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High-Speed TERS Imaging:
The Latest Achievements in
nano-Raman Spectroscopy

This article presents developments in tip-enhanced Raman spectroscopy
(TERS) that make possible nanoscale imaging of chemical and physical
properties of graphene and other carbon species: Innovative integra-

tion of technologies brings high-throughput optics and high-resolution
scanning for high-speed imaging without interferences between the
techniques. Advances in near-field optical probes now provide reliable
nanoscale spectroscopy solutions for academic and industrial researchers.

E. Leroy, R. Lewandowska, O. Lancry, J. Schreiber, A Krayev, and S. Saunin

aman spectroscopy is a well-

known technique to study carbon

species. It provides a very specific
signature for the two crystal configu-
rations: diamond (cubic or octahedral)
and graphite (hexagonal).

Because Raman microspectroscopy is
an optical technique, its spatial resolution
is limited by the laws of diffraction: As a
rule of thumb, the spatial resolution of the
technique is about half the wavelength of
the exciting laser wavelength. This value
depends on several factors besides the
excitation wavelength, including the nu-
merical aperture of the objective lens used;
however, this approximation is convenient
and easy to understand for the purpose of
this discussion. With a red laser excitation,
this is on the order of 300 nm.

Graphene flakes or coatings can be
made quite large; however, other spe-
cies of interest like single-wall carbon
nanotubes (SWCNT) are typically in
a diameter range of 1-3 nm, or two
orders of magnitude smaller than the
spatial resolution of the technique.

Raman spectroscopy brings chemi-
cal contrast for these species, and al-
lows the determination of the diameter
of a single wall carbon nanotube, or
the number of layers in a multilayer
graphene sample from the features
present in the spectrum. Radial breath-
ing mode frequency position is a good
indicator of SWCNT diameter or the
ratio and bandwidth of the G and two-
dimensional (2D) bands in graphene
are good indicators of the number of
layers. However, the samples measured
are generally not resolved spatially.

In contrast, scanning probe mi-
croscopy (SPM) and, in particular, the
more popular technique atomic force
microscopy (AFM) allow such materi-
als to resolve spatially and provide even
atomic-level resolution. Atomic resolu-
tion imaging of highly ordered pyro-
lytic graphite (HOPG) is a typical test
for SPM calibration, using scanning
tunneling mode (STM). The technique
consists of scanning a very sharp probe
over a sample and tracking the Z axis
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position via a feedback mechanism that
depends on the mode used, to gener-
ate a topographic image. In STM, the
feedback is done based on tunneling
current intensity, and in AFM, a con-
stant force is maintained between the
probe and the sample by tracking the
deflection of a laser on the back of a
cantilever that holds the sharp probe.
The cantilever bends according to its
known mechanical properties that de-
pend on size, shape, and material.

Beside topography, AFM can be used
in a multitude of modes to obtain various
physical properties. Looking at the way
the probe interacts with the sample, it is
possible to determine elasticity and plas-
ticity of a material. Tracking the torsion
of the level as it is scanned (lateral force)
gives information about friction. Driv-
ing a current through a conductive probe,
it is possible to obtain various electrical
properties such as conductance, capaci-
tance, and resistivity; surface potential is
also determined by scanning above the
surface. Using a magnetized probe, mag-
netic studies can be performed at various
heights from the surface.

SPM and, in particular, AFM are
very versatile techniques to image a
multitude of physical properties, how-
ever, neither technique provides chem-
ical specificity (except in the case of the
use of functionalized probes designed
for very specific chemical bonding).

The interest for combining the two
techniques is obvious: Obtaining phys-
ical properties and chemical specificity
of the same location, ideally simulta-
neously, without having to move the
sample or find the location of interest
each time is a huge time saver when
studying nanomaterials.

The combination of the two tech-
niques is in itself interesting, but fur-

thermore reducing the spatial resolu-
tion gap between the two techniques
is of the highest interest. This is where
tip-enhanced Raman spectroscopy
(TERS) comes into play.

TERS takes advantage of the en-
hancement of several orders of mag-
nitude observed in techniques like
surface-enhanced Raman spectroscopy
(SERS), confining this enhancement at
the tip of a specially crafted probe that
acts as a plasmonic antenna. The result
of this confined resonance is an ex-
tremely localized enhancement of the
Raman signal in the very close vicinity
of the tip of the probe, generally no fur-
ther than 10 nm. A laser beam matching
the probe’s plasmonic excitation range
is focused on the probe to produce the
local enhancement. The focused laser
beam is of course following the same
diffraction rules mentioned above, and
illuminates a field much larger than the
probe tip radius, potentially exciting a
far-field (diffraction limited) Raman
signal, while the enhanced signal is lo-
calized just under the probe generating
the near-field Raman signal. The ratio of
the volumes involved in each case is also
several orders of magnitude, so the abil-
ity to detect the near-field Raman signal
is extremely dependent on the probe
quality and its enhancement efficiency.

SWCNTs have been studied in the
past with TERS, most often perform-
ing line scans (1) and a few produced
images (2).

The novelty presented here and dem-
onstrated in the experimental measure-
ment of graphene oxide and single-wall
carbon nanotube samples is in the com-
bination of the techniques into an instru-
ment in such an efficient manner that it
is possible to obtain reliable enhance-
ment and stable alignment to perform
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TERS imaging with very short acquisi-
tion times, which in turns frees the tech-
nique from the need to subtract far-field
from near field and from potential drift
issues inherent to the SPM technology.

Experimental

The experimental setup consists of a
nano-Raman integrated system from
Horiba Scientific and AIST-NT Inc. A
SmartSPM scanning probe microscope
(AIST-NT Inc.) with an Omegascope
microscope was used for top-down
and oblique illumination and collection.
The microscope is integrated with a
Horiba XploRA Plus Raman microspec-
trometer (or it can eventually also be fit-
ted with a Horiba Labram HR Evolution
spectrometer for added functionalities).
In this configuration, the spectrometer
was fitted with an electron-multiplying
charge-coupled device (CCD) detector
for fast data acquisition.

In this work, different samples were
prepared. The first set of images gen-
erated consists of colocalized confocal
Raman and AFM imaging of graphene
flakes. The sample is mechanically ex-
foliated graphene deposited on a silicon
substrate using the widely referenced
transparent adhesive tape method. In
this case, a 532-nm laser was used for
Raman spectroscopy, with a power of 25
mW at the sample. Acquisition time for
the image shown is about 7 ms per point.
The area measured is 35 um X 35 pm.

The second sample was prepared by
dispersion of a graphene oxide and car-
bon nanotube mixture from solution
spin-coated on a flame-annealed 5 mm
X 5 mm gold substrate. Spin-coat time
and solution concentration were adjusted
to obtain a distribution of about one
or two tubes and one or two graphene
oxide flakes per square micrometer, so

as to easily find an area of interest while

avoiding aggregation of nanotubes. This

second sample was measured with AFM

first to verify the proper distribution of
the two carbon species, and then it was

imaged with TERS. The laser wavelength

used was 638 nm. The laser output power
is typically 24 mW, but only a few hun-
dred microwatts to about 6 mW were

used in this case.

In performing AFM-Raman imaging
or TERS, a critical step consists of mak-
ing sure the Raman laser is properly
aligned with the probe. In AFM-Raman
imaging, an offset in the order of the spa-
tial resolution of the Raman technique is
acceptable, but it is much less forgiving
when performing TERS measurements.
For this purpose, the Raman laser is
aligned using a piezo-driven objective
scanner, with closed-loop feedback, sim-
ilar to the scanning probe microscope
sample scanner. This device ensures
the long term stability of the alignment.
Since it displaces the objective lens only,
it does not introduce any additional opti-
cal component, guaranteeing maximum
throughput, and since it is effectively
moving the last piece of optic before the
sample, the beam pathlength is mini-
mized for best stability.

Another notable feature of the
setup is the use of an infrared diode
for AFM feedback. Most SPM systems
use a diode in the red or near-infrared
(NIR) range, potentially interfering
with the collection of the Raman signal
in those spectral ranges. Avoiding this
range is especially critical for AFM-
TERS, using an AFM cantilever, as
the most stable probes today are made
out of gold whose plasmon resonance
frequency is in the red region. Using
an infrared feedback diode ensures
there is no interference with the optical
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spectroscopy system. Furthermore, the
AFM diode is not visible in the video
image and does not tend to excite
fluorescence in the sample, allowing
artifact-free Raman measurements.

