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Front cover: images from a workflow from X-ray microscopy 
(bulk inspection) to light microscopy (discovering an inclusion/
particle) to electron microscopy (high-resolution image of the par-
ticle). Bottom right: complete additive manufactured part, non-
destructively analysed with X-ray microscopy to check the sever
ity of defects in general, then discovering a specific inclusion/
particle with light microscopy (background image) and subsequent 
high-resolution imaging of the particle using electron microscopy 
for root cause determination (bottom left).
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INTRODUCTION
	 Correlative microscopy is not a single technique but a varied 
collection of techniques that share a common approach. By apply-
ing several different microscopy techniques to a single sample, 
scientists can study it at a much broader range of magnifications 
than is possible with a single technique. This allows them to con-
duct an initial low-magnification inspection of a sample to identify 
specific regions of interest (ROIs), which they can then zoom in on 
for a more detailed analysis, saving time and expense. There are 
other important advantages as well. Correlative microscopy allows 
scientists to study a greater diversity of samples, as some micros
copy techniques work better with some materials than others, and 
to generate a much greater range of information about those sam-
ples at various different scales.
	 Combinations of light microscopy and electron microscopy 
are the most common form of correlative microscopy in use today. 
But researchers are increasingly designing correlative microscopy 
workflows that combine a greater number and variety of micros-
copy techniques, including X-ray microscopy, atomic force 
microscopy (AFM) and helium ion microscopy (HIM). These 
techniques are being combined to produce two-dimensional (2D) 
and three-dimensional (3D) images of a sample; by monitoring 
how samples change over time they are even producing four-
dimensional (4D) images.
	 The demand for an ever-greater variety of correlative 
microscopy is being driven by the increasing range of materials 
that scientists want to study, and by the growing need to under-
stand how the properties of those materials vary at different scales. 
While correlative microscopy was first applied to the study of  
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biological materials, scientists are now finding ways to apply it to 
a whole host of non-biological materials. These include geological 
materials, advanced alloys and nanomaterials such as graphene, as 
well as the advanced materials used in devices such as light-
emitting diodes (LEDs), thin-film solar cells and batteries.
	 Microscope manufacturers are responding to this demand by 
developing ways to make correlative microscopy a more seamless 
and automated process. This includes developing software for com-
bining the images, data and information generated by different 
microscopy techniques, advanced methods for identifying identi-
cal regions in images taken at different magnifications, and sys-
tems that physically combine different microscopy instruments 
(see Figure 1 on page 7).
	 This EKB offers an introduction to correlative microscopy. It 
begins by describing the different techniques that are commonly 
combined in correlative microscopy workflows, and outlines 
what specific benefits these different combinations provide. This 
is followed by a description of the combinations scientists tend to 
employ for studying different materials, with a specific focus on 
non-biological materials. There are also several case studies detail-
ing specific examples of how scientists have applied correlative 
microscopy and what it has allowed them to discover.
	 The EKB also discusses the not-inconsiderable challenges of 
combining different microscopy techniques that work in differ-
ent ways, require the sample to be treated in different ways and 
produce images at widely differing magnifications and resolu-
tions. It finishes by highlighting some of the latest developments, 
including increasing automation and the introduction of super-
resolution microscopy.
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HISTORY AND BACKGROUND
	 Correlative microscopy can be used to study an incredibly 
wide array of samples, from biological cells to multi-component 
technologies such as solar panels and lithium-ion batteries. Com-
bining different microscopy techniques not only provides multi-
scale insight (by allowing scientists to zoom in on a ROI) but also 
gives different types of complementary analytical information to 
maximize a study’s usefulness. There are many cases where low mag-
nification is required to survey large regions of a sample, for example 
to locate material defects, but high magnification is then required to 
obtain detailed structural information on those defects. Correlative 
microscopy allows researchers to meet both requirements.
	 This process is often assisted by the fact that light microscopy 
can produce color images of a sample, whereas high-magnification 
techniques such as electron microscopy can usually only produce 
black and white images. This means that ROIs that show up as specific 
colors, such as metal deposits, can be easily found in light microscopy 
images for more detailed study by electron microscopy, whereas they 
would be almost impossible to locate in electron microscopy images.
	 The ability to survey a material at low magnification in order 
to identify specific ROIs for study at higher magnifications offers 
several ancillary benefits. It allows scientists to use their microscopes 
more efficiently, both by locating ROIs faster at low magnification, 
thereby increasing analytical throughput, and by restricting the use 
of slower, more expensive, microscopy instruments to these identi-
fied ROIs. It also means that scientists aren’t limited to the micro-
scopes available in their own laboratory; samples can be transferred 
to another laboratory for study by different microscopes to reveal 
additional information.
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	 Although scientists have long studied samples with different 
forms of microscopy, correlative microscopy as a discipline really 
began with the combination of light microscopy and electron micros
copy to produce correlative light and electron microscopy (CLEM) 
(Figure 1). Commonly used in both life and material sciences, CLEM 
uses a light microscope to conduct a broad sweep of a sample, identify-
ing ROIs that can then be studied in more detail with electron micros-
copy techniques such as scanning electron microscopy (SEM), focused 
ion beam (FIB)-SEM and transmission electron microscopy (TEM). 
	 Correlative microscopy has since expanded to encompass many 
different microscopy techniques, covering a wide range of magnifica-
tions. Studies tend to begin with light microscopy, which has a maxi-
mum resolution of around 250nm. X-ray microscopy is the next step 
down: X-rays have shorter wavelengths than visible light and so X-ray 
microscopes can provide resolutions between those of light and 

