degrades in THF, was removed while using this solvent to prevent 

contamination.  For the chlorination, alkene termination, and cross metathesis reaction steps, 

the reaction vessel was enclosed in a glove box with an inert nitrogen gas environment.  The 

square surfaces were secured in a Teflon holder, the reaction vessel was wrapped in a blanket 
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heater, reagents were stirred continuously, and reaction temperatures were monitored with 

the aid of a glass thermowell.      

The gallium nitride surfaces were hydrogen terminated by immersion in 40% 

ammonium fluoride for 15 minutes at room temperature followed by triple rinse in deionized 

water and 15 minute sonication in ethanol.  For the chlorination, the gallium nitride surfaces 

and the reaction vessel were rinsed with chlorobenzene before the surfaces were immersed in 

a super saturated solution of phosphorous pentachloride that contained a few crystals of 

benzoyl peroxide for 30 minutes at 90 
o
C.  The wafers were rinsed with as received 

chlorobenzene for 30 minutes to remove any unreacted phosphorous pentachloride.  The 

surfaces and reaction vessel were then rinsed with ethanol and THF.  Alkene termination was 

accomplished by immersion in 2 M allylmangnesium chloride for 30 minutes at 60 
o
C.  The 

surfaces were then rinsed in as received THF overnight to remove any precipitate that may 

have formed on the wafers.  The surfaces were then sonicated in ethanol for 15 minutes and 

rinsed with dichloromethane.  Cross metathesis with 5-hexen-1-ol proceeded by first priming 

the exposed alkenes on the gallium nitride surfaces with Grubbs first generation catalyst and 

then reacting with 5-hexen-1-ol to terminate the surfaces with a hydroxyl group.  Inside the 

reaction vessel the surfaces were immersed in a 13.3 mM solution of Grubbs first generation 

catalyst in dichloromethane for 1 hour at 40 
o
C and then rinsed with dichloromethane to 

remove unbound catalyst.  A 0.1 M solution of 5-hexene-1-ol in dichloromethane was 

reacted with the surfaces at 40 
o
C for 24 hours.  Surfaces were then rinsed with 

dichloromethane, sonicated for 15 minutes in ethanol, and rinsed in DMSO to remove 

unreacted reagents and solvents.   
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The hydroxyl terminated surfaces were then terminated with either IKVAV(6) or 

IKVAV(19) peptides, Figure 13.  These peptides contained a single cysteine residue located 

at the N-terminus that allows linkage of the peptide to the hydroxyl terminated surface via 

the heterofunctional crosslinker PMPI which couples thiols to hydroxyls.  The C-terminus 

was protected by an amine group so that only the alcohols present on the gallium nitride 

surface were available to the crosslinker.  The wafers were immersed in a 2 mM solution of 

PMPI crosslinker in dimethyl sulfoxide for 24 hours inside the reaction vessel which was 

placed on a rocking platform for continuous agitation. The surfaces were then rinsed with 

deionized water and dried in a vacuum desiccator.  IKVAV(6) and IKVAV(19) peptides 

were dissolved in 10 mM phosphate buffered saline to make 0.1 mM solutions.  A 20 μL of 

droplet of the 0.1 mM peptide solution was spotted onto each gallium nitride surface.  The 

surfaces were placed in a humidified chamber and stored at 2 
o
C for 24 hours.  Excess 

peptide was rinsed from the surfaces by immersion in 10 mM phosphate buffered saline.  The 

functionalized surfaces were stored in a vacuum desiccator.      
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Figure 13 Schematic of covalent (A) and non-covalent (B) functionalization schemes.  R 

represents IKVAV(6) or IKVAV(19) termination.    