The dual microscope setup brings
a few advantages: It allows top down
measurements, which makes simulta-
neous and colocalized measurement of
AFM images and spontaneous Raman
hyperspectral images possible, with
high spatial resolution. The top-down
approach is best for high spatial resolu-
tion on opaque samples in spontaneous
Raman measurement mode because the
laser can be tightly focused with a high
numerical aperture (NA) objective lens
(0.7 NA in our case when simultaneous
AFM and Raman measurements are
made, and up to 1.4 NA with oil immer-
sion objectives when the AFM probe is
removed for Raman measurements only).

The oblique (or side) illumination
scheme is not ideal for spontaneous
Raman measurement as the laser spot is
focused at a 60° angle and, therefore, is
not Gaussian but elliptical. Spatial resolu-
tion is degraded, but this is the preferred
mode of illumination for tip-enhanced
Raman measurements because it allows
better illumination of the apex of the
probe, while providing proper alignment
of the electromagnetic field of the inci-
dent laser beam with the axis of the plas-
monic probe without the need for further
polarization conditioning of the beam.

It has been shown in simulation that
this illumination scheme also brings
the highest surface plasmon resonance
enhancement of the Raman signal and
that it is then localized directly under
the apex of the probe (3), as opposed to
the side when polarization orientation is
not optimized. This confinement of the
Raman enhancement below the probe

apex, providing the probe has a high en-
hancement contrast, is what brings spa-
tial resolution of the near-field Raman
signal down to about 10 nm, well below
the actual probe apex radius, which is
typically in the order of 30 nm.

The probes used are commercially
available probes manufactured by
Horiba and made from etched gold
wire following a process adapted from
the original publication by Bin Ren
and colleagues (4) and improved by
the Laboratoire de Physique des Inter-
faces et des Couches Minces (LPICM)
laboratory of the Ecole Polytechnique
in France. The probes are mounted on
a tuning fork for this experiment.

TERS imaging has been considered
to be very complex because of the many
factors that may affect the measure-
ment. The novelty in the equipment
primarily consists in the use of effi-
cient, reliable probes developed in col-
laboration with academic researchers,
in the optimization of the optical path
and alignment technology to reduce
drift, and in the integrated control of
the different hardware components to
improve data acquisition speed, which
in turn reduces potential drift issues.

In the setup described, the measure-
ment time is typically 5-100 ms. This
is possible thanks to the use of the elec-
tron multiplying charge coupled device
(EMCCD) detector that allows detection
of signals below the read noise of the de-
vice. Such a detector is very popular in
fluorescence microscopy for this capa-
bility; however, in spectroscopy it has a
few trade-offs and is essentially useful
to accelerate acquisition. EMCCD tech-
nology adds a gain factor called electron-
multiplier before the electrical signal is
converted into a digital signal through
the analog-to-digital converter (ADC).
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Figure 2: Surface potential difference
image of the graphene flake sample. This
technique, also referenced to as Kelvin probe
microscopy, provides information about the
electronic state on the surface.

This, in effect, allows the detection of
signals below the read noise, which is
the noise produced by the ADC while
converting. However, this also has the
effect of dramatically reducing dynamic
range because any signal above the read
noise is enhanced to levels bringing it

closer to the saturation level of the ADC.

This gain process does not effectively

bring any advantage when the signal is
already above the read noise level. Con-
sidering a Raman signal with a signal to
noise ratio of 100:1 obtained in 1 s, if we
decrease integration time to such a level
that the signal is below the read noise, in
our case 10 ms for example, the electron-
multiplier gain can now bring this signal
above the read noise level and enhance
it to regain a readable spectrum with
enough contrast to extract information
about the bands of interest and gener-
ate an image rendering based on this
information.

However, using the electron-multi-
plier gain does not produce high qual-
ity spectra. Longer acquisition times or
the accumulation of multiple spectra is
usually necessary to obtain data that
can be used for precise spectral analy-
sis. The technique, however, can image
and locate areas of interest quickly,
which can then be investigated further.

Results and Discussion

The first measurements consist of the
analysis of graphene flakes of different
size and thickness. Figure 1 shows a to-
pography image of the sample, which
gives information on the graphene
flake thickness. Even though the to-
pography image can help determine
the presence of single-layer or multi-
ple-layer graphene, the roughness of
the substrate itself, which can be much
larger than the single atomic step of
carbon, can understandably interfere
with this measurement.

Figure 2 is the surface potential image
of the sample, also known as Kelvin
probe force microscopy (KPFM), and
provides information about the elec-
tronic state of the surface of the sample.

Figure 3 shows a false color composite
Raman image of the sample generated



<)
BRUKER
(>

SENTERRA

cave Rubberband Correction for
art removal of fluorescence back-

Performance confocal desig
FlexFocus™

® Up to four excitation lasers

The SENTERRA is a revolution in dispersive Raman spectroscopy.
In contrast to conventional instrumentation no calibration of the
wavelength scale is required as the system is permanently calibrated
with extremely high accuracy.

As this system further provides a very high sensitivity even used in
confocal mode, the SENTERRA is the perfect Raman microscope
for a very broad range of applications.

Bruker Optics Inc.

Billerica, MA - USA
Hr Phone +1 (978) 439-9899
Contact us for more details: Fax 11 (978) 663.0177

www.bruker.com/senterra info@brukeroptics.com

) ) ) Raman
Innovation with Integrity



18 Raman Technology for Today’s Spectroscopists June 2014

Figure 3: False color image generated from
classical least square deconvolution of the
Raman hyperspectral image. The silicon
substrate is shown in gray, single-layer graphene
is purple, two-layer graphene is blue, three-layer-
graphene is green, amorphous carbon is yellow,
and defective graphene is orange, primarily
concentrated on the edges of the flakes.

Y (pm)

47.0 415 48.0 485
X (pm)

Figure 4: Image of carbon nanotubes (green)
and graphene oxide (red) on gold substrate
obtained in tuning fork mode. This 200 X
200 point, 2 X 2 ym image was obtained in 8
min with spatial resolution of 10 nm.

from classical least squares deconvolu-
tion of the Raman hyperspectral data
cube. The silicon substrate is shown in

grey, single-layer graphene is shown in
purple, two-layer graphene is shown
in blue, three-layer graphene is shown
in green, amorphous carbon is shown
in yellow on a couple spots (this is be-
lieved to be from over-exposure with the
Raman laser), and defective graphene is
shown in orange, which is primarily
concentrated on the edges of the flakes.

In this example, it can be seen that the
Raman image is of lower spatial resolu-
tion than the AFM images even though
the number of data points is equivalent
as the topography and Raman images
were generated simultaneously. The
KPFM image can be generated in one
pass, but it is most often generated in
two passes to avoid cross-talk, so this
image was generated separately.

It is undeniable in these images that
complementary information is obtained,
demonstrating the usefulness of the
technique. The topography can be cor-
related closely to the Raman spectral in-
formation, which provides clear confir-
mation of the graphene flake thickness.

Raman spectroscopy provides more
detailed information on the chemical
structure of the graphene and espe-
cially the presence of defects, which are
more commonly found on the edges of
the flakes. This can easily be explained
by the fact that the ordered hexagonal
lattice is indeed disrupted at the edge.

The ability to generate multiple
images simultaneously is common
in scanning probe microscopy where
electrical signals are measured, how-
ever, acquiring Raman spectra calls for
a very different approach and the use
of a CCD detector, which tends to be
much slower. The ability of the equip-
ment to perform both simultaneously
ensures that the data obtained effec-
tively come from the same location.
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Figure 5: Images of the D band (red), G band
(green), and 2D band (blue) of the graphene
oxide and carbon nanotubes sample. The
nanotubes show strong typical G and 2D
bands while graphene oxide shows no 2D
band but high disorder (D band). Some
nanotubes show higher disorder than others
in the presence of a D band as well.

Because we are using a sample scanner,
effectively moving the sample in all three
dimensions (X, Y, and Z) the sample is
moved to track the cantilever position, as
opposed to adjusting the cantilever po-
sition to track the sample. This has an
added advantage because of the fact that
the Raman laser, which is also aligned
on the probe, remains in focus on the
sample at all times, no matter what the
height of the topography is, essentially
acting as a real-time autofocus. This is
not evident in the sample measured in
this work, but becomes critical when
looking at samples with topography in
the several micrometer range: Because
of the confocal nature of the system, the
depth of field is only on the order of a
micrometer, and without tracking the
sample position, only a thin Z slice of
the sample would be measured properly.

