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ABSTRACT: Single-stranded DNA immobilized on an III-V semiconductor is a
potential high-sensitivity biosensor. The chemical and electronic changes occurring
upon the binding of DNA to the InAs surface are essential to understanding the DNA-
immobilization mechanism. In this work, the chemical properties of DNA-
immobilized InAs surfaces were determined through high-resolution X-ray photo-
electron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS). Prior to DNA functionalization, HF- and NH,OH- based aqueous

etches were used to remove the native oxide from the InAs surface. The initial e

chemical state of the surface resulting from these etches were characterized prior to

functionalization. F-tagged thiolated single-stranded DNA (ssDNA) was used as the probe species under two different
functionalization methods. The presence of DNA immobilized on the surface was confirmed from the F 1s, N 1s, and P 2p peaks
in the XPS spectra. The presence of salt had a profound effect on the density of immobilized DNA on the InAs surface. To study
the interfacial chemistry, the surface was treated with thiolated ssDNA with and without the mercaptohexanol molecule. An
analysis of the As 3d and In 3d spectra indicates that both In—S and As—S are present on the surface after DNA functionalization.
The amount of In—S and As—S was determined by the functionalization method as well as the presence of mercaptohexanol
during functionalization. The orientation of the adsorbed ssDNA is determined by polarization-dependent NEXAFS utilizing the
N K-edge. The immobilized ssDNA molecule has a preferred tilt angle with respect to the substrate normal, but with a random

azimuthal distribution.

B INTRODUCTION

DNA immobilization on solid surfaces is the basis of many
biotechnical applications, such as DNA microarrays™* and
biosensors."” Previous research on DNA-modified surfaces has
largely explored functionalized gold*™” and oxidized silicon or
glass surfaces.* 1% The desire to integrate biosensors, based on
surface DNA, with preexisting electronic devices and circuits''
requires the immobilization of DNA on various semiconducting
materials.'? III-V semiconductors, such as GaAs and InAs, can
provide advantages in such applications over Si because of their
differing surface chemistry, band structure, and electronic
properties."> Recent studies have shown that such II-V
semiconductors can be effectively used in chemical and
biological sensing appplications.'*”'¢ Among III-V materials,
indium arsenide (InAs) has a number of potential advantages as
a substrate for DNA immobilization. InAs possesses a Fermi
level at the surface typically positioned above the conduction
band edge. This Fermi-level position leads to the presence of a
2D electron gas (2DEG) or electron accumulation layer on the
surface. This electron accumulation layer can be modulated by
surface treatments, allowing InAs to serve as a useful and
sensitive sensing platform.'”'® A variety of specific exper-
imental stimuli can lead to changes in the surface band bending
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that alters electron accumulation or depletion, including surface
defects,'”*® surface adsorption of gas molecules,” or surface
treatments with inorganic'***** and organic molecules.****
This sensitivity suggests that InAs could be an excellent sensing
platform.

The use of InAs in an electronic device or chemical and
biological sensing application requires control of the InAs
surface properties. The surface chemical passivation of InAs,
using inorganic and organic materials, has resulted in well-
defined chemical and electronic properties that are required for
sensing applications.”* ** For example, the surface structure
and electronic states of InAs treated with ammonium sulfide
solutions ((NH,),S,) have been investigated.lé"29 Sulfide-based
passivation removes native oxides and other contaminants,
leaving a covalently bonded sulfur layer possessing good short-
term stability in ambient air and aqueous solutions compared to
that of nonpassivized InAs. Other sulfur-based chemical
preparations have used a weakly basic solution of thioacetamide
as an alternative to inorganic sulfide passivation.”® A study of
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self-assembled monolayers (SAMs) of methyl-terminated
alkanethiols has shown that these molecules are bonded to
InAs through the thiol end-groups, which were found to be
effective in chemically and electronically passivating the surfaces
in an aqueous buffer such as phosphate-buffered saline (PBS)
buffer (pH 7.4) but not in deionized water.** The chemical
bonding of amino acids onto InAs surfaces has also been
studied, and the amino acids were shown to block subsequent
oxide growth on the InAs surface depending on the type of
oxides gresent on the surfaces as well as the amine functional
groups.””*! Although aspects of InAs surface passivation and
functionalization have been investigated, functionalization with
single-stranded DNA (ssDNA) has been left unexamined on
InAs surfaces despite its potential utility as an electronic
biosensor.

