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Abstract: The development of sensitive biosensors, such as gallium nitride (GaN)-based quantum
wells, transistors, etc., often makes it necessary to functionalize GaN surfaces with small molecules
or eVen biomolecules, such as proteins. As a first step in surface functionalization, we have investigated
silane adsorption, as well as the formation of very thin silane layers. In the next step, the immobilization
of the tetrameric protein streptavidin (as well as the attachment of chemically modified iron
transport protein ferritin (ferritin-biotin-rhodamine complex)) was realized on these films. The degree
of functionalization of the GaN surfaces was determined by fluorescence measurements with
fluorescent-labeled proteins; silane film thickness and surface roughness were estimated, and also
other surface sensitive techniques were applied. The formation of a monolayer consisting of adsorbed
organosilanes was accomplished on Mg-doped GaN surfaces, and also functionalization with proteins
was achieved. We found that very high Mg doping reduced the amount of surface functionalized
proteins. Most likely, this finding was a consequence of the lower concentration of ionizable Mg
atoms in highly Mg-doped layers as a consequence of self-compensation effects. In summary,
we could demonstrate the necessity of Mg doping for achieving reasonable bio-functionalization of
GaN surfaces.

Keywords: n-type GaN; p-type GalN; biosensor; chemical functionalization; protein adsorption;
self-assembled monolayer

1. Introduction

Gallium nitride (GaN) materials are applied for producing light emitting diodes (LEDs) emitting
in the green, blue and ultraviolet spectral range, laser diodes, high power electronic devices and high
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frequency transistors [1-4]. In the past decades, there has been an emerging interest in developing
GaN-based biosensors for applications in biological, pharmaceutical, or environmental monitoring,
such as biomarker detection [5], glucose sensing [6], and for disease monitoring and clinical diagnosis [7].
In comparison to conventional semiconductors, such as silicon [8], GaN was found to be an excellent
material for chemical and biological sensing applications, due to its good chemical stability under harsh
environmental conditions, its improved thermal stability, attractive optical properties, good electron
mobility, fast response time and excellent biocompatibility [9]. Moreover, its piezoelectric properties
allow applications in chemically sensitive field-effect transistor structures, which offers opportunities
for the detection of various relevant target molecules, such as glucose or DNA [6,10-14].

The covalent attachment of biomolecules on sensor surfaces is often a crucial step for the detection
of biomolecules at the inorganic-organic interface [15,16]. An efficient transfer of charges between
the inorganic substrate and functionalized organic layers is known to strongly affect the biosensing
performance [10,17,18]. This charge transfer is influenced by the compatibility between the energy band
gap of the semiconductor and the positions of the HOMO and LUMO energy levels of the bioorganic
moieties [10,18]. The wide-bandgap GaN substrate fits well with a range of HOMO-LUMO energy
levels of different biomolecules (e.g., DNAs, proteins), making it a promising material for biosensing
applications [17,18]. In the past years, considerable efforts have been devoted to the electrical sensing of
enzymes [19], antibodies [20], peptides [21], the protein streptavidin [22,23], DNA [24,25] or phosphoric
acid derivatives [26] using chemically functionalized GaN. Recently, we have also developed GalnN
quantum well (QW) heterostructures as optical biosensors for the detection of the physisorbed iron
storage proteins ferritin and apo-ferritin [27,28]. The presence of surface charges introduced by the
analyte induces changes in the near-surface band bending, and thus, generates a potential gradient
inside the near-surface QW. In this way, a shift in the photoluminescence spectra occurs, which then
enables sensing of these biomolecules [27,28].

To build a robust biosensing platform, smaller distances between the immobilized biomolecule
and the transducer surface, surface hydrophilicity, and high coverage of the molecular species to be
detected need to be achieved [10]. In this regard, surface functionalization of GaN is desirable to
attain a good sensor selectivity and to produce suitable adsorption sites for the attachment of linker
molecules, such as functionalized silanes. These could form the first organic monolayer(s) that could
then capture the desired target biomolecules [10]. Previously, Baur et al. reported the formation of
self-assembled monolayers of 3-aminopropyltriethoxysilane (APTES) and octadecyltrimethoxysilane
(ODTMS) covalently attached to n-GaN and AIN surfaces [29]. Later, Munoz and coworkers
demonstrated the formation of an APTES monolayer on p-GaN and multilayer formation on n-GaN
surfaces using angle-resolved X-ray photoelectron spectroscopy (XPS), the latter indicating imperfect
surface functionalization on n-GaN surfaces [30]. Both surfaces were functionalized using the same
silanization treatment protocol published earlier. Later, Howgate et al. demonstrated the cleavage
of self-assembled ODTMS monolayers on n-GaN surfaces upon irradiation with UV light with a
wavelength of 254 nm. In contrast, no degradation of the self-assembled monolayers occurred on
p-GaN surfaces upon UV irradiation [31]. Moreover, dye functionalized p-GaN surfaces appeared to be
highly sensitive to oxygen exposure, in contrast to n-GaN surfaces, where no changes in the emission
lifetime of a ruthenium dye were observed, due to the high deactivation efficiency of the dye [32,33].
Until now, mainly specific case studies on GaN functionalization have been reported, and a systematic
investigation and understanding of the surface chemistry of differently functionalized sensor surfaces
is still elusive, which limits the potential for designing improved GaN-based biosensors.

Therefore, we have analyzed various functionalization strategies of differently doped n-GaN
and p-GaN surfaces, including in each case (1) surface hydroxylation after oxidative treatment,
(2) silanization based on the two typical silanes APTES and silane-PEG-biotin (SPB), and (3)
functionalization with different protein analytes. Microscopic and spectroscopic methods were
applied to characterize the obtained surface morphologies and to quantify the extent of chemical
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functionalization. We observed the formation of a thin APTES layer on p-GaN, whereas already the
first oxidation step of n-GaN appeared challenging, limiting all following functionalization events.

SPB-functionalized p-GaN surfaces allowed the attachment of the tetrameric protein streptavidin
(Stp), which has a very high affinity for Vitamin H biotin, and which is often used in biological assay
systems. A rhodamine-labeled ferritin-biotin complex was prepared and used for direct optical studies
of the biomolecular immobilization. We achieved functionalization and organosilane monolayer
formation on p-GaN surfaces, and the iron-storage protein ferritin was attached successfully via the
biotin-streptavidin recognition eVent. Our studies contribute to a more systematic understanding of
the surface functionalization processes essential for GaN-based biosensor development.

2. Materials and Methods

2.1. Materials

Biotin-PEG-Silane (MWCO 3400, Laysan Bio Inc., Arab, AL, USA), streptavidin (Promega, Walldorf,
Germany), biotin-NHS (98%, Alfa Aesar, Karlsruhe, Germany), APTES (99%, Sigma Aldrich, Darmstadt,
Germany), rhodamine B isothiocyanate (Sigma Aldrich, Darmstadt, Germany), sulfuric acid (>95%,
Fisher Scientific, Schwerte, Germany), hydrogen peroxide (30%, Merck Millipore, Darmstadt, Germany)
and ferritin from equine spleen (Sigma Aldrich, Darmstadt, Germany) were used as purchased without
further purification.

2.2. Fabrication of GaN and GalnN QW

All GaN-based samples were grown on c-plane oriented sapphire substrates using an Aixtron
AIX200/RF metal organic vapor phase epitaxy (MOVPE) reactor. The precursors ammonia (NHs),
trimethylaluminum (TMALI), trimethylgallium (TMGa), triethylgallium (TEGa), and trimethylindium
(TMIn) were transported into the reactor by ultra-pure carrier gases (N, and Hj). After the growth
of a thin AIN nucleation layer, a GaN buffer layer was grown to a thickness of ~1 um [34]. On top
of the bulffer layer, in case of QW structures, one or five InGaN quantum wells of 3 nm thickness
were grown, separated by 7 nm GaN layers. The final quantum well was subsequently covered by
a thin GaN capping layer of 3 nm thickness to enable strong surface charge interaction as a sensor.
In order to provide n- or p-type doping within the GaN buffer layers, diluted SiH, or cyclopentadienyl
magnesium (Cp,Mg) were added as precursors, respectively [27].