The next experiment demonstrates
Raman imaging at high speed with na-
noscale resolution.

The TERS image in Figure 4 is 200 X
200 points mapped over a 2 pm X 2 pm
area and was obtained with 12 ms acqui-
sition time per spectrum, yielding 40,000
points in about 8 min. It has been de-
convoluted with a classical least squares
method to extract the three components
of interest: the graphene oxide, the car-
bon nanotubes, and the background
signatures, shown in false colors in red,
green, and black, respectively.

This method yields the most con-
trast when the goal is to differentiate
the different carbon species, but misses
the information contained in the spe-
cific bands of interest. In particular,
the D band (around 1330 cm™) is typi-
cally associated with disorder in the
hexagonal carbon structure.

Figure 5 shows the individual images
generated by rendering intensity of the
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Figure 2.
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Figure 7: Close-up image of a nanotube. The
image is 100 X 100 nm with 2-nm steps (50
X 50 points, obtained in 40 s).

specific carbon bands. The D band is
shown in red, the G band is shown in
green, and the 2D band is shown in blue.

Graphene oxide is highly disordered
and shows strong D band and G band
typical of the graphitic structure. Carbon
nanotubes show strong G and 2D bands
as is typical, but also show some presence
ofa D band in some areas, indicating the
presence of defects in the tube structure.

Figure 6 shows the overlay of all three
colors, bringing graphene oxide in yellow
(mixture of red and green) and carbon
nanotubes mostly in various shades of
blue indicative of the defective structure.

In Figure 7, a close-up image was
generated. It is 50 X 50 points, 2-nm
steps, and was obtained in 40 s. Fig-
ure 8 shows the corresponding spec-
tra extracted by classical least squares
deconvolution of the image in Figure 7.

This image is a good illustration of
the variability of the nanotube chemi-
cal structure at the nanoscale which
is impossible to resolve with standard
confocal Raman imaging, and which
cannot be extracted by typical SPM
techniques. In these spectra, we ob-
serve a range in level of disorder in the
carbon material from the red spectrum
(low disorder, low intensity of D band)
to green to orange (higher level of dis-
order, highest intensity of D band).

Conclusions
This work does not pretend to expose
novel science or understanding of
AFM-Raman and TERS, but aims at
demonstrating the current capabilities
available today. Imaging carbon nano-
tubes with TERS has been done before,
however, there are very few publica-
tions demonstrating this capability on
a strictly commercial instrument. The
leading groups in TERS have demon-
strated the capabilities of the technique
for several years now, yet even though
many of the setups used are built from
commercially available systems, almost
all have been modified for the purpose
of developing the technique.
Researchers wanting to approach this
technique today are faced with the need
to account for many subtle, but impor-
tant modifications to get results.
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Figure 8: Reference spectra for classical least squares deconvolution of the image in Figure 7.

In this work, we presented the capabili-
ties of a strictly commercial instrument
designed for purpose. Evidently, one
of the key factors in successful TERS is
the availability of suitable and efficient
probes. With the development of its own
probe manufacturing in collaboration
with academia, a complete solution for
TERS is now commercially available.
Furthermore, many of the limitations
that make AFM-TERS difficult have been
removed, and the platform is ready to use
such probes when they become available,
without the risk of optical interference.

In the past, TERS was not a tech-
nique reserved for the faint-hearted;
this work shows that it is now easier
than ever to get results quickly and
reliably. Many years of experience
have been put into perfecting the in-
strumentation. Now, this experience
is available and application develop-
ment is the focus of research.
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Detection of Melamine and Other
Harmful Food Contaminants
Using Gold Nanoparticles, Surface-
Enhanced Raman Scattering, and
Raster Orbital Scanning

Melamine is a dangerous substance when it is used to increase the apparent
protein content of food. In this article, the use of novel gold nanoparticles
for surface-enhanced Raman spectroscopy (SERS) measurements with
raster orbital scanning sampling is described for the detection of melamine
and other food contaminants. Although silver nanoparticles are often used
for melamine SERS measurements, gold nanoparticles are more stable with
less stringent requirements for storage and handling. Gold SERS substrates

can also be used for the detection of other harmful food additives and
adulterants, including antifungal dyes, antibiotics, and pesticides.

Yvette Mattley, Maja Sourdaine, Derek Guenther, Cleo Harvey,

and Adrian Guckian

ood safety is a global concern that

has spawned rigorous guidelines

and numerous regulatory agencies
to protect consumers from both harm
and fraud (1). Widespread illness and
even death have resulted from the adul-
teration of food with compounds like
melamine, which are added to ensure
substandard foods meet dietary guide-
lines. Trace contaminants and residues
from pesticides and antifungal agents
used in the growth, processing, and stor-
age of food products have been shown to
be toxic to humans with impacts ranging
from digestive problems to death. Coun-
terfeit food products deceive consumers,
risking their health while emptying their
wallets. It is these ongoing deceptive and

dangerous practices and the widespread
illness and economic impact they have
caused that have driven the establish-
ment of strict food safety regulations
and the need for careful food inspection.
Consumers rely on government scru-
tiny and oversight for protection from
dangerous food additives and con-
taminants. The use of melamine and its
derivative, cyanuric acid, have invited
scrutiny and inspired tighter regulation
of fungicides, pesticides, and antibiotics
used for crop protection. The antifungal
agents crystal violet and malachite green
are inexpensive and effective against
fungal and parasite infections in fish,
but are not approved for use in aquacul-
ture because of their mutagenic impact
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on humans. The fungicide thiram is

used to protect crops from deterioration

both before and after harvest, but has

high enough toxicity that it requires pro-
tective clothing for handling. The broad-
spectrum antibiotic chloramphenicol is

banned for food use and is tightly regu-
lated to avoid toxicity and the potential

for the creation of antibiotic-resistant

bacteria. These compounds and many
others have documented health and

safety concerns requiring regulation

and inspection of food products.

With the potential for serious health
and economic effects, there is a need for
arapid, low cost, and sensitive technique
to detect and identify harmful food con-
taminants. Although there are a variety
of methods and techniques now available
for the identification and quantification
of these potentially harmful compounds,
these techniques (high performance lig-
uid chromatography-mass spectrometry
[HPLC-MS], gas chromatography-mass
spectrometry [GC-MS], and ion-mobility
spectrometry [IMS]) are often expensive,
time- and labor-intensive measurements
requiring significant sample preparation
and highly trained personnel to adminis-
ter. For a viable, commercial application,
a method is needed that requires little to
no sample preparation, is applicable to
a range of food contaminants, and can
provide fast, accurate identification and
quantification. Surface-enhanced Raman
spectroscopy (SERS) meets these require-
ments and is a good option for the detec-
tion of food contaminants and additives.

Raman spectroscopy is a high-reso-
lution, vibrational spectroscopic tech-
nique in which each molecule produces
a unique spectral “fingerprint” that can
be used to identify and differentiate it
from other sample components. Recent
advances in lasers, detectors, and opti-
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cal filter technologies have lowered costs

and enabled considerable downsizing of
Raman instrumentation such that the

technology is more accessible and field

deployment is now feasible. As a detec-
tion technology, Raman spectroscopy (2)

has gained increasing interest because

the Raman band frequencies relate to

chemical bonding in the compound to

be identified. This chemical specificity
gives detection by Raman spectroscopy
a distinct advantage. Different com-
pounds have unique Raman fingerprints

that can be used to identify them.

The major drawback of Raman spec-
troscopy is the low cross-section (2) of the
spontaneous Raman scattering, which
affects the detection of substances at trace
level. This small scattering cross-section
results in lower Raman signals and makes
detection and identification difficult for
compounds like food contaminants and
additives that are present at low concen-
trations. In 1977, a technique to overcome
this limitation was demonstrated when
the compound of interest was placed on
a roughened noble-metal substrate. The
result was a significant enhancement in
the magnitude of the Raman scatter-
ing signal (3). This process is known as
surface-enhanced Raman scattering (4,5).