LM EM

Figure 1. Correlative microscopy combines microscopy techniques, for example light 
microscopy (LM) and electron microscopy (EM) to obtain maximal information about 
a sample. The top image shows a ZEISS flat samples holder for correlative microscopy
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electron microscopes, with the latest instruments able to achieve res-
olutions of up to 50nm. Furthermore, because X-rays penetrate most 
materials, performing X-ray microscopy on the same sample from 
various different angles allows researchers to build up 3D images of 
the sample. Known as X-ray computed tomography (CT), this process 
has a lower resolution than standard X-ray microscopy, able to 
achieve a maximum resolution of around 3.5µm. Furthermore, the 
achievable resolution tends to vary with the size of the sample.
	 TEM works by sending a beam of electrons straight through 
an ultra-thin sample section to a detector on the other side, with 
interactions between the electrons and the sample section generat-
ing the image. Because electrons have very short wavelengths, 
TEM can produce images at atomic-scale resolutions, able to show 
carbon atoms in diamond, for example. 
	 SEM, on the other hand, scans an electron beam over a sample 
surface to generate secondary and backscattered electrons; these 
electrons can not only produce an image with a nanoscale resolu-
tion but can also reveal other information about the sample sur-
face. Secondary electrons are released when the beam interacts with 
weakly-bonded electrons at the sample surface, and can reveal 
information about the topography (shape) and electrical properties 
of the sample. Backscattered electrons are electrons that have been 
reflected directly back from the sample. They tend to come from 
slightly deeper regions than secondary electrons and can reveal 
information about a sample’s elemental make-up, because differ-
ent atoms backscatter electrons to different extents.
	 Although SEM has a lower resolution than TEM, it does have 
several advantages. For instance, because it works by scanning an 
electron beam over a surface, it can analyze bulk samples, rather 
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than the thin sections required for TEM, and it also has a greater 
depth of view. 
	 In addition to revealing information about a sample’s topol
ogy and elemental make-up, the release of secondary electrons 
leaves behind positively charged ‘holes’ in the inner shells of 
atoms at the sample surface. As these holes fill with electrons from 
the outer shells, the difference in energy between the two shells is 
released in the form of an X-ray. Because the energies of these X-rays 
differ for different atoms, they can be used to determine the identity 
of the atom, in a technique known as energy-dispersive X-ray spec-
troscopy (EDS). Furthermore, the electron beam can also stimulate 
certain materials to emit light, in a process known as cathodo
luminescence (CL). This can reveal information on the electronic 
structure of a sample and is particularly useful for determining the 
age of geological materials. All modern SEM instruments possess 
the detectors required for EDS and CL.
	 Many correlative techniques also make use of FIB-SEM, in 
which FIB and SEM are combined in a single system. FIB works in 
a similar way to SEM, but uses a beam of positively charged ions 
instead of negative electrons. This ion beam, which is usually pro-
duced by a liquid metal ion source such as gallium, can be used both 
to modify a sample and to analyze it. In an FIB-SEM system, the 
two instruments, which can be used simultaneously, are arranged 
so that the focal points of the electron and ion beam coincide.
	 At high ion doses, the FIB can dislodge atoms from the sur-
face of a sample by sputtering, allowing it to modify or mill the 
sample. The FIB can also generate secondary electrons and ions, 
which can be used to produce images and provide information. 
For example, the secondary ions can be detected and identified by 
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secondary ion mass spectrometry (SIMS), revealing direct infor-
mation about a sample’s chemical composition. SIMS is more sen-
sitive than EDS, able to detect chemical species at parts per mil-
lion concentrations.
	 Using FIB-SEM in correlative studies allows researchers to 
look beneath a sample’s surface. Once an ROI has been identified, 
the FIB can carve away successive layers of a sample while the 
SEM produces images of each newly uncovered surface. These 
images can then be combined to produce a 3D image of the ROI, 
in a process known as FIB-SEM tomography (Figure 2). FIB can 
also produce the thin sample sections required for TEM.
	 In some specialized cases, light microscopy can also be 
combined with HIM, which images samples with a beam of 
helium ions. The lighter helium ions do not penetrate as deeply 
into samples as the liquid metal ions used in FIB-SEM, produc-
ing secondary electrons and ions from the top 25nm of the sam-
ple surface.