2.3. Synthesis and Characterization of Protein Conjugates

80 pL ferritin (50 mg/mL) solution was reacted with biotin-N-hydroxysuccinimide (NHS, 6 mg
in 100 L DMF) in 50 mM phosphate buffer (pH 7.4) in a total solution volume of 5 mL. The mixture
was stirred overnight at room temperature. The primary amino groups of ferritin of the lysine
side chains were conjugated with biotin, which was activated by an NHS-active ester. Afterwards,
a Vivaspin 6 centrifugal concentrator (MWCO 20 kDa, VWR) was used to remove the unreacted biotin
molecules from the solution. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-ToF)
characterization was used to quantify the number of the attached biotin groups to each subunit of
ferritin. The increase in molecular mass of ferritin after biotinylation from 20,115 Da (theoretical
19,500 Da) to 20,703 Da confirmed the successful synthesis of the ferritin-biotin complex (yield: 65%)
and the attachment of about three biotin groups [35]. Thereafter, the ferritin-biotin complex (300 uL,
2.7 mg/mL) was reacted with rhodamine B isothiocyanate (80 pL, 0.3 mg/mL) in phosphate buffer
solution (50 mM, pH 7.4) in a total solution volume of 5 mL and the mixture was stirred for 24 h at
room temperature. Ultracentrifugation using Vivaspin 6 (MWCO 20 kDa, VWR) was carried out to
purify the ferritin-biotin conjugate from the unreacted molecules. The successful synthesis of the
ferritin-biotin-rhodamine complex via an amine-isothiocyanate reaction was confirmed by UV-Vis
spectroscopy (Tecan infinite M1000 microplate reader). The rhodamine dye molecules facilitate straight
forward optical characterization of successful biofunctionalized surfaces using fluorescence microscopy.
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2.4. Surface Preparation

After epitaxial growth, the semiconductor samples/structures were cleaned by 5 min
ultrasonication, using acetone and isopropanol. Thereafter, the GaN surfaces were subjected to 20 min
of piranha treatment in H,SO4/H,O; (3:1 by volume) for surface hydroxylation. Then, the surfaces were
dried, and silanization was carried out in 1 mM silane-PEG-biotin solution or 20 mM APTES solution
in toluene in an ultrasonic bath for 90 min at a temperature of 50 °C [29]. Afterwards, the oxidized
surfaces were ultrasonicated and washed with anhydrous toluene, isopropanol and treated with 3.5 uM
(4% vol) acetic acid solution for 30 min to remove multilayer silane networks to facilitate monolayer
formation of adsorbed silane molecules. Then, the SPB functionalized surfaces were incubated with
streptavidin (200 uL, 20 pg/mL in water) and subsequently with the ferritin-biotin-rhodamine complex
(20 pg/mL in water) for 30 min in each reaction step. Finally, thorough milliQQ water rinsing was
performed to remove any weakly bound molecules.

2.5. XPS Characterization

The elemental composition and the chemical state of the elements in the APTES-coated
sample surfaces were determined by X-ray Photoelectron Spectroscopy (XPS) measurements using
monochromatized Al K, (1486.6 eV) radiation (PHI 5800 MultiTechnique ESCA System, Physical
Electronics). A surface spot of 0.8 X 0.8 mm? was used for analysis. The measurements were done at a
detection angle of 45°, using pass energies at the analyzer of 93.9 and 29.35 eV for survey and detail
spectra, respectively. The samples were neutralized with electrons from a flood gun (current 3 pA) to
compensate charging effects. For binding energy calibration, the Ga (3d) peak of the GaN substrate was
set to 19.8 eV. The deconvolution of the XPS spectra was carried out using the XPSPEAK4.1 software.

For quantification of the hydroxyl group density in differently doped p-GalN samples,
XPS measurements were conducted using a Kratos Axis UltraP™P
England) with Al K, radiation. The data were acquired in the hybrid mode, using a 0° take-off
angle, defined as the angle between the surface normal and the axis of the analyzer lens. For survey
and high-resolution XP spectra, we used analyzer pass energies of 80 eV and 20 eV, respectively.
A neutralizer was always used during spectra collection to avoid surface charging effects at the
sample surface. The binding energy scale was calibrated to the Au 4f;, emission at 84.0 eV [36].
For deconvolution of the XPS spectra we used the XPSPEAK4.1 software.

spectrometer (Kratos, Manchester,

2.6. Fluorescence Microscopy

Fluorescence images were taken using a Leica Microsystems AF 6000 LX system equipped with a
Leica camera DFC350FXR2. Imaging was done at a resolution of 8 bits and binning 1 x 1. A Leica CY3
filter was used for excitation and emission with a dry 5% PLAN objective. The exposure time was kept
at 25 s, the gain at 10.0 and intensity at 5 a.u. The mean fluorescence intensity was eValuated from
33,792 pixels in a rectangular region of interest (ROI). The Image] software was used for image analysis.

2.7. SIMS Characterization

Time of flight secondary ion mass spectrometry (ToF-SIMS) spectra were collected using an
IONTOF TOESIMS® NCS instrument (IONTOF GmbH, Miinster, Germany) with 30 keV Biz* primary
ion pulses at a current of 0.11 pA (cycle time: 150 ps, mass range: 1-2070 u) on a field of view of
200 x 200 um?, resulting in a primary ion dose density of 1.6 x 10! ions/cm?. The ToF-SIMS surface
spectra were acquired under static conditions far from the static limit, and the typical information
depth can be expected to be within the first few atomic layers of a sample (<1 nm).

In order to determine bulk Mg concentration, some GaN samples were analyzed by dynamic SIMS
at the Fraunhofer Institute for Applied Solid State Physics, Freiburg (further on called “dynamic SIMS”),
enabling to estimate the doping concentration in other samples grown under similar conditions.



Sensors 2020, 20, 4179 50f17

In addition, the carrier concentration (electron and hole concentration for n-doped and p-doped
samples) was determined by the Van der Pauw method (Hall measurements).

2.8. AFM Measurements

Atomic force microscopy (AFM) imaging was performed using a Bruker Dimension FastScan
Bio AFM equipped with ScanAsyst mode. The functionalized GaN surface was scanned using line
scan rates of 1-2 Hz and 512 samples per line. Measurements were done in the tapping mode in
air. AFM images of several areas of the GaN surface were recorded for reproducibility. Images were
analyzed by Gwyddion 2.5, and then a Gaussian function was fitted into the height profile to estimate
the height and its standard error for each feature.

2.9. Contact Angle Measurements

Contact angle measurements were performed on a Data Physics Instruments OCA15 Pro setup.
Each sample was subjected to 2-5 pL milliQQ water drops deposited by a thin computer-assisted
stainless-steel pipette. For each point, a new position on the sample was selected to reduce crosslinking
effects between subsequent measurements. Background illumination was provided by a white-LED
array which maximized contrast for the detection camera. The evaluation was performed by fitting a
straight line to the sample surface and selecting different points on the drop surface to achieve a fitting
curve for the droplet shape. The contact angle was then determined by the eValuation software SCA202.

2.10. Ellipsometry Measurements

The measurements were performed on a commercial Woollam V-VASE instrument with a spectral
range of 0.5-6.5 eV in steps of 10 meV. eVery sample was measured at three angles of incidence,
namely 50°, 60° and 70°. A parametric (analytical) model function was employed to describe the
dielectric functions of sapphire, the AIN nucleation layer, GaN [37], and a surface layer consisting of a
Bruggeman effective medium approximation [38] of GaN and voids in a 1:1 ratio. The layer thicknesses
of AIN and GaN were estimated by fitting the Fabry-Perot interference fringes in the transparency
range of GaN, and the surface layer thickness was determined using the ellipsometric parameters
obtained for energies higher than the absorption onset of GaN. While it is not possible to determine
the dielectric functions of the surface layer on a complex layer stack, we could determine the relative
surface layer thickness differences [39] between different samples with high accuracy. Relative means
that if the void fraction used in the Bruggeman approximation was grossly wrong, the absolute surface
layer thickness would also be wrong. However, the comparison between different samples of the
same type (i.e., all samples within this study) remains possible. In addition, the semiconductor layer
thicknesses obtained by ellipsometry coincided well with the MOVPE growth results.