The enhanced sensitivity achievable
with SERS makes it a viable option for
the detection of food contaminants
often present at trace levels. SERS is a
variation of conventional Raman spec-
troscopy whereby analytes are adsorbed
onto a noble metal (typically gold or
silver) covered surface before analysis.
Through a combination of chemical and
electromagnetic effects, the Raman sig-
nal intensity is significantly “enhanced”
when measured from SERS substrates
fabricated from these noble metals. In
very specific cases, detection at the sin-
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gle-molecule level has even been demon-
strated (6,7). The combination of signal
enhancement and chemical specificity
make SERS a good candidate for the
sensitive and selective identification of
compounds including harmful food
contaminants and additives (8,9).

Since the early days of SERS, gold (Au)
and silver (Ag) have been widely used as
SERS substrates because of their strong
SERS activity (10). The use of these met-
als has advanced with the development of
nanoscience and nanotechnology, which
give researchers the ability to control the
shape, size, and composition of silver and
gold nanoparticles. As a result, silver and
gold are the most widely used SERS sub-
strates. Theoretical calculations indicate
that the Raman enhancement of a single
gold nanoparticle is about 10°~10* with
enhancement for a single silver nanopar-
ticle as high as 10°-107 (11).

In this paper, we describe the novel
combination of gold substrates and raster
orbital scanning (ROS) for the detection
of melamine and other harmful food
additives and contaminants. Data illus-
trating the increased stability of the gold
substrates relative to silver substrates are
shown along with the enhancement in
signal achieved with ROS sampling ver-
sus traditional Raman sampling. The
broad applicability of the gold SERS
substrates is also shown for several other
food contaminants.

Although melamine is typically de-
tected using silver SERS substrates with
532-nm laser excitation, we used gold
substrates with 785-nm laser excita-
tion for our measurements. Although
melamine binds well to silver, one of the
limitations of the silver substrates is a
shorter lifetime, requiring modified at-
mospheric packing of the substrates and
special storage and handling conditions

(12,13). Gold, on the other hand, ages
much more slowly with better stability
than silver (14,15). This increased stabil-
ity and longer lifetime are why we used
gold substrates even though melamine
binds better to silver. Gold also has the
added benefit of working with a broader
range of harmful food additives and
contaminants.

When the more stable gold SERS
substrates are combined with an ROS
Raman sampling technique, the result
is a rapid, sensitive method for detecting
several regulated or banned food addi-
tives and contaminants. ROS combines
the resolution and power achieved with
a tightly focused laser spot with the sen-
sitivity of sampling over a large sample
area. By rastering the laser spot over
a large sample area, there is a higher
probability of measuring spectra from
SERS hotspots (localized regions of
Raman signal enhancement) dispersed
on the substrate. This results in higher
sensitivity than with traditional Raman
sampling where the laser is focused on
a single location on the substrate. This
is especially important with SERS sub-
strates, in which the density and cov-
erage of nanoparticles on the substrate
can vary from location to location. Not
only does ROS overcome this challenge
of working with SERS substrates, it also
provides a lower average laser power at
the substrate and reduces the possibility
for substrate or sample damage during
exposure to the tightly focused laser.

Experimental

Silver and gold nanoparticles were inkjet
printed on cellulose substrates. For sub-
strate aging studies, melamine was tested
on the day of printing and up to one
week after printing. Measurements were
made by drop casting 12 pL of the com-
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pounds suspended in various solvents to
the printed SERS substrates mounted on
standard glass microscope slides.

The substrates were interrogated with
either an IDRaman reader integrated
Raman system from Ocean Optics
with 785-nm laser excitation and ROS
sampling (IDRaman reader) or with a
modular Raman system from Ocean
Optics comprising a QE Pro spectrometer
configured for 785-nm Raman measure-
ments (QE Pro Raman), a 785-nm laser
for excitation (LASER-785),and a Raman
probe for detection (RIP-RPB-785). Typi-
cal acquisition parameters were three
scans to average and a 1-s integration
time. Data were acquired using Ocean-
View software (Ocean Optics).

In all the plots presented, the spectra
were adjusted for an appropriate baseline
to enable comparison of peak height val-
ues. A Raman-inactive area of the spec-
trum was determined for each analyte,
and the average value across that region
was subtracted from the rest of the spec-
trum. This achieves a baseline correction
that accounts for the noise seen in the raw
spectrum. The spectra reported are raw
spectra that have been baseline corrected.

The observed shifts in the assigned
peaks for the analytes could result
from a variety of factors. It is known
that differences in solvents and, more
importantly, physical features in SERS
substrates will cause the observed peaks
to change. These changes explain any
variation in peak assignment when
compared to reference literature.

Results and Discussion

Impact of Substrate Aging

To demonstrate the impact of substrate
aging on the SERS detection of melamine,
silver and gold nanoparticles were inkjet
printed on cellulose substrates. Melamine

at 1 X 102 M concentration in water was
drop casted to the substrates and Raman
spectra were measured on the day of
printing and 24 h after printing,

The Raman spectra measured with
the modular Raman system using tra-
ditional Raman sampling for melamine
on a silver substrate are shown in Fig-
ure 1. Note the characteristic peak for
melamine near 700 cm™! in the spec-
trum measured just after the substrate
was printed (day 0). Deterioration of the
silver substrate is observed by the loss
of this peak in the Raman spectrum
measured 24 h after the substrate was
printed (day 1). The silver substrate
degraded significantly within 24 h of
printing, resulting in an inability to de-
tect melamine with this aged substrate.

When a gold substrate is used to mea-
sure the same melamine solution, the
improvement in stability is dramatic.
As shown in Figure 2, the character-
istic melamine peak is still observed
one week after the gold substrate was
printed. Additional studies (data not
shown) have demonstrated even longer
stability with measurements made with
gold substrates more than 60 days after
printing. This increased stability makes
gold substrates easier to work with than
silver substrates and more suitable for
use in a commercial application.

The improvement in the SERS mea-
surements for melamine is even better
when the excellent stability of the gold
substrates is combined with the ROS
sampling technique. When the rela-
tive intensity of the Raman peaks for
melamine in Figure 2 is compared to the
relative intensity of the melamine peaks
in Figure 3, the signal measured with
ROS sampling (Figure 3) is almost two
times the relative intensity of the signal
measured with traditional Raman sam-
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Figure 1: Aging of inkjet-printed silver SERS substrates 24 h after printing: Raman spectra for
1 X 102 M melamine in water measured using traditional Raman sampling.
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Figure 2: Improved substrate stability with inkjet-printed gold SERS substrates one week
after printing: Raman spectra for 1 X 102 M melamine in water measured using traditional
Raman sampling.
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Figure 3: Improvement in Raman signal with ROS sampling of inkjet-printed gold SERS
substrates: Raman spectra for 1 X 102 M melamine in water measured using ROS sampling.

pling (Figure 2). This increase in Raman
intensity measured using ROS sampling
clearly demonstrates the dramatic im-
provement in sensitivity achieved with
ROS when a larger area of the SERS sub-
strate is sampled. By sampling a larger
surface area, more Raman hotspots are
measured leading to improved sensi-
tivity and the possibility to detect even
lower concentrations of melamine or
other food contaminants and additives.

Detection of Other

Compounds of Food Safety Concern
As demonstrated in Figures 4-7, in ad-
dition to their stability, another advan-
tage of gold substrates is that they can
be used for the detection and discrimi-
nation of a wide range of potentially
harmful food contaminants and ad-
ditives. The Raman spectrum for the
fungicide thiram is shown in Figure 4.

The sample was prepared by drop cast-
ing a solution containing 1 x 10° M
thiram in acetone to the gold substrate.
This toxic fungicide is used to prevent
crop damage before and after crop
harvest. The toxicity of this fungicide
is high enough that it requires protec-
tive clothing for handling. As shown
in Figure 4, gold SERS substrates and
ROS sampling has sufficient sensitiv-
ity to detect relatively low levels of this
toxic fungicide.

Chloramphenicol is a broad-spec-
trum antibiotic used in aquaculture. It
has been banned for food use and is
tightly regulated to avoid toxicity and
the potential for the creation of anti-
biotic-resistant bacteria. As shown in
Figure 5, SERS with a gold substrate
and ROS sampling enables detection of
1 X 10 M concentrations in ethanol of
this banned food contaminant.
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Figure 4: The fungicide thiram on gold SERS: Raman spectrum for 1 X 10> M thiram in
acetone measured using ROS sampling.
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Figure 5: The antibiotic chloramphenicol on gold SERS: Raman spectrum for 1 X 103 M
chloramphenicol in ethanol measured using ROS sampling.
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Figure 6: The fungicide crystal violet on gold SERS: Raman spectrum for 1 X 10"* M crystal

violet in ethanol measured using ROS sampling.