 

 

 

 

3.2.3 X-ray Photoelectron Spectroscopy 

 

 

A Kratos Analytical Axis Ultra X-ray Photoelectron Spectrometer using an Al Kα (hν 

= 1486.6 eV) radiation source was used to collect survey (0 – 1200 eV) and high resolution 

spectra of the sample surfaces at pass energies of 160 and 20 eV, respectively.  Ga 2p, O 1s, 

N 1s, Ca 2p, C 1s, Cl 2p, Mg 2p, and Ga 3d high resolution spectra were collected.  All 

spectra were collected at a photoemission angle of 0
o
 from the surface normal in a vacuum of 
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approximately 1.9x10
-8

 Torr.  The survey scans were collected with one pass while the high 

resolution spectra are an average of five passes.  The Kratos charge neutralizer was operated 

with a target filament current of 2 A.  Charge correction was accomplished by shifting the 

primary C 1s peak to be aligned with 284.8 eV.  XPS data analysis was conducted with 

CasaXPS software version 2.3.16. [67]  Background subtracted spectra were fitted with sum 

of Gaussian and Lorentzian curve shapes.  Where multiple curves were attributed to the core 

level emissions of a single element, the full-width at half-maximum were constrained to be 

equal to account for the core level dependence of core-hole lifetime which tends to increase 

with increasing atomic number. [68]   

 

 

3.2.4 Atomic Force Microscopy  

 

 

An Asylum Research Cypher scanning probe microscope equipped with Igor Pro 

image acquisition and data analysis software was used to collect images of the 

functionalized, etched, and poly-L-lysine coated gallium nitride surfaces.  The prepared 

surfaces were mounted to a 12 mm AFM disk with double-sided tape and a minimum of five 

images were taken at random locations on the sample surface.  The 5 x 5 μm images were 

taken with a scan rate of ≤ 1 Hz and a resolution of 512 x 512 points per image.  Igor Pro 

software was used to calculate the RMS surface roughness from the flattened height images.  

The average roughness was calculated from between nine and fifteen representative images 
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taken from three surfaces of each type with between three and five values coming from each 

surface.   

 

 

3.2.5 Water Contact Angle 

 

 

A Ramé-hart Model 200 F4 series standard goniometer was used to measure the 

contact angle of high purity, 18.2 MΩ water with the functionalized, etched, or poly-L-lysine 

coated surfaces.  A single stationary drop of water was placed on the surface using a 26 

gauge needle.  Measurement of the stationary water contact angles was automated using 

DROPimage Standard v2.4 software.  The software calculates the contact angle from a user 

defined baseline that defines the substrate surface and the line tangent to a circular curve fit 

to the image of the droplet.  Water contact angles from the left and right of three separate 

droplets were taken on each sample surface and the average of three surfaces is reported. 

 

 

3.2.6 Cell Culture 

 

 

The PC12 cell line was used to assess the toxicity and biocompatibility of the 

functionalized, etched, and poly-L-lysine coated gallium nitride surfaces.  PC12 cells were 

maintained in a 37
 o
C, 5% carbon dioxide environment in DMEM containing 12.5% horse 

serum, 2.5% bovine serum and 1% penicillin/streptomycin.  Four surfaces with exactly the 

same surface area of each type were placed one per well into collagen-coated 24 well plates 
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and 1 ml of PC12 cell suspension containing 4 x 10
4
 cells ml

-1
 was added to each well.  The 

cells were allowed to adhere for 20 hours after which the medium was replaced with DMEM 

containing 1% horse serum and 50 ng ml
-1

 NGF to promote cell differentiation.  The medium 

was replaced with fresh medium containing NGF after 3 days.  Cell populations were 

quantified by counting the cells visible in five optical images after 1, 3, and 6 days of NGF 

stimulation.  Optical images were taken using a 10x objective on an Olympus BH2 light 

microscope fitted with a 1.4-megapixel Zeiss AxioCam ICC 1 microscope camera.  The 

gallium nitride surfaces were removed from the 24 well plates and placed in DMEM without 

NGF during imaging.  Five images of each surface were taken and the average cell counts 

from a total of twenty images were used to determine the density of cells which is reported 

per area of substrate. 

