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Chemical functionalization of GaN and AlN surfaces
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The covalent functionalization of GaN and AlN surfaces with organosilanes is demonstrated. Both
octadecyltrimethoxysilane and aminopropyltriethoxysilane form self-assembled monolayers on
hydroxylated GaN and AlN surfaces, confirmed by x-ray photoelectron spectroscopy and atomic
force microscopy. The monolayer thickness on GaN was determined to 2.5±0.2 nm by x-ray
reflectivity. Temperature-programmed desorption measurements reveal a desorption enthalpy of
240 kJ/mol. The realization of micropatterned self-assembled monolayers and the hybridization of
deoxyribonucleic acid molecules on biofunctionalized GaN surfaces are shown. © 2005 American
Institute of Physics. �DOI: 10.1063/1.2150280�
Group III-nitrides attract increasing interest as a sub-
strate material for bioelectronic applications. It has recently
been shown that they are nontoxic, exhibit long-term chemi-
cal stability under physiological conditions, and can serve as
a substrate material for living cells.1 AlGaN/GaN electrolyte
gate field effect transistors, operated as ion-sensitive devices,
show an almost Nernstian pH-response of about
56 mV/ pH.1 Extracellular electrical recording of action po-
tentials with AlGaN/GaN EGFET arrays has recently been
demonstrated.2

The application of these devices for electronic detection
of specific biomolecular processes is a promising approach
for novel biosensors based on molecular recognition, such as
specific antibody detection or label-free detection of deoxyri-
bonucleic acid �DNA� hybridization. For this purpose, the
covalent attachment of specific molecules with controlled
structural order and composition on group III-nitride devices
is a basic requirement.

Covalent coupling of biomolecules to oxidized and
hydrogen-terminated silicon surfaces has been investigated
in numerous works during recent decades.3,4 Covalent graft-
ing of self-assembled monolayers �SAMs� of organosilanes
on oxidized silicon surfaces 5–7 is widely used as the first
step of surface functionalization with biomolecules for elec-
tronic detection of enzyme activity and DNA hybridization
with Si-based field effect transistors.8,9 In contrast, the sur-
face chemistry on AlGaN alloys has not yet been studied in
great detail. Pioneering work has been carried out by
Bermudez,10,11 who has analyzed the adsorption of different
organic molecules, such as anilines or octanethiols on GaN
surfaces, from the gas phase. In a recent publication Kang
et al.12 have reported the electrical detection of immobilized
proteins on AlGaN/GaN transistors, modified with amino-
propyltriethoxysilane �APTES� molecules in a liquid phase
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reaction. However, the covalent immobilization of molecules
was not proven.

In this letter, we report the covalent attachment of SAMs
of octadecyltrimethoxysilane �ODTMS� and APTES on hy-
droxylated GaN and AlN surfaces. Complementary analysis
by x-ray photoelectron spectroscopy �XPS�, atomic force mi-
croscopy �AFM�, and temperature-programmed desorption
mass spectrometry proves covalent coupling of the SAMs to
the surface. Immobilization of single-stranded 20-mer oligo-
nucleotides on APTES-modified nitride surfaces and hybrid-
ization is demonstrated by fluorescence microscopy.

GaN and AlN layers with a thickness of 2 �m were
grown by metalorganic chemical vapor deposition
�MOCVD� on c-plane sapphire substrates. AFM over a scan
area of 4 �m2 revealed a root-mean-square surface rough-
ness of 0.2 nm for GaN and 0.3 nm for AlN, respectively.

The presence of hydroxyl groups on the hydrophilic sur-
face is an essential requirement for the silanization
process.5–7 Therefore, the substrates were immersed in
H2SO4:H2O2 �3:1� solution for 20 min, rinsed with deion-
ized water �18 M� cm, Millipore� and dried under nitrogen
flux prior to silanization. In addition to the activation of sur-
face hydroxyl groups, this treatment leads to the formation of
a thin oxide layer on GaN which has been proven by XPS.
Figure 1�a� displays the evolution of the O 1s core level
emission of GaN and AlN measured with a Mg K� x-ray
source operated at 8 kV and 12 mA. For GaN, a clear inten-
sity increase and a shift of the Ga 2p core level of about
0.3 eV to higher binding energies �not shown� is observed. In
the case of AlN, the native oxide layer present on the surface
is not significantly enhanced indicating that the wet chemical
treatment only results in surface hydroxylation. No influence
on the intensity and peak position of the Al 2p emission was
found. X-ray reflectivity measurements revealed an oxide
thickness of 10±2 Å �11�2 Å� for the hydroxylated GaN
�AIN� surface. In contrast to thermal oxidation, which leads
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to an increase of the surface roughness, AFM measure-

© 2005 American Institute of Physics1-1
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2150280
http://dx.doi.org/10.1063/1.2150280


263901-2 Baur et al. Appl. Phys. Lett. 87, 263901 �2005�
ments did not reveal any influence of the wet chemical pro-
cess on the surface morphology. The resulting hydrophilic
properties are mirrored by a decrease of the water contact
angle from 74° �57°� to �10° for GaN �AIN�.