In this study, we have investigated the immobilization of
thiolated ssDNA probes on n-type InAs(100) surfaces. The
immobilized ssDNA/InAs serves as the basis of a nucleic acid
affinity-based sensing platform. Aqueous-based chemical etches
using a weakly basic solution or diluted hydrogen fluoride were
used to remove the InAs surface oxide. The ssDNA probe was
subsequently immobilized on the InAs surface using two
different functionalization approaches. Thiolated ssDNA, with
and without the coaddition of mercaptohexanol, was
investigated to distinguish between differing chemistries
associated with ssDNA immobilization on the InAs surface.
X-ray photoelectron spectroscopy (XPS) and near-edge X-ray
absorption fine structure spectroscopy (NEXAFS) were used to
characterize the interfacial chemistry between the DNA probe
and the InAs substrate and the polarization dependence of the
ssDNA immobilized on the InAs substrate.

B EXPERIMENTAL DETAILS

Materials. InAs(100) n-type, S-doped samples were cut from a
single-side-polished wafer (WaferTech). The InAs samples were
sequentially degreased in trichloroethylene (TCE), acetone, and
methanol for 3 min each. The samples were initially etched by soaking
in either an HF- or an NH,OH-based solution. The HF solution
consisted of as-received HF (49% HF, Honeywell) diluted in methanol
to 5% volume concentration. The NH,OH solution was prepared by a
1:1 volume mixture of the 29.7% NH,OH stock solution (Fisher
Scientific) and deionized water. The InAs samples were rinsed with
deionized water and dried with flowing nitrogen before being
transferred to an ultrahigh vacuum (UHV) chamber.

The ssDNA probes (Integrated DNA Technologies, Inc.) contained
25-base oligonucleotides with the following sequence: 5'-HO(CH,)¢—
§—S—(CH,)¢—CCTCTGACTTCAACAGCGACACCCA—F-3'. The
5" end of the probes was modified with a C6 thiol as an anchor to
the InAs surface, and the 3’ end of the probe was modified with
fluoroadenosine to verify the existence of DNA on the surface. The as-
received thiolated probes were treated with tris(2-carboxyethyl)-
phosphine (TCEP) solution that served to cleave the S—S bond at the
5’-end modifier. In this case, the thiolated ssDNA probe (HS-ssDNA)
as well as HO—(CH,)s—SH (mercaptohexanol, MCH) existed in the
functionalization solution. HS-ssDNA without the MCH was also
prepared using a different S’ thiol modifier, TS—(CH,)¢—, where T is
a trityl group. The trityl group was removed by oxidation with silver
nitrate, with the excess silver nitrate being precipitated with
dithiothreitol (DTT). The excess DTT was removed by desalting in
a NAP-2S column (GE Healthcare).

Sample Preparation. Samples labeled Cxy in this paper are used
to designate the surface preparation, x, and functionalization
procedure, y. Samples were prepared via an etching and annealing
process. All of the prepared samples are summarized in Table 1. The
as-received InAs that was rinsed with TCE, acetone, and methanol
before the etching procedure is referred to as C0, C1, and C2 samples

Table 1. Sample Nomenclature

cleaning method functionalization solution

Co
Cl NH,OH etch
Cc2 HF etch
C3 HF etch and anneal
at 380 °C
CIA NH,OH etch HS-ssDNA/MCH in a 1:9 mixture of
C2A HEF etch NH,OH in TE
C3A HF etch and anneal
at 380 °C
CI1B NH,OH etch HS-ssDNA/MCH in TE
C2B HF etch
C3B HF etch and anneal
at 380 °C

