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The properties of GaN have made it not only an ideal material for high power and high frequency electronic
devices, but also a semiconductor suitable for application in biosensing devices. The utilization of GaN in
electronic biosensors has increased the importance of characterizing robust and easily implemented organic
functionalization methods for GaN surfaces. This work demonstrates and characterizes a route to
functionalize the GaN (0001) surface with two organic molecules, hexylamine and a peptide, through olefin
cross-metathesis with Grubbs first generation catalyst. The GaN (0001) surface was chlorinated,
functionalized with a terminal alkene group using a Grignard reaction, and then terminated with a carboxyl
group using an olefin cross-metathesis reaction. With a condensation reaction, the final step in the reaction
scheme bound hexylamine or a peptide to the carboxyl terminated GaN surface. Qualitative and quantitative
X-ray photoelectron spectroscopy (XPS) data verified the success of each step in the reaction scheme. Surface
element composition, adlayer coverages, and adlayer thicknesses were calculated based on the XPS data. At
least a monolayer of surface molecules covered the GaN surface.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In addition to the capability of GaN devices to operate in high
temperature, high power, and high frequency applications [1–3], GaN is
also an important semiconductormaterial for biological sensing devices
due to its biocompatibility [4,5], chemical stability [3,6], and the ability
to bind ligands to the Ga-polar face of the wurtzite crystal structure [4].

Many studies have demonstrated the application of GaN biosen-
sing devices. One type of highly sensitive GaN biosensor structure is
the AlGaN/GaN high electron mobility transistor (HEMT). In these
devices the piezoelectric and spontaneous polarizations at the AlGaN/
GaN heterojunction induce a channel with high charge carrier
mobility [7]. Due to the close proximity of this channel to the device
surface, the binding of charged biological analytes at the surface is
detected by modulation of channel resistance [8]. Demonstrated
biosensing applications of the AlGaN/GaN HEMTs include detection of
ions [9], metabolites [10,11], proteins [12–17], pathogens [18], toxins
[19], DNA hybridization [20], and extracellular electrical activity
[21,22]. Despite the prevalence of the thin-film AlGaN/GaN structures
in GaN biosensors, GaN nanowire (NW) devices are also useful in
biosensing applications [23]. The applications of GaN NWs in

biosensing include detection of DNA hybridization and DNA muta-
tions [24,25].

In biosensing applications semiconductor surface functionalization
is important for several reasons. Functionalization passivates the
surface before exposure to aqueous environments, controls charge
transport across the surface, and decreases nonspecific protein
adsorption [26–28]. The literature demonstrates GaN surface functio-
nalizations in both vacuum and ambient conditions. Bermudez
conducted a variety of GaN surface functionalization techniques in
ultra high vacuum by binding a variety of molecules that include
water, ammonia, aniline, and 1-octanethiol [29–36]. Additional GaN
surface studies performed under vacuum conditions include binding
of amines and removing surface contamination [37,38]. Surface
functionalizations achieved under ambient conditions include binding
organophosphonic acids to the surface oxide of GaN and binding
alkene molecules directly to the GaN surface with ultraviolet
photopatterning [39–41]. Many of the AlGaN/GaN HEMT biosensors
do not have the AlGaN surfaces directly functionalizedwith covalently
bound organic molecules. Instead, the gate surface is modified by the
growth of an oxide [17], the deposition of gold [9,16,18], the
physisorption of extracellular matrix proteins [21,22], or the growth
of nanorods [10,11]. Specificity for analyte detection is achieved by
functionalizing the layer covering the AlGaN layer.

One method of direct covalent functionalization of semiconductor
surfaces is through olefin metathesis. In olefin metathesis, C\C bonds
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are formed as a result of alkenes interchanging alkylidene functional
groups through a transition metal-catalyzed reaction [42–44]. The
ruthenium-based olefin metathesis catalysts are stable in various
solvents, work with a variety of functional groups, and are optimized
for diverse applications [42–46]. Several studies have demonstrated
the use of these catalysts to functionalize silicon surfaces through
olefin metathesis [47–50].

The work presented here demonstrates the application of olefin
cross-metathesis to functionalize the surface of GaN (0001) with a
carboxyl group for subsequent peptide binding. The work presented
here expands on the initial demonstration of olefinmetathesis on GaN
performed in this laboratory [51]. Similar to work done on silicon and
gallium phosphide, the GaN surface was first terminated with
hydrogen atoms, activated by chlorination, and then terminated
with an alkene group via a Grignard reaction [49,50,52]. An olefin
cross-metathesis reaction with Grubbs first generation catalyst, a
ruthenium-based olefinmetathesis catalyst, was used to functionalize
the GaN surface with a terminal carboxyl group. Lastly, a peptide was
bound to the surface by a condensation reaction. X-ray photoelectron
spectroscopy (XPS) was used to analyze the surface following each
reaction step.

2. Materials and methods

2.1. Materials and chemicals

The GaN (0001) used in this work was undoped and grown on a
sapphire substrate. The hydrochloric acid, acetone, tetrahydrofuran
(99%), and dichloromethane (99.9%) were purchased from Mallinck-
rodt. The chlorobenzene (99.8%), benzoyl peroxide, 2M allylmagnesium
chloride in tetrahydrofuran, Grubbs first generation catalyst, 6-
heptenoic acid (99%), hexylamine (99%), and phosphorus pentachlor-
ide (≥98%) were purchased from Sigma Aldrich. 2-(N-Morpholino)
ethanesulfonic acid (MES) (N99%) was purchased from Amresco.
1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC)
was purchased from Thermo Scientific. All chemicals were used as
received. All water was from a Millipore Milli-Q Synthesis A10 System.