In Figures 6 and 7, Raman spectra for
the fungicides crystal violet and mala-
chite green are shown. These fungicides
are also banned for use in aquaculture
because of their toxicity. These antifun-
gal agents are low cost and very effec-
tive against fungal and parasite infec-
tions in fish, but they are not approved
for use in aquaculture because of their
potential for mutagenic impact on hu-
mans. A comparison of these spectra
demonstrates not only the sensitivity
of the technique, but also the specificity
of Raman analysis. Each fungicide has
a distinct spectral fingerprint allowing
for discrimination and identification. As
shown in Figures 6 and 7, both fungi-
cides are easily detected at 1 X 10* M
concentrations in ethanol with SERS
using gold substrates and ROS sampling.

Conclusion
Food safety is a global concern. Out-
breaks and even death have driven the

search for improved technologies to
detect very low levels of food contami-
nants. The tremendous signal enhance-
ment associated with SERS, combined
with ROS sampling of highly stable gold
substrates, make SERS a good candidate
for the detection of trace levels of food
additives and contaminants. With re-
cent advances in handheld Raman in-
strumentation including the availability
of handheld devices with ROS sampling,
SERS is a viable option for the fast, low
cost, and sensitive detection of these
dangerous compounds outside the labo-
ratory setting.
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The Use of Portable and
Handheld Raman Spectroscopy
for Forensic Investigations

The Raman technique is gaining widespread acceptance as an
investigative tool for forensic applications. This article focuses on the
use of portable and handheld Raman spectroscopy in the field of
forensic science and illustrates it with real-world examples.

Katherine Bakeev and Robert Thomas

e benefits of Raman spectros-
copy are well recognized for the
molecular identification of un-

known molecular compounds and as
a result the technique is being used
routinely in applications areas such as
pharmaceutical manufacturing (1), raw
material verification (2), detection of
counterfeit drugs (3), medical diagnos-
tics (4), characterization of polymers (5),
and the quality control of food prod-
ucts (6). However, more recently the
technique is gaining widespread ac-
ceptance as an investigative tool in the
areas of forensic science and homeland
security (7,8). On-board spectral librar-
ies and intelligent decision-making
software make Raman spectroscopy
ideally suited to help law enforcement
agencies better understand the source
and nature of illicit materials. Today’s
Raman instrumentation is faster, more
rugged, and less expensive, and the ad-
vances in component miniaturization
have led to the design of portable de-
vices with extremely high performance
that can be taken out and used for field-
based investigations. Therefore, this
study focuses on the use of handheld

Raman spectroscopy for the character-
ization and identification of samples
encountered in various application
areas related to forensic science.

The Role of Law Enforcement
Law enforcement agencies responsible
for reducing the level of serious crime
are being faced with more challenges
than ever before. For example, new de-
signer drugs are appearing on street cor-
ners around the world almost every day.
Additionally, terrorism attacks using
various explosive devices are being re-
ported by the media around the globe
on a regular basis. Also, a topic of inter-
national importance is the increase in
production of counterfeit cancer, ma-
laria, prescription, and over-the-coun-
ter (OTC) drugs, particularly in parts of
the world that do not have the skill and
expertise to detect them (9). As a result,
there is clearly a need to investigate these
events in a speedy and timely manner.
This fact is supported by investiga-
tions into the illegal use of both social
and performance-enhancing drugs,
where an identification needs to be
made on the type and source of the ma-
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terial used as quickly as possible. Tra-
ditionally, test kits are used to obtain a
positive indication of a particular drug
for presumptive evidence purposes. Un-
fortunately, for some of the newer, more
exotic, and designer drugs of abuse, spe-
cific test kits may not be available. Since
limited testing can be carried out in the
field, seized samples are subsequently
sent to a state or federal laboratory for
confirmatory analysis. Overburdened
laboratories may require weeks or even
months before test results reach the
prosecutor’s hands and, as a result, the
pressure placed on analytical chemists
to process samples as quickly as possible
can be quite significant.

Forensic laboratories that provide
evidence for the positive identification
of these kinds of samples frequently
use gas chromatography-mass spec-
trometry (GC-MS), which is consid-
ered the gold standard for the analysis
of volatile organic compounds. How-
ever, even though GC-MS provides
definitive results, it is a costly, de-
structive, laboratory-based technique
that is extremely time-consuming and
contributes to the backlog of samples,
subsequently delaying the reporting
of results back to law enforcement
agencies waiting to prosecute cases.

For that reason, state-of-the-art
analytical techniques being used for
rapid screening and confirmatory
identification are now being miniatur-
ized and making their way into field
instrumentation. The transition from
laboratory-based to field-based ana-
lyzers allows law enforcement agencies
to conduct reliable measurements at
the point of use, lessening the burden
on crime laboratories, reducing their
sample backlog, and accelerating the
prosecution process. One of the most

exciting analytical techniques that is
moving analysis away from the labo-
ratory and into the field is portable
Raman spectroscopy. Before we take
a look at how this new technique is
revolutionizing the forensic analysis
landscape, let’s take a brief look at its
fundamental principles of operation.

Principles of Raman Spectroscopy

Similar to infrared (IR) absorption
techniques, Raman spectroscopy mea-
sures vibrational, rotational, and other
low-frequency modes of a molecule.
Whereas IR spectroscopy is based on
focusing a broad range of IR wave-
lengths of light on to the sample and
measuring which ones are absorbed,
a Raman spectrum is obtained by di-
recting a single wavelength of light and
collecting the resulting scattered light.
The frequencies of the scattered light
depend on the bond strength of the
molecules, the mass of the bound atoms,
and other factors such as intermolecular
interactions. The pattern of vibrational
and rotational frequencies from a mol-
ecule is highly characteristic of a given
molecular species or the structural ar-
rangement of those molecules and, as a
result, can be used for the positive iden-
tification of that species or compound
(10). Because of variations in Raman
band intensities and overlapping bands,
robust library searching algorithms

are needed for reliable identification
of samples. Unfortunately, with many
sample types, baseline changes caused
by fluorescence, scattering effects, and
changes in the signal intensity with dif-
ferent power settings can interfere with
the Raman measurements. For this rea-
son it is very important that any por-
table or handheld Raman spectrometer
is designed with an understanding that
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Figure 1: Raman spectra for two nitroamine high explosives (HMX and RDX) in red and green,
respectively and 2,4,6-trinitrophenylmethylnitroamine (tetryl) in blue.

these kinds of potential interferences
need to be addressed to handle real-
world applications.

Instrumentation
This study examines the use of a
handheld Raman spectrometer (Tac-
ticID, B&W Tek) to carry out the
real-world testing of a group of fo-
rensic and homeland security-related
samples. The fundamental principles
of the device have been described in
the open literature, but it is basically
a field-ready, spectral analysis instru-
ment specifically designed to enable
the forensic analysis of unknown
chemicals and narcotics. It is a com-
pact spectrometer and integrated
computing system weighing approxi-
mately 2 b, and it allows for the con-
firmation of a sample in less than 30s.
The system includes a 785-nm, 300-
mW laser excitation source with a
crossed Czerny-Turner spectrograph
and a charge-coupled device (CCD)

array detector. The system provides
a stable signal with low background
noise, which is very important when
testing materials of a similar molecular
structure such as narcotics, pharma-
ceuticals, or hazardous and explosive
mixtures because of the potential for
other components in the sample to in-
crease the background noise and ele-
vate the baseline through fluorescence
or other photon scattering effects.

