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ABSTRACT: Near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy provides detailed information about
the orientation and alignment of thin films. NEXAFS is a
synchrotron-based technique—the availability of beam-time
per user is typically limited to no more than a few weeks per
year. The limited availability is currently a true barrier for using
NEXAFS in combinatorial studies of molecular alignment. We
have recently demonstrated how large area full field NEXAFS
imaging allows users to pursue combinatorial studies of surface
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chemistry. Now we report an extension of this approach which allows the acquisition of orientation information from a single
NEXAFS image. An array with 80 elements (samples), containing eight series of different surface modifications, was mounted on
a curved substrate allowing the collection of NEXAFS spectra with a range of orientations with respect to the X-ray beam. Images
collected from this array show how hyperspectral NEXAFS data collected from curved surfaces can be used for high-throughput

molecular orientation analysis.
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ational, structure-based design is the most elegant and

direct method for developing new materials. Many
functional materials are structurally complex, and the precise
correlation of the preparative approach, material structure, and
ultimately performance is often not well understood. Time
consuming synthesis and costly screening of candidate materials
could be avoided by a thorough understanding of the
underlying chemistry driving material properties. As a result,
the development of new materials can be accelerated by
combinatorial material screening methods, evaluating massive
numbers of samples, to identify promising “lead” materials and
synthesis methods." Combinatorial approaches have the
potential to enable the conception and preparation of new
surfaces with surprising properties, especially for catalytic,
electronic, and medical applications.1 Self-assembled mono-
layers (SAMs) are very promising in this context.” For
applications where the orientation and structural alignment
are crucial for device performance SAMs have been used to
improve the performance of electronic devices,> ™’
protein and DNA SAMs have been adopted as effective sensors
in biochips."”"! For a SAM-based insulators, perfect order and
tight packing of the molecular monolayer is crucial to avoid
dielectric breakdown in a device.'"”’® In contrast, for top-
contact organic field effect transistors, it has been shown, that
an amorphous, liquid-like SAM structure is beneficial for charge
carrier density and device performance.” In biochips, well-
aligned protein films with active centers pointing toward the
sensor medium are crucial for effective sensing.'"

while
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These examples illustrate that different applications have very
specific requirements in terms of the structure and order of the
SAMs used. The structure, order, and orientation of self-
assembled films will depend on a large number of factors: the
structure and architecture of target molecules and surfaces but
also on many preparative parameters, such as temperature, pH,
concentration, rinsing, adsorption time, and the solvent.

A method that can directly monitor molecular ordering and
alignment at surfaces is near-edge X-ray absorption fine
structure (NEXAFS) spectroscopy. This technique probes
chemical bonds at surfaces by exciting core electrons into
unoccupied molecular orbitals."* In addition, NEXAFS spectra
contain valuable information about the orientation of surface
species. NEXAFS measures the dependence of the photo-
excitation cross section on the orientation of the electric field
vector of the linearly polarized synchrotron light with respect to
the transition dipole moment of the probed molecular
orbital.'"*'> This effect is called linear dichroism in X-ray
absorption. To determine the order and orientation of surface
species, the photoemission of the absorption resonances
changes in intensity as the incident angle of the synchrotron
light is varied from glancing to normal angles with respect to
the incoming X-ray beam. As the incident angle is varied
relative changes in absorption intensities are monitored. This
method has been used to track the structure of SAMs,'*~ 18
surfactants," polyrners,lg and proteinszo_24 on surfaces.
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NEXAFS spectroscopy requires access to a synchrotron user
facility where instrument time is usually limited to no more
than a few weeks per year. During a NEXAFS experiment it is
typically only possible to analyze ~20 samples per day; as a
result, pursuing large-scale combinatorial studies with >>100
samples would require prohibitively extended beam access. We
have recently demonstrated, that by using a newly developed
large area full field NEXAFS microscope at the National
Institute of Standard and Technology (NIST) U7A beamline,
at the National Synchrotron Light Source (NSLS), the sample
throughput can be increased by a factor of 200. Thereby,
opening up the possibility of applying NEXAFS to
combinatorial studies. The microscope uses a magnetic lens
to guide emitted photoelectrons onto a detector that provides a
two-dimensional image of a 13 X 18 mm? sample region.>® The
lens is a gradient field where electrons emitted from the sample
follow a set of expanding field lines to the detector. This
gradient produces a 2X magnification which results in a large
depth of field, thereby, allowing the direct imaging of a curved
substrate. An advantage of this microscope over other
photoelectron microscopic techniques using electric lenses is
its abilitZ to handle insulators and highly curved nonplanar
surfaces.”® The large full field imaging allows the parallel
analysis of large arrays of samples arranged on a sample holder.
We have recently demonstrated that such a multiplexed
orientational and structural analysis by imaging NEXAFS
(MOSAIX) approach enables the characterization of large
sample sets required for combinatorial studies.”” For orienta-
tional analysis, however, MOSAIX images at different X-ray
incidence angle have to be acquired and the spectroscopic
information extracted and analyzed. We here demonstrate that
by using curved MOSAIX sample holders one can obtain
orientation information from large sample sets in a single image
without the need for acquisitions at multiple angles. Again,
accelerating the high throughput screening of molecular
orientation.