2.2. Wafer preparation

GaN wafers were cut into approximately 3 mm×3 mm squares
using a diamond-tipped scribe. The cut wafers were rinsed sequen-
tially with acetone, ethanol, and water. The wafers were then etched
in 11.65 M HCl at room temperature for 5 min to remove the surface
oxide. The wafers were then rinsed sequentially with water, ethanol,
and dried with nitrogen gas. Following the wafer preparation steps
and between subsequent processing steps, the GaN wafers were
stored in a vacuum desiccator to decrease the rate of oxide formation.

2.3. Hydrogen termination

To terminate the surface gallium atoms with hydrogen, a SEOCAL
5200Smicrowave plasma chemical vapor deposition systemwas used
to generate hydrogen plasma at a power of 10 W. The GaN wafers
were exposed to the hydrogen plasma for 10 min in an environment
of 95% argon and 5% hydrogen at a total pressure of 53 Pa.

2.4. Chloride termination

The chloride termination and all subsequent reactions through the
olefin cross-metathesis reaction were conducted in a nitrogen-purged
glove box. 1.14 g of phosphorus pentachloride was added to 10 mL of
chlorobenzene to create a saturated solution. A few crystals of benzoyl
peroxide were added as a free radical initiator. The GaN wafers were
then submerged in the chlorobenzene solution. The solution was
continuously stirred, heated, and maintained at 92 °C for 30 min. The

GaN wafers were washed extensively with chlorobenzene, rinsed
with ethanol, dried with nitrogen gas, and stored in a vacuum
desiccator.

2.5. Alkene termination

The alkene termination and all subsequent reactions through the
olefin cross-metathesis reaction were performed with the GaN wafers
placed within the reaction wells of a fluidic device composed of
polyetheretherketone (PEEK) as shown in Fig. 1. The fluidic device
was placed in a nitrogen-purged glove box. Two 1 mL glass syringes
(1001 TLL, Hamilton Company) were connected to the fluid ports on
the fluidic device. 1.8 mL of 2M allylmagnesium chloride in tetrahy-
drofuran (THF) was infused into the fluidic system composed of the
syringes and fluidic device. A syringe pump (NE-1000, New Era Pump
Systems) was used to maintain a continuous flow of solution through
the fluidic device and over thewafer surfaces. The solutionwas heated
and maintained at 60 °C for 30 min. After cooling for several minutes,
1.5 mL of pure THF was pumped through the fluidic device for 30 min
to remove surface precipitate. Each wafer was soaked in 0.5 mL THF
overnight to further dissolve the surface precipitate. The wafers were
rinsed with ethanol, dried with nitrogen gas, and stored in a vacuum
desiccator.

2.6. Olefin cross-metathesis

The GaN wafers were placed in the fluidic device within the
nitrogen-purged glove box. A solution of 18.4 mg of Grubbs first
generation catalyst in 1.5 mL of dichloromethane was infused into the
fluidic system. The syringe pump was connected to maintain solution
flow over the wafer surfaces. The solution was heated andmaintained
at 40 °C for 30 min. After several minutes of cooling, the solution was
drained from the fluidic device and 1.8 mL of dichloromethane was
infused and pumped through the fluidic device for 30 min to remove
any unbound catalyst. The fluidic device was then flushed with
ethanol and dried with nitrogen gas. A solution of 242 μL of 6-
heptenoic acid in 1.8 mL of dichloromethane was then infused into
the fluidic system. The syringe pump was connected to maintain
solution flow over the wafer surfaces. The solution was heated and
maintained at 40 °C for 2 h. After cooling, 1.8 mL of pure dichlor-
omethane was pumped through the fluidic device for 30 min to
remove any unbound 6-heptenoic acid. The wafers were rinsed with
ethanol, dried with nitrogen gas, and placed in a vacuum desiccator.

Stainless Steel Plates

Fluid Ports Thermocouple Port

Reaction Wells
Heater Power LeadsPEEK Plates

Perfluoroelastomer Gasket

Polyimide Heater

Fig. 1. Schematic of the fluidic device that contained the GaN wafers in the reaction
wells during surface functionalization. The two stainless steel plates are clamped
together to bring the perfluoroelastomer gasket into contact with the lower PEEK plate.
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2.7. Amine conjugation

Two carboxyl-terminated GaN wafers were each placed in a
microcentrifuge tube with 700 μL of 0.1 M MES buffer. 1.52 μL of
hexylamine was added to one microcentrifuge tube, and 2.2 mg of
peptide was added to the other microcentrifuge tube. The peptide
sequence was NYQWVPYQGRVPYPRPGTC with the carboxyl terminus
replaced with an amide so that the only carboxyl available for the
conjugation reaction was the carboxyl group terminating the GaN
surface. A solution of 10.3 mg of EDC in 1 mL Milli-Q water was
prepared. A volume of 100 μL of this EDC solution was added to each
microcentrifuge tube. The microcentrifuge tubes were placed on a
rocking platform for 3 h during the conjugation reaction. The wafers
were then washed with Milli-Q water, dried with nitrogen gas, and
placed in a vacuum desiccator.