 

 

3.3 Results and Discussion 

 

 

Gallium nitride surfaces were prepared by etching, coating with poly-L-lysine, 

covalent functionalization, and recognition peptide functionalization.   

Surfaces coated with poly-L-lysine (Poly-K) were evaluated due to common use of 

this material to improve neuronal cell adhesion and viability. [84-85]   

The 19-mer peptide sequence containing IKVAV, isolated from the basement 

membrane laminin, has been shown to promote cell adhesion, spreading, migration, and 

neurite outgrowth. [80]  Here surfaces were covalently functionalized with a hydroxyl group 
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through an olefin metathesis reaction.  The surfaces were then terminated with either the 19-

mer sequence IKVAV(19) or a 6-mer sequence IKVAV(6) containing only the five amino 

acids critical to neurite outgrowth plus a terminal cysteine necessary to crosslink the peptide 

to the functionalized gallium nitride surface. 

Gallium nitride surfaces were functionalized with peptide sequences containing the 

P1 recognition peptide.  The amide bond that joins amino acids into peptide chains is formed 

through the condensation of an amine and carboxylic acid.  Because each amino acid 

contains both an amine and carboxylic acid the peptide chain has directionality and the 

sequence is typically written starting at the unbounded amine, N-terminus, and ending with 

the unbounded carboxylic acid, C-terminus.  Gallium nitride surfaces were functionalized 

with both the forward and reverse of the P1 recognition peptide, P1 and RP1 respectively.  

Gallium nitride surfaces were also functionalized with two peptides that contained both the 

P1 sequence and the IKVAV sequence in order to utilize the properties of both sequences.  

The peptides were synthesized with the 5-mer sequence, IKVAV, at the C-terminus or N-

terminus of the P1 sequence, P1-IKVAV and IKVAV-P1 respectively.          

High resolution and survey X-ray photoelectron spectroscopy spectra were collected 

from the functionalized surfaces and used to confirm the presence of peptide on the 

functionalized surfaces.  The presence of peptide on the functionalized surfaces was 

confirmed by increased intensity versus the etched surface at a binding energy of 400 eV in 

the N 1s spectra which corresponds to the amide bonds linking amino acids in a peptide.  The 

presence of peptide was also confirmed in the C 1s spectra by increases in intensity 
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corresponding to C=O (288.8 eV) and C-N (286.2 eV) versus the etched surface, both of 

which are present in the amide bonds of the peptides .   

The wettability of the gallium nitride surfaces was assessed through water contact 

angle and the results are summarized in Table 3.  Hydrophilic surfaces are more desirable for 

implantable devices and cell culture due to the aqueous nature of these environments and the 

tendency of cells to prefer these surfaces over ones that are hydrophobic. [86]  The results of 

the water contact angle measurements were analyzed using ANOVA and the contrasts 

between means was determined with Fisher’s Least Significant Difference method.  All of 

the surfaces tested exhibited hydrophilic behavior (water contact angle < 90
o
).  Surfaces that 

were functionalized with peptides containing the IKVAV sequence tended to be more 

hydrophilic than etched, Poly-K, P1 and RP1 surfaces.  The covalently functionalized 

surfaces were the most hydrophilic.  It is worth noting that residual salt introduced during 

alkene termination and the final rinse in phosphate buffered saline may have contributed to 

these numbers.   

 

 

Table 3 Water Contact Angles 

Etched Poly-K P1 RP1 P1-IKVAV IKVAV-P1 IKVAV(6) IKVAV(19) 

68.2(2.8) 67.2(2.7) 62.1(1.7) 55.7(2.7) 37.3(4.7) 37.8(2.8) 33.7(5.5) 29.9(3.3) 

* * *† † ‡• ‡ ‡•◊ ◊ 

Symbols indicate no statistical significance based on ANOVA and Fisher’s Least Significant Difference 
Method where α=0.05  
Mean (Standard Error) 

 

 

 