To demonstrate the high throughput determination of
molecular orientation a model system based on a series of
alkanethiol SAMs was prepared and analyzed with the NEXAFS
microscope. The sample set consisted of an array of 1 X 1 mm?
gold-coated silicon substrates arranged onto a 10 X 8 mm’
curved sample holder. The sample holder curvature was
equivalent to an arc of 90° (Figure 1). The gold surfaces
were coated with alkanethiols at four different alkane chain
lengths, ranging from 8 to 18 carbon atoms per chain (C8S,
C10S, C12S, and C18S, see Scheme 1). The SAMs were
prepared from 1 mM solutions of the respective compounds in
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Figure 1. (a) Photo of the curved sample holder and the sample map.
(b) Ilustration of the sample arrangement and the experimental
geometry.
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Scheme 1. Drawing of the SAM Samples Prepared As Model
Systems for the Curved Arrays®
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“Alkanethiols with varying chain length were assembled onto gold
surfaces. Longer chain SAMs are expected to show a higher degree of
orientational order.

ethanol and allowed to assemble for 16 h using previously
described methods.””*® Two rows of duplicate samples per
chain lengths were mounted. As shown in Figure 1, the rows of
samples mounted on the curved holder leads to X-ray incidence
angles at the samples ranging from 20° to 90°.

Stacks of electron yield images of the array were collected at
the carbon K-edge by stepping through the 270—360 eV
photon energy range with a step size of 0.1 eV. Each pixel
(stack) in the resulting image contained a full NEXAFS
spectrum, allowing a detailed spectral analysis. Plotting images
based on specific energy ranges allows the user to highlight
specific molecular features of the SAMs. A NEXAFS spectrum
recorded for CI18S at an X-ray incidence angle of 20° was
extracted from the array and is shown in Figure 2a. Mapping
the intensities related to different spectral regions, as we scan
the photon energy across the carbon the spectrum, we observe
features corresponding to the Rydberg resonance (R*) region
near 287.5 eV related to C—H groups and at higher photon
energies, 6* C—C bonds. A very weak peak at ~285.2 eV is also
observed. This peak is explained either by an excitation into
alkane-substrate orbitals,* or a normalization issue caused by
carbon contamination on the beamline optics. Since radiation
damage from the X-rays can also cause peaks to appear in this
spectral range, a careful beam damage study was performed to
rule out this possibility.

Figure 2b displays a NEXAFS image of the array based on
the total carbon electron yield near the carbon K-edge (285—
312 eV). The image demonstrates that, when moving from
longer to shorter SAM chain lengths (down in the array image),
the intensity of the photoemission decreases. This is explained
by the lower carbon content of the short chain compared to
long chain SAMs.*!

dx.doi.org/10.1021/c05001162 | ACS Comb. Sci. 2014, 16, 449—453



ACS Combinatorial Science

Technology Note

a c18s
CcC

= CH c12s
s
>
w
o

1 1 I 1 I I 1 C10S8

280 285 290 295 300 305 310 315 320
Photon energy (eV)
Cc8s

Increasing NEXAFS an’gle

Figure 2. (a) NEXAFS spectrum for the C18S SAMs extracted from the array. 6* CH and 6* CC resonances are indicated. (b) Pre-edge normalized
NEXAFS image of the curved MOSAIX array. The image contrast represents the total carbon content. (c) Intensity ratio image of the 6* CH and
the o* CC spectral region. Variations for increasing NEXAFS angles are indicative of molecular alignment. The C18S SAMs show the greatest

alignment.

Orientation information about sample arrays can be obtained
directly by dividing images of spectral features with opposite
response to angle variations, such as the C—H and the C—-C
resonances in the alkanthiol SAM array. The sign of C—H and
the C—C angle dependence is inverted because of the
orthogonal orientation of the respective final state orbitals.
An image based on the intensity in the C—H range (285.9—
289.2 eV) divided by the intensity in the C—C range (289.4—
297.4 eV) is shown in Figure 2c. The intensity changes, in this
image, are directly related to the degree of order in the SAMs
and gives a qualitative overview of molecular alignment over the
large sample set. Along the direction of the substrate curvature
(right in the array image) we see the C—H/C—C intensity ratio
increases as we go to higher incidence angles. The angle
dependence is more pronounced for the longer chain SAMs
(C18S and C12S). A greater order observed for the long chain
SAMs is in agreement with previous low-energy electron
diffraction, reflection—absorption infrared spectroscopy>> and
NEXAFS**** studies.

Two-dimensional plots of the electron yield, as a function of
photon energy and position along the substrate curvature, can
be used to analyze the linear dichroism in individual sample sets
in more detail. Such 2D plots for the C10S and the C18S SAM
are shown in Figure 3. The differences in the angle dependence,
that is, orientational alignment, are directly visible. Having
order information in a single image is an advantage over
extracting order information from flat arrays at different angles.
The involved processing and overlaying of images at different
angles can be challenging because acquisition at different angles
leads to image distortion. The limited fidelity of image
correction limits the lateral resolution of surface order analysis.