2.8. X-ray photoelectron spectroscopy

All XPS data was collected by a Kratos Axis Ultra DLD spectrometer
using Al Kα radiation of 1486.6 eV at pass energy of 20 eV for high
resolution spectra. The spectra were collected at 0, 45, and 60° from the
surface normal. Charge neutralization was accomplished with a
commercial Kratos charge neutralizer. All data analysis was performed
with CasaXPS software version 2.3.12 (www.casaxps.com). Prior to data
analysis, theN1speakofGaNwas set to abindingenergy of 397.00 eV to
correct for charge on each sample. C 1s peaks were not used for charge
correction since the adsorbed carbon species gave more variability
when charge correctionwas attemptedwith the C 1s peaks. Peak fitting
was performed following a linear or Shirley background subtraction.
Curve fitting was achieved with Gaussian/Lorentzian peak shapes to
identify contributions from overlapping atomic or chemical species.

3. Calculations

To quantitatively compare the composition of surface species on
the GaN wafers following each step in the scheme, the percentages of
surface atomic species were calculated according to the following
equation:

atomic % of element i = 100

Si
RSFið Þ Tið Þ MFPið Þ

∑
j

Sj

RSFj
� �

Tj
� �

MFPj
� � ð1Þ

where Si is the area of i-th photoemission peak, RSFi is the
corresponding relative sensitivity factor, Ti is a spectrometer trans-
mission function for the specific kinetic energy, and MFP is the
correction for inelastic mean free path of the photoelectron. This
model assumes a homogeneous distribution of elements in the near
surface region. The element compositions calculated using Eq. (1) are
shown in Table 1.

Coverage of the GaN (0001) surface was calculated following each
step of the reaction scheme. Coverage was defined as the ratio of the
number of bound surface molecules to the number of surface gallium
atoms. A non-attenuating adlayer approximation described by Fadley
was used to calculate surface coverage [54]. This approach was
demonstrated in a number of examples [55–59]. The adlayer
coverage, Θ, is approximated by the following simplified equation:

Θ =
Nl θð Þ
Ns θð Þ

dσs

dΩ
dσl
dΩ

Λsubst
e Esð Þ⋅ cos θ

d
ð2Þ

where Nl(θ) and Ns(θ) are the intensities (areas) of the photoemission
peaks of the adlayer and substrate, respectively. The terms dσs/dΩ and

dσl/dΩ represent the subshell differential cross-sections and account
for the Scofield cross-section and a correction factor based on the
Reilman asymmetric parameter for the substrate and adlayer,
respectively. Λe

subst represents the effective electron attenuation
length (EAL) of the photoelectrons emitted from the substrate while
traveling within the substrate. θ represents the photoemission angle
measured between surface normal and the axis of an energy analyzer.
The d term represents the distance between adjacent layers of gallium
atoms in the GaN (0001) substrate. For this work, d equal to 5.185 Å
was used. To simplify Fadley's original equation, equality of the
adlayer and substrate values of acceptance solid angle and effective
specimen area were assumed. Results of the coverage calculations are
displayed in Tables 4 and 5.

Since the non-attenuating adlayer approximation does not hold
true for a thick adlayer, for instance a peptide layer, an attenuating
layer approximation by Fadley [54] was used. The photoelectron
intensity from a bare substrate, Ns0(θ), and the intensity from a
substrate covered by a uniform adlayer of thickness t, Ns(θ), can be
written as:

N0
s θð Þ = I0Ω0 Esð ÞA0 Esð ÞD0ρsubst

dσs

dΩ
Λsubst
e Esð Þ cos θ ð3Þ

Ns θð Þ = I0Ω0 Esð ÞA0 Esð ÞD0ρsubst
dσs

dΩ
Λsubst
e Esð Þ cos θ exp

−t

Λadlayer
e Esð Þ cos θ

 !
:

ð4Þ

Taking the ratio of the intensity of the substrate covered by a
uniform adlayer, Ns(θ), to the intensity of a bare substrate, Ns

0(θ), by
dividing Eq. (4) by Eq. (3) gives Eq. (5)[55,60].

Ns θð Þ
N0
s θð Þ = exp

−t

Λadlayer
e Esð Þ cos θ

 !
ð5Þ

where Λe
adlayer(Es) is the attenuation length of a photoelectron from

the substrate through the adlayer, and θ is the angle between surface
normal and the direction of photoelectron emission. When plotting
ln[Ns(θ)/Ns

0(θ)] versus 1/cosθ the resulting slope is –t/Λe
adlayer(Es). Use

of this graphic method to determine adlayer thickness gives more
accurate results than using a single ratio of intensities [55]. This
method was used to calculate the adlayer thicknesses in the first two
data columns in Table 6.

Table 1
Surface element composition.