AC mode atomic force microscopy was conducted on three samples of each surface 

type.  The height images of each surface are compared in Figure 14.  The etched surface 
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shows several hillocks typical of gallium nitride grown by metalorganic chemical vapor 

deposition.  On the Poly-K surface, the terracing of several hillocks is visible with the 

adsorbed poly-L-lysine assuming a primarily agglomerated morphology.  P1 and RP1 

surfaces are characterized not by the underlying structure of the gallium nitride, but rather by 

the adsorbed peptide film which occludes the underlying topography.  The ring structures 

observed are likely remnants of the drying process as they were not observed by others who 

previously studied the peptide on gallium nitride surfaces. [46]  The P1-IKVAV and 

IKVAV-P1 peptides formed a fine granular structure on the gallium nitride surface that 

preserved the underlying hillock structure.  The terracing of the gallium nitride surface is 

visible through the adsorbed peptide in the P1-IKVAV image.  Height images of the 

IKVAV(6) and IKVAV(19) surfaces revealed dendritic deposits that were determined to be 

the result of salt remaining on the surfaces after the alkene termination and the final rinse in 

phosphate buffered saline.  The surfaces were rinsed in de-ionized water to remove the salt 

and reimaged.     
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Figure 14 Height images (5 x 5 μm) of the indicated surfaces taken by AC mode atomic force 

microscopy.  Poly-L-lysine appears agglomerated on the surface.  The P1 and RP1 peptides 

tended to occlude the underlying hillock and terrace structure of the gallium nitride substrate.  

P1-IKVAV and IKVAV-P1 peptides adsorbed in fine granule while covalent attachment of 

IKVAV(6) and IKVAV(19) most closely preserved the structure of the gallium nitride 

substrate aside from agglomerates assumed to be residual salt.  The images have been 

flattened, plane fit, and scaled to reveal detail.   

 

There is some debate in the literature over the role of surface roughness on neuronal 

cell adhesion and function.  A study of the response of the human neuroblastoma cell line 

(SH-SY5Y) to roughened gold surfaces showed that the neuronal cells demonstrated a loss of 

adhesion and cell function when seeded on chemically nano-roughened surfaces as compared 

to the flat gold surface. [87]  Conversely a study of PC12 cells on micro/nano-textured 

polymer surfaces revealed no correlation between the roughness and cell adhesion or 

morphology. [88]  The mean RMS roughness and standard error of the functionalized 

gallium nitride surfaces fabricated for this study is presented in Table 4.  The RMS roughness 

ranged from 0.89 to 5.89 nm for the etched gallium nitride surface and the covalently 
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functionalized IKVAV(6) surfaces, respectively.  Functionalization with the P1-IKVAV and 

IKVAV-P1 peptides resulted in a slight (1.3 – 1.9 nm) increase in roughness over the etched 

gallium nitride surface.  Covalent functionalization resulted in the highest RMS roughness 

5.89 and 5.55 nm for IKVAV(6) and IKVAV(19) surfaces, respectively.  The influence of 

salt agglomerations to the roughness values cannot be ignored and is expected to be a 

substantial contributor to the large standard error observed in the roughness of the covalently 

functionalized surfaces.  The surfaces RMS roughness of Poly-K, P1, and RP1 surfaces 2.36, 

2.47, and 1.80 nm, respectively, fell between these two groups.    

 

 

Table 4 RMS Surface Roughness (nm) 

Etched Poly-K P1 RP1 P1-IKVAV IKVAV-P1 IKVAV(6) IKVAV(19) 

0.89 
(0.09) 

2.36 
(0.57) 

2.47 
(0.40) 

1.80 
(0.31) 

1.07 
(0.11) 

1.02 
(0.10) 

5.89 
(2.38) 

5.55  
(1.54) 

Values are reported in nm  
Mean (Standard Error) 

 

 

 