Figure 2. (a) Volume rendering (yellow line) of X-ray microscopy dataset  
(approximately 0.5mm field of view) showing transition zone defects and coarse  
diffusion pathways in this thermoelectric system. 200nm voxel acquisition, showing 
three phases (black = Mg

2
Sn, medium gray = transition zone, light gray = Mg

2
Si).  

(b) Volume rendering of ZEISS FIB-SEM acquisition. Silicon-rich phase is depicted  
in orange, and the stannum-rich phase in green, with clear interdiffusion in the  
transition zone approximately 25–30μm wide in the center

(a)	 (b)
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	 Able to achieve a depth of field resolution of just 0.5nm – five 
to ten times greater than can be achieved with FIB-SEM – HIM has 
proved useful for studying very thin layers of graphene, as well as 
the thin films used in the electronics industry. It is also indispensa-
ble for studying samples containing gallium, which can be con-
taminated by a FIB made up of gallium ions. 
	 ‘Low dimensional’ materials such as graphene are also some-
times studied using Raman microscopy, which detects the scatter-
ing of light by molecular vibrations. For example, Raman imaging 
has been used to study strain and disorder in graphene. Because 
these molecular vibrations and associated light scattering are char-
acteristic for specific molecules, Raman microscopy can also be 
used to determine the chemical composition of samples.
	 Correlative microscopy has already proved invaluable in two 
dimensions. With ROIs often lurking below the sample surface, 
often a few tens of micrometers below, many researchers are now 
also seeking 3D insights when studying networks of structures 
such as pore channels in rocks, fibers in composites or cracks in 
alloys. This so-called correlative tomography brings together 
multiple microscopy techniques able to study a 3D volume of 
interest, particularly X-ray microscopy and FIB-SEM tomography. 
Like correlative microscopy, correlative tomography provides 
access to a far larger range of scales for the same region than is 
possible with a single instrument, allowing scientists to investigate 
how material properties differ at different scales. 
	 Running 3D experiments over time (time-lapse) adds a fourth 
dimension. Such 4D experiments are particularly valuable for moni-
toring changes in materials, such as following how cracks spread or 
spotting the moment at which metal fatigue occurs (see Case Study 2).
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IN PRACTICE
	 Correlative microscopy has already been utilized for a wide 
range of scientific disciplines, from biology, zoology and palae-
ontology, to materials and electronics. For example, a single team 
at the University of Manchester in the UK, led by Professor Philip 
Withers, has used correlative microscopy to study chrysalises 
in real time, structural changes in rats’ arteries, metal fatigue 
and cracking, and woven composite materials such as wind tur-
bine blades. 
	 One of the great advantages of correlative microscopy is 
that, because it encompasses a range of different techniques, 
scientists can often find just the right combination for their 
studies. This is especially useful when studying non-biological 
materials that can differ widely in composition, structure and 
physical properties.
	 CLEM has proved invaluable for studying optoelectronic 
devices comprising different optical materials and photonic 
structures. For example, LEDs can be analyzed using light micros
copy and SEM. Light microscopy provides a quick overview of 
morphology and optical properties such as color or reflectivity; 
the backscattered electrons generated by SEM can then be used to 
visualize contrast in cross sections, while EDS can determine ele-
mental composition.
	 The same techniques are also being used to study thin-film 
solar cells, which are designed to provide a low-cost alternative to 
silicon wafer-based cells. The structure of the interfaces between 
different layers in these cells can be studied at an atomic scale 
with scanning TEM (STEM) while EDS can provide information 
on elemental distribution. In addition, SEM can provide insights 
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into the structural, compositional and electrical properties of the 
thin films, while backscattered electrons can give crystallo
graphic information. 
	 In geology, CLEM, together with CL, can be used to unearth 
a rock’s age and deformation history. Meanwhile, 4D correlative 
microscopy can reveal how rocks ‘corrode’ over time. 
	 A combination of X-ray microscopy and FIB-SEM has proved 
useful for studying lithium-ion batteries, as part of efforts to 
boost their performance and lifetime. In a study at Aalen Univer-
sity in Germany, X-ray microscopy revealed bright spots below 
the surface of a cathode from a commercial battery (Figure 3a). 
During subsequent FIB-SEM analysis, the researchers collected 
secondary electron and backscattered images that again showed 