C Ca Cl Ga Mg N O Ru

HCl etched 11.9 – 1.3 43.7 – 34.5 8.5 0.0
Hydrogen terminated 12.5 – 1.1 42.4 – 32.7 11.3 0.0
Chlorine terminated 29.4 1.2 5.3 24.4 2.4 22.0 15.2 0.1
Alkene terminated 34.7 3.5 4.2 13.7 9.3 10.8 23.8 0.0
Grubbs primed 26.0 3.0 3.2 19.7 6.8 17.1 23.8 0.5
Carboxyl terminated 52.4 1.5 1.2 14.4 3.6 10.2 16.4 0.3
Hexylamine terminated 61.0 – 0.5 13.2 – 12.0 13.1 0.1
Peptide terminated 65.8 – 0.2 3.2 – 12.9 17.9 0.0

All data are displayed in atomic percentages. The atomic percentages were calculated
from XPS spectra obtained following each step in the reaction scheme using Eq. (1). For
data displayed in the table, the detector was positioned normal to the sample surface
(photoemission angle of 0°). The Ga concentrations were calculated from the Ga 3d
spectra. The dash (–) in several of the fields indicates the absence of an element within
XPS detection limits.
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The photoemission intensity from a uniform adlayer is given by
Eq. (6)[54].

Nl θð Þ = I0Ω0 Elð ÞA0 Elð ÞD0ρadlayer
dσl

dΩ
Λadlayer
e Elð Þ cos θ 1− exp

−t

Λadlayer
e Elð Þ cos θ

 !" #

ð6Þ

The ratio of the intensity of the photoemission from the adlayer to
the photoemission from the substrate is obtained by dividing Eq. (6)
by Eq. (4)[54]. Several simplifications are possible if photoelectrons
with similar kinetic energy from the adlayer and substrate are used,
such as when using peaks from the same subshell. Simplifying and
solving for t gives Eq. (7).

t = Λadlayer
e El;s

� �
cos θ ln

Nl θð ÞρsubstΛsubst
e Esð Þ

Ns θð ÞρadlayerΛadlayer
e El;s

� � + 1

2
4

3
5 ð7Þ

The simplifications that resulted in Eq. (7) include canceling the I0,
D0, cosθ, Ωo, A0, and dσ/dΩ terms. With adlayer and substrate
photoemission peaks from the same subshell, Λe

adlayer(El) and Λe
adlayer

(Es) are nearly equal and were replaced with Λe
adlayer(El,s) which is the

attenuation length from the substrate or adlayer through the adlayer.
Nl(θ) and Ns(θ) are the intensities from the adlayer and substrate,
ρadlayer and ρsubst are the atomic densities of the adlayer and substrate,
and Λe

subst(Es) is the attenuation length of a photoelectron from the
substrate through the substrate. Eq. (7) was used to calculate the
adlayer thickness in the third data column of Table 6.

4. Results and discussion

4.1. Qualitative XPS study of reaction steps

High resolution XPS spectra were obtained for Cl 2p, Ga 2p3/2, O 1s,
N 1s, C 1s, Ga 3d, Ca 2p, and Mg 2p following each step of the reaction
scheme. Each of these spectra was collected at angles of 0°, 45°, and
60° from surface normal.

Figs. 2 and 3 show the Ga 2p and Ga 3d spectra obtained after each
reaction step. Of these two spectra, the Ga 2p3/2 is more surface
sensitive since the kinetic energy of the Ga 2p3/2 photoelectron is
~370 eV while the kinetic energy of the Ga 3d photoelectron is
~1467 eV with the Al Kα radiation. With the Ga 2p3/2 core electrons
having a lesser kinetic energy, the information depth from which
photoelectrons can reach an energy analyzer is reduced. The surface
sensitivity of Ga 2p3/2 is apparent when comparing the EAL of the Ga
2p3/2 and Ga 3d photoelectrons through GaN. EALs of Ga 2p3/2 and Ga
3d are 0.7 nm and 2.2 nm, respectively [61]. Due to the greater surface
sensitivity of Ga 2p3/2 in comparison to Ga 3d, the similarity of the Ga
2p3/2 peak positions and shapes of Fig. 2 is especially significant in
detecting the formation of gallium oxide at the GaN surface. The Ga
2p3/2 peak from Ga\N is observed at 1117.1 eV. The absence of an
additional peak/shoulder at a higher binding energy indicates
negligible oxidation of the surface Ga atoms. The low signal to noise
ratio for the peptide-terminated sample is due to the attenuation of
the Ga 2p3/2 signal by the thick peptide layer.

Hydrogen or chlorine termination passivates semiconductor
surfaces and inhibits the surfaces from reacting with the atmosphere
during sample preparation before functionalizing the surface with
organic molecules [28]. As shown in Fig. 4, the intensity of the Cl 2p
peaks greatly increased with the binding of chlorine to the GaN
surface. Additionally, the presence of a second Cl 2p doublet at a
higher binding energy in the spectra corresponding to the chlorine-
terminated sample may indicate Cl\Ga bonds on the surface.
However, the presence of this second doublet has not consistently
appeared in previous experimental runs. The presence of chlorine on
the sample surface throughout the reaction scheme is likely due to the

presence of chloride ions in the solvents used in the reaction steps.
This is especially true following the alkene-termination of the GaN
surface using allylmagnesium chloride where a form of chlorine
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Fig. 2. Ga 2p3/2 high resolution XPS spectra of the GaN surfaces following each step of
the reaction scheme. Each peak was normalized for ease of comparison of peak
positions and widths. XPS spectra shown were collected in normal direction to the
sample surface. The dotted line indicates the mean binding energy of the displayed
peaks.
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Fig. 3. Ga 3d high resolution XPS spectra of the GaN surfaces following each step of the
reaction scheme. Each peak was normalized for ease of comparison of peak positions
and widths. XPS spectra shown were collected in normal direction to the sample
surface. The dotted line indicates the mean binding energy of the displayed peaks.