A more quantitative analysis of the molecular orientation, in
terms of tilt angles in an array, can be performed by first
extracting spectra from pre- and postedge normalized images
for samples along the curvature and then analyzing the angle
dependence of the partial electron yield by well established
methods.'* Figure 4 shows angle dependent NEXAFS spectra
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Figure 3. NEXAFS spectra extracted from the curved MOSAIX along
the curved axis for the C18S and C10S SAMs. Intensity variations for
the 0 CH and 6* CC spectral features along the curved axis indicate
molecular alignment. The C18S SAMs show significant alignment
while the C10S SAMs are not well ordered.

extracted for the different SAM samples. The average tilt angles
are also summarized in Figure 4. Since order and orientation
are convoluted in NEXAFS the increasing tilt angle observed
for SAMs with shorter chain lengths is most likely a sign of
lower order and not a more tilted geometry.

In summary, MOSAIX analysis on curved substrates can
provide both a rapid overview of the molecular order of large
sample sets but also provides all the information required for a
detailed, quantitative analysis of molecular tilt angles for
samples of interest within the sample set. The acquisition time
for the eight samples and five angles included in the curved
MOSAIX array was ca. 20 min. This compares with a total
acquisition time of approximately 14 h using standard NEXAFS

dx.doi.org/10.1021/c05001162 | ACS Comb. Sci. 2014, 16, 449—453



ACS Combinatorial Science

Technology Note

(I31SS
90°
81°
70°

48°

Partial electron yield (a.u.)

35°

A

tilt angle: 28° o

|
/J

tilt angle: 32°

\ VYN
/

disordered disordered

280 290 300 310 320 280 290 300 310 320 280 200 300 310 320 280 290 300 310 320 330

Photon energy (eV)

Figure 4. NEXAFS spectra extracted from individual samples in the curved MOSAIX array for the different SAMs. Extracted spectra allow
quantitative orientation analysis using methods established for regular NEXAFS spectroscopy.

spectroscopy—a sample throughput increase by a factor of 42.
Using MOSAIX analysis on curved surface a typical weeklong
beamtime can provide angle runs for approximately 4000
samples, enabling large-scale combinatorial studies using
NEXAFS.

B EXPERIMENTAL PROCEDURES

Sample Preparation. All samples were prepared on 1 X 1
mm? silicon substrates (Microelectronics Inc., San Jose, CA)
cleaned by sequential sonication in deionized water, dichloro-
methylene, acetone, and methanol. In a high vacuum electron
beam evaporator (pressure <1 X 107 Torr), the Si substrates
were then coated with a thin adhesion layer of titanium (10
nm) followed by high purity gold (99.99%, 80 nm). Each set of
SAMs was assembled by submerging the gold surfaces in 0.1
mM (Sigma-Aldrich) solution of the respective thiols for 16 h.
SAMs were fabricated from 1-octanethiol (CgH;sS, C8S), 1-
decanethiol (C;yH,,S, C10S), 1- dodecanethiol (C;,H,sS,
C10S), and octadecanethiol (C,gH;S, C12S). After assembly,
the small samples were placed in a ceramic funnel filter cone
and then repeatedly rinsed with 200 proof ethanol (Decon
Laboratories, King of Prussia, PA). Once rinsed the individual 1
X 1 mm”* samples were arranged onto a curved piece of plastic
cut out of a falcon tube strip and coated with copper tape. All
samples were stored under nitrogen until analysis.

Near-Edge X-ray Absorption Fine Structure (NEXAFS)
Microscopy. The NEXAFS images were recorded at the
National Institute of Standard and Technology (NIST) U7A
beamline at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory using the parallel processing
imaging endstation described in references 25—27. Briefly, soft
X-rays with photon energies near the carbon K-edge (270—340
eV; flux ~5 x10" photons/s (0.1% BW)), was rastered across
an 18 X 13 mm” area on the sample using an upstream
wobbling mirror. A LARIAT system (Large Area Rapid Imaging
Analytical Tool, Synchrotron Research Inc.) was used to image
the spatially resolved partial electron yield. A microchannel
plate electron multiplier detector with a high pass (entrance)
voltage grid set at —50 V and a phosphor screen are located in
the UHV chamber at 0.5 T pole piece 50 mm away from the
sample. Emitted electrons are guided along the magnetic
gradient to the detector, amplified, then onto the phosphor
screen. Signals from the phosphor translate into partial electron
yield (PEY) and a CCD camera located behind the screen
captures images. The result is a series of NEXAFS images; the
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spatial resolution was approximately 50 ym.*>~>” Artifacts from

incident beam intensity fluctuations and absorption features in
the beamline optics were removed by normalizing the PEY
signals by the drain current NEXAFS signal of a clean gold
mesh placed upstream of the sample in the path of the X-ray
beam.
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