Figure 3. (a) Overlay of SEM (gray) and X-ray microscopy (green) images. After  
successful correlation, the X-ray microscopy data is used as a reference for FIB-SEM 
navigation. (b) SEM overview of the sample. Sites of interest are highlighted by the 
white arrows. The inset shows a detail of site 1 
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the particles (Figure 3b). EDS revealed these particles to be rich in 
lanthanum, rather than the expected manganese. 
	 Other teams have used correlative microscopy to study the 
structure of batteries, for example how they contract and expand 
during charging. Over many charging cycles, batteries become 
more damaged, so understanding this process could help to dev
elop longer-lasting products.
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Case study 1. Additive manufacturing
	 Additive manufacturing, also known as 3D printing, fabricates items 

layer-by-layer according to a computer-based design. It is perfect for producing 

engineering components, allowing parts with complex geometries and inte-

grated functional properties, such as curved cooling channels, to be constructed 

from metal, alloy or ceramic powders.

	 As well as a raft of benefits, additive manufacturing also presents sig-

nificant challenges, including the fact that 3D printed structures can be prone 

to forming microstructural defects such as small holes and weak areas. Cor-

relative microscopy can help to root out these structural faults and understand 

why they are occurring.

	 At the Materials Research Institute in Aalen University, Germany, 

Tim Schubert, Dr Timo Bernthaler and Professor Gerhard Schneider have 

used correlative microscopy to find voids and inclusions in aluminum gear 

parts made using an additive manufacturing technique called laser powder bed 

fusion (see the images on the front cover of this EKB). For this, a laser melts 

a layer of metal powder deposited in the shape of a 2D slice through a 3D 

computer-based design. Once this layer has solidified, another layer of powder, 

representing the next 2D slice, is added on top, and the process repeated until 

the part is complete.

	 The team first used X-ray microscopy to conduct high-resolution imag-

ing of the whole gear part, which allowed them to identify voids and inclusions. 

Next, they studied a micro-section of the gear with both light microscopy and 

SEM, using a purpose-built sample holder to ensure they were zooming in on 

the correct regions of the gear. 

	 This meant they could study the inclusions identified by light micros

copy with EDS, which revealed unexpectedly high levels of a titanium 

impurity. This titanium could be derived from impurities in the powder 
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raw material, suggests Bernthaler, or even from something as simple as 

insufficient cleaning. 

	 ‘More digitalization (software tools) and automation of microscopy 

have pushed correlative technology in recent years,’ says Bernthaler. By 

using ‘clever sample holders’ and software, workflows have greatly cut the 

time that such investigations take, he adds. 

Weissmayer L, Schubert T, Bernthaler T, et al. Applications of microscopy 

in additive manufacturing. Optik & Photonik 2015;4:44–6. (http://dx.doi.

org/10.1002/opph.201500015)
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Case study 2. Corrosion in magnesium alloys
	 Magnesium alloys are lightweight, high-strength alternatives to 

aluminum-based products for use in certain automotive and aerospace 

applications. But these alloys are sensitive to impurities, which can pro-

mote the spread of any damage, and are also prone to corrosion in humid 

or wet environments. With his team at Manchester University in the 

UK, Philip Withers, Regius Professor of Materials, has investigated 

how corrosion damage occurs in these magnesium alloys over time, at 

scales ranging from millimeters to nanometers and both at and below 

the surface. 

	 To do this, Withers and his team first studied the alloy with X-ray 

microscopy while it was immersed in a corrosive salt solution, conducting 

a single analysis every two hours. In this way, Withers and his team 

produced a series of 3D images of the alloy corroding over time. They then 

studied the corroded alloy with SEM and combined this image with the 

3D images produced by X-ray microscopy in order to identify a highly 

corroded ROI within the bulk of the sample.

	 After identifying such a region, they cut it out of the alloy with FIB 

to produce a microscopic sub-sample. This required relating the detailed 

surface image generated by SEM with the 3D X-ray images in order to 

determine where to remove material from the surface in order to reach the 

ROI. Next, they studied the sub-sample with X-ray microscopy, but 

using an X-ray microscope that could produce 3D images at a higher level 

of resolution. To increase the magnification further, they also produced a 

3D image with FIB-SEM tomography. This involved removing multiple 

layers of the sub-sample with FIB and then imaging each revealed sur-

face with SEM, before combining all the images together to produce the 	

3D image.
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	 With X-ray microscopy, Withers and his team were able to see pit-

ting across the magnesium alloy’s surface within several hours of immer-

sion in the salt solution. After 14 hours, the corrosion had spread below 

the surface, as revealed by FIB-SEM. By understanding how corrosion 

spreads, the researchers hope to find a way to prevent it. 