1469M.S. Makowski et al. / Surface Science 605 (2011) 1466–1475



remained on the surface despite an extensive washing procedure with
THF.

Since the GaN samples were exposed to ambient air following each
step of the reaction scheme, adsorbed hydrocarbons were likely
present on the surface. The adsorbed carbon species are readily
apparent in the C 1s spectra shown in Fig. 5 following HCl etch,
hydrogen termination, and chlorine termination. In the remaining
spectra of Fig. 5, C 1s peaks are expected due to the intentional
functionalization of the surface with carbon containingmolecules, but
residual hydrocarbons likely contribute as well.

Due to the ruthenium atom within the Grubbs catalyst, two C 1s
spectra in Fig. 5 contain the Ru 3d contributions. In the spectrum
corresponding to the sample primed with Grubbs first generation
catalyst, the presence of the Ru 3d5/2 peak indicates that the catalyst
bound to the GaN surface. This peak was reduced in intensity, but
lingered, following the carboxyl termination of the surface through
olefin cross-metathesis. The continued presence of this peak may
indicate that a portion of the catalyst was still bound to the surface
due to the cross-metathesis reaction not reaching completion.
Alternatively, the catalyst may have remained physisorbed on the
surface despite extensive washing in dichloromethane. The contribu-
tions of the Ru 3d peaks to the C 1s spectra are displayed in detail in
Fig. 6. The peak fitting constraints for the Ru 3d peaks include setting
the ratio of the peak areas of the Ru 3d5/2 to Ru 3d3/2 peaks as 3:2 with
a spin-orbital doublet separation defined as 4.15 eV.

The spectra of Fig. 6 were fitted with peak components based on
the expected molecular structures on the surface that are displayed in
Scheme 1. All curve fitting was performed using CasaXPS software
version 2.3.12 (www.casaxps.com) and the ratios stated in this
section. In the carboxyl-terminated spectrum that was acquired
following the binding of 6-heptenoic acid, the ratio of the peak areas
for the carboxyl carbon peak to the alkane peak was 1:7 to account for
the carbon chain of seven carbon atoms with a terminal carboxyl
group. For the spectrum in Fig. 6 following the binding of hexylamine
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to the terminal carboxyl group, the ratio of the C\C, C\N, and amide
C peaks was 12:1:1. For the peptide-terminated C 1s spectrum, the
ratio of the C\C, C\N, C\O, amide, and C\N3 peaks was
57:27:4:23:2. This ratio accounted for the peptide structure and the
eight carbon chain shown in the final step of Scheme 1 connecting the
R group to the GaN surface. In the carboxyl, hexylamine, and peptide
terminated sample spectra, the residual hydrocarbon peaks accounted
for the remaining area under the C 1s spectrum and are attributed to
contamination.

With the overlap of the Ga Auger and N 1s peaks with an Al Kα
radiation source, peak fitting was necessary to determine the
contributions of the N 1s and Ga LMM peaks to the spectra in Fig. 7.
The ratio of areas of the Ga LMM 1, Ga LMM 2, and Ga LMM 3 peaks
was set to 0.252:1:0.102, which was determined through a number of
samples. The GaN, amine, and amide peaks were left to fill the
remaining area of the spectra.

Evidence of the amide bond forming when hexylamine or the
peptide bound to the terminal surface carboxyl group is evident in the
two uppermost spectra of Fig. 7. According to the literature, the peak
at a binding energy of ~400 eV indicates the presence of an amide or
an amine group [62]. In Fig. 7, the peak at 399.5 eV is not present in
any N 1s spectra from steps earlier in the reaction scheme. When

hexylamine binds, only one nitrogen atom on the molecule is
available to contribute to the amide bond. For this reason, the peak
at 399.5 eV is due solely to the amide bond. The peak at 399.5 eV of the
peptide terminated surface is due to amide bonds connecting amino
acid residues and the W, R, N, and Q residues that contain additional
nitrogen atoms in their side chains. Since the amine terminus of the
peptide and the W and R residues all provide amine groups to bind to
the carboxyl group on the GaN surface, the orientation of peptide
binding to the surface was not predictable.

4.2. Surface element composition

As discussed in the Materials and methods section, the surface
element composition was calculated from the XPS data following each
step of the reaction scheme using Eq. (1). This method assumes a
homogeneous distribution of elements in the near surface region. The
surface element compositions are reported in Table 1.

The presence of adsorbed carbon on the GaN surface from
exposure to ambient air is apparent in Table 1. The HCl etched,
hydrogen plasma treated, and the chlorinated samples all had
adsorbed carbon species. This is typical for a sample transferred
through air for XPS analysis. Through subsequent reaction steps, the
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surface carbon concentration increased as expected. The binding of an
alkene functional group to the surface led to a further increase in
carbon concentration. Additional increases resulted as the hydrocar-
bon molecule on the surface increased in length through the carboxyl
termination, hexylamine termination, and peptide termination steps.

In addition to the carbon contamination from atmospheric
exposure, various other surface contaminants were present on the
surface in low levels. The presence of Ca, Mg, and Cl in the solvents
used in the reaction steps may explain the presence of these species
(Table 1). Additionally, the formation of carbonates with calcium and
magnesium on the surface may account for at least a portion of the
surface oxygen. Despite the surface contamination throughout the
reaction scheme, the chlorine concentration was greatest for the
chlorine-terminated GaN sample as expected.

