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Flexibility and Speed: MicroRaman Spectroscopy
Collaborates With Light, Electron, and Scanning
Probe Microscopy to Open New Analytical Vistas
Over the past 20 years, microRaman spectroscopy has
emerged as an important analytical technique, offering
superior chemical specificity and spatial resolution. Its
adoption, however, faced many challenges. While point
measurements were gaining acceptance, gathering an XY
Raman map was slow, and the longer wavelengths necessary for Raman excitation significantly reduced the spatial
resolution in the resulting image. Additionally, there
were few interfaces to conventional microscopy equipment, and both microscopists and spectroscopists suffered
from the “unfamiliarity factor.” While scanning electron microscopy (SEM) practitioners frequently conduct
elemental analyses, as a group, microscopists are not wellversed in the more complex tenets of molecular analysis.
Conversely, spectroscopists who are accustomed to wiggly lines or spikes emerging on paper from black boxes
often feel at sea when it comes to integrating microscopy beyond a simple, single objective. New technologies have met all of these challenges, as evidenced by the
dramatic proliferation of both integrated micro-FTIR and
microRaman systems, which graced the floor of the recent
Microscopy & Microanalysis Meeting (August 3–7, 2008,
Albuquerque, NM).
The StreamLine Plus™ (Renishaw, Wotton-Under-Edge,
U.K.), shown on the Renishaw InVia microscope in Figure
1, is the latest generation of microRaman imaging systems. A
built-for-purpose spectral imaging spectrometer, it provides
modular and upgradeable flexibility in imaging configuration, sampling modalities, and spectral resolution choices.
Highlights of the new design include large area imaging
combined with increased spatial and spectral resolution,
laser excitation parameters tailored to suit an expanding
base of applications, and imaging speeds more typical of conventional FTIR or confocal laser scanning. StreamLine Plus
is an important catalyst in the expansion of microRaman
imaging from traditional materials and forensic applications
into pharmaceuticals, semiconductors, and biological analyses, and from traditional light/confocal imaging to other
microscopy modalities including scanning probe microscopy
(SPM) and SEM.

Raman + microscopy: logical analytical
partners
In simple terms, molecular bonds can be thought of as
springs that enable the vibration of the atoms along the
molecular bond. When a sample is illuminated by monochromatic light of an appropriate wavelength, the pho-

Figure 1

InVia MicroRaman system, configured for light microscopy.

tons in that light can be absorbed by the electrons in
the bonds, promoting them to a higher energy state. The
natural tendency would then be for the electron to relax
to a lower energy state, releasing a photon of less energy
and, therefore, longer wavelength than the excitation
photon. This is an example of Stokes’ fluorescence emission. If instead of being absorbed the photon interacts
with the electrons of the molecular bond and is scattered, there is a small probability of an exchange of energy
between the molecule and the photon. If the photon loses
energy and the molecule gains energy in one of the vibrations, it is called Stokes Raman scattering. If the photon
gains energy through the loss of vibrational energy of the
molecule, it is called anti-Stokes Raman scattering. The
Raman scattered light can be detected and displayed as
peaks on a spectrum, producing a chemical fingerprint of
the sample. As shown in Table 1, the deviation from the
incident light is called the Raman shift and is affected by
chemical composition, crystal orientation, degree of crystallinity, and strain.
Combining an imaging system with microRaman such as
the InVia microscope gives eyes to chemistry: irrespective of the microscopy used, the imaging component provides the exact location and context of the source of the
chemical information. The result is a rapid elucidation of
the structure:function relationship that has a very positive impact on both research projects and production. This
particular configuration, shown in Figure 1, is built around
a light microscope, providing all of the benefits of optical imaging. However, later sections in this article discuss
similar setups built around SEMs, SPMs, and atomic force
microscopes (AFMs).