	 Withers and his colleagues regularly use correlative microscopy to 

study cracks in engineering materials, which relate to defects, inclusions 

and other features. The key is to study the systems in 4D, says Withers. 

‘If you were to study lots of samples, including fatigued ones, it wouldn’t 

necessarily be the case that you would get the same kind of crack growth,’ 

explains Withers. ‘But if you can study the same sample, we can actually 

watch how the cracks nucleate, how they connect up, and eventually lead 

to failure.’

Experimental overview. This multiscale correlation study was designed to better 
understand corrosion damage in a Mg AZ318 alloy sample. The Atlas 5 correlative 
workspace was used to link and navigate between imaging performed on Xradia 
520 Versa, Xradia 810 Ultra and the FIB-SEM microscopes



Correlative Microscopy in Materials Science 19

	 In future, he predicts that further developments in automating the 

correlation between different instruments and imaging modalities will bring 

a ‘rapid expansion’ of multiscale correlative microscopy.

Harris, W. Multi-scale correlative study of corrosion evolution in a magne-

sium alloy. ZEISS Application Note, December 2015.
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Case study 3. Studying structures in 3D  
over time
	 ‘We feel like kids in a candy store. We have all of these new tools. And 

we are really able to get inside problems that we haven’t been able to solve 

to date,’ says Nikhilesh Chawla, Fulton Professor of Materials Science and 

Engineering at Arizona State University in the USA.

	 Chawla is head of the new Center for 4D Materials Science (4DMS), 

funded by a collaboration between Arizona State University, ZEISS and the 

US Office of Naval Research. The center will use correlative microscopy to 

study structures in 3D over time. 

	 ‘The idea is to really push the state of the art in 4D material science,’ 

says Chawla. ‘We are essentially hoping to use these capabilities to solve 

problems in a variety of different areas, ranging from material science to civil 

engineering, mechanical engineering, electrical engineering and other physi-

cal sciences.’

	 Much of Chawla’s correlative microscopy brings together X-ray 

microscopy and electron microscopy, including FIB-SEM. His team uses 

ZEISS software called Atlas 5 to integrate data from the different techniques. 

‘Atlas 5 really is revolutionary because in previous analyses finding the 

same region in the CT and in the FIB was like finding a needle in a hay-

stack,’ he says.

	 For example, his team has applied non-destructive X-ray micros

copy and FIB-SEM to the study of corrosion in aluminum alloys.1 Using 

FIB to expose cross-sections of an alloy sample, perpendicular to the surface, 

while simultaneously using SEM to image the cross-section face revealed 

magnesium-rich precipitates inside the structure.

	 ‘We were able to use compositional information to determine that the 

magnesium precipitates are actually dissolving preferentially in the corrosive 
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fluid,’ says Chawla. ‘Other kinds of precipitates or particles based on iron, for 

example, were not really touched so that told us that the magnesium-rich pre-

cipitates are really the ones that are at risk in those kinds of alloys.’

	 Illustrating the diversity of his work, Chawla’s team is also using cor-

relative microscopy to study beetles called weevils,2 which have very long and 

flexible ‘beaks’ for boring into plants. Using X-ray CT microscopy and FIB, 

the researchers have revealed that the beak structure comprises alternating 

hard and soft layers. ‘The soft tissue is a kind of composite. It’s unique. We can 

use the intelligent structures in the weevils to design new, man-made synthetic 

composites,’ says Chawla. 

	 Next, the researchers will incorporate a technique called nano-

indentation, which employs a sharp diamond probe to test mechanical prop-

erties, into their workflow. ‘That is the next avenue, to couple the structural 

information from CT or FIB with mechanical property information in site. 

That’s something we can do inside the ion beam,’ he explains. 

1. Singh S, Loza J, Merkle A, et al. Three dimensional microstructural char-

acterization of nanoscale precipitates in AA7075-T651 by focused ion 

beam (FIB) tomography. Mater Charact 2016;118:102–11. (http://dx.doi.

org/10.1016/j.matchar.2016.05.009) 

2. Andrew Jansen M, Singh, S, Chawla N, et al. A multilayer micro

mechanical model of the cuticle of Curculio longinasus Chittenden, 1927 

(Coleoptera: Curculionidae). J Struct Biol 2016;195:139–58. (http://dx.doi.

org/10.1016/j.jsb.2016.05.007) 
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Case study 4. Polyurethane liners in  
splashdown airbags
	 One day, NASA’s Orion crew module will carry astronauts beyond 

the moon, piggybacking on a new space launch system rocket. Orion’s 

first unpiloted exploration flight took place in 2014, with the module 

safely splashing down in the Pacific Ocean. Unfortunately, however, the 

test revealed a failure in Orion’s crew module uprighting system.

	 This system consists of five airbags that inflate upon splash-

down, keeping the module upright until it can be rescued by the navy. 