As mentioned in the previous subsection, the presence of
ruthenium on the Grubbs primed surface indicates the binding of
the catalyst to the surface. Table 1 shows no ruthenium on the GaN
surface prior to the Grubbs catalyst priming step and 0.5 at.%
ruthenium following the catalyst priming. The decrease in ruthenium
atomic percent from 0.5 at.% to 0.3 at.% in the carboxyl termination
step indicates that a portion of the catalyst was replaced during the
olefin cross-metathesis reaction that bound 6-heptenoic acid to the
surface. The presence of ruthenium on the chlorine-terminated
sample was likely due to contamination in the glassware since the
Ru 3d peak was not present on the chlorine-terminated samples in
previous experimental runs [51].

Gallium and nitrogen concentrations are shown in Table 1. The
nitrogen column of Table 1 includes contributions from both GaN
substrate and adlayer nitrogen atoms. The general trend of the
gallium and nitrogen concentrations is to decrease with each step of
the reaction which is an effect of increased attenuation as the length
of the surface molecules increases. The exception to this is the
increase in nitrogen concentration when hexylamine or the peptide

was bound to the carboxyl-terminated sample. This nitrogen increase
indicates the addition of the nitrogen atoms in hexylamine and the
peptide.

The substrate composition in the near surface region is shown in
Table 2. Gallium and nitrogen concentrations were normalized to
100% and therefore the Ga 3d peak and only the N-Ga component of
the N 1s spectra were used to calculate the percentages. According to
Table 2, the composition of the GaN substrate consisted nearly equally
of gallium and nitrogen following the HCl etch, hydrogen termination,
and chlorine termination steps. However, the percentage of nitrogen
decreased with subsequent steps in the reaction scheme. This is a
result of the failure of the homogeneous distribution assumption used
in Eq. (1). Each step in the reaction scheme resulted in an increase in
adlayer thickness. Since N 1s has a lower kinetic energy than Ga 3d, a
thicker adlayer leads to higher attenuation of the N 1s photoelectrons
in comparison to the Ga 3d photoelectrons. Since the reaction steps
following surface chlorination are unlikely to change the substrate
composition at the interface with the adlayer, the nearly 1:1 gallium
to nitrogen ratio of the substrate early in the scheme likely persisted
throughout the entire scheme despite the results of Table 2.

Table 3 shows the experimental and theoretical values of the ratios
of carbon to oxygen and carbon to nitrogen. Theoretical ratios are
based on the number of carbon, oxygen, and nitrogen atoms that
compose the molecule bound to the surface as displayed in Scheme 1.
All of the experimental carbon to oxygen ratios are less than the
theoretical values. The presence of a larger amount of surface oxygen
than expected will decrease the experimental carbon to oxygen ratio.
Calcium carbonate and magnesium carbonate are potential sources of
unexpected surface oxygen. In contrast to the differing experimental
and theoretical carbon to oxygen ratios, the experimental and
theoretical carbon to nitrogen ratios are quite close. This verifies the
validity of the C 1s and N 1s peak fitting procedure described earlier.

4.3. Surface coverage

Eq. (2) was used to calculate the coverage of the GaN (0001)
surface following each step of the reaction scheme. We note that
contamination can significantly alter the coverage and thickness
calculations and has been previously discussed by van der Marel et al.
[63]. The results are displayed in Table 4 as monolayers (ML) of atomic
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Fig. 7. N 1s core level and Ga X-ray excited Auger spectra of the GaN (0001) surfaces
following each step of the reaction scheme. Each peak was normalized for ease of
comparison of peak positions and widths. XPS spectra shown were collected in normal
direction to the sample surface. The dotted lines indicate the mean binding energies of
the displayed peaks. Note that peaks corresponding to amide and amine bonds appear
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Table 2
GaN substrate composition in the near surface region.

Ga, % N, %

HCl etched 55.9 44.1
Hydrogen terminated 56.5 43.5
Chlorine terminated 52.6 47.4
Alkene terminated 55.9 44.1
Grubbs primed 53.6 46.4
Carboxyl terminated 58.6 41.4
Hexylamine terminated 59.8 40.2
Peptide terminated 63.9 36.1

Data is based on the Ga 3d spectra and the GaN component of the N 1s spectra collected
normal to the sample surface. Atomic percentages were calculated using Eq. (1).

Table 3
Experimental and theoretical atomic ratios.