Table 1

Guide to Raman functionality

Raman peak
Characteristic Raman frequencies

Information provided
Composition and identification
of materials

Examples
Differentiation between MoS2 or MoO2,
cancerous vs noncancerous tissue

Upfield or downfield shifts of
Raman peak

Stress/strain state

Ex.: Si, 10 cm–1 shift per % strain

Parallel vs crossed polarization of
Crystal symmetry and
Raman peak
orientation
		

Orientation of crystals in diamond film,
healthy tooth enamel vs caries
(tooth decay)

Width of Raman peak

Quality of crystallinity

Amount of plastic deformation of crystal

Intensity (height) of Raman peak

Amount of material present

Thickness of transparent coating

Expanding the functionality of microscopy
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Traditionally, there has been a tradeoff in microscopy
between the available spatial resolution and field of view.
This tradeoff becomes a serious limitation as investigations
move from the research laboratory into a production or
commercial environment that requires data collection from
larger areas to provide realistic sampling of parameters such
as particle distribution, multilayer film structures, or physical
properties like strain or electrical field distribution.
The Renishaw operating system, WiRE (Windows ® for
Raman Environment), eliminates the traditional tradeoff
between spatial resolution and field of view. Users can now
select any resolution from submicron to millimeters. For
instance, under WiRE’s electronic interface, a conventional
20× objective can produce spatial resolution from 3 µm to
150 µm or greater. Secondly, sample size is not limited to the
microscope’s field of view. As the stage scans, WiRE seamlessly presents an image that is limited only by the stage scan
area. The combination offers the best of both worlds: large
sample area from the stage and high spatial resolution of a
high-magnification/high-numerical-aperture objective.
The expanded analytical capabilities presented by the
microscopy/s pectroscopy collaboration also place new
demands for flexibility on the system as a whole. The Renishaw line has intentionally been engineered to be modular,
providing a strong evolutionary path as the instrumentation
is used either for more elaborate experiments by a single user
or for a broader range of experiments by a multiuser group.
For example, there are ports for additional lasers, notch filters
can be readily exchanged to optimize the collection of the
spectrum, and different detectors can be added to expand the
collection system from just Raman to fluorescence, cathodoluminescence, or FTIR spectroscopy. Motorized optics facilitate
switching from conventional viewing to spectral acquisition
mode or nonconfocal mode to confocal mode for higher spatial resolution or measurement at discrete depths. Finally,
the spectrometer can be interfaced with a variety of imaging
modalities, from conventional light microscopes in either
upright or inverted configuration, to AFMs, to SEMs configured with or without elemental analysis. The balance of this
paper will discuss applications of these various modes.
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Figure 2
MicroRaman images of two delicate carbon-based structures. a) Polymer film, b) tooth, c) Raman spectrum of the tooth.

Raman + light microscopy: Where’s the
boundary?
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Two major questions faced by many analysts, either microscopists or spectroscopists, are “Where is the boundary or
interface?” and “How thick/deep is it?” As seen in Figure 2,
the answers are now readily available. In Figure 2a, Raman
provides a contrast technique for elucidating the locations
of the various layers of a film comprised of polymethyl methacrylate (PMMA, red), epoxy (green), and polystyrene
(blue). Once the layers are located, each can be measured by
calibrating the image analysis system in the microscope and
laying a cursor line across the structure of interest. This measurement could not be done without the handshake between
microscopy and spectroscopy.
In Figure 2b, a whole tooth, measuring approximately 9 mm
× 15 mm, was imaged using a dry 20×/0.4NA Nplan objective from Leica (Bannockburn, IL).1 Over 84,000 spectra
were collected using a 150-mW/785-nm laser for excitation.
As seen in the detailed spectrum in Figure 2c, the hydroxyapatite that forms the hard, crystalline enamel (shown in
green in the image) generates a specific set of bands affiliated with the symmetrical stretch around the phosphorus–
oxygen bond, while a more delicate set of Raman bands
represent the collagen associated with the softer dentine
(shown in blue). A cavity is seen in red on the upper surface
of the enamel. More detailed analysis using parallel polarized
Raman versus crossed polarized Raman provided the details
of just how the cavity formed, revealing a loss in crystallinity
compared to the healthy enamel. That area, as well as the
cementoenamel junction (CEJ) located at the boundary of
the enamel (which protects the upper part of the tooth) and
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Figure 4
Higher resolution and smaller area can lead to false information. a) Whole tablet, 18 mm × 7 mm, scanned in 4 min using 20×
objective, 150 µm resolution; b) closeup, 20× objective, 3 µm spatial
resolution; c) fine detail, 100× objective, 0.5 µm spatial resolution.

the cementum (which covers the root), fluoresces, producing the red demarcation bands.
These examples illuminate two other issues. First, both
the polymer film and the tooth contain delicate carbonbased or biomaterials that, under point scanning, would
be damaged. The StreamLine Plus in laser line-scanning
mode enables use of the high-power laser to generate a
clear image but produces lower laser energy density at
the sample itself, minimizing or eliminating damage.
Secondly, analysts new to spectroscopy need not feel
overwhelmed by spectral interpretation. StreamLine Plus
can be ordered with an extensive library of known materials and, with its increased speed, it is easy to collect spectra of unknown materials from around the laboratory or
production facility that act as sources of contamination.