Lab tests using correlative microscopy later revealed a problem with 

the polyurethane liner in the airbags, says James Martinez, engineer-

ing technologist at NASA’s Lyndon B Johnson Space Center in Hou-

ston, Texas.

	 These tests suggested that the polyurethane layers were fusing or 

binding to each other under high pressure, causing them to tear. ‘We 

are changing to another material that has a slip agent inside so that the 

two surfaces don’t bond to themselves and can slip and slide against each 

other when the bag is deployed,’ says Martinez. 

	 When they studied this new layer with optical microscopy, how-

ever, Martinez and his team spotted inclusions in the polyurethane thin 

film. Areas of birefringence near the inclusions pointed to strain. 

	 Using EDS, the team discovered that the slip agent in the material 

they had purchased is a crushed wafer-like substance called diatomaceous 

earth. Concerned that this might cause abrasion when the polyurethane 

layers rub against each other, the team used SEM at a low voltage (to 

prevent the material from degrading during imaging) to look for surface 

scratches or particulates. They then used SEM at a high voltage to study 

both the inclusions and the slip agent.
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	 ‘It’s the best example of correlative microscopy that we have had in 

some time. The nature of this material really lends itself well to imaging with 

different modes and techniques,’ says Martinez. NASA is now carrying out a 

further series of safety tests, including on the new liner.
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PROBLEMS AND SOLUTIONS
	 An effective workflow is essential for getting the most out of 
correlative microscopy. Such a workflow defines in what order a 
sample will be studied by the different microscopy instruments, 
how ROIs on the sample will be selected and identified in different 
instruments, and how the resultant data will be collected, stored 
and processed.
	 Usually, the level of magnification will steadily increase as 
the workflow progresses, in order to study a sample in progres
sively greater detail. But that’s not always the sole reason for con-
ducting correlative microscopy, and these other reasons may need 
to be reflected in the workflow. 
	 For example, researchers may want to take advantage of the 
fact that different microscopy techniques can generate different 
information about a sample, which can be overlaid on the visual 
images. This is particularly the case with FIB-SEM, which can gen-
erate information about the elemental composition of a sample 
through both EDS and SIMS.
	 Alternatively, different microscopy techniques may be required 
to study the different materials in a sample, as certain materials 
may not respond well to specific techniques. For example, SEM 
works best with conducting substances such as metals, and both it 
and EDS can struggle with materials containing light elements 
such as carbon and lithium. This can clearly create problems when 
studying lithium-ion batteries, which employ lithium-based 
materials as the cathode and electrolyte, and graphite as the anode. 
One solution is to combine SEM with Raman microscopy (Figure 
4), which can’t analyze metals but can identify light elements and 
organic compounds. 
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	 Users also increasingly want to swap between 2D and 3D images 
produced by different techniques. Often they will do this merely to 
help identify a ROI for more detailed analysis, such as conducting 
X-ray microscopy to produce a 3D image that will reveal interesting 
features for closer study. But it can also involve conducting various 
rounds of 2D and 3D analysis with different techniques. Indeed, the 
development of correlative microscopy over the past few years has 
generally seen a progression from purely 2D workflows to those that 
incorporate more and more 3D techniques. Formerly the preserve of 
large universities, 3D correlative microscopy is now being adopted 
by smaller universities and industry.
	 One example is provided by the work of Professor Philip 
Withers and his team at Manchester University, which is detailed 
in Case Study 2. Another example is provided by a recent study 
conducted by Dr Paul Shearing and his team at University College 
London in the UK, who used correlative microscopy in 2D and 3D 
to study a commercial lithium-ion battery. This involved using 
X-ray microscopy to study the battery in 3D at a range of resolu-
tions, from 22µm to 130nm, with two different microscopes, and 
FIB-SEM to reveal and study a sub-surface ROI in 2D by both SEM 
and EDS. This approach allowed Shearing and his team to study 