Experimental
C/O

Theoretical
C/O

Experimental
C/N

Theoretical
C/N

Carboxyl terminated 2.1 4 – –

Hexylamine terminated 4.3 14 14.5 14
Peptide terminated 2.6 4.2 4.1 3.8

All experimentally derived ratios are the mean of the ratios calculated from data
collected at 0°, 45°, and 60° to surface normal. The residual hydrocarbon components of
the C 1s spectra were excluded from the calculations. The ratios were derived from data
obtained with Eq. (1).
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species on the GaN (0001) surface. In Table 4 a monolayer is the ratio
of the number of adlayer atomic species to the number of substrate
surface atoms. The intensities of Cl 1s, Ru 3d, the carbonyl component
of C 1s, and the amide component of N 1s were used for Nl(θ), the
adlayer signal intensity. The intensity of Ga 3d was used for Ns(θ), the
substrate signal intensity. Since Ga 3d photoelectrons have a greater
kinetic energy than the Ga 2p3/2 photoelectrons, the Ga 3d
photoelectrons will experience less attenuation when passing
through the adlayer. The result is a calculation that more closely
follows the non-attenuation approximation. For comparison, Table 4
also displays coverage when the GaN component of the N 1s spectra
was used for Ns(θ) instead of the Ga 3d spectra. The Ga 3d or N 1s
average effective electron attenuation lengths were used for Λe

subst and
were generated with the NIST Electron Effective-Attenuation-Length
Database [61]. The surface coverage was calculated for the XPS data
collected at 0°, 45°, and 60° from surface normal. The means of these
three values are reported in Table 4.

As shown inTable4, the chlorine coverage greatly increased fromthe
etching step to the chlorine termination step. This is as expected since
the goal of the chlorination step is to passivate the GaN surface by
binding chlorine atoms to the surface gallium atoms. However, the
chlorine coverage further increased following the alkene-termination
step. This is due to the chlorine in the allylmagnesium chloride that
persisted on the GaN surface despite extensive washing in THF. The
chlorine coveragedecreased in subsequent stepsof the reaction scheme.

The coverage of the Grubbs first generation catalyst is displayed in
the Ru 3d column of Table 4. With only a single ruthenium atom in
each catalyst molecule, the ruthenium coverage is equivalent to the
Grubbs catalyst molecular coverage. When the GaN surface was
primed with the Grubbs catalyst, the coverage of the catalyst on the
surface was 0.13 monolayers based on the Ga 3d substrate peak. The
coverage dropped in the next step as the Grubbs catalyst was replaced
by the binding of 6-heptenoic acid through the olefin cross-
metathesis reaction.

The Carbonyl Peak column of Table 4 displays the coverage of the
GaN surface with carbonyl carbon atomic species. To specifically
calculate the coverage of carbonyl carbons, the peaks in the C 1s
spectra near 288 to 289 eV were used for Nl(θ) in Eq. (2). Table 4
shows carbonyl contamination from the HCl etching step to the
Grubbs priming step since the functionalization of these surfaces in
these steps did not intentionally bind carbonyl groups. The carboxyl
terminated and hexylamine terminated samples were both functio-
nalized with surface molecules containing a single carbonyl carbon
per molecule. The peptide terminated surface was functionalized with
a peptide containing 23 carbonyl carbons per molecule. The increase
in carbonyl atomic coverage of the carboxyl terminated, hexylamine

terminated, and peptide terminated surface in Table 4 reflects the
binding of the respective molecular structures. However, an unde-
termined portion of these coverages were due to the carbonyl surface
contamination. This contamination by carbonyl species resulted in an
overestimation of the coverage based on the carbonyl component of
the C 1s spectra.

Coverage of the hexylamine and peptide terminated surfaces was
also calculated based on the amide peak of the N 1s spectra for Nl(θ) of
Eq. (2). These results are shown in the Amide peak column of Table 4.
With only a single amide bond per molecule, the amide coverage of
the hexylamine terminated surface was the same as the molecular
coverage. However, the peptide terminated surface had multiple
amide and amine species per molecule. Since only a single peak was
defined for the amide and amine groups on the peptide terminated N
1s spectra, a fraction of the peak intensity was needed for the amide
nitrogen coverage calculation. For the peptide terminated surface, the
intensity of the amide/amine peakwasmultiplied by 23/30 to account
for the ratio of amide nitrogen atoms to all nitrogen atoms in the
molecule. The resulting peak intensity was used for Nl(θ) of Eq. (2). As
shown in the Amide Peak column of Table 4, none of the GaN surfaces
prior to functionalization with hexylamine or the peptide had amide
surface species. The amide coverage of the hexylamine and peptide
terminated surfaces are due solely to the surface functionalization
without components from contamination.

For Table 5 the values of Table 4 were divided by the number of
carbonyl carbon atoms or amide nitrogen atoms in the surface bound
molecule, as shown in Scheme 1, to give themolecular coverage for the
carboxyl, hexylamine, and peptide terminated GaN wafers. These
coverages were calculated from Eq. (2) which assumes a non-
attenuating adlayer on the substrate. This non-attenuation approxi-
mation probably fails with adlayers of increasing thickness. The
coverages surpassing 1 monolayer in Table 5 may have resulted from
the attenuation of the substrate photoelectrons by the increasing
thickness of the adlayer. When hexylamine bound to the terminal
carboxyl group, the resulting molecule was 14 carbons long, and the
non-attenuating approximation is incorrect with a molecule of this
length bound to the GaN surface. The approximation is probably even
worse with the peptide terminated surface. The result of substrate
photoelectron attenuation is a lower value for Ns(θ) and a coverage
result that is artificially high. The molecular coverages based on the N
1s substrate signal are higher than those based on Ga 3d due to the
lower kinetic energy of the N 1s photoelectron that suffers greater
attenuation through the adlayer.

With the overestimated coverages in Table 5 as an upper limit of
the actual coverage, the lower limit is likely near 0.13 monolayers
since this is the coverage of Grubbs catalyst following the catalyst
priming of the GaN surface. In previous work done in this laboratory,
the molecular coverage following olefin cross-metathesis was similar
to that of the Grubbs catalyst coverage [51].