2.11. X-Ray Reflectivity

The X-ray reflectivity (XRR) was measured on a 2-circle diffractometer (Rigaku SmartLab) equipped
with a 9 kW rotating Cu anode source and parallel beam multilayer optics for monochromatic Cu-Ka
radiation (A = 1.54 nm). Reflected intensities were recorded on a 2-dimensional single photon counting
hybrid pixel detector (Rigaku HyPix-3000, 775 x 375 pixels, 100 um X 100 um pixel size). Specular
reflected X-ray intensities were recorded in the scattering angle range of 0° < 20 < 10° with 0.01° step
width and 60 s counting time per data point. For quantitative analysis using the software Motofit [40],
scattering angles were converted to a momentum transfer g = 47”51'71(6).

3. Results and Discussion

We investigated undoped, n-doped, p-doped GaN and the corresponding QW structures under
different conditions (their doping details are summarized in Table 1). First, the surfaces were oxidized
via two different methods as described above, either in piranha solution or by oxygen plasma treatment.
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Thereafter, the oxidized surfaces were exposed to silane-PEG-biotin or APTES solution (Figure 1),
wherein the reactive ethoxy groups of the silane undergo hydrolysis to form silanol groups, which could
form oligomers in condensation reactions [41]. The hydroxyl (OH) end groups of the silanol species
form hydrogen bonds with the surface OH groups, and at elevated temperatures, covalent bonds are
formed together with the release of water molecules.

Table 1. Doping information of the samples: From the electron concentration of the n-doped samples
from Hall measurements, we estimated the Si concentration, whereas both Mg and hole concentrations
were measured (independently) for the Mg-doped samples using dynamic SIMS (secondary-ion
mass spectrometry) and Hall measurements. Conc. In brackets means assumed concentration
per cm3. p-GaN: p-type GaN, n-GaN: n-type GaN, u-GaN: un-doped GaN, un-doped GaN-GaInN
(gallium indium nitride)-GaN quantum well structure.

SIMS Bulk Conc.
Ref. Sample Type e one Hole and Electron Conc.
Mg Si
A Y2139 p-GaN 35x10Y  <[1x10Y7] p=35x10"
B Y2118 n-GaN <[1x107] ~3.3x10'® n=23.3x108
C Y2151 u-GaN <15x 101  <[1x1017] <[1 % 1017]
D Y2108 u-QW <[1x107]  <[1x10%] <[1 % 1017]
° H.N NH, Rnn
H,N NH, o °© @ R @
Ferritin Biotin-NHS Ferritin-Biotin Rhodamine B  Ferritin-Biotin-
Complex Isothiocyanate Rhodamine
Complex
Selective Binding
of
STP to FBR
%}S\IOCHZCHg 1 '\E%
HyCH,CO <DCH2CH3 K'sK -
Piranh>a OH c|>|-1 OH C‘)H OH — TH (‘)H OH TH TH — TH (‘)/c:) (‘) TH o oH o/iri/\o oH
GaN Hydroxylation Functionalization of SPB  STP
NHz  ApTES NH
OO TIIITT OCIILLT
GaN Hydroxylation Functionalization of APTES

Figure 1. Schematic diagram illustrating the surface biomolecular functionalization routes performed
to covalently link two kinds of silane molecules to the gallium nitride (GaN) surfaces, and the resulting
protein immobilization. SPB: Silane-PEG-Biotin, STP: Streptavidin, FBR: Ferritin-Biotin-Rhodamine
complex, APTES: (3-Aminopropyl) triethoxysilane.

The successful synthesis of biotinylated ferritin labelled with rhodamine dyes was eVident from
(i) the increase in molecular mass of ferritin after biotinylation, which suggested the attachment
of an average of three biotin-NHS units per ferritin, and from (ii) the presence of a characteristic
peak at 558 nm in the absorbance spectra and the photoluminescence peak at 588 nm when excited
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with a wavelength of 400 nm (Figure 2). The free biotin end group of biotinylated silane SPB binds
non-covalently to one of the four biotin binding pockets of the tetrameric protein streptavidin. As the
biotin molecules were only present at the surface, additional biotin binding pockets of streptavidin
were still available for binding biotinylated ferritin labeled with rhodamine as depicted in Figure 1.

1.2 6000

~ (b) - - (c)
=: 1.0- =' 50004 lexc 400nm
o —FB o N
& 8 FB
81 4000
%- 0.8 FBR 2z —FBR
506 £ 3000
- [}
| -
% 0.4 S 2000
2 Rh B &
0.2 1000
ol— ] 00t — = o 0O
18 19 20 21 22 23 24 300 400 500 600 700 800 450 500 550 600 650 700 750 800
m/z (KDa) Wavelength (nm) Wavelength (nm)

Figure 2. Characterizations of the ferritin-biotin-rhodamine complex in solution: (a) Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-ToF) spectra of ferritin (black curve, calculated
MW—19,500 Da, measured MW-—20,115 Da) and of the ferritin-biotin complex subunit
(red curve, calculated MW—20,182 Da, measured MW—20,703 Da), (b) absorbance spectra,
and (c) photoluminescence spectra of ferritin-biotin (FB) and the ferritin-biotin-rhodamine
(FBR) complex.

3.1. Oxidation of GaN Surfaces

The aforementioned GaN surfaces were hydroxylated using piranha solution and oxygen plasma
treatment at various power settings, such as 100 W, 150 W, and 200 W, and with different irradiation
times of 10 min and 20 min for surface oxidation. We have performed XPS measurements to investigate
the oxide formation and the OH group density on the hydroxylated GaN surfaces. After piranha
treatment of the GaN substrates, the overall intensity of the Ols peak has increased (Figure 3a and
Figure S1). This indicates surface oxidation or the formation of an oxide layer. The Ols spectrum
for treated p-GalN (A) was deconvoluted into peaks at 530 eV and 530.9 eV, which are ascribed to
O-Ga and O-H species. For the treated n-GaN (B), the deconvoluted peaks appeared at 529.8 eV and
531.4 eV with similar assignment [30]. The ratios of the deconvoluted Ols intensities for O-H and
O-Ga bonds were 0.03 in n-GaN (B) and 5.7 in p-GaN (A) surfaces, indicating that most of the oxygen
uptake resulted in oxide formation (O-Ga) on n-GaN (B), where also much less OH surface groups
were formed. In contrast, on p-GaN (A), much larger amounts of OH surface groups (in the form
of Ga-O-H) appeared and relatively little surface oxides were observed [30]. Here, the ratio of the
deconvoluted peak areas for O-H and O-Ga increased from 3.3 (untreated) to 5.7 (piranha treated)
(Figure 3a and Figure Sla), while for n-GaN (B) we found no difference in the O1s intensity ratio of
the O-H and O-Ga species between the untreated and piranha treated samples (Figure S1b). Hence,
surface hydroxylation could only be achieved for the p-type sample surface.

To confirm the chemical compositions of the unmodified GaN surfaces, we performed time-of-flight
secondary ion mass spectrometry (ToF-SIMS) measurements of the GaN surfaces. These revealed the
presence of Si atoms on blank n-GaN (B) and of Mg atoms on blank p-GaN (A) surface layers (Figure 3b,c).
As expected, the silicon atom density on the QW sample (D) with the undoped GaN capping layer
was much lower than that on n-GaN (B) (Figure S2a). The surface images (ion maps) revealed a
homogeneous ion signal distribution in the samples (Figure S2b—d). A different type of dopant may
lead to a different alignment of the semiconductor energy gap at the surface with the molecular energy
gap, which can be a plausible reason for different degree of molecular functionalization at the surface.
The piranha solution (Hy504/H7O7) produces reactive hydroxyl radicals that are nucleophilic [30] and
could donate electrons to the p-GaN surface, thus facilitating hydroxylation reactions, whereas this is
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not the case for the surfaces of n-GaN or n-QW [42]. Accordingly, higher coverages of OH groups were
generated at the p-type surface as compared to the n-type surfaces.