The system can be customized for
specific forensic applications, but the
standard configuration contains a li-
brary of spectral information gener-
ated from more than 4500 chemicals,
toxic or hazardous materials, explo-
sives, precursors, narcotics, pharma-
ceutical drugs, and cutting agents. For
example, the hazardous or explosive
materials in the spectral library in-
clude polynitro aromatics such as trini-
trotoluene (TNT) and trinitrobenzene
(TNB); nitrate esters or nitroamines
such as RDX, Semtex, and nitroglyc-
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Figure 2: Raman spectra of three narcotics: a barbiturate (butabarbital) in red, a psychedelic
drug (3-C bromo-dragonfly) in blue, and cocaine in green.

erin; and a number of different inor-
ganic nitrates and chlorates. Examples
of Raman spectra of three explosives in
the database are displayed in Figure 1,
which shows two nitroamines (HMX
and RDX) in red and green, respec-
tively, and 2,4,6-trinitrophenylmethyl-
nitroamine (tetryl) in blue. The spectra
have been offset for clarity purposes.
A system specifically designed for
pharmaceutical and narcotics iden-
tification is available (TacticID-N,
B&W Tek) that contains nearly 1000
spectra, including Class A drugs such
as ecstasy, cocaine, methadone, and
phencyclidine (PCP); Class B drugs
like amphetamines and methylphe-
nidate (Ritalin); and Class C drugs
such as tranquilizers together with
many OTC and prescription pain-
killers. Examples of Raman spectra of
three narcotics are demonstrated in
Figure 2, which shows a barbiturate
(butabarbital) in red, a psychedelic
drug (3-C bromo-dragonfly) in blue,

and cocaine in green. Once again, all
spectra are offset for clarity purposes.

Real-World Testing Procedures

The testing procedure for real-world
samples involves either using the sup-
plied spectral libraries for reference
and identification purposes or calibrat-
ing the device using pure forms of each
of the chemical or drug compounds
to develop user-defined libraries to
test all the unknown materials under
investigation. A proprietary software
algorithm is included in the handheld
unit in which the Raman spectrum is
compared and matched with that in
the library to generate a numerical hit
quality index (HQI) value from which
the result is determined. Analyzing
samples in this way with spectral li-
braries ensures the identification of
samples based on the Raman signature
that can be related to the unique char-
acteristics of the chemical materials,
and provides a reliable testing proce-
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Figure 3: Raman spectra of pure acetaminophen in red (reference) and Tylenol, an OTC pain
medication containing acetaminophen, as the active ingredient in blue (sample), indicating a

positive match.

dure for unskilled operators required
for the unambiguous identification of
unknown materials. In routine use, the
total scan time and decision making
process takes approximately 30 s to
make an assessment of a material and
whether a match has been found. This
is exemplified in Figure 3, which shows
a Raman spectrum of pure acetamin-
ophen in red (reference) and Tylenol
(McNeil-PPC, Inc.), an OTC pain med-
ication containing acetaminophen, as
the active ingredient in blue (sample).
The spectra have been offset slightly for
clarity purposes, but it can be clearly
seen that both spectra are almost iden-
tical, indicating a positive match.
Figure 4 shows a positive match for
a sample of cocaine (blue) compared
to a reference standard (red). This
spectrum was actually supplied by a
major metropolitan law enforcement
agency in the United States, whose
police officers were using it for the
identification of street drugs.

Figure 5 shows the identification of
the explosive TNT. The Raman spec-
trum of reference TNT standard is
shown in red, and the unknown sam-
ple is shown in blue. Once again it can
be seen that both spectra are almost
identical, indicating a positive match.

If a positive identification cannot be
found because of a weak Raman signal
or high fluorescence, or there is just no
match in the spectral library, “no match”
will be displayed on the screen. Figure
6 shows a Raman spectrum for which
no reference match was found in the li-
brary. When this happens, the user can
submit the spectrum for further analy-
sis and after positive identification is
made, the library can be updated.

Final Thoughts

There will always be a need for law-
enforcement and homeland security
agencies to characterize and iden-
tify narcotics and chemicals that
have been used for illegal purposes.
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Figure 4: Raman spectra of cocaine showing a positive match for a street sample (blue)
compared to a reference spectra (red).
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Figure 5: Raman spectrum of pure TNT in red (reference) and an explosive containing TNT in
blue (sample), indicating a positive match and identification.

Whether they are drugs of abuse, per- held Raman spectroscopy is proving
formance-enhancing drugs, counter- that it is ideally suited for this task.
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Key Elements of Confocal
Raman Microscopy for High-
Resolution Imaging

The sensitivity of a high-resolution Raman imaging system is crucial
to the quality of the acquired information. The spectral and spatial
resolutions are among the primary factors that influence the
obtainable results. The limits of resolution are defined theoretically
by the laws of physics, but are experimentally determined by the
instrument parameters. In this article, the theoretical background and
the possibilities in practical applications are discussed.

Thomas Dieing, Marius Henrich, and Sonja Breuninger

onfocal Raman microscopes are

the instruments of choice for

many Raman measurements in
a wide variety of applications ranging
from geosciences (1-3), biology (4-6),
nanocarbon materials (7-9) to pharma-
ceutical compounds (10,11), just to name
a few. This article sheds light on the
possibilities and, in part, the origins in
terms of spectral and spatial resolution
for confocal Raman systems in general.

Spectral Resolution

Any confocal Raman system will have a

spectral resolution which is mainly de-

termined by the following parameters:

o the focal length of the spectrome-
ter (the longer the focal length, the
higher the spectral resolution)

o the grating (the higher the groove den-
sity, the higher the spectral resolution)

« the pixel size on the charge-coupled
device (CCD) camera (the smaller
the pixels, the higher the spectral
resolution)

« the entrance slit or pinhole (the
smaller the slit or pinhole the
higher the spectral resolution)

« the line shape preservation (equals
imaging quality) of the spectrometer.
In some cases, one of the param-

eters can put limitations on the spec-

tral resolution. If, for example, the
projection of the pinhole onto the

CCD is already large compared to the

pixel size on the CCD camera, then a

further reduction of pixel size will not

increase the spectral resolution.

Please note that the microscope
components such as the objective used
for collection of the signal should not
influence the spectral resolution if the
entrance slit or pinhole is the limit-
ing element. This is preferential with
confocal Raman microscopes.

The determination of the spectral
resolution is often a point of debate.
First, one should clearly differentiate
the spectral resolution from the sensi-
tivity of the system to detect shifts of
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individual peaks. Relative peak shifts
can be detected with a much higher
accuracy using fitting algorithms as
has been demonstrated with a sensi-
tivity down to 0.02 rel. 1/cm standard
deviation of the peak shift of a Si
peak (12). The maximum achievable
fit accuracy depends heavily on the
number of detected photons and the
width of the peak that is fitted. This
shift analysis is especially relevant for
examining stress within a sample, but
may not be taken as a measurement
for the spectral resolution.

The spectral resolution, which de-
termines how the system can measure
(that is, full width at half maximum
[FWHM] of a narrow peak or how well
overlapping peaks can be differenti-
ated), needs to be addressed separately
from the peak shift sensitivity. There
are various ways to state the spectral
resolution, and some of the most com-
mon ones are outlined below.

Pixel Resolution

The pixel resolution is the difference in

wavenumbers when moving from one

pixel on the CCD camera to the next

and is independent of factors such as

slit width or peak width of the detected

peak. This can only be seen as the true

resolution limit if the pixel size and not

the size of the entrance slit or pinhole

is the limiting factor. For example, if
the image of the slit or pinhole on the

CCD camera is 100 um in diameter
and the pixel size on the CCD camera

is 26 pm, then the resolution would be

significantly worse than the distance

(in wavenumbers) between two pixels.
Since wavenumbers are measured in

reciprocal space, it also needs to be

noted that the pixel resolution will dif-
fer depending on the spectral position

where it is determined. The resolution
close to the Rayleigh line can, in this
way, differ by almost a factor of two
from the pixel resolution near 3500 rel.
1/cm in the case of 532-nm excitation.

Two-Pixel Criterion

For this criterion two times the pixel
resolution is taken. The logic behind
this is that to discriminate two neigh-
boring peaks one needs to have one
pixel on one peak, one in the mini-
mum between the peaks, and a third
one on the next peak. This criterion
is analogous to the Nyquist theorem
in signal processing. The same limita-
tions as outlined for the pixel resolu-
tion criterion apply in this case.