a b

Figure 4. (a) SEM image with EDS mapping. (b) Light microscopy and Raman overlay 
of exactly the same region
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the battery at a range of different scales, from the whole battery 
to the specific ROI, revealing information on everything from 
the large-scale structure of the battery to the nanoscale porosity 
of the electrodes.
	 This raises a critical factor that needs to be borne in mind 
when designing a workflow for correlative microscopy. Such 
workflows will often involve a combination of non-destructive 
techniques, such as X-ray microscopy, and destructive techniques, 
such as FIB-SEM, and clearly the position of any destructive tech-
nique in the workflow is critical. In particular, FIB-SEM tomogra-
phy, in which successive layers are removed from a ROI to build 
up a 3D image, obviously needs to be conducted toward the end of 
a workflow, as it destroys the ROI. But any treatment or modifica-
tion to a sample required for a specific microscopy technique may 
also influence the sequence of techniques.
	 Now, this is more of an issue when studying biological sam-
ples, which are often analyzed by light microscopy with minimal 
treatment but need to be encased in resin or flash-frozen prior to 
analysis by electron microscopy. While such treatments aren’t  
required for non-biological samples, non-conductive materials 
may need to be covered in a thin layer of a metal such as platinum 
to improve the contrast in electron microscopy, which would 
influence the workflow. Such layers can also be applied to protect 
ROIs when milling them with FIB.
	 Once an appropriate workflow has been designed, users then 
need an effective way to collate and combine the data produced by 
the different microscopy techniques. Several software tools, such as 
Atlas 5 from ZEISS and MAPS from FEI, will automatically collect 
the data from a range of different techniques; for Atlas 5, this can 
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include various forms of light microscopy, X-ray microscopy and 
electron microscopy. They can then produce composite images of a 
sample by overlaying images produced by the different techniques 
at different magnifications, as well as overlaying chemical infor-
mation produced by techniques such as EDS and SIMS.
	 For the software tools to be able to overlay images in this way, 
however, users need to match identical regions of the sample in the 
images produced by the different techniques. This can be done by 
marking the region in some way, such as by simply circling it with 
a pen, but this is not always desirable or possible. Alternatively, it 
can be done by identifying the same characteristic features in dif-
ferent images, but such features can look very different at different 
scales. Transferring the sample between different instruments, 
such that it is studied at slightly different orientations, adds fur-
ther difficulty, as does any treatment or modification applied to 
the sample.
	 One way to make this process easier is to mount the sample 
on a holder that can be transferred between different microscopy 
instruments, thereby ensuring that the sample is always studied 
in the same orientation. Fiducial markers can also be added to the 
holder, providing fixed reference points that act as landmarks for 
locating the same regions and features in different images. 
	 This is what ZEISS has done with its ‘Shuttle & Find’ tech-
nique, which employs a holder with three L-shaped fiducial mark-
ers that can be used with many of the light and electron microscopes 
produced by ZEISS. By measuring the distance from these markers 
to features on the sample, the Shuttle & Find software module can 
construct a detailed co-ordinate system for accurately and automat-
ically locating the same region of the sample in different images. 
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This allows users to tag ROIs in images produced by a light micro-
scope and then easily find those ROIs in images of the same sample 
produced by an electron microscope.
	 Some manufacturers have combined light microscopy and 
electron microscopy in single systems, removing the need to trans-
fer samples between individual instruments and making it easier 
to match images of the same region produced by the two tech-
niques. The downside to this approach is that not only does it  
restrict correlative microscopy to just these two techniques, but 
physically combining light and electron microscopy in a single 
system tends to compromise their performance. It also means that 
the two techniques can’t be used to study different samples at the 
same time, reducing analytical throughput.
	 That just leaves the challenge of storing, processing and shar-
ing all the data that can now be generated by correlative micros
copy. This data is often substantial, especially if it includes 3D data 
sets, and thus requires lots of computer memory and processing 
power. Storing and processing this data in the cloud would appear 
to be an obvious solution, especially as it would also offer an easy 
way to share the data among different researchers. The problem 
with this approach is the great length of time it takes to upload all 
the data into the cloud. This data challenge is shared by many other 
areas of science, however, and solving it will require more than just 
advances in correlative microscopy.
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WHAT’S NEXT
	 Increased automation would help to resolve many of the cur-
rent difficulties with correlative microscopy. Ideally, users would 
be able to study a sample on two or more instruments and then 
simply press a button to combine and correlate all the images, 
allowing the same region to be investigated seamlessly at a broad 
range of different scales.
	 Modern software tools such as Atlas 5, together with practical 
techniques such as Shuttle & Find, are going some way towards 
achieving this aim. Already, they are making it easier for research
ers to analyze materials in two, three and even four dimensions and 
various different scales, and then combine the different sources of 
information. Nevertheless, other tools will be required to fully 
achieve this aim, including an automated method for revealing 
ROIs located within the bulk of a sample.
	 Researchers such as those profiled in the four case studies 
now regularly utilize these tools and techniques in their work. 
This is leading to the first practical applications of correlative 
microscopy, beyond purely academic research. For example, it 
is now being used for in-situ testing. This involves using a tech-
nique like X-ray microscopy to map the pores and voids in a 
material such as a metal alloy and then SEM to monitor the 
development of these pores and voids as the material is stressed 
until it breaks.
	 So far, these tools and techniques mainly work with light, X-ray 
and electron microscopes, but similar automated approaches are 
required for other microscopy techniques. Especially as researchers 
are starting to expand correlative microscopy to encompass a 
broader range of techniques.
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	 One of these is AFM. Rather than produce a magnified optical 
image of a sample, AFM uses a flexible cantilever to measure the 
forces between the tip of the cantilever and the surface of a sample, 
as the tip is scanned across. Because these forces vary depending on 
the distance between the tip and the sample, they can be used to 
measure variations in the height of the surface, allowing a map of 
surface topology to be built up. Using the same basic approach, 
AFM can also probe a wide array of other material properties, 
including adhesion, elasticity, conductivity and temperature.
	 AFM is often combined with light microscopy, in order to 
compare the topological map with a surface image and also to  
direct the AFM analysis. As with light and electron microscopy, 
the problem is matching up images produced at widely different 
magnifications, as AFM is able to resolve features below 1nm size. 
The recent development of several super-resolution microscopy 
techniques, which were collectively awarded the Nobel prize for 
chemistry in 2014, offers a novel solution to this problem. These 
techniques offer ways to bypass the diffraction limit that normally 
limits the resolution of light microscopy to 250nm, bringing their 
resolution closer to that of AFM.
	 Up to now, the combination of AFM and super-resolution 
microscopy has mainly been used to study biological material, 
because super-resolution microscopy makes use of the fluores-
cent probes commonly used to illuminate cellular components in 
conventional fluorescence microscopy. Recently, however, a 
team of scientists led by Dr Cristina Flors at the Madrid Institute 
for Advanced Studies in Nanoscience in Spain used a combina-
tion of AFM and a localization-based super-resolution micros
copy technique to study hybrid nanomaterials.