107 | *
- - C3HS L
44 L
] Mo cH |
- 4 CZHS
_ 2 L
4 023 C3H3
| :H CH;NH‘ Nal CH
0 4Hr—rr .l.. 'l_.é‘l”ll” s is '11”
L 0 10 20 30 40 50
m/iz
I (b)
i 08 ] T A | ]
- 5 NH, GHs L
] CyHs CH;
- 4_: -
1 CHyN
] CyHs 4
i ] CaH,
T T T T T 2__ SI L
536 534 532 530 528 526 524 1H CH, Na \ 1 l “
B.E.(eV) 1 AR N NN S SN I—— T -
0 10 20 30 40 50
miz
(a) (o)

Figure 3. (a) Ols XP spectra of hydroxylated n-GaN (top) and p-GaN (bottom) surfaces. Background
(green), fitted curve (red), experimental curve (black) and deconvoluted curves corresponding to
O-Ga (dark blue) and O-H (light blue) bonds, x-axis: Binding energy (eV), y-axis: Intensity (a.u.).
Time-of-flight secondary ion mass spectrometry (ToF-SIMS) spectrum of blank (b) p-GaN (A) and (c)
n-GaN (B) surfaces, x-axis: Mass/charge ratio (m/z), y-axis: Intensity (a.u.).

Furthermore, we investigated the extent of the hydroxylation of the n-GaN (B) and p-GaN
(A) surfaces created by oxygen plasma treatment and the subsequent biomolecule immobilization
(Figure 1) by fluorescence spectroscopy of the protein functionalized surfaces. We observed an intense
fluorescence on bio-functionalized p-GaN as compared to n-GaN surfaces. The mean fluorescence
intensities of blank, 100 W (20 min) and 200 W (10 min) O, plasma treated bio-functionalized n-GaN
were measured to be 40 + 7 a.u., 35 + 3 a.u. and 49 + 7 a.u., whereas for p-GaN the mean intensity was
found to be 46 + 4 a.u. (blank) and 64 + 4 a.u. (treated). The only small increase in mean fluorescence
intensity between blank and protein-functionalized n-GaN can be a possible indicator for no significant
improvement of the degree of surface hydroxylation of n-type surfaces when using oxygen plasma
(Figure S3).

3.2. Surface Coating of Oxidized GaN Surfaces with Silanes

Next, we studied the impact of the surface oxidation on the interaction with the silanes APTES
and SPB in solution. Piranha treated p-GaN (A), n-GaN (B), u-GaN (C), and u-QW (D) surfaces were
functionalized using APTES and SPB using the procedure (Figure 1) described by Baur et al. [29].

Surface characterization by XPS was performed to characterize the adsorbed APTES layer on these
functionalized surfaces. The Si (2s) peak allowed the detection of Si originating from the adsorbed
APTES layer. The signal at around 160 eV (Figure 4) can be ascribed to a Ga (3s) peak, whereas the signal
ataround 154 eV is assigned to the Si (2s) peak of Si atoms in the APTES molecules [24]. The XPS spectra
revealed the presence of functionalized APTES layers on all surfaces (Figure 4a—c and Figure 54).
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Figure 4. Si (2s) XP spectra of bare and APTES-coated (a) Si-doped GaN (n-GaN, B), (b) Mg-doped
GaN (p-GaN, A) and (c) undoped QW (u-QW, D). (d) X-ray reflectivity (XRR) pattern of APTES-coated
n-GaN (red) (B) and p-GaN (blue) (A), x-axis: Scattering vector (q).

X-ray reflectivity (XRR) measurements were employed to determine the APTES layer thickness at
the surface. For a quantitative analysis of the XRR data, we used a two-layer model consisting of a
native oxide layer underneath a layer of organic molecules. The experimental data were fitted using the
software Motofit [43]. The resulting parameters obtained by fitting are summarized in Tables S1 and S2.
No APTES layer was found on n-GaN surfaces, while a layer with 8.3 A thickness was detected on
p-GaN (Figure 4d) confirming the formation of an APTES monolayer on p-GaN [44]. The XRR pattern
recorded from coated n-GaN (Figure 4d) was similar to that obtained on the bare GaN surface [43].
Furthermore, it was observed that the thickness of the APTES layer on p-GaN changed in the following
day, presumably due to variations in relative humidity, and thus, adsorption of moisture leading to an
increase in thickness to 18.2 A (Figures S5 and S6b). The values of the surface roughness extracted
from the XRR data are in qualitative agreement with the maximum roughness obtained from AFM
measurements (Table S1) [43]. In addition, an increase in apparent surface roughness (estimated from
an effective medium approximation of the layer thickness) was observed on the APTES-treated u-GaN
(C) and p-GaN (A) surfaces from ellipsometry measurements (Table S3). The presence of the APTES
layers can be a plausible reason for the change in surface properties between the blank and treated
surfaces [45].

3.3. Protein-Functionalization of the GaN Surfaces

In the next step, we investigated the functionalization of the p-GaN (A), n-GaN (B), u-GaN (C)
and u-QW (D) surfaces with the proteins streptavidin and the FBR complex. eVen though surface
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hydroxylation and silanization did not occur at the n-GaN (B) surface, it would be interesting to
elucidate whether proteins would adsorb weakly on these surfaces, as it is known for many other
surfaces, such as gold surfaces [46,47]. In our setup, the biosensor design is based on the non-covalent
interactions between the protein streptavidin and biotin, which is known to be among the strongest
non-covalent interactions present in nature [48,49]. The resulting biotin-streptavidin complexes are
known to be stable against changes in temperature, pH and organic solvents, which make them
particularly suitable for designing protein-selective biosensors [48,49]. Silanized GaN surfaces were
exposed to streptavidin biomolecules and thereafter incubated with the FBR complex. Between each
step, the samples were rinsed with water to remove weakly bound FBR proteins. The protein
nanostructures (Streptavidin (Stp) bound FBR complex) immobilized on the surfaces were then imaged
by fluorescence microscopy. The observed fluorescence originated from the attached rhodamine
molecules. Biofunctionalized p-GaN (A) and u-GaN (C) surfaces revealed a clearly visible fluorescence
signal compared with the glass substrate, whereas the incubation of the proteins on the n-GaN (B)
surfaces did not result in a fluorescence signal. The differences in the mean fluorescence intensities
between the blank and the biofunctionalized surfaces (Figure 5a,b) are summarized in Table 2.
The preparation of n-GaN and u-GalN samples is less challenging compared to the p-GaN samples,
where parasitic effects have to be considered carefully, such as Mg delay when switching on the Mg
source in MOVPE, some memory effects from previous runs or Mg diffusion in the samples, etc.
In addition, well-defined p-GaN samples also require additional preparation steps, such as thermal
activation of the Mg acceptor to remove hydrogen.

u-QW | Blank u-GaN | Blank n-GaN | Blank p-GaN A:g:(b) = Coated
5804 ¢ Blank

@ Blank

a
~N
wn

70+ B

Coated Coated Coated

Fluorescence
n Intensity (

CA: 38.9°

CA: 41.4° g

SPB+Stp

Figure 5. (a) Fluorescence images of biomolecule-functionalized undoped QW (u-QW, D), undoped
GaN (u-GaN, C), Si-doped GaN (n-GaN, B) and Mg-doped GaN (p-GaN, A). (b) Mean fluorescence
intensity (a.u.) of biomolecule coated substrates. (c) The contact angle of water drops on bare and
silane-PEG-biotin (SPB) coated p-GaN (A) and n-GaN (B) surfaces with and without streptavidin (Stp).