CIA-NaCl NH,OH etch HS-ssDNA/MCH in a 1:9 mixture of

NH,OH in 1 M NaCI-TE
C1B—NaCl NH,OH etch HS-ssDNA/MCH in 1 M NaCI-TE

ClIA —no NH,OH etch HS-ssDNA in a 1:9 mixture of NH,OH
MCH in 1 M NaCI-TE

CIB —no NH,OH etch HS-ssDNA in 1 M NaCI-TE
MCH

were NH,OH etched for 10 min or HF etched for 3 min, respectively.
Both etching procedures left ~2.5 nm of residual oxide on the surface
as measured with ellipsometry. C3 samples were HF etched for 3 min
and annealed at 380 °C for 10 min in a UHV system. As a result of the
annealing process, an InAs(100)-(4 X 2) reconstruction was observed
using reflection high-energy electron diffraction (RHEED). The CO-,
Cl1-, C2-, and C3-designated samples received no additional DNA
treatment. To prepare DNA-immobilized InAs, the etched InAs
samples were immersed in the functionalization solution. The
functionalization solution for CxA samples was prepared with a 2
uM DNA + 200 uM TCEP solution in a 1:9 mixture of NH,OH (29%
stock solution) in tris-ethylenediaminetetraacetic acid (EDTA) (TE)
buffer (Fluka, pH 7.4). The CxA samples were exposed to this solution
for 1 h, with the temperature of the DNA-based solution held at 55 °C.
The CxB samples were functionalized with a solution consisting of 2
#M DNA and 200 uM TCEP, diluted in TE buffer for 17 h at room
temperature. The CxA—NaCl and CxB—NaCl samples were treated in
a similar manner as the CxA and CxB samples, respectively, except that
the functionalization solution consisted of 1 M NaCl-TE buffer
instead of TE buffer. The CxA — no MCH and CxB — no MCH
samples were prepared with ssDNA solution without MCH in 1 M
NaCl-TE buffer. Each sample was rinsed with deionized water and
dried under flowing nitrogen before analysis. The prepared samples
were transported and stored in a VWR Desi-VacTM container with an
automatic vacuum pump before insertion into the XPS analysis
chamber. The container provides a clean, dry environment, but some
reoxidation of the sample is expected because the vacuum in the
container is ~380 Torr, which is not sufficient to keep the surface
completely oxide-free. The samples were inserted into the XPS
chamber within 10 min with the exception of C3. The C3 sample had
been stored for an hour in the container before being inserted into the
UHV chamber.

XPS Characterization. The surfaces were characterized using X-
ray photoelectron spectroscopy (XPS) with an Al Ka monochromatic
source and a hemispherical electron energy analyzer. XPS measure-
ments were carried out at room temperature in a UHV system with a
base pressure of <1 X 107° Torr. The background chamber was
monitored using a residual gas analyzer (Inficon Transpector) and was
found to be composed of mostly hydrogen with small traces of
nitrogen (<5%) and water (<2%). The high-resolution XPS scans were
acquired using a 30° takeoff angle for the In 3d, As 3d, As 2p, C 1s, O
1s, N Is, F 1s, P 2p, and S 2p spectral regions with 20 eV pass energy.
Charge correction was performed using the adventitious C 1s peak at
285.0 eV. The peaks in the core-level spectra were fit using the Casa
XPS software, version 2.3.15.3* A convolution of Lorentzian and
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Figure 1. As 3d and In 3d;/, spectrum of as-received and cleaned InAs samples: as-received InAs sample (C0); NH,OH-etched InAs (C1); HF-
etched InAs (C2); and HF-etched and annealed InAs (C3). The annealing step was carried out in UHV at 380 °C. A doublet separation of 0.69 eV
for the As 3d region and 7.55 eV for the In 3d region was used, and the spin—orbit splitting intensity ratio was 0.67 for both spectra.
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Figure 2. High-resolution XPS spectra of the (a) F 1s, (b) N 1s and (c) P 2p core levels from the functionalized samples (C1A, C2A, C3A, C1B,
C2B, and C3B). Peak binding energies for the spectra were referenced to the adventitious C 1s component at 285.0 eV.

Gaussian line shapes was used to fit the peaks. Shirlegr and linear
functions were used to model the signal background.*****”

NEXAFS Characterization. Near-edge X-ray absorption fine
structure (NEXAFS) spectra were taken at the Synchrotron Radiation
Center in Madison, Wisconsin using the HERMON beamline with
total electron yield detection. The base pressure of the measurement
chamber was <2 X 107 Torr. The X-rays were >90% linearly
polarized. For each sample, scans were taken in the carbon K-edge
region and nitrogen K-edge region at varying angles of the polarization
vector with respect to the sample normal, between 90° (normal
incidence) and 20° (grazing incidence). All NEXAFS spectra were
normalized by the signal from a gold-coated 90% transmission grid
placed in the path of the X-rays to eliminate the effect of incident
beam intensity fluctuations. To account for the angle-dependent spot
size, the spectra were normalized by the intensity in the preedge and
postedge of the spectra.

B RESULTS AND DISCUSSION

XPS Analysis of Clean InAs Surfaces. Prior to
functionalization, the native oxide was removed. The C0, C1,
C2, and C3 samples were prepared as summarized in Table 1
and were characterized as a reference for the DNA-function-
alized InAs surfaces. Figure 1 presents the As 3d and In 3d
spectra of the as-received and differentially cleaned surfaces.
The As 3d spectrum of the as-received sample (C0) was
resolved into the As—In (40.6 V), elemental arsenic (41.2 eV),
As,O5 (43.7 eV), and As,O5 (45.1 V) peaks. The In 3d