4.4. Adlayer thickness

Table 6 provides a comparison of adlayer calculation results by
using Eqs. (5) and (7). The first two data columns of Table 6 were

Table 4
Atomic Surface Coverages.

Cl 1s, ML Ru 3d, ML Carbonyl
peak of C 1s,
ML

Amide peak
of N 1s, ML

Ga 3d N 1s Ga 3d N 1s Ga 3d N 1s Ga 3d N 1s

HCl etched 0.12 0.14 0.00 0.00 0.06 0.07 0.00 0.00
Hydrogen terminated 0.10 0.12 0.00 0.00 0.15 0.19 0.00 0.00
Chlorine terminated 0.70 0.76 0.02 0.02 0.15 0.16 0.00 0.00
Alkene terminated 1.37 1.58 0.00 0.00 1.47 1.70 0.00 0.00
Grubbs primed 0.69 0.80 0.13 0.15 0.86 0.99 0.00 0.00
Carboxyl terminated 0.36 0.55 0.08 0.12 1.15 1.71 0.00 0.00
Hexylamine
terminated

0.18 0.25 0.05 0.06 1.93 2.70 1.83 2.58

Peptide terminated 0.26 0.48 0.00 0.00 16.56 29.97 14.55 26.28

Atomic coverage values were calculated using Eq. (2) for XPS data collected at
photoemission angles of 0°, 45°, and 60°. The mean value of the three calculations is
displayed in the table in monolayers (ML). The uppermost column headings indicate
the XPS peak used for Nl(θ) in Eq. (2), and the secondary column headings indicate
whether the Ga 3d peak or N 1s peak was used for Ns(θ) in Eq. (2).

Table 5
Molecular surface coverages.

Carbonyl peak
of C 1s, ML

Amide peak
of N 1s, ML

Ga 3d N 1s Ga 3d N 1s

Carboxyl terminated 1.15 1.71 0.00 0.00
Hexylamine terminated 1.93 2.70 1.83 2.58
Peptide terminated 0.72 1.30 0.63 1.14

The coverage values were derived from the values of Table 4 divided by the number of
the particular atomic species in the molecule as shown in Scheme 1. (ML=monolayer).
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calculated using the XPS spectra of an argon-sputtered GaN surface as
the bare substrate sample. The intensities of the Ga 3d or N 1s peaks of
this bare substrate were used for Ns

0(θ) of Eq. (5). The Ga 3d peak or
the GaN component of the N 1s peak of the carboxyl, hexylamine, and
peptide terminated GaN wafers was used for Ns(θ). Errors in the
thickness calculations may have resulted from using a different
sample for the functionalized and bare surfaces due to slight
differences in sample positioning during XPS acquisition. Also, Ar
sputtering does not exactly produce a bare GaN surface due to
preferential sputtering. The attenuation lengths of the different
adlayers, Λe

adlayer(Es), were calculated by a procedure described by
Cumpson to estimate the inelastic mean free paths of organic
materials [64].

Eq. (7) was used to calculate the adlayer thicknesses for the third
data columnof Table 6.Λeadlayer(El,s)was replacedwith the inelasticmean
free path through the adlayer as estimated with Cumpson's method
[64]. The amide component of the N 1s spectra was used for Nl(θ),
Λesubst(Es) was estimated by the NIST Electron Effective-Attenuation-
Length Database [61], and the GaNpeak of the N 1s spectrawas used for
Ns(θ). ρsubst was calculated as 4.423×1022 cm−3 by using the density
and molar mass of GaN. ρadlayer was estimated as 2.694×1021 cm−3 for
the hexylamine terminated surface by estimating the adlayer molar
volume at room temperature using a method described by Bicerano
[65]. ρadlayer was estimated as 1.087×1022 cm−3 for the peptide
terminated surface by using an estimated peptide volume of 2761 Å3

derived by the Peptide Property Calculator [66].
The thickness values calculated from Eq. (7) are likely more

accurate than those calculated from Eq. (5) since the Eq. (7) results
were each calculated from the data of a single sample. The theoretical
carboxyl and hexylamine termination thicknesses were acquired from
the software package ACD/3D version 4.52 (www.acdlabs.com), and
the theoretical peptide termination thickness was acquired from
Chem3D Pro version 12.0 by CambridgeSoft (www.cambridgesoft.
com). All experimental adlayer thicknesses are greater than the
theoretical values. This indicates that more than a monolayer was
present on the surfaces.

5. Conclusion

This work has demonstrated the covalent binding of two organic
molecules, hexylamine and a peptide, to the GaN (0001) surface.
Greater than one monolayer of coverage was achieved. By using a
reaction scheme based on olefin cross-metathesis, this reaction is easily
tailored to binding a wide variety of organic molecules to the GaN
surface. Changing the functional groups on the alkene-terminated
molecule that binds to the surface during the olefin cross-metathesis
will allow changes to the overall surface functionalization. In addition to
the versatility of this route, the method demonstrated in this work is
able to functionalize the GaN surface directly and does not rely on
functionalizing layers grown on the GaN surface. For field effect
transistor biosensing applications, direct GaN surface functionalization

will result in a gate surface that is closer to the channel andwill provide
greater sensitivity for analyte detection.
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