Based on these results the p-GaN (A), u-GaN (Y2151, C), and glass samples showed larger
intensity differences, indicating the presence of protein nanostructures composed of Stp and FBR [50],
whereas biofunctionalization of n-GaN (B) and u-QW (D) was not successful. We have tested several
n-doped samples, but protein functionalization of n-GaN and n-QW surfaces was not successful.
In addition, functionalized silane layers did not form on the n-doped surfaces from the ellipsometric
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measurements (Table S3). One could speculate that different surface dopants, such as Si or Mg, generate
a different near-surface GaN band bending, which could change the HOMO-LUMO band alignment
of the biomolecules. It has been shown that biofunctionalization could be achieved by varying the
type of doping impurities [17,18]. Interestingly, we did not observe any weak (unspecific) adsorption
of the proteins on the n-GaN and u-QW surfaces, which is an important feature considering their
adsorption affinity to other surfaces, such as gold, silver, etc. [46,47]. This is an important feature for
achieving protein-selective sensor surfaces, where any weak protein adsorption needs to be suppressed.
In addition, measurements of the spatial variation in fluorescence intensity on p-GaN and glass
surfaces showed constant intensities from an uncoated region over a step into the coated region of the
protein-functionalized substrate (Figure S8a—d) [51] suggesting the formation of a homogeneous layer
of the protein complexes on p-GaN (A) and u-GaN (C) surfaces. The presence of the Si 2s XPS peak at
153 eV, which is related to Si in the APTES molecules in APTES-functionalized surfaces, demonstrated
successful surface functionalization for n-GaN (B), u-QW (D), p-GaN (A) (Figure 4a—c) and u-GaN
(C) (Figure S4). On the other hand, significant fluorescence intensity originating from the protein
complexes was only observed for the u-GalN (C) and p-GaN (A) surfaces (Figure 5a,b). This discrepancy
could be explained by an incomplete functionalization of the n-GaN (B) and u-QW (D) surfaces, with
low silane coverages well below a monolayer. These observed changes in fluorescence intensity were
also reproduced in other samples (Figures 517-520). In addition, we observed that at u-GaN (C and G)
surfaces, the protein complexes were attached, whereas they were not bound to u-GaN (E and F).
By ToF-SIMS, we found a slightly higher Mg concentration for u-GaN (C and G) (180 and 102 a.u.)
as compared to other u-GaN samples (<70; Figure S9), which could have a critical influence on the
biofunctionalization. However, the relative Mg ion intensity level of p-GaN samples (>10° a.u.) was
significantly higher compared to the u-GaN samples. The u-GaN (G) sample showed fairly similar
Mg surface concentrations as the u-GaN (C) sample, which was synthesized from a different MOVPE
reactor with changed growth parameters and was grown with a SiN in-situ layer that improved its
GaN quality. However, we did not find any relation between such higher GaN quality or the presence
or absence of the SiN interlayer and the functionalization potential. For proper comparison, samples
(A, B, C, D) grown from the same reactor are shown in the results (Figure 5). The reason for the
comparably high Mg content within the u-GaN (C) sample surface could not be explained yet as no
Mg-precursor flow was injected during the growth of the sample. We could only speculate that the low
surface Mg concentration in u-GaN samples (C and G) could shift the Fermi level considerably, so that
the near-surface GaN bandgap complements the energy bandgap of protein molecules, thus resulting
in successful bio-functionalization in u-GaN samples (C and G). However, more detailed studies would
be required.

Contact angle measurements were performed on the GaN surfaces coated with silane and incubated
with and without streptavidin protein (Figure 5c), to assess possible polarity changes of the surfaces.
The contact angle of water drops on silane-coated p-GaN (A) surface was 67° + 3°, which decreased to
55° + 0.5° after streptavidin incubation and concomitant water washing. This reduction is attributed
to the presence of a higher number of hydrophilic surface groups (NH;, OH, etc.) originating
from bound streptavidin [52]. However, in the case of n-GaN (B), the measured contact angles for
silane-coated surfaces before and after incubation of streptavidin molecules remained essentially
constant with 38° + 0.5° and 43° + 1°, respectively, indicating the absence of measurable amounts of
attached streptavidin in the latter cases (Figure 5c). These observed changes in the contact angle were
reproduced in other p-GaN and n-GaN samples (Figures 521 and 522).



Sensors 2020, 20, 4179 12 of 17

Table 2. Mean fluorescence intensity (a.u.) of biomolecule functionalized substrates. Mean value +
standard deviations are reported, sccm: standard cubic centimeters per minute. Conc. In bracket

means assumed concentration in cm™.

Sample Type Sample No. Ref. Carrier Conc. Source Blank Treated  Difference
u-GaN Y2092 E <[1x10"7] unintentionally doped 60+6 61+7 -
u-GaN T7066 F <[1x10"7] unintentionally doped 40+7 42+6 -
u-GaN Y2151 C <[1x10"7] unintentionally doped 55+6 70+7 15
u-GaN T9039 G <[1x10%] unintentionally doped 41+6 62+7 21
n-GaN Y2118 B 3.3 %108 Same doping as Y2074 53+4 57 +7 4
n-GaN Y2072 H 7.4 x 1017 Si-doped 41+3 41+4 -
n-GaN Y2070 I 9.1 x 108 Si-doped 385 38+3 -
n-GaN Y2073 K 2.4 %107 Si-doped 39+4 41+4 -
p-GaN Y2124 L 1.5x 1017 Hall (30 sccm Mg) 35+5 53+9 18
p-GaN Y2139 A 3.5 x 1017 Hall (30 sccm Mg) 52+7 67 +8 15
p-GaN T5127 M 3.8 x 107 Hall (30 scem Mg) 46 £4 67 +5 21
p-GaN T5126 N 1.6 x 1017 Hall (30 sccm Mg) 45+4 61+4 16

Glass ] 30+3 48 +4 18
u-QW Y2066 ¢) <[1x10Y7] unintentionally doped 40+3 41+4 -
u-QW Y2108 D <[1x10"7] unintentionally doped 40+4 44+4 4
u-QW Y1965 P <[1x10"] unintentionally doped 424 424 -
n-QW Y2074 Q 3.3 x 1018 Hall 38+3 43+4 5
n-QW Y2075 R 9.4 x 107 Hall 38+3 45+4 7

3.4. Surface Characterization on the Biomolecular Scale

In order to characterize the morphology of the protein-coated p-GaN (A) surfaces, we recorded
AFM images in the dry state. The smooth wavy structures obtained for the bare surfaces (see Figure 6a)
are a typical characteristic of high quality GaN surfaces. For the protein functionalized p-GaN (A)
surfaces, the AFM images (Figure 6b) showed the presence of many nanosized features of different
dimensions with average heights of 16 + 0.9 nm, 10 + 1.1 nm and 6 + 0.4 nm (see Figure 6b,c).
Based on the known dimensions of streptavidin and ferritin, with heights of about 5-6 nm and
8-12 nm, respectively, we assigned the nanostructures with heights of about 16 nm to streptavidin
bound FBR complexes, whereas the objects with about 10 nm and 6 nm dimensions could be related
to weakly bound FBR complexes and streptavidin (Figure S10d,e) [52]. We have observed the same
nano-features in AFM images measured on other bio-functionalized p-GaN samples (Figure 523).

()

¢ =
—v—1-15.66
. p= =

-
—t—_L,-s.Bs

5.98

Stp + FBR FBR Stp
Number of detected structures

Figure 6. AFM images of (a) bare and (b) protein functionalized p-GaN (A). (c) Height distribution
of bright features on the coated p-GaN (A) surface. Nanostructures were clustered according to
their dimensions, and three different clusters were identified with about 6 nm, 9.9 nm and 15.7 nm,
which were assigned to Stp (5 nm), FBR complexes (10 nm) and Stp bound FBR complexes (15 nm).

3.5. Effect of Doping Concentrations on Protein Functionalization

To further improve the surface functionalization of the n-GaN surfaces, the influence of the n-doping

level on protein immobilization on n-GaN was studied. Using Si doping levels of <10'7, 2 x 10'7

(both nominally undoped) and 9 x 10'® cm=, we found no change in the extent of functionalization
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(Figure S11): All samples remained non-functionalized. In addition, silanization experiments of
n-GaN were performed in different solvents, such as THEF, water, and toluene, but subsequent protein
functionalization was still unsuccessful, as eVident from the small differences in the mean fluorescence
intensity between blank and treated samples.

In the same way, the effect of p-type doping at various doping levels on the surface functionalization
of the as-prepared p-GaN was studied to identify the regime of successful molecular functionalization
of low electron p-type surfaces as reported by Arranz et al. [30]. The Mg-precursor flow (Cp,Mg) during
growth was varied in steps of 30, 60 and 120 sccm (Figure 7), leading to Mg ion intensities of 252,300,
143,000 and 213,000 a.u. at the surface (Figure S512), as determined by ToF-SIMS. With the increase in
the Mg-precursor flow, the bulk Mg concentration increased as well, whereas the apparent surface Mg
concentration changed irregularly. This could be a consequence of some Mg segregation, which could
occur at higher Mg concentrations (above 5 x 108 cm™). Similar conditions at the end of the growth
process and subsequent cooling of the samples could also lead to similar Mg surface concentrations.

30 sccm

Figure 7. Fluorescence images of functionalized p-GaN surfaces with Cp,Mg injection levels of 30 sccm,
60 sccm, and 120 sccm.