11892

spectrum of sample CO contains contributions from the In—As
(444.1 eV) and In—O, (445.0 eV) peaks. The separation of
binding energies (BE) between the In—As and In—oxide
components is found to be ~0.85 eV for sample CO. In fitting
the spectra of C1, C2 and C3, the same BE separation was used
to deconvolve the spectral features. As shown in Figure 1, the
area under the oxide components in the As 3d and In 3d XPS
spectra was significantly lower for both etched samples (C1 and
C2) when compared to the native InAs sample (C0), indicating
that there was substantial removal of the outer oxide layer. The
HF etching (C2) was found to be the most effective in oxide
removal. The as-received sample, CO, possessed two forms of
arsenic oxide: As,O; and As,O;. The As,O; peak was not
observed after either etching procedure (C1 and C2), but a
small amount of As,O; remained on the surface. Because the
samples were exposed to air (less than S min) between etching
and XPS analysis, some reoxidation of the etched samples could
be expected. After annealing, the As,O; peak at ~45 eV
reappeared, in addition to the previously found As,O;
component in the As 3d spectrum of C3, with overall increases
in the residual oxides noted in the In 3d and As 3d spectra.
Although the annealing procedure was carried out at 380 °C
under UHV conditions and an InAs(100)-(4 X 2) reconstruc-
tion was observed, the annealing temperature was not high
enough to desorb all of the residual arsenic oxide on the
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Figure 3. High-resolution XPS spectra of the (a) N 1s and (b) P 2p regions for the functionalized InAs obtained from C1A and C1B prepared with

and without salt.

surface.> Considerin§ that the reaction As,O5 — As,O; + O,
occurs below 300 °C,”* As,O; should not have been found after
the annealing procedure. However, an increase in the amounts
of As,O; and indium oxide was observed in the XPS spectra of
the C3 sample and may be attributed to the longer air exposure
of the sample as compared to that of the C1 and C2 samples. A
thicker initial oxide is therefore not completely removed. In
addition, higher annealing temperatures, while desorbing the
oxide, lead to preferential As loss and a resulting In-rich surface.
The In-to-As ratio calculated on the basis of the area of the In
3d and As 3d spectra was found to be 1.2 for C1 and C2 and
1.3 for C3. The As loss was therefore not considered to be
significant at the employed annealing temperature of 380 °C.
Immobilized DNA on InAs. The chemically prepared
substrates (C1—C3) were soaked in the DNA solution to
immobilize the DNA probes on the InAs surface. Samples of
Cl1A, C2A, C3A, CIB, C2B, and C3B differed by the
functionalization method. InAs substrate elements (In 3d and
As 3d) and ssDNA probe components (F 1s, N 1s, and P 2p)
were examined using high-resolution XPS. Figure 2 presents
the F 1s, N 1s, and P 2p core-level spectra of the functionalized
InAs. The fluorine peak is not attenuated by the deposited
molecules on the surface because fluorine exists on the 3’ end
of the DNA probe, indicating that ssDNA was immobilized and
attachment was through the thiol. The fluorine peak was also
used to monitor possible radiation damage to the DNA probe
during XPS examination. Breakage of the N-glycosidic bond
and/or the DNA backbone would lead to a decrease in the F 1s
peak area with X-ray exposure. No decrease in the F 1s peak
area was noted after continuous exposure to X-rays for ~10 h.
DNA immobilization on the surfaces can also be confirmed by
the presence of nitrogen from the nucleobases and phosphorus
from the phosphate backbone. The N 1s spectrum was resolved
into two peak components with BEs of ~399.3 eV and ~400.8
eV. The BE of the N 1s peaks is consistent with published
results® found for immobilized ssDNA with a mixture of 4
bases (A, T, C, G) on gold. The N 1s component with a higher
BE is attributed to bases containing an NH, group, and the
lower BE peak is due to the imino species, which include N=C
bonds.>® The P 2p core level was observed at a BE of ~134.0
eV. Because the P 2p region is adjacent to the As 3p region of
InAs, we used a Tougaard background estimation for the P 2p
peak. The experimental P-to-N atomic ratios, calculated from
the XPS peak areas of N 1s and P 2p, were found to be 0.3—0.4.
The stoichiometric ratio of P/N based on the DNA probe
molecule is 0.3 and is similar to the experimentally derived

values. The higher experimental ratio of P/N could be due to
an overestimation of the area of the P 2p spectrum. It is
interesting that the amount of DNA immobilized on the surface
was not affected by the cleaning method prior to functionaliza-
tion.