Correlative Microscopy in Materials Science 31

	 These hybrid nanomaterials comprised amyloid-like fibrils 
covered in the fluorescent nanocrystals known as quantum dots; 
such combinations of protein fibrils and nanoparticles are being 
developed for various applications, including as novel electrical 
switches and biosensors. The presence of fluorescent quantum dots 
on the hybrid nanomaterial made it ideal for study by super-
resolution microscopy. Using the two techniques, Flors and her 
team were able to obtain useful information about both the struc-
ture of the amyloid-like fibrils and the distribution of quantum 
dots over the fibrils.
	 Super-resolution microscopy is also being combined with 
many other microscopy techniques, including light microscopy 
techniques such as fluorescence microscopy and bright-field 
microscopy, as an alternative to electron microscopy. Thus scien-
tists can identify interesting features on a sample with light 
microscopy and then zoom in for a closer look with super-resolution 
microscopy. It is also being combined with electron microscopy, as 
both techniques have comparable resolutions. 
	 As with AFM and super-resolution microscopy, these combi-
nations have so far mainly been applied to the study of biological 
samples, but there have been a few exceptions. For example, a combi-
nation of SEM and localization-based super-resolution microscopy 
techniques have been used to study the structure of gold nanowires 
covered in fluorescent probes, as well as the activity of gold nanorods 
and gold nanoplates able to catalyze a reaction that produces a fluo-
rescent product. For the gold nanorods, this revealed that their cata-
lytic activity is higher at each end than in the middle.
	 Similar advanced nanomaterials are also being studied by 
other forms of correlative microscopy. These include graphene, a 
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single-atom-thick layer of carbon dubbed a ‘wonder material’ for 
its impressive properties, including great strength and extremely 
high electrical conductivity. However, graphene is often produced 
as flakes comprising several different layers, and the exact thick-
ness of these flakes can have a major influence on their properties.
	 Scientists from ZEISS and DME Nanotechnologie (now Semi-
lab) have shown how Shuttle & Find can be used to locate individual 
graphene flakes with a light microscope for more detailed study by 
SEM and AFM. This allowed the scientists to measure the precise 
thickness of different graphene flakes, and also revealed that the 
electronic and optical properties of graphene differ depending on 
the substrate it is placed on (Figure 5).
	 As graphene comprises atom-thick layers, it is an example of 
a 2D crystal. Another example is transition metal dichalogenides 
(TMDCs), a family of 2D crystals made up of a layer of transition 
metal atoms sandwiched between two layers of chalcogen atoms, 

Figure 5. (a) Graphene layer stack 
observed in bright field and (b) 
with crossed circular polarization 
(red color channel). Optical phase 
profile measured along dashed 
line. (c) SEM of graphene layer 
stack on conductive silicon with 
2nm native SiO

2
 with In-lens 

Energy selective Backscatter-
detector, extra high tension 
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dashed line
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often sulphur. Scientists at the German microscopy company 
WITec have shown how a similar correlative microscopy work-
flow, combining light microscopy, Raman microscopy, SEM and 
AFM, can be used to study the TMDC tungsten disulphide (WS2). 
This involved using WITec’s RISE microscope, which combines 
Raman microscopy and SEM in a single instrument.
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