Here, we observed that the mean fluorescence intensity was highest for the 30 sccm sample as
compared to other p-type surfaces. Moreover, the 30 sccm and 60 sccm functionalized p-type surfaces
showed approximately similar fluorescence (Table 3 and Table S4). However, the estimated OH density
was higher in the 30 sccm sample than in the other doped p-GaN surfaces (Figure S13). The hole
concentration of the 30 sccm p-GaN sample, as determined by Hall measurements, was 3.5 x 107 cm™3,
whereas the other samples showed a reduced conductivity, and thus, were difficult to measure.
Moreover, we observed a decrease in hole concentration and reduction in fluorescence intensity
difference between blank and treated surfaces with increasing Mg concentration in p-GaN samples,
similar to the observations reported in the literature [53]. Therefore, we conclude that the concentration
of active Mg acceptors rather than the total Mg content plays a crucial role in the success of protein
functionalization of p-GalN samples. Indeed, in heavily Mg doped samples, intrinsic lattice defects lead
to a compensation of the Mg acceptors, thus reducing the expected hole concentration significantly [53]
which may shift the Fermi pinning position at the surface which hypothetically leads to the misalignment
with the HOMO-LUMO energy levels of the biomolecule systems, which could prevent protein
surface functionalization.
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Table 3. Mg bulk concentration, hole concentration, Mg ion intensity at the surface, mean fluorescence
intensity (mean value + standard deviation in arbitrary units; exposure—25 s; gain kept at 10 for all
images) and OH density ratio of the protein functionalized substrates. The latter was estimated from
the ratio of the deconvoluted O (1s) intensities in the XPS spectra corresponding to O-H and O-Ga

species. Conc. means concentration per cm3.

Fl Intensit i
p-GaN Cp,Mg Injection Level Mg Bulk Conc.  Hole Conc. Mg Ion Intensity (SIMS) uorescence ‘ntensity OH Density .
Blank Treated (0-Harea/O-Gaarea) Ratio
30 sccm 5x 101 3.5x 107 252,300 46+6 69 +9 47
60 sccm 9x 101 3.0 x 10'° 143,000 49+5 67 +8 35
120 sccm 2 x 102 <1.0 x 1016 213,000 50 £ 6 52+7 3.6

Since successful surface biofunctionalization and APTES monolayer formation has taken place for
p-type surfaces, we finally made an attempt to synthesize p-QW samples by introducing a Mg-precursor
flow during the growth of the top capping layer. Therefore, we tried to prepare annealed p-QW
samples with different capping layer thicknesses, ranging from 10 nm to 50 nm and 200 nm. Here,
we observed fluorescence only on the 200 nm thick capping layer p-QW (Figure 514), which contained
a thin Mg-doped top layer (Figure S15). Unfortunately, due to the delay of Mg incorporation after
switching on the Mg precursor in the MOVPE process [54], thinner capping layers did not contain any
reasonable Mg concentrations. However, with such a very thick capping layer, any possible sensor
sensitivity vanishes, and thus, biosensing is impossible with this structure.

4. Conclusions

We have demonstrated that Mg doping of GaN strongly improves its bio-functionalization, which is
necessary for constructing a selective biosensor platform. This is eVident from the higher difference in
mean fluorescence intensity between bare and protein functionalized surfaces and from XRR-based
estimations of the layer thickness, while Si-doped GaN surfaces could not be bio-functionalized.
However, the response of nominally undoped samples was mixed. We found minor concentrations of
Mg impurities on the surface of some undoped samples, which could have promoted functionalization
above some critical value. An increased Mg concentration, and thus a decreased concentration of
ionizable Mg atoms in p-GaN reduced the degree of biomolecular functionalization, suggesting that an
optimum dopant type and dopant content are key for the development of better biosensors.
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Abbreviations

The following abbreviations are used in this manuscript:

GaN Gallium nitride

QW Quantum well

Stp Streptavidin

FBR Ferritin-Biotin-Rhodamine complex

SPB Silane-PEG-Biotin
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APTES 3-aminopropyl triethoxysilane

p-GaN p-type GaN

n-GaN n-type GaN

u-GaN un-doped GaN

u-QW un-doped GaN-GaInN-GaN quantum well structure

p-QW GaN-GaInN-GaN quantum well structure with Mg-doped cap layer
sccm standard cubic centimeters per minute

a.u. arbitrary units

XRR X-ray Reflectivity

XPS X-ray Photoelectron Spectroscopy

MALDI-ToF Matrix-Assisted Laser Desorption/Ionization Time-of-Flight

ToF-SIMS Time-of-Flight Secondary Ion Mass Spectrometry

AFM Atomic force microscopy

References

1. Yamaki, F; Inoue, K.; Ui, N.; Kawano, A.; Sano, S. A 65% drain efficiency GaN HEMT with 200 W peak

10.
11.

12.

13.

14.

15.

16.

power for 20 V to 65 V envelope tracking base station amplifier. In Proceedings of the 2011 IEEE MTT-S
International Microwave Symposium, Baltimore, MD, USA, 5-10 June 2011; pp. 1-4. [CrossRef]

Lee, M.-L.; Wang, S.-S.; Yeh, Y.-H.; Liao, P-H.; Sheu, ].-K. Light-emitting diodes with surface gallium nitride
p—n homojunction structure formed by selective area regrowth. Sci. Rep. 2019, 9, 1-7. [CrossRef]
DenBaars, S.P; Feezell, D.; Kelchner, K.; Pimputkar, S.; Pan, C.-C.; Yen, C.-C,; Tanaka, S.; Zhao, Y.; Pfaff, N;
Farrell, R.; et al. Development of gallium-nitride-based light-emitting diodes (LEDs) and laser diodes for
energy-efficient lighting and displays. Acta Mater. 2013, 61, 945-951. [CrossRef]

Meierhofer, F; Krieg, L.; Voss, T. GaN meets organic: Technologies and devices based on
gallium-nitride/organic hybrid structures. Semicond. Sci. Technol. 2018, 33, 083001. [CrossRef]

Wang, H.T.; Kang, B.S.; Ren, F; Pearton, S.J.; Johnson, ].W.; Rajagopal, P.; Roberts, ].C.; Piner, E.L,;
Linthicum, K.J. Electrical detection of kidney injury molecule-1 with AlGaN/GaN high electron mobility
transistors. Appl. Phys. Lett. 2007, 91, 222101. [CrossRef]

Kang, B.S.; Wang, H.T.; Ren, E; Pearton, S.J.; Morey, T.E.; Dennis, D.M.; Johnson, J.W.; Rajagopal, P.;
Roberts, J.C.; Piner, E.L.; et al. Enzymatic glucose detection using ZnO nanorods on the gate region of
AlGaN/GaN high electron mobility transistors. Appl. Phys. Lett. 2007, 91, 252103. [CrossRef]

Pearton, S.J.; Ren, E; Chu, B.H. Functionalized GaN Based Transistors For Biosensing. In State of the Art in
Biosensors-Environmental and Medical Applications; Rinken, T., Ed.; IntechOpen: London, UK, 2013; pp. 225-251,
ISBN 978-953-51-1035-4. [CrossRef]

Bertani, P.; Lu, W. Hybrid Organic-Nitride Semiconductor Nanostructures for Biosensor Applications.
In Functional Organic and Hybrid Nanostructured Materials; Li, Q., Ed.; Wiley-VCH Verlag GmbH & Co. KGaA:
Weinheim, Germany, 2018; pp. 485-518. ISBN 978-3-527-80736-9.