The addition of salt to the buffer solution during DNA
immobilization on gold has been studied and has led to
increased DNA attachment.*>” When functionalization occurs,
the local electrostatic environment created at the InAs surface
should be different from that observed for a gold surface.
However, if we consider the repulsive electrostatic interaction
due to charge along the backbone of ssDNA, then we may
expect the immobilization of DNA on InAs to be similarly
affected by salt addition. Because the cleaning method did not
affect the amount of DNA immobilized on the InAs surface, the
C1 cleaning procedure was used to minimize the total number
of chemicals involved in this investigation of the effect of salt
addition. XPS data obtained from samples immersed in 2.0 uM
DNA solutions, prepared in 1.0 M NaCl—-TE, are shown in
Figure 3. The XPS N 1s peak areas of C1A and C1B samples
prepared from 1 M NaCl-TE buffer grow 4—6-fold compared
to those for C1A and C1B prepared without salt are shown in
Figure 3, indicating that the salt in the solution enhances the
DNA immobilization on InAs. The influence of the ionic
strength of the salt solution in determining the surface coverage
of DNA is expected, given that ssDNA is a negatively charged
molecule with 25 ionizable phosphate groups. The intermo-
lecular electrostatic repulsion between neighboring strands of
DNA should be minimized under the high ionic strength
conditions. The charged DNA strands are electrostatically
shielded in the salt solution, thus allowing higher surface
coverages of ssDNA.**7

In addition to the observed changes in the N 1s spectra,
significant differences in the C 1s spectra were also observed.
Table 2 compares the high-resolution C 1s spectra for the
functionalized samples with and without salt addition to the
functionalization solution. The C 1s spectra were resolved into
four peaks as summarized in Table 2: C—C and C—H (285
eV), C—N and C—O (287 eV), N—C(=0)—C, N-C(=N)—
N, N=C-N, and N-C-0 (288 eV), and N—C(=0)-N
(289 €V).*>3® The relative concentrations of the different
carbon species indicate that with increasing DNA-related
carbon peaks at~287, ~288, and ~289 eV there is a
corresponding decrease in the percentage of C—C and C—H
species. The increased DNA density on the surface leads to an
attenuation of the signal from DNA segments near the InAs
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surface. This result again supports a prior conclusion obtained
from the N 1s and P 2p core-level spectra that the C1A—NaCl
and C1B—NaCl samples have a higher density of DNA probes
immobilized on the InAs surface.

Interface Chemistry. The ideal truncated InAs(100)
surface is terminated with either an In plane or As plane
possessing unsaturated or dangling bonds. Ideally, without
reconstruction, the dangling bonds of In would be empty
whereas those of the more electronegative As would contain
two electrons each. A variety of surface reconstructions will
occur, however, depending on the surface stoichiometry and
temperature.®® Many such reconstructions provide both In and
As binding sites to adsorbed molecules. Thiolate adsorption via
the formation of a single covalent bond to the surface brings a
single electron to the surface, altering the existing electronic
balance. This adsorption event can result in new surface states
corresponding to the interaction of the thiolate and the surface
atoms. The exact nature of the S—substrate bonds formed by
thiolates to III-V semiconductor surfaces has been of
continuing interest in the literature.***!

XPS spectra of the As 3d, As 2p;/,, and In 3d peaks from the
DNA-functionalized InAs surfaces are shown in Figure 4.
Spectra in both in the As 2p;, (~1322 eV) and As 3d (~41
eV) regions were acquired. The sampling depth for As 2p at a
30° takeoff angle is ~1 nm.** The As peak components are
assigned to As—In, As—S, and arsenic oxides. The In 3d
spectrum consists of peaks associated with In—As, In—S, and/
or In—O, bonds. The binding energies of substrate components
are summarized in Table 3 and are in agreement with those
reported elsewhere.”**”** The reported BE difference between
the In—S and In—0O, peaks is ~0.35 eV>"** at the limit of
resolution of the XPS measurements in this study, thus leading
to difficulties in the resolution of the individual peaks with the
present instrument. A fixed BE separation of 0.5 eV between
the In—S and In—As components was therefore used to
deconvolve the In 3d spectrum of the functionalized samples.””
A comparison of the spectra to the In 3d spectra obtained from
the C1 surface demonstrates that the In,O; component was
reduced through interaction with the functionalization solution,
leaving the In—S component on the surface. A comparison of
the As 3d core-level spectrum of the functionalized sample with
that of the C1 sample (Figure 4a) indicates that a significant
peak appears as a shoulder on the high-BE side of the As 3d
peak after functionalization. This shoulder is attributed to an
As—S derived peak. The observed BE difference between the
As—In and As—S components is 0.9 + 0.1 eV, consistent with
other reports.””*" Given the reported 0.5 eV BE separation
between As—In and the elemental As component,™ this As—S
component has an additional 0.4 eV higher BE than the
elemental As component. This is more clearly seen by
examining the As 2p,,, region. As shown in Figure 4b, the
As—S component is clearly observed at 1323.5 eV in the As
2p;), region. Therefore, the As 3d and As 2p;, spectra
demonstrate that As—S bonds are formed during functionaliza-
tion.