After hydroxylation the substrates were dried for 12 h in
an exsiccator. The deposition of ODTMS was then per-
formed by sonication for 60 min in a solution of 5%
ODTMS �95%, ABCR� in toluene �puriss, Fluka� with 0.5%
butylamine �99.5%, Aldrich� as a catalyst according to Ref.
14. Sonication in toluene and methanol removed nonco-
valently attached molecules. After this process, GaN and
AlN surfaces exhibited a hydrophobic behavior with a static
water contact angle of 97° and 96°, respectively, which re-
mains stable over several weeks.

Deposition of APTES SAMs on GaN and AlN was per-
formed by sonication in a solution of 20 mM APTES �98%,
Sigma� in toluene for 1.5 h at a temperature of 50 °C. To
remove excess silane aggregates, the substrates were soni-
cated in toluene and isopropanol and washed in acetic acid
solution before they were dried under nitrogen flux.

Adsorption of silane molecules schematically shown in
the inset of Fig. 1�b�, was proven by XPS analysis. Figure
1�b� displays the Si 2p core-level emission from hydroxy-
lated, ODTMS- and APTES-modified AlN. For both silaniza-
tion processes, a clear Si 2p emission with binding energies
of 102.7±0.2 eV and 102.4±0.2 eV is found, indicating the
presence of Si–O bonds. The significantly larger Si 2p peak
intensity for the APTES SAMs mirrors the different chain
lengths �0.85 nm for APTES and 2.62 nm for ODTMS�.15

Due to the spectral overlap with the Ga 3p substrate
emission the Si 2p core-level peak is hardly detectable for
silanized GaN. Here, the weaker Si 2s peak was recorded
and showed similar behavior as the Si 2p level for AlN.

Figure 2�a� shows the N 1s core-level emission of
APTES-modified AlN. Adsorption of APTES is indicated by
the asymmetric signal of the neutral and positively charged
amino tail groups at binding energies of 399.7�0.2 eV
�NH2� and 401.4�0.2 eV �NH3

+�, displayed in Fig. 2�b�.
This behavior, previously reported for silicon dioxide sur-
faces by Bierbaum et al.,6 was also observed for APTES-

FIG. 1. �a� O 1s core-level XPS-Spectra of untreated �circles� and hydroxy-
lated �squares� AlN and GaN. For GaN, an enhanced surface oxidation is
observed. �b� Si 2p core-level peaks for hydroxylated as well as APTES- and
ODTMS-modified AlN. The inset shows a schematic of SAM formation on
the surface �R: Remaining alkyl chain for ODTMS, amino group for
APTES�.
modified GaN. Quantitative analysis of the evolution of the
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Al 2p, Ga 3d, Ga 2p3/2, C 1s, and O 1s core-level peaks �not
shown� indicates an ODTMS-layer thickness of 1.7±0.4 nm
�1.8±0.4 nm� for GaN �AlN�.

X-ray reflectivity measurements, carried out at the Ham-
burger Synchrotronstrahlungslabor HASYLAB �Germany�,
revealed an ODTMS SAM thickness on GaN of 2.5±0.2 nm.
The good agreement with the length of the ODTMS mol-
ecule indicates a small tilting angle of the ODTMS SAM.
From the extracted electron density, we determined the area
occupied by one ODTMS molecule to 20.7±0.5 Å2, imply-
ing that approximately 50% of the surface hydroxyl groups16

are covered. Besides an inhomogeneous surface coverage the
discrepancy between the two methods can originate from the
presence of physisorbed surface contaminants on the XPS
reference sample.

SAM deposition did not change the morphology of GaN
and AlN surfaces, as shown in the AFM images of a GaN
�Fig. 3�a�, �b��, which display that the typical atomic terraces
of two-dimensional growth are still visible after hydroxyla-
tion and after SAM deposition, indicating the absence of
multilayer formation or surface agglomeration of APTES
molecules.

FIG. 2. �a� N 1s core-level XPS spectra of the AlN surface after hydroxy-
lation and after deposition of an APTES SAM. The shoulder indicates the
presence of amino groups. �b� Magnification of �a� for APTES-modified
AlN. Deconvolution �dashed lines� reveals two contributions of the amino
tail group.