Young, T.-H.; Chen, C.-R. Assessment of GaN chips for culturing cerebellar granule neurons. Biomaterials
2006, 27, 3361-3367. [CrossRef]

Li, X;; Liu, X. Group III nitride nanomaterials for biosensing. Nanoscale 2017, 9, 7320-7341. [CrossRef]
Dong, Y.; Son, D.-H.; Dai, Q.; Lee, ].-H.; Won, C.-H.; Kim, J.-G.; Chen, D,; Lee, ].-H.; Lu, H.; Zhang, R; et al.
High Sensitive pH Sensor Based on AlInN/GaN Heterostructure Transistor. Sensors 2018, 18, 1314. [CrossRef]
Kang, B.S.; Wang, H.T.; Ren, F.; Pearton, S.J. Electrical detection of biomaterials using AlGaN/GaN high
electron mobility transistors. J. Appl. Phys. 2008, 104, 031101. [CrossRef]

Wang, X.; Yoshikawa, A. Molecular beam epitaxy growth of GaN, AIN and InN. Prog. Cryst. Growth
Charact. Mater. 2004, 48—49, 42-103. [CrossRef]

Ambacher, O. Growth and applications of Group Ill-nitrides. |. Phys. Appl. Phys. 1998, 31, 2653-2710.
[CrossRef]

Petoral, RM.; Yazdi, G.R; Lloyd Spetz, A.; Yakimova, R.; Uvdal, K. Organosilane-functionalized wide band
gap semiconductor surfaces. Appl. Phys. Lett. 2007, 90, 223904. [CrossRef]

Yakimova, R.; Steinhoff, G.; Petoral, RM.; Vahlberg, C.; Khranovskyy, V.; Yazdi, G.R.; Uvdal, K,
Lloyd Spetz, A. Novel material concepts of transducers for chemical and biosensors. Biosens. Bioelectron.
2007, 22, 2780-2785. [CrossRef] [PubMed]


http://dx.doi.org/10.1109/MWSYM.2011.5972654
http://dx.doi.org/10.1038/s41598-019-40095-7
http://dx.doi.org/10.1016/j.actamat.2012.10.042
http://dx.doi.org/10.1088/1361-6641/aad03e
http://dx.doi.org/10.1063/1.2815931
http://dx.doi.org/10.1063/1.2825574
http://dx.doi.org/10.5772/50351
http://dx.doi.org/10.1016/j.biomaterials.2006.02.001
http://dx.doi.org/10.1039/C7NR01577A
http://dx.doi.org/10.3390/s18051314
http://dx.doi.org/10.1063/1.2959429
http://dx.doi.org/10.1016/j.pcrysgrow.2005.03.002
http://dx.doi.org/10.1088/0022-3727/31/20/001
http://dx.doi.org/10.1063/1.2745641
http://dx.doi.org/10.1016/j.bios.2006.12.032
http://www.ncbi.nlm.nih.gov/pubmed/17289367

Sensors 2020, 20, 4179 16 of 17

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Stutzmann, M.; Garrido, J.A.; Eickhoff, M.; Brandt, M.S. Direct biofunctionalization of semiconductors:
A survey. Phys. Status Solidi A 2006, 203, 3424-3437. [CrossRef]

Chattopadhyay, S.; Ganguly, A.; Chen, K.-H.; Chen, L.-C. One-Dimensional Group III-Nitrides: Growth,
Properties, and Applications in Nanosensing and Nano-Optoelectronics. Crit. Rev. Solid State Mater. Sci.
2009, 34, 224-279. [CrossRef]

Stock, D.; Miintze, G.M.; Figge, S.; Eickhoff, M. Ion sensitive AlIGaN/GaN field-effect transistors with
monolithically integrated wheatstone bridge for temperature- and drift compensation in enzymatic biosensors.
Sens. Actuators B Chem. 2018, 263, 20-26. [CrossRef]

Vashist, S.K.; Lam, E.; Hrapovic, S.; Male, K.B.; Luong, ]. H.T. Immobilization of Antibodies and Enzymes
on 3-Aminopropyltriethoxysilane-Functionalized Bioanalytical Platforms for Biosensors and Diagnostics.
Chem. Rev. 2014, 114, 11083-11130. [CrossRef]

Mehlhose, S.; Frenkel, N.; Uji, H.; Holzel, S.; Miintze, G.; Stock, D.; Neugebauer, S.; Dadgar, A.; Abuillan, W.;
Eickhoff, M.; et al. Flexible Modulation of Electronic Band Structures of Wide Band Gap GaN Semiconductors
Using Bioinspired, Nonbiological Helical Peptides. Adv. Funct. Mater. 2018, 28, 1704034. [CrossRef]
Williams, E.H.; Davydov, A.V.; Oleshko, V.P; Steffens, K.L.; Levin, L; Lin, N.J.; Bertness, K.A.; Manocchi, A K,;
Schreifels, J.A.; Rao, M.V. Solution-based functionalization of gallium nitride nanowires for protein sensor
development. Surf. Sci. 2014, 627, 23-28. [CrossRef]

Kang, B.S.; Ren, F; Wang, L.; Lofton, C.; Tan, WW.; Pearton, S.J.; Dabiran, A.; Osinsky, A.; Chow, P.P.
Electrical detection of immobilized proteins with ungated AlGaN/GaN high-electron-mobility Transistors.
Appl. Phys. Lett. 2005, 87, 023508. [CrossRef]

Simpkins, B.S.; McCoy, KM.; Whitman, L.J.; Pehrsson, PE. Fabrication and characterization of
DNA-functionalized GaN nanowires. Nanotechnology 2007, 18, 355301. [CrossRef]

Schwarz, S.U.; Linkohr, S.; Lorenz, P.; Krischok, S.; Nakamura, T.; Cimalla, V.; Nebel, C.E.; Ambacher, O.
DNA-sensor based on AlGaN/GaN high electron mobility transistor. Phys. Status Solidi A 2011, 208,
1626-1629. [CrossRef]

Wilkins, S.J.; Greenough, M.; Arellano, C.; Paskova, T.; Ivanisevic, A. In Situ Chemical Functionalization of
Gallium Nitride with Phosphonic Acid Derivatives during Etching. Langmuir 2014, 30, 2038-2046. [CrossRef]
Heinz, D.; Huber, E,; Spiess, M.; Asad, M.; Wu, L.; Rettig, O.; Wu, D.; Neuschl, B.; Bauer, S.; Wu, Y.; et al.
GaInN Quantum Wells as Optochemical Transducers for Chemical Sensors and Biosensors. IEEE ]. Sel. Top.
Quantum Electron. 2017, 23, 15-23. [CrossRef]

Schneidereit, M.E,; Scholz, E; Huber, E.; Schieferdecker, H.; Thonke, K.; Naskar, N.; Weil, T.; Pasquarelli, A.
Bio sensing with InGaN-heterostructures using a compact spectrometer approach. Sens. Actuators B Chem.
2020, 305, 127189. [CrossRef]

Baur, B.; Steinhoff, G.; Hernando, J.; Purrucker, O.; Tanaka, M.; Nickel, B.; Stutzmann, M.; Eickhoff, M.
Chemical functionalization of GaN and AIN surfaces. Appl. Phys. Lett. 2005, 87, 263901. [CrossRef]
Arranz, A.; Palacio, C.; Garcia-Fresnadillo, D.; Orellana, G.; Navarro, A.; Mufnoz, E. Influence of Surface
Hydroxylation on 3-Aminopropyltriethoxysilane Growth Mode during Chemical Functionalization of GaN
Surfaces: An Angle-Resolved X-ray Photoelectron Spectroscopy Study. Langmuir 2008, 24, 8667-8671.
[CrossRef]

Howgate, J.; Schoell, S.J.; Hoeb, M.; Steins, W.; Baur, B.; Hertrich, S.; Nickel, B.; Sharp, 1.D.; Stutzmann, M.;
Eickhoff, M. Photocatalytic Cleavage of Self-Assembled Organic Monolayers by UV-Induced Charge Transfer
from GaN Substrates. Adv. Mater. 2010, 22, 2632-2636. [CrossRef]

Lopez-Gejo, J.; Navarro-Tobar, A.; Arranz, A.; Palacio, C.; Mufioz, E.; Orellana, G. Direct Grafting
of Long-Lived Luminescent Indicator Dyes to GaN Light-Emitting Diodes for Chemical Microsensor
Development. ACS Appl. Mater. Interfaces 2011, 3, 3846-3854. [CrossRef]

Ielasi, G.; Hui, P; Palacio, C.; Mufioz, E.; Orellana, G. Silane control of the electron injection and oxygen
sensitivity of dye-silane-GaN hybrid materials for luminescent chemical sensing. Sens. Actuators B Chem.
2018, 254, 926-934. [CrossRef]

Hertkorn, J.; Briickner, P; Thapa, S.B.; Wunderer, T.; Scholz, E; Feneberg, M.; Thonke, K.; Sauer, R.; Beer, M.;
Zweck, J. Optimization of nucleation and buffer layer growth for improved GaN quality. J. Cryst. Growth
2007, 308, 30-36. [CrossRef]