Preferential In—S bond formation, with a small fraction of
As—S bonds, was observed for the C1B—NaCl sample. The
C1B—NaCl surface chemistry is consistent with most of the
previous InAs(100) studies that have shown that the thiolate
species bond predominantly to In atoms, with only a small
number of As—S bonds present.'***?%*”* This preferred In—S$
bonding has also been observed on InP(100) surfaces.”** The
C1A—NaCl sample was prepared using a NH,OH-based DNA
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Figure 4. High-resolution XPS spectra of the (a) As 3d, (b) As 2ps,, and (c) In 3d;,, regions for clean, functionalized InAs.

Table 3. Binding Energy of the Main Components for As 3d, As 2p;,,, and In 3d;,, Core Levels

binding energy (eV)

In—As As° As—S
As 2p3), 13223 £ 0.1 13240 £ 0.1 1323.5 £ 0.1
As 3d 40.7 + 0.1 412 + 0.1 41.6 £ 0.1
In 3d;), 4442 + 0.1

As,0, As,0 In—S In,0,
13253 + 0.2 1326.6 + 0.2
440 £ 0.1 453 £ 0.1
4447 + 0.1 4450 + 0.1

solution possessed nearly equivalent In—S and As—S bonding
formations (Table 4). Similar interfacial chemistry has been
reported in cysteamine attachment on InAs.** Cysteamine was
immobilized on the substrates via In—S and As—S bonds using
ethanol-based solutions. The authors rationalized their results
in terms of a model wherein the functionalization of InAs is
kinetically limited and the predominance of In—S and As—S§
bonds depends on the relative rates of formation of those
bonds. From these observations, it is clear that the binding
depends significantly on the solution chemistry through direct
reaction with the InAs surface, through the III-V elements
present and/or their oxides. Previous work has shown that the
NH,OH solution removes the native oxide from the InAs
sample during functionalization.”**” The As 3d and In 3d XPS
spectra of CxA and CxB samples were also acquired. These data
indicate that the surface preferentially possesses As—S bonds on
CxA samples. In contrast, In—S bonds were dominant on CxB
samples. The interfacial chemistry significantly depends on the
functionalization method (A and B) rather than prior cleaning
methods (C1, C2, and C3). Therefore, the surface chemistry or
bond formation is primarily determined by the functionaliza-
tion environment, not the cleaning methods prior to DNA
immobilization.

Even though the In 3d and As 3d core-level peaks contain
both In—S and As—S components on the functionalized
surfaces, it is unclear whether this S—substrate bond originates
uniquely from the DNA probe alone. The 5’ end of the DNA
probe was modified with HO(CH,)s—S—S—(CH,)s—, and the
S—S bond was cleaved by TCEP into HO(CH,)s—SH
(hereafter mercaptohexanol, MCH) and HS—(CH,),—ssDNA
(hereafter HS—ssDNA). The mercaptohexanol was not
removed from the functionalization solution and was present
along with the HS—ssDNA. NEXAFS was used to verify which
molecule was immobilized on the surface (Figure S1,
Supporting Information). The C K-edge spectra consist of a
series of features originating from HS—ssDNA and MCH. The
peak at 287.3 eV was assigned to 6¥cyy;> the peak at 288.5 eV

Table 4. XPS Compositional Data for Functionalized
Samples

sample As—S/In—As In—S/In—As As/In
Cl1A—NaCl 0.25 0.25 1.09
C1B—NaCl 0.07 0.19 0.93
CI1A — no MCH 0.06 0.16 0.88
CIB — no MCH 0.05 0.14 0.85

was attributed to %o ***” The 6% cn peak was found at 289
eV>>* and is characteristic of ssDNA alone. The C1A and C1B
samples possessed 6%y and 6% o with no 6%y transition,
which indicates that MCH is the dominant species immobilized
on the surface. In the case of both C1IA—NaCl and C1B—NaCl,
0*cw 0%co, and o*cyy were observed. The o*cyy peak
intensity was also enhanced for the C1B—NaCl sample in
comparison to that for the CIA—NaCl sample. These data
indicate that both MCH and HS—ssDNA compete for the In
and As bonds during functionalization, resulting in interfacial
chemistry that depends on the reaction conditions (i.e, pH and
temperature), with As—S and In—S bonds being preferred on
the C1A—NaCl and C1B—NaCl surfaces, respectively.