Particle and domain sizing and distribution
analysis

Figure 3
Streamline Plus microRaman image of 18 mm × 7 mm
pharmaceutical tablets from two different batches. Red = caffeine, green
= aspirin, blue = paracetamol; 20×/0.4NA Nplan objective. (Image
courtesy of Renishaw.)

Two tablets from two different batches exhibited very different dissolution properties. The most logical question
is: “Are the coatings different?” When analysis indicated
that they were the same, the tablets were sectioned and
observed in bulk. These particular tablets are 18 mm × 7
mm. The sample was illuminated with a 150-mW/785-nm
laser and imaged at a spatial resolution of 30 µm using the
20×/0.4NA objective described above. More than 82,000
spectra were collected on each tablet. StreamLine Plus was
set to use a line scan rather than point scan, dropping the
collection time from >24 hr to 38 min. As seen in Figure 3,
the difference in dissolution was clearly due to differences
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Figure 5
Analysis of a suspicious material. a) Low-magnification SEM image of substance showing two distinct crystal types (cubic and trigonal); b) EDS
spectra from each of the crystals; c) Raman spectra, revealing a mixture of sucrose and weed killer often used in homemade explosives.

in distribution, concentration, and domain size of the aspirin (green).
As shown in Figure 4, a higher-resolution scan of the same
area would have revealed very misleading information.
Very much like the five blind men of mythology trying to
describe an elephant, each view only reports on a specific
feature. In comparison, the large area view accurately
portrays both the heterogeneity in distribution and the
unique domain formation of each component. Large area
analysis such as this is especially valuable in characterizing alloys, and understanding the growth mechanism
in diamond film; induced stress in germanium-doped silicon in the semiconductor industry; and the difference
between noncancerous, precancerous, and cancerous
areas in biological tissue.

Raman + SPM: Moving Raman into the
nanoworld
Over the past 3–4 years, Renishaw spectrometers have
been interfaced with atomic force microscopes from a
number of companies including Veeco (Woodbury, NY);
Park Systems (Santa Clara, CA); Nanonics (Tel Aviv,
Israel); and NT-MDT (Zelenograd, Russia), moving
Raman spectroscopy into the high spatial resolution of
the nanoworld. In particular, the NT-MDT system is now
fully integrated, offering complete system control from a
single computer, simultaneous Raman and AFM imaging
and image overlay, and direct optical coupling instead of
fiber optic interfaces, improving signal collection and significantly reducing Raman measurement time. In answer
to the low signal strength from such a small area, a variety of these AFM vendors now provide special tips for
tip-enhanced Raman scattering (TERS), which boosts
the Raman signal by a factor of 1000–1,000,000 fold.
AFM/Raman is now used routinely in a wide variety of
applications ranging from imaging and measuring carbon
nanotubes, DNA, and collagen fibers; characterizing the
topography of diamond and graphite-diamond films; and
elucidating the effects of stress during nanoindentation as
well as induced strain in germanium–silicon substrates.

Raman + SEM: Marrying greater 3-D and
resolution with elemental and molecular
analysis
The Renishaw Structural and Chemical Analyzer (SCA)
represents the ultimate in the microscopy/spectroscopy
handshake and is most likely the tool with which most
microscopists will feel at home. In its conventional configuration, SCA offers morphology and mean height data from
the SEM, elemental composition from energy-dispersive
spectroscopy (EDS), and chemical composition and identification, crystallographic and mechanical data, and thickness from the Raman scattering. It is also available with
cathodoluminescence and photoluminescence spectroscopy
for electronic and physical structure studies. SEM-SCA
can conduct point analyses on areas approximately 2 µm in
diameter, with a resolution on the order of the EDS.
Several arrangements are available. In the simplest case,
the EDS, SEM, and spectrometer each runs under its own
interface. The SEM-SCA displays the image and controls
illumination, allowing easy switching between the imaging
mode and the Raman measurement mode.
Alternatively, the system is available as a variation on the
InVia shown earlier, providing a full imaging/spectroscopy
system under one hood. In this case, software and an additional display allow the inVia PC to be shared with the SEM
and EDS PC. There are three displays: one each for the
SEM, EDS, and Raman, with a simple mouse click navigating from one to the other. In still a different configuration,
the spectrometer and SCA software can be loaded on the
EDS PC, running the EDS, SCA, and spectrometer from a
single display.
The SCA has its own vacuum sensor and will retract when it
detects low vacuum, preventing insertion of the probe when
the chamber is vented. Depending on the type of SEM, stages
are available to manage large and heavy samples or to move
in 5 axes (x, y, z, tilt, rotate), permitting the investigation
of complex topographies. Because SCA is highly automated,
SEM operators can be trained quickly to use the system.