FIG. 3. AFM image of hydroxylated �a� and APTES-modified �b� GaN,
showing the typical morphology due to two-dimensional growth. No silane
agglomeration can be observed. �c� TPD spectra of ODTMS fragments
C4H9, C5H9 and C6H11 �57 amu, 69 amu, and 83 amu� for ODTMS-

modified GaN. Spectra are vertically shifted.
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Figure 3�c� shows the TPD spectra of ODTMS-
functionalized GaN for typical fragments of �CH2�18 alkane
chains,17 recorded at a heating ramp of 10 °C/min. A sharp
desorption peak at T2=780±20 K is observed. This corre-
sponds to a desorption enthalpy of 240±20 kJ/mol, assum-
ing a first-order desorption process for �sub�monolayer sur-
face coverage18 which fits to the asymmetric line shape of
the experimental data. The origin of the slight shoulder at
T3=850 K is not clear yet. These results agree with Ref. 19
where degradation of ODTMS SAMs on oxidized silicon
�100� surfaces was found between 740 K and 815 K and
assigned to cleavage of C–C bonds. For C4H9 fragment
�57 amu� a minor peak at T1=650 K is observed for refer-
ence and ODTMS-modified surfaces. This has been previ-
ously assigned to desorption of physisorbed hydrocarbon
contaminants.20 The thermal desorption of APTES SAMs ex-
hibits the same temperature behavior, independent from the
respective substrate. This indicates that cleavage of the Si–
O–Ga�Al� bond does not initiate the desorption process.

Possible applications of alkylsilane SAMs are deter-
mined by their functional group. While the hydrophobic me-
thyl group of ODTMS can serve as a starting point for the
deposition of polymer supported lipid membranes,21 the re-
active amino group of APTES allows the immobilization of
biomolecules. For both applications, surface micropatterning
is of considerable interest.

It was shown in Ref. 14 that ultraviolet �UV� irradiation
of ODTMS-functionalized silicon dioxide surfaces results in
a transition from hydrophobic to hydrophilic behavior due to
light-induced ablation of the silane SAM. Here, we have pat-
terned APTES-functionalized AlN and GaN surfaces by illu-
mination through a photomask with a 4 �m square-shaped
pattern using a Hg lamp at a power density of 15 W/cm2 for
15 min. 20-mer oligonucleotides were subsequently immobi-
lized by Schiff–Base formation.

The substrates were immersed for 1 h in a solution of
20 mM glutaraldehyde �50% in water, Sigma�, which acts as
the Schiff–Base linker, rinsed with water and dried under a
stream of nitrogen. Afterwards, a droplet of 20-mer
5�amino-modified oligonucleotides, diluted in phosphate
buffered saline �PBS�-buffer with pH=7.0 to a final concen-
tration of 1 �M, was deposited. After immersion for 2 h at
room temperature in humid ambiance, the substrate was

FIG. 4. Fluorescence image of alexa fluor 488-labeled single-stranded DNA
after hybridization on patterned APTES-functionalized GaN. Dark regions
represent areas of a degraded APTES-SAM.
washed with water and stored in PBS. Using fluorescence
Downloaded 27 Mar 2007 to 131.169.95.147. Redistribution subject to
labeled 5�amino-3�6-FAM-modified oligonucleotides, fluo-
rescence microscopy analysis showed that immobilization of
DNA occurred only on the nonilluminated regions of the
APTES-modified surface, indicating that bonding of the
crosslinker to an UV-irradiated APTES molecule is inhibited.
No significant decrease of fluorescence intensity was ob-
served over several days, confirming covalent binding of
DNA to the attached crosslinker.

DNA hybridization on GaN and AlN was carried out
after immobilization of label-free single-stranded DNA �20-
mer 5�amino-modified oligonucleotide�. The complementary
20-mer oligonucleotide, fluorescence labeled with 3�alexa
fluor 488, was then deposited. Hybridization was carried out
for 2 h before washing the sample in deionized water. Figure
4 shows a fluorescence micrograph of a patterned APTES-
funtionalized GaN sample after hybridization. The fluores-
cence labeled DNA molecules selectively attach to those sur-
face regions where the complementary, DNA strands were
immobilized.

In conclusion, we have demonstrated the functionaliza-
tion of GaN and AlN surfaces by deposition of silane SAMs
after wet chemical hydroxylation, results in covalently
bonded silane layers. Furthermore, we have shown the im-
mobilization of functional biomolecules on APTES-modified
GaN surfaces by Schiff–Base formation.
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