Harrison, PM. The structure and function of ferritin. Biochem. Educ. 1986, 14, 154-162. [CrossRef]


http://dx.doi.org/10.1002/pssa.200622512
http://dx.doi.org/10.1080/10408430903352082
http://dx.doi.org/10.1016/j.snb.2018.02.068
http://dx.doi.org/10.1021/cr5000943
http://dx.doi.org/10.1002/adfm.201704034
http://dx.doi.org/10.1016/j.susc.2014.04.010
http://dx.doi.org/10.1063/1.1994951
http://dx.doi.org/10.1088/0957-4484/18/35/355301
http://dx.doi.org/10.1002/pssa.201001041
http://dx.doi.org/10.1021/la404511b
http://dx.doi.org/10.1109/JSTQE.2016.2617818
http://dx.doi.org/10.1016/j.snb.2019.127189
http://dx.doi.org/10.1063/1.2150280
http://dx.doi.org/10.1021/la801259n
http://dx.doi.org/10.1002/adma.200903756
http://dx.doi.org/10.1021/am2010509
http://dx.doi.org/10.1016/j.snb.2017.07.203
http://dx.doi.org/10.1016/j.jcrysgro.2007.07.056
http://dx.doi.org/10.1016/0307-4412(86)90203-7

Sensors 2020, 20, 4179 17 of 17

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Moulder, ].E; Stickle, W.E.; Sobol, P.E.; Bomben, K.D. Handbook of X-ray Photoelectron Spectroscopy: A Reference
Book of Standard Spectra for Identification and Interpretation of XPS Data; Physical Electronics Division,
Perkin-Elmer Corporation: EdenPrairie, MN, USA, 1992, ISBN 978-0-9627026-2-4.

Feneberg, M.; Romero, M.F,; Roppischer, M.; Cobet, C.; Esser, N.; Neuschl, B.; Thonke, K.; Bickermann, M.;
Goldhahn, R. Anisotropic absorption and emission of bulk (ﬁOO) AIN. Phys. Rev. B 2013, 87, 235209.
[CrossRef]

Bruggeman, D.A.G. Berechnung verschiedener physikalischer Konstanten von heterogenen Substanzen. 1.
Dielektrizitatskonstanten und Leitfadhigkeiten der Mischkorper aus isotropen Substanzen. Ann. Phys. 1935,
416, 636—664. [CrossRef]

Peters, S.; Schmidtling, T.; Trepk, T.; Pohl, UW.; Zettler, ].-T.; Richter, W. In situ monitoring of GaN
metal-organic vapor phase epitaxy by spectroscopic ellipsometry. J. Appl. Phys. 2000, 88, 4085-4090.
[CrossRef]

Nelson, A. Co-refinement of multiple-contrast neutron/X-ray reflectivity data using MOTOFIT. J. Appl.
Crystallogr. 2006, 39, 273-276. [CrossRef]

Arkles, B. Tailoring Surfaces with Silanes. Chemtech 1977, 7, 766-778.

Park, B.-N.; Uhlrich, J.J.; Kuech, T.F; eVans, P.G. Electrical properties of GaN/poly(3-hexylthiophene)
interfaces. J. Appl. Phys. 2009, 106, 013713. [CrossRef]

Argekar, S.U.; Kirley, T.L.; Schaefer, D.W. Determination of structure-property relationships for
3-aminopropyltriethoxysilane films using x-ray reflectivity. J. Mater. Res. 2013, 28, 1118-1128. [CrossRef]
Zhu, M,; Lerum, M.Z.; Chen, W. How To Prepare Reproducible, Homogeneous, and Hydrolytically Stable
Aminosilane-Derived Layers on Silica. Langmuir 2012, 28, 416—423. [CrossRef]

Garg, M.; Naik, T.R; Pathak, C.S.; Nagarajan, S.; Rao, V.R.; Singh, R. Significant improvement in the electrical
characteristics of Schottky barrier diodes on molecularly modified Gallium Nitride surfaces. Appl. Phys. Lett.
2018, 112, 163502. [CrossRef]

Koo, KM,; Sina, A.A.IL; Carrascosa, L.G.; Shiddiky, M.J.A.; Trau, M. DN A-bare gold affinity interactions:
Mechanism and applications in biosensing. Anal. Methods 2015, 7, 7042-7054. [CrossRef]

Boulos, S.P; Davis, T.A,; Yang, J.A,; Lohse, SE. Alkilany, AM.; Holland, L.A.;; Murphy, CJ].
Nanoparticle-Protein Interactions: A Thermodynamic and Kinetic Study of the Adsorption of Bovine
Serum Albumin to Gold Nanoparticle Surfaces. Langmuir 2013, 29, 14984-14996. [CrossRef] [PubMed]
Green, N.M. Avidin. In Advances in Protein Chemistry; Anfinsen, C.B., Edsall, J.T., Richards, EM., Eds.;
Academic Press: Cambridge, MA, USA, 1975; Volume 29, pp. 85-133. [CrossRef]

Wen, X.; Gupta, S.; Wang, Y.; Nicholson, T.R.; Lee, S.C.; Lu, W. High sensitivity AlGaN/GaN field effect
transistor protein sensors operated in the subthreshold regime by a control gate electrode. Appl. Phys. Lett.
2011, 99, 043701. [CrossRef]

Zhou, Y.; Andersson, O.; Lindberg, P; Liedberg, B. Protein Microarrays on Carboxymethylated Dextran
Hydrogels: Immobilization, Characterization and Application. Microchim. Acta 2004, 147,21-30. [CrossRef]
Orth, R.N; Clark, T.G.; Craighead, H.G. Avidin-Biotin Micropatterning Methods for Biosensor Applications.
Biomed. Microdevices 2003, 5, 29-34. [CrossRef]

Hynninen, V.; Vuori, L.; Hannula, M.; Tapio, K.; Lahtonen, K.; Isoniemi, T.; Lehtonen, E.; Hirsimaki, M.;
Toppari, J.J.; Valden, M.; et al. Improved antifouling properties and selective biofunctionalization of stainless
steel by employing heterobifunctional silane-polyethylene glycol overlayers and avidin-biotin technology.
Sci. Rep. 2016, 6, 29324. [CrossRef] [PubMed]

Kaufmann, U.; Schlotter, P.; Obloh, H.; Kéhler, K.; Maier, M. Hole conductivity and compensation in epitaxial
GaN:Mg layers. Phys. Rev. B 2000, 62, 10867-10872. [CrossRef]

Kondo, M.; Anayama, C.; Sekiguchi, H.; Tanahashi, T. Mg-doping transients during metalorganic vapor
phase epitaxy of GaAs and AlGalnP. ]. Cryst. Growth 1994, 141, 1-10. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevB.87.235209
http://dx.doi.org/10.1002/andp.19354160705
http://dx.doi.org/10.1063/1.1289047
http://dx.doi.org/10.1107/S0021889806005073
http://dx.doi.org/10.1063/1.3159653
http://dx.doi.org/10.1557/jmr.2013.54
http://dx.doi.org/10.1021/la203638g
http://dx.doi.org/10.1063/1.5005587
http://dx.doi.org/10.1039/C5AY01479D
http://dx.doi.org/10.1021/la402920f
http://www.ncbi.nlm.nih.gov/pubmed/24215427
http://dx.doi.org/10.1016/S0065-3233(08)60411-8
http://dx.doi.org/10.1063/1.3600063
http://dx.doi.org/10.1007/s00604-004-0223-5
http://dx.doi.org/10.1023/A:1024459215654
http://dx.doi.org/10.1038/srep29324
http://www.ncbi.nlm.nih.gov/pubmed/27381834
http://dx.doi.org/10.1103/PhysRevB.62.10867
http://dx.doi.org/10.1016/0022-0248(94)90085-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of GaN and GaInN QW 
	Synthesis and Characterization of Protein Conjugates 
	Surface Preparation 
	XPS Characterization 
	Fluorescence Microscopy 
	SIMS Characterization 
	AFM Measurements 
	Contact Angle Measurements 
	Ellipsometry Measurements 
	X-Ray Reflectivity 

	Results and Discussion 
	Oxidation of GaN Surfaces 
	Surface Coating of Oxidized GaN Surfaces with Silanes 
	Protein-Functionalization of the GaN Surfaces 
	Surface Characterization on the Biomolecular Scale 
	Effect of Doping Concentrations on Protein Functionalization 

	Conclusions 
	References