The PC12 cell line, a phenochromocytoma of the rat adrenal medulla commonly used 

to model neural cells, was utilized here to access the biocompatibility and toxicity of the 

etched and functionalized gallium nitride surfaces.  PC12 cells were plated onto the etched 

and functionalized gallium nitride surfaces.  The cells were allowed to attach to these 

surfaces for 20 hours after which the cell medium was changed to begin stimulation with 

nerve growth factor which induces differentiation and neurite growth in PC12 cells. [79] 

After 1, 3, and 6 days of nerve growth factor stimulation the cells were observed with an 

optical microscope to determine cell adhesion and morphology.  The cell adhesion, as 
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evaluated by the number of cells per area of surface, is summarized in Figure 15.  It can be 

seen that the Poly-K and IKVAV-P1 surfaces exhibited the highest cell adhesion at all three 

time points while the P1, RP1, and P1-IKVAV surfaces showed no significant difference in 

cell adhesion from the etched surface.  By day 6 cell adhesion had decreased for all surfaces 

except for etched and P1-IKVAV surfaces which showed a slight increase.  The contrast 

between cell adhesion to P1-IKVAV and IKVAV-P1 surfaces indicates that the order of the 

peptide sequence is important for retaining the cell adhesion properties of the IKVAV 

sequence.  More broadly we are able to confirm that the IKVAV sequence is important in 

promoting PC12 adhesion based on the significant increase in cell adhesion to surfaces 

functionalized with peptides containing this sequence.  Little difference is observed between 

cell adhesion on surfaces covalently functionalized with the 19-mer IKVAV sequence as 

compared to those functionalized with the 6-mer sequence indicating that the shortened 

sequence is still able to promote PC12 cell adhesion.  The peptide density has previously 

been correlated to cell adhesion. [89]  Here we have not evaluated peptide surface coverage; 

however, in a previous study we have previously shown successful covalent functionalization 

of gallium nitride with peptide using the same reaction scheme to yield 0.5-1 monolayer 

coverage.  Based on the atomic force microscopy height images and optical microscopy in 

which a film was readily observed after functionalization, it can be estimated that recognition 

peptide adsorption using the method described results in multilayer adsorption to the gallium 

nitride surface.  The high contrast in cell adhesion among surfaces functionalized with 

recognition peptides indicates that the mere abundance of peptide on a surface is insufficient 

to promote adhesion. 
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Figure 15 Cells per area attached to the indicated surfaces after 1, 3, and 6 days of nerve 

growth factor stimulation.  Poly-K and IKVAV-P1 surfaces had the highest cell adhesion at 

all three time points while the RP1 surface had the lowest.  Cell adhesion tended to decline 

by day 6 except for etched and P1-IKVAV surfaces which showed a slight increase in cell 

adhesion.  Symbols indicate no statistical significance based on ANOVA and Fisher’s Least 

Significant Difference Method where α=0.05 

 

 

 

Cell morphology was evaluated using optical microscopy.  Images of PC12 cells on 

the etched, IKVAV-P1 and IKVAV(19) surfaces can be seen in Figure 16.  Briefly, by day 6 

of nerve growth factor stimulation, cells on etched gallium nitride tended to form monolayer 

clusters and exhibit neurite growth indicating differentiation.  On Poly-K surfaces, many 

cells remained isolated, though images of the same location at day 3 and 6 show cells 

migrating to form aggregates with a limited number of cells demonstrating neurite outgrowth 

by day 6. Taken as a pair, the P1 and RP1 surfaces tended to form multilayer aggregates with 

few cells producing neurties and many remaining rounded and exhibiting blebbing though 

each surface had an aggregate of 20 or more cells in monolayer coverage that had produced 

neurites.  On P1-IKVAV surfaces the majority of cells attached to the surface were in large 

aggregates, many of which were multilayered, though cells at the interface demonstrated a 
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flattened morphology indicating increased cellular adhesion.  Cells on IKVAV-P1 surfaces 

tended to form multilayer aggregates and retain circular morphologies though many cells 

produced neurite growth.  The covalently functionalized surfaces typically resulted in 

monolayer cell adhesion with many cells remaining isolated and producing neurites by day 6.   