Full Width at Half Maximum

of Atomic Emission Lines

Atomic emission lines are typically
much narrower than any Raman line.
Their narrow width makes them a good

probe to check the resolution. Figure 1

shows an atomic emission line of mer-
cury near 579.07 nm. The x-axis is

given in units of rel. 1/cm assuming a

532.00-nm excitation laser. The spec-
trum was recorded using a mercury
and argon calibration lamp coupled via

a 10-um core diameter multimode fiber
to a UHTS300 spectrograph (WITec

GmbH) equipped with both 1800- and

2400 grooves/mm gratings (BLZ at 500

nm) and a Newton electron multiply-
ing charge coupled device (EMCCD)

camera with a pixel size of 16 um. The

integration time was 0.1 and 0.24 s, re-
spectively, for the spectra. The FWHM
derived through this approach is a good

measure of the resolution, but care must

be taken to ensure that enough points

are available within the curve to ensure

a good fit to the curve.
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Figure 1: Spectra of the mercury atomic emission line at 579.066 nm plotted as a function of
wavenumber assuming a 532.00-nm excitation. The red line is the fitted curve (pseudo voight
function) and the blue diamonds are the measured data points for the 1800-grooves/mm grating. The
green triangles and the purple curve show the results obtained using the 2400-grooves/mm grating.

Measurement of Peak Resolution

on Known Reference Samples

There are a few samples that are es-
tablished standards to demonstrate
spectral resolution. The most promi-
nent is probably CCl,. Figure 2 shows
two spectra of this substance recorded
with different spectral resolutions. It
can clearly be seen, that the peaks are
nicely separated in the red spectrum
whereas the separation is not as clear
for the purple spectrum.

Therefore, spectral resolution can
be defined in many different ways and,
thus, it is advisable to specify exactly
how a spectral resolution was or should
be determined. Comparing actual
measurement results under identical
measurement conditions is certainly

one of the best ways to illustrate this.
It should also be noted that with few
exceptions the natural linewidths of
Raman lines are typically larger than
3 rel. 1/cm. Taking the Nyquist crite-
rion into consideration, a resolution
in the range of 1 rel. 1/cm should be
sufficient for the majority of samples.

Spatial Resolution

When considering the spatial resolu-
tion of a confocal Raman microscope
one may distinguish between the lat-
eral (x and y) resolution and the depth
resolution. However, in either case, it
is possible that the limitations arise be-
cause of one of the five following points:
« basic physics (that is, diffraction

limit)
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Figure 2: Raman spectrum of CCl, with 532-nm excitation at different spectral resolutions.

« limited positioning accuracy of the
mechanical components used

o limitations because of the optical
components used in the beam path

(that is, beam distortion)

« nondiffraction limited sample il-
lumination

« pixel resolution of the image ac-
quired.

In terms of the positioning sys-
tem, it is important to differentiate
the single step accuracy of a stepper
motor, the positioning reproducibil-
ity, and linearity. The reproducibility
and linearity are the key factors for
an imaging system since this allows a
line by line imaging. If, for example, a
straight line is imaged, then this line
will only be imaged with the accuracy
of the positioning reproducibility
even though the step size might be
much smaller. Figure 3 illustrates this
effect with Figure 3a showing insuf-
ficient positioning reproducibility and

Figure 3b showing sufficiently high
positioning reproducibility.

The necessary positioning repro-
ducibility should therefore be several
factors better than the smallest im-
aged object, or if the system should
allow the best physically possible res-
olution, several factors (that is, 10X)
better than the diffraction limit.

Using high-quality components and
positioning systems should allow im-
aging approaching the limits of physics.

Lateral Resolution

Based on the diffraction theory of Ernst
Karl Abbe, Lord Rayleigh defined the
diffraction limit in 1896. Rayleigh
thereby quantified the minimal dis-
tance at which two point light sources
can be identified. In this case, one of
the sources is located at exactly the dis-
tance of the first minimum of the Airy
function (point spread function) of the

other one. This distance (d,, ) can be
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(a) (b)

Figure 3: A straight line imaged with
(@) insufficient positioning reproducibility
and (b) sufficient positioning reproducibility.

expressed as a function of the wave-
length emitted (\) and the numerical
aperture (NA) of the objective used as:

A
NA
The equation 1.22 A/NA is often also
found in this context, but this de-
scribes the distance between the two
first minima of the Airy function
and not the diffraction limit as de-
scribed by Lord Rayleigh. Using the
definitions of the Airy function the
resolution can be easily derived by
how much the intensity between the
two emitting points has to decrease
according to the Rayleigh criterion.
Please note that the distance is dif-
ferent for other criteria of diffrac-
tion such as the Abbe criterion or the
Sparrow criterion.

To derive the resolution of a micro-
scope using either of those criteria it
would be necessary to have a variety
of very small, well scattering objects
(small compared to the size of the Airy
disk; for example individual TiO, par-
ticles) at varying distances. Following
high-resolution Raman imaging, one
would then have to analyze the signal
intensities and based on the detect-

d,, = 0.61 1
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able distances between the spots one
would have to derive the resolution.

An easier way to determine the lat-
eral resolution power of a system uses
the FWHM of small objects. Based
on the Airy function the relation be-
tween the FWHM of the light emit-
ted from an object and the diffraction
limited distance () is

~ - A [2]
FWHM ~0.85d,, = 0.51

Because the measured signal is always
a convolution between the object size,
the emission characteristics, and the
system function, the objects mea-
sured in such experiments also have
to be small compared to the Airy disk.
Mathematically speaking, the object’s
size should approach a delta function
for the convolution. Such small ob-
jects naturally have only limited ma-
terial which scatters and thus one may
expect small Raman signals emitted
by them. Carbon nanotubes (CNTs)
on the contrary show a large Raman
signal while being very small in diam-
eter (typically ranging from subnano-
meter to a few nanometer range) and
comparatively long (up to a few mi-
crometers typically). These samples
are thus the ideal probes to check the
lateral resolution of a confocal Raman
microscope. For a 532 nm excitation
laser and an objective with an numer-
ical aperture (NA) of 0.9 one should
therefore be able to obtain a FWHM
across CNTs of about 301 nm.
Figure 4a shows the integrated
intensity of the G-band on a sample
of CNTs on a Si substrate. The scan
range was 1.5 um X 1.5 pm with 50
X 50 points and an integration time
of 23 ms per point was used. An al-
pha300R system (WITec GmbH) was
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Figure 4: Integrated intensity of the G-band of a carbon nanotube with (a) the cross section
position marked in red and (b) the cross-sectional intensity along this line. The lateral
resolution of the microscope system can be characterized by the FWHM and is about 272 nm.

used for the measurement in com-
bination with a fiber-coupled, fre-
quency-doubled Nd:YAG laser (532
nm emission), a Zeiss 100X NA 0.9
objective, and a 50-um multimode
fiber acting as the pinhole for confo-
cal microscopy. For this microscope
and objective this corresponds to a
projected pinhole size of 500 nm in
the focal plane. The spectrometer
used was a UHTS300 (WITec GmbH)
with a 600-grooves/mm grating (BLZ
at 500 nm) combined with a back-il-
luminated CCD camera.

The red line in Figure 4a indi-
cates where the cross section shown
in Figure 4b was extracted from. It
can clearly be seen that the FWHM
is even narrower than the predicted
minimum.

The theory of confocal microscopy
(for example, see reference 13) shows
that the achievable resolution can fur-
ther be decreased by a maximum of
1/A/2. In confocal Raman microscopy
this fact is rarely used to its limit, be-
cause it requires a strong reduction of
the pinhole diameter, which in turn
reduces the throughput.

Depth Resolution

Depth resolution is the best proof of
the confocality of a system. The in-
strument design has a key influence
on the achievable resolution, but the
pinhole or slit as well as the way the
sample is illuminated also play a
crucial role for the depth resolution.
Therefore, these points are outlined
below before the physical limit of the
depth resolution is discussed.

Pinhole or Slit

The pinhole plays a crucial role for
the depth resolution in confocal mi-
croscopy. However, the physical size
of the pinhole (Pphysiml) cannot easily
be compared between different instru-
ments. In image generation using two
simple lenses, the focal length of both
lenses contributes to the ratio between
the object and the image size. This of
course also holds true for a microscope.
Here, we have the magnification of the
objective (MObjecme), which is calcu-
lated for a certain focal length of the
tube or telan lens (f7,,, opjecrive)- This
focal length ranges for commercial
microscopes from 164.5 mm for Zeiss
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Figure 5: The light collected from an out of focus emitter through the projected pinhole and
thus the physical pinhole for the case of (a) a small pinhole and (b) a large pinhole or slit.

objectives up to 200 mm for Leica or
Nikon objectives. The magnification
printed on the objective is only correct
if the objective is designed for the tube
focal length of the microscope. To have
a comparable value for the pinhole size
one should therefore calculate the pro-

jected pinhole size (Ppmj) as follows:
p _ Pphysical _ Pphysical
proj B
Meﬁ fTube, Objective
Objective f

Tube, real
(3]
The same calculation also applies if a
slit is used as a pinhole. For the fol-
lowing considerations, we will use the
projected pinhole instead of the physi-
cal pinhole size.