HS—ssDNA solution without MCH prepared in 1.0 M
NaCIl-TE was used to prepare the Cly — no MCH samples.
The ratios of In—S to In—As and As—S to In—As and the
surface stoichiometry, represented by the ratio of As to In, were
calculated for Cly—NaCl and Cly — no MCH samples on the
basis of the As 3d and In 3d XPS spectra as summarized in
Table 4. Interestingly, preferred In—S bonding with a small
fraction of As—S bonding was observed for the Cly — no MCH
samples regardless of the functionalization methods. The
immobilization efficiency of the HS—ssDNA probe on the
InAs substrate is therefore not affected by changing the pH
from 7.4 (TE solution) to 10.7 (TE/NH,OH = 9:1). This is
not surprising because the pK, of the phosphodiester linkage in
oligonucleotides is around 1*’ and the phosphodiester bond is
extremely stable over this pH range.*

dx.doi.org/10.1021/1a302313v | Langmuir 2012, 28, 11890—11898



Langmuir

| Article |

The comparison of the surface chemistry of the samples with
and without MCH indicates that because As—S bonding was
found only for the C1A—NaCl sample, this As—S bonding
originated from the MCH molecule and not from the HS—
ssDNA probe. The mercaptohexanol present in the basic
functionalization solution therefore preferentially binds to the
As atoms on the surface. Thiol is a very weak acid with a pK, of
8—10, and the pK, of alkanethiol has a strong dependence on
the alkanethiol chain length.>" The thiol group in mercaptohex-
anol may be deprotonated in the NH,OH-based functionaliza-
tion solution (pH 10.7) because the pK, of hexanethiol is
9.43.%> Also, considering the substantially higher bond strength
of the As—S bond (114 kcal/mol) in comparison to that of the
In—S bond (69 + 4 kcal/mol),42 preferred As—S bonding on
the surface is predicted. It is worth noting that alkanethiol
SAMs on GaAs also exhibit preferential As—S bonding when
using an NH,OH-based solution.* C1B with and without
MCH samples exhibits similar interfacial chemistry, showing
that the MCH present in the C1B solution, which was not
NH,OH-based, was not effectively immobilized on the surface.

Optimal Functionalization Method. An optimal DNA
immobilization procedure leading to the highest measured level
of immobilized ssDNA was determined from the XPS
elemental compositions from Cly samples prepared in
ssDNA with and without MCH in a 1 M NaCl solution, as
shown in Table 5. The optimal preparation method was based

Table 5. XPS Elemental Compositions for Functionalized
Samples

sample Nl1ls P2p O1ls Cls S2p In3d As3d
CIA—NaCl 52 19 13.3 45.6 19 15.4 16.7
C1B—NaCl 6.2 2.4 15.8 48.3 1.7 133 12.4

CIA — no MCH 2.8 12 16.3 39.9 4.7 18.4 16.2
C1B — no MCH 2.7 19 15.1 41.0 S.5 18.3 15.5

on the amount of adsorbed DNA on the InAs substrate. The
nitrogen composition from the N 1s core-level spectrum for the
functionalized samples is maximized on the C1B—NaCl surface.
Interestingly, the Cly — no MCH samples result in less
nitrogen but relatively more sulfur on the surface than for the
Cly—NaCl samples. This is probably due to additional
undesired sulfur that may have been introduced in the
preparation of the DNA solution. We have used DTT in the
procedure for MCH cleavage and removal. The residual DTT
may result in a higher sulfur concentration on the InAs surface.
Therefore, on the basis of the relative measured nitrogen
composition, the C1B—NaCl process can be considered the
optimum functionalization procedure in the present study. The
XPS core spectrum of DNA elements (N and P) and the
substrate (In and As) for C1B—NaCl are discussed in Figures 3
and 4.

In addition, the sulfur signal is also of interest. The S 2p core-
level spectrum consists of 2p;;, and 2p;,, peaks with an
intensity ratio of 2:1 and a spin—orbital splitting of 1.2 eV as
shown in Figure 5. Two S 2p components are found at 161.3
and 162.4 eV. The main doublet structure at 162.4 eV is clear
evidence of sulfur bound to the substrate as a thiolate, in
excellent agreement with previously reported values of thiolates
on II-V semiconductors.”*****5* The minor components at
low BE most likely correspond to chemisorbed sulfur on the
surface, and the absence of spectral features with BE > 163.5
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Figure S. High-resolution XPS spectra of S 2p for CIB—NaCl.