In summary Poly-K, IKVAV-P1, IKVAV(6), and IKVAV(19) surfaces tended to 

promote cellular adhesion at the onset of nerve growth factor stimulation.  By day 6, the cells 

on Poly-K surfaces showed signs of migrating to form aggregates while those on IKVAV-P1 

surfaces were largely present in multi-layered aggregates indicating that cell to cell adhesion 

was preferred over cell to substrate adhesion.  In contrast, cells adhered to covalently 

functionalized surfaces remained mostly isolated or in small monolayer aggregates indicating 

that cell to substrate adhesion which has been shown to increase neurite branching was 

preferred. [90] 

 

 

 
Figure 16 Optical micrographs of PC12 cells on the indicated surfaces after 6 days of nerve 

growth factor stimulation.  Cells cultured on the IKVAV-P1 surface tended to form 

aggregates as compared to the etched and IKVAV(19) surfaces where cells were typically 

observed in monolayer adhesion.  Neurite outgrowth can be observed on all three surface 

types.   
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Water contact angle appeared to have little influence on cell adhesion with surfaces of 

similar hydrophilicity having largely differing cell adhesion.  Etched, Poly-K, and P1 

surfaces had similar water contact angles greater than 60
o
, but cellular adhesion on Poly-K 

surfaces was far greater than that observed on the etched or P1 surfaces.  Similarly the 

surfaces with water contact angles less than 40
o
 (P1-IKVAV, IKVAV-P1, IKVAV(6), 

IKVAV(19)) demonstrated contrasting levels of cell adhesion.      

It was also observed that the variations in surface roughness made minimal 

contributions to cell adhesion.  The response of PC12 cells to the two surfaces with the 

highest RMS roughness, Poly-K and P1, was dramatically different.  After 6 days of nerve 

growth factor stimulation the Poly-K surface had a mean cell density of 309.4 cells per mm
2
 

and the P1 surface had a mean cell density of 52.1 cells per mm
2
.  Overall, no trend could be 

drawn between the roughness of a surface and cellular adhesion.  

 

    

3.4 Conclusion 

 

 

This work has demonstrated the use of recognition peptides and a covalent 

functionalization scheme to successfully attach a peptide to the gallium nitride surface.  We 

have also demonstrated the ability to retain peptide functionality when the gallium nitride 

recognition peptide and the PC12 adhesion promoting peptide, IKVAV, were sequenced 

together.  Biocompatibility as accessed by PC12 cell culture shows that neuronal cells adhere 

well to surfaces functionalized with this hybrid peptide though morphological analysis 
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reveals that monolayer cell adhesion is more readily achieved when the IKVAV peptide is 

covalently attached to the gallium nitride surface.  Future work may be focused on the long 

term stability of recognition peptide and covalently functionalized gallium nitride surfaces in 

relevant aqueous environments. 

 

 

4. Conclusion and Outlook 

 

 

In this work, representative examples of molecular modification methods suitable for 

attachment of organic molecules to gallium nitride surfaces have been reviewed.  The 

schemes discussed are those most suitable for modification for use in chemical and biological 

sensing as well as interfaces with biological materials that require aqueous environments.  A 

special focus has been paid to the ability of these modification schemes to protect and 

stabilize the gallium nitride surface under biologically relevant conditions.  Following this 

review a study evaluating the surface stability of etched Ga- and N-polar gallium nitride in 

aqueous conditions was presented.  Then a study of PC12 cell behavior on covalent and non-

covalently functionalized surfaces was completed.   

In order to study the stability of the polar surfaces of gallium nitride, surfaces of each 

type were immersed in deionized H2O, pH 5, pH 9, and H2O2 solutions for seven days.  