The influence of the projected
pinhole size is illustrated in Figure 5.
Here, a point illumination of a small
area with an objective with a relatively
high NA value is assumed. The col-
lection diameter of the objective is
assumed to be larger than the area

shown and, thus, this is assumed not
to be the limiting factor here.

If the sample is transparent enough,
the light will propagate further
through the sample beyond the focal
plane as shown by the illumination
cone in Figure 5. This light can ex-
cite out-of-focus molecules, which
can then emit light (Rayleigh, fluo-
rescence, Raman, and so on) in turn.
This emission is isotropic, so part of
the light will find its way through the
position of the projected pinhole in
the focal plane and, thus, also through
the physical pinhole. When compar-
ing Figures 5a and 5b, it is apparent
that a large pinhole allows a much
higher amount of out of focus light to
be detected. Therefore, a larger pin-
hole as well as a slit can never achieve
the same suppression of out of focus
light compared to a small pinhole.

Sample Illumination
In the last section it was shown that
part of the emission from out-of-focus
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Figure 6: Relative laser power density as a function of distance from the focal plane.

material will always pass through the
pinhole and that the contribution of
this emission to the detected signal
is highly dependent on the pinhole
size. The intensity of the excitation
light at such an out-of-focus position
is, in addition, directly proportional
to the emitted light. This intensity
is decreasing with an increasing
distance of the point from the focal
plane. The strength of this decrease,
however, is heavily dependent on the
way the sample is illuminated and
can best be compared by taking the
power density (power or area) into
consideration. Given a fixed illumi-
nation power, one can simply take the
increase in the illuminated area as a
function of depth into consideration.
The numerical aperture of the objec-
tive is essential in this consideration.
The higher the numerical aperture,
the faster the increase of the area as a
function of depth and, thus, the faster
the decrease of the power density as

a function of depth. In addition to
the numerical aperture, the way the
sample is illuminated plays a key role.
Global illumination shows the small-
est decrease as a function of depth.
Line illumination shows a faster de-
crease and point illumination gives
the fastest decrease of the laser power
density as a function of depth (see
Figure 6). For the example shown, a
point focus of 0.5 um diameter, a line
focus of 1 pm X 100 pum, and a global
illumination of 100 um diameter was
used. The NA value used for the cal-
culations was 0.9. For this approxi-
mation, a truncated cone was used as
the geometry of the point and global
illumination and a truncated pyramid
were used for the line illumination.

Real-world samples have additional
absorption of the laser power as a
function of depth, but this would af-
fect all three curves similarly.

Thus, when comparing point il-
lumination with a confocal pinhole
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Figure 7: Graphene is suspended over holes in Si to determine the depth resolution. The red

line displays the measuring position.

and line illumination with a slit, it is
apparent that more light of the out-
of-focus emitters passes through the
pinhole (see Figure 5) and, in addi-
tion, the power density in these out
of focus planes is significantly higher
(in the example shown in Figure 6 it
is a factor of ~16 at a 1000-nm depth).
The depth resolution achievable with
line or global illumination cannot
achieve the same values as point il-
lumination. All of the following con-
siderations are therefore calculated
and measured for a point illumina-
tion and a circular pinhole.

Theory and Measurement

of Depth Resolution

For the prediction of the possible depth
resolution in confocal Raman micros-
copy one commonly uses the theory ap-
plicable for small numerical apertures
(for example see reference 13). This
theory predicts a minimal achievable
FWHM in the z-direction (at minimal

pinhole diameter) of about 940 nm for
a 532-nm laser and a 0.9-NA objective.

To probe this depth resolution one
can perform a depth scan on silicon (Si),
which shows a very small penetration
depth for 532-nm excitation, is available
in virtually every laboratory, and has a
strong Raman signal. Following the dis-
cussion outlined for the lateral resolu-
tion, however, a very thin sample would
be ideal. Graphene or ultrathin graphite
(that is, 5-10 atomic layers) suspended
over holes in Si is an ideal sample to il-
lustrate this (see Figure 7 for a schematic
of the sample). Similar to the CNTs for
the lateral resolution, graphene has a
very strong Raman signal and can act
as an approximation for a delta function
for the convolution of the sample geom-
etry with the system function.

Figure 8a shows a depth profile of
the integrated intensity of the first
order Si peak (red) and the integrated
intensity of the peak near 1600 rel. 1/
cm recorded on suspended ultrathin
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Figure 8: (a) Depth profile on suspended ultrathin graphite and Si. (b) A single spectrum on
suspended ultrathin graphite (integration time 2 s).

graphite. The system used was an al-
pha300R microscope (WITec GmbH)
with a 100X NA 0.9 Zeiss objective,
a 10-pm pinhole (100 nm projected
pinhole diameter), and a UHTS300
spectrometer (WITec GmbH). The

integration time per point was 2 s and
the step width was 50 nm. The z-posi-
tion was set by an interferrometrically
calibrated piezoelectric positioning
table. The depth profiles in Figure 8a
are offset for clarity. Figure 8b shows
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the spectrum of the ultrathin graphite
in focus with a 2-s integration time.
A close comparison of the depth
profile of Si with the one collected
from ultrathin graphite shows that
the rising part of the curve (negative
z-position values; above the sample
surface) are virtually identical. The
falling half (positive z-position val-
ues; below the sample surface) shows
a broadening for the Si curve. This
broadening is because of the penetra-
tion of the laser into Si. This penetra-
tion depth is small for a green laser
and Si, but would be considerably
more for a near-IR laser and, thus, the
curve of Si would be further distorted
on the falling half. For excitation using
a green laser source this comparison
shows, however, that the commonly
available Si can be used as a very good
probe to obtain information on the
depth resolution of a system.
Comparing these results to the
theory for low numerical apertures
illustrates that it cannot be valid for
high numerical apertures. Converting
this theory to match the high numeri-
cal aperture case is not trivial, but an
approximation can be given following
the work by Mack (14). Based on this,
the ratio between the low numerical
aperture and the high numerical ap-
erture results can be calculated as

4 sin? (Q>
low NA result _ 2
high NA result sin%(@)

[4]

where O is half of the opening angle
of the objective. For an NA value of
0.9 this results in a correction factor
of 1.38. Thus, the best depth resolu-
tion achievable according to this ap-
proximation should be about 682 nm.

The work by Wilhelm and col-
leagues (15) for confocal laser scan-
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ning microscopy can also be followed
for this purpose. From this we find
an axial optical resolution dependent
on the projected pinhole size. For pro-
jected pinhole sizes larger than one
“Airy unit” (1.22*N\/NA) the following
equation applies:

088, \ [2-n-p Y
FWHMExla/ = ( 35 +
[n —/n* = NA?) NA

(5]

where N, refers to the emitted
wavelength. Using the experimental
parameters shown above with \__
= 580.7 nm, this results in an axial
FWHM of 920 nm. It should be noted
however, that the projected pinhole
size is significantly smaller than the
Airy unit in the presented data. For
this case, the work by Wilhelm (15)
suggests a different equation as fol-
lows:

0.64 -\ P TS
FWHM,,.., = ( — with\ =12

n —n> — NA?) NUSE b T

[6]

With this, the calculated result is
about 630 nm FWHM.

These theories do not result in the
same axial resolution, which clearly
indicates that there are some incon-
sistencies in the calculations (that is,
between equations 4 and 6). It can
however, clearly be seen both from
the theories as well as experimentally,
that FWHMs well below 1 pum are
possible and can be expected from
confocal Raman microscopes.

Summary

Confocal Raman microscopes allow
the measurement of nanometer-size
objects and, using such objects, the
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spatial resolution of the systems
can be easily determined. The ex-
perimental results that are routinely
achieved are very close to the theo-
retical predictions. The spectral
resolution needs to be clearly de-
fined and standard samples or light
sources are best used to determine
this. A reliable comparison should
ideally duplicate all relevant pa-
rameters and, for example, require
all resolution measurements to be
performed using the same projected
pinhole size.
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