eV indicates that there are no free thiol groups on the
surface.””%

NEXAFS Orientation Studies. The molecular orientation
can be determined from the polarization dependence of the
NEXAFS intensity. X-ray absorption by molecular orbitals is
strongly dependent on the favorable overlap of antibonding
orbitals with the electric field (E) vector of the incident X-
rays.>® As a result, the polarized X-ray absorption spectra will
show differences with the X-ray incident angle for oriented and
ordered molecules at surfaces. DNA immobilization is subject
to strong mutual electrostatic repulsion rather than van der
Waals attraction.*® Because strands of ssDNA are longer and
more flexible than typical molecules used in self-assembled
monolayers, lonég-range lateral ordering is not observed in DNA
monolayers.*>*® The main type of local ordering that may be
present in a DNA molecule is nucleobase stacking on average.
Figure 6 presents the NEXAFS N K-edge spectra for the C1B—

i i
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Figure 6. Nitrogen K-edge NEXAFS spectra from mixed DNA/MCH
on an InAs surface measured at the angle between normal (90°) and
glancing (20°) incident X-ray angles.

NaCl sample measured at four different incident angles. The
spectra contained two major features: a splitting of 7* orbitals
in the 399—402 eV region and a broader peak above 405 eV
due to the o* transition. We assume that the z* doublet
represents an average signal over the four different nucleotide
bases. The 7* doublet at lower energy is attributed to nitrogen
atoms in the ring structures, and the peak at high energy is
consistent with the nitrogen atoms in the nucleobases located
next to carbonyl groups. Previous studies on nucleobases®” %
and DNA oligomers***°™® have shown similar doublet
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features. The 7* resonances are weakest at normal incidence
and strongest at grazing incidence, indicating that the DNA
bases in the ssDNA were oriented parallel to the surface on
average. Because the 7* orbitals lie along the axis of the DNA,
the data imply that the axis of the DNA strand tends to project
away from the surface.

In the NEXAFS spectra, the intensities of the 7* resonance
increase as the angle of the beam relative to the substrate
decreases, indicating that the local structure of the DNA
molecules possesses a specific orientation on the surface. The
angle-de}s)endent transition intensity of the #* resonance is
given by’

1(0) = A{g[l + %(3 cos* @ — 1)(3 cos” a — 1)]

+ M sin’ a}
2 (1)

where P is the degree of linear polarization of the X-rays, A is
the constant describing the angle-integrated cross section, 8 is
the angle of the beam relative to the substrate plane, and «a is
the polar angle between the surface normal and the vector of
the 7* molecular orbital. Because the employed X-ray beamline
was more than 90% linearly polarized, we assumed P = 1 to
ignore the last term in eq 1 for a simpler calculation. Equation 1
can be simplified as®

1(0) = a + b cos® 0 2)

yielding values of a = 0.512 + 0.051 and b = 0.525 + 0.095.
Plots of the peak intensity versus polarization angle for the
lower-energy component of the z* peak are shown in Figure 7.
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Figure 7. Polarization dependence of the intensities of the n*
resonance in the N K-edge NEXAFS spectra of the CIB—NaCl
sample.

A value of a is determined by comparing the coefficients of
eqsl and 2, suggesting an average tilt of the DNA axis of ~45 +
2° away from the normal combined with a random azimuthal
orientation. It is worth noting that the underlying distribution
of orientations usually cannot be determined, only an average.
This result is consistent with earlier NEXAFS studies of DNA
absorbed on the Au surface®® and on glass and silicon

62
substrates.

B CONCLUSIONS

The chemical characterization of the DNA-immobilized InAs
surfaces was carried out through XPS and NEXAFS measure-
ments. Before DNA functionalization, the effect of HF- and
NH,OH-based etches on surface oxide removal and prefunc-
tionalization surface chemistry was determined. The DNA
functionalization was compared using two methods: method A
used a DNA solution containing ammonium hydroxide, and
method B used a TE-based DNA solution. Both methods were
also used with a 1 M NaCl-based DNA solution. NaCl-based
solutions strongly increased the density of immobilized DNA.
The presence of DNA was confirmed by F 1s, N 1s, P 2p high-
resolution XPS spectra and the P-to-N atomic ratio. The
interfacial chemistry of the functionalized surfaces revealed that
the thiolated ssDNA probes were immobilized preferentially via
In—S bonding with a small fraction of As—S bonding. When
both MCH and HS—ssDNA were present in the functionaliza-
tion solutions, the surface chemistry was modified by the
preferential MCH absorption onto As atoms. The C1B—NaCl
procedure was found to be the most effective functionalization
method, leading to the highest concentration of adsorbed
ssDNA. The polarization dependence of NEXAFS N K-edge
spectra was used to determine the orbital orientation. The #*
orbitals of nucleobases with a random azimuthal orientation has
an average tilt of 45° away from the substrate normal.
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