Inductively coupled mass spectrometry was used to determine the amount of gallium leached 

from each surface type into these solutions over that time period.  The results showed that 

both surface types were most stable in acidic and neutral pH solutions.  N-polar surfaces 
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tended to exhibit less stability in the solutions tested than Ga-polar surfaces.  The H2O2 

solution was designed to mimic conditions similar to those produced by macrophages during 

oxidative burst.  After 7 days, H2O2 solutions caused the least amount of gallium to be 

leached from the surface when compared to the other solutions incubated with the same 

surface type.  Atomic force microscopy and X-ray photoelectron spectroscopy were used to 

characterize the gallium nitride surfaces following incubation in the four solution types.  

Roughness values calculated from the atomic force microscopy images show that Ga-polar 

surfaces were roughened by incubation in all of the solutions with the most pronounced 

increase in roughness occurring from incubation in pH 5 solution.  Nitrogen polar surfaces 

were most predominantly roughened by incubation in pH 9 and H2O2 solutions.  Analysis of 

X-ray photoelectron spectra show a tendency for  increased oxide formation on the N-polar 

surfaces.  Overall, the study demonstrated the need for further investigation of methods for 

passivating and functionalizing N- and Ga-polar gallium nitride surfaces in order to take 

advantage of their unique properties.   

The biocompatibility of gallium nitride surfaces functionalized by covalent and non-

covalent methods was assessed primarily through PC12 cell culture.  The surfaces were 

covalently functionalized by a scheme starting with hydrogen termination of the surfaces and 

proceeding by chlorination, alkyl termination by Grignard reagent, olefin cross-metathesis 

with the aid of a Grubbs catalyst, and finally the cross-linking of a peptide to the surface.  

Non-covalent functionalization was carried out using recognition peptides.  The surface 

modifications that included IKVAV peptide sequences resulted in the greatest cell adhesion, 

proliferation, and differentiation.  For non-covalent functionalization the order of the 
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recognition peptide with respect to the PC12 cell attachment promoting peptide, IKVAV, 

was important for peptide function.  Peptides synthesized with the IKVAV sequence at the N 

terminus and the recognition peptide following resulted in the greatest cell attachment as 

measured through cell counting.  This result was attributed to the conformation of the peptide 

sequence resulting in presentation of the IKVAV sequence for cell attachment.  Visual 

evaluation of cell morphology indicates cell agglomeration on non-covalently functionalized 

surfaces while covalent functionalization tended to promote single layer cell formation on the 

surface.  This difference in cell behavior indicates that each functionalization type may be 

suited for specific applications.  For example, the covalent scheme that resulted in single 

layer cell attachment is most suited for understanding the behavior of a single cell or sensors 

that utilize cell receptors.  This study highlights the need to better understand cell interactions 

with functionalized surfaces.   

In future work, the stability of functionalized gallium nitride surfaces should be 

investigated.  The work above presents a robust method for evaluating the stability of 

surfaces in aqueous solutions meant to surround physiological conditions.  The stability of 

covalently functionalized Ga- and N-polar surfaces should be investigated with special focus 

on understanding the role of method, surface coverage, and linker molecules for preventing 

attack at the gallium nitride surface.  Comparisons to the stability of non-covalently 

functionalized gallium nitride surfaces are also needed to understand the properties of this 

modification method.  In both cases the stability of the organic surface modification in 

addition to the gallium nitride surface should be investigated.   



 

 

 

57 

 

 

Functionalized gallium nitride surfaces have demonstrated improved cell attachment, 

proliferation, and neurite outgrowth over etched surfaces.  The study above is largely 

valuable as a qualitative assessment of the potential advantages that functionalizing the 

gallium nitride surface makes available.  Further investigation of the biocompatibility of 

functionalized gallium nitride surfaces should utilize the assays available for quantifying cell 

metabolism, growth, and function.  A possible candidate is the assay of lactate 

dehydrogenase, an indicator of cell membrane damage and cell necrosis.  Assay of growth 

associated proteins such as GAP-43, glial fibrillary acidic protein which indicates neural 

function, and microtubule-associated proteins such as MAP2 that indicate neural process 

growth may also be important for understanding neuron growth and function.   
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