Figure 5 illustrates a typical analysis. In this instance,
a low-m agnification SEM image (Figure 5a) revealed
the presence of the largely dominant cubic crystal and a
smaller population of trigonal crystals. EDS (Figure 5b)
revealed the presence of sodium, chlorine, and oxygen
in the cubic crystal, but a predominance of carbon in the
trigonal one. Collecting the Raman spectra (Figure 5c),
then cross-referencing to a library of known substances,
revealed that the trigonal material was sucrose and the
cubic material was sodium chlorate, a combination often
used in homemade explosives.
This approach has been used successfully in widely ranging
applications from the analysis of particles and contamination on wafers and devices and characterization of blends
and mixtures in polymer science, to the study of biomaterials and self-assembling nanostructures. Specific examples
include the corrosion and oxidation studies of ancient artifacts,2 detection of flame retardants,3 and characterization of
single-walled carbon nanotubes.4

Microscopy + Raman spectroscopy: A collision
with beneficial fallout for all areas of research
and analysis
In summary, the new speed of microRaman imaging coupled
with its specificity is knocking down many of the old analytical barriers. Today’s integrated and interfaced systems provide a flexibility and modularity that open the door for entrylevel systems that can grow as the needs of the laboratory
grow; new functionalities such as line scanning enable the
large area scanning, higher signal, and minimized beam damage so important for forensics, process evaluation, and pro-

duction support. The long-awaited convergence of imaging
and chemical identification has happened, not only with the
gentle merging of technologies, but with a resounding collision that opens new opportunities for microscopists and spectroscopists alike. Further details on various configurations as
well as details of a wide variety of applications are available at
www.Renishaw.com/raman.
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Speeding up Raman imaging
Traditionally, Raman systems collected data sequentially: opening the detector shutter, collecting the scattered light, closing the shutter, reading the data, then moving the sample, repeating the process thousands of times to collect an XY Raman
image.
StreamLine Plus is a unique integration of advanced optics, software, and electronics. As shown in Figure 1, at the core is
the InVia microscope, built around a Leica research-grade microscope fitted with a scanning stage under management by the
proprietary Renishaw MSC10 controller and connected to a Renishaw Raman spectrometer. For greater flexibility and multiuser laboratories, the spectrometer can be fitted with a user-determined selection of lasers, wavelength selection filters, and
spectral modalities. Data are collected via a redesigned high-sensitivity, ultralow-noise charge-coupled device (CCD) camera
(RenCam USB CCD detector with on-board sequence engine). WiRE 3.0 controls both imaging and spectral acquisition.
In comparison to the traditional method described above, StreamLine Plus opens the shutter at the start of the experiment
and then, continuously and in parallel, scans the sample, collects the signal, and reads out the data throughout the balance
of the experiment, finally closing the shutter at the conclusion of the experiment. The key to StreamLine’s speed is synchronization between the stage scan and the parallel data acquisition at the CCD, reducing dead time between sequential data
points to zero. In addition, the system can operate with the laser focused to a line versus the traditional point scan method
more commonly used in confocal microscopy. Line scanning speeds the process by essentially multiplexing the illumination,
permitting much higher laser powers while actually reducing the laser energy density at the sample by a factor of 10–100 fold.
Lower density at the sample reduces or eliminates beam damage to the sample. Finally, integrated chemometric data processing and image building conducted during the acquisition of the live image provides feedback only moments after the image
has been collected. The result is high-quality data, even from large areas, at very fast acquisition speeds.

