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Resolution and aberration correction
in liquid cell transmission electron
microscopy
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Abstract | Liquid cell electron microscopy possesses a combination of spatial and temporal
resolution that provides a unique view of static structures and dynamic processes in liquids.
Optimizing the resolution in liquids requires consideration of both the microscope performance
and the properties of the sample. In this Review, we survey the competing factors that determine
spatial and temporal resolution for transmission electron microscopy and scanning transmission
electron microscopy of liquids. We discuss the effects of sample thickness, stability and dose
sensitivity on spatial and temporal resolution. We show that for some liquid samples, spatial
resolution can be improved by spherical and chromatic aberration correction. However,
other benefits offered by aberration correction may be even more useful for liquid samples.
We consider the greater image interpretability offered by spherical aberration correction and the
improved dose efficiency for thicker samples offered by chromatic aberration correction. Finally,
we discuss the importance of detector and sample parameters for higher resolution in future
experiments.
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The driving force behind the development of liquid cell,
or liquid phase, electron microscopy has been its high
spatial resolution compared with that of other microscopies that work in liquid, such as light microscopy1–5.
Good temporal resolution is a second key benefit, again
compared with other microscopies that work in liquid,
such as scanning probe microscopy. This combination of spatial and temporal resolution places electron
microscopy in a unique niche for imaging both static
structures and dynamic processes in liquids. To optimize experimental design and obtain the most useful
information, it is important to understand the factors
that limit the resolution of liquid cell electron microscopy6. The intrinsic capabilities of the microscope (for
example, its stability and whether lens aberrations are
corrected) have a role in determining spatial and temporal resolution, but so do the thickness, stability and dose
sensitivity of the sample. The microscope performs at
its full resolution for conventional samples that are thin,
stable and solid7, but liquid samples have particular challenges. Liquid samples may be unusually thick8, are often
beam-sensitive, similar to samples used in cryo-electron
microscopy, and may also have a dynamic nature, such as
liquids in which suspended particles undergo Brownian
motion9. These three properties — thickness, sensitivity and dynamics — determine which factors limit the
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spatial and temporal resolution and whether benefits are
expected from aberration correction in a liquid imaging
experiment.
In this Review, we discuss resolution and aberration
correction for the most common types of liquid samples. The most frequently used liquid enclosure is a
microfabricated liquid cell consisting of silicon nitride
membranes10 or windows, ~50 nm thick, enclosing a
water layer tens of nanometres to a few micrometres
in thickness. The sample under observation comprises
the enclosed liquid, the windows and nanoscale objects
that can be mobile in the liquid or attached to the interior surfaces of the windows. A second type of liquid
enclosure consists of graphene sheets5,11 that encapsulate a small liquid volume of thickness typically <100 nm.
Unlike microfabricated liquid cells, which are relatively
thick, the graphene liquid enclosure may be no thicker
than the solid samples conventionally used in electron
microscopy. Good spatial and temporal resolution
has been demonstrated for both microfabricated and
graphene liquid cells4,5,8,12–16.
Other liquid geometries are also possible. For example, a thin water layer can be maintained and imaged
in an environment of saturated water vapour by controlling the pressure and temperature to establish
equilibrium between the water and vapour17,18, and
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ionic liquids with low vapour pressure can be imaged
without the need for any enclosure or environmental
control19. Aspects of the discussion below, in particular
beam damage considerations, are relevant to such ‘open
cell’ experiments.
As we show below, sensitivity to the electron beam is
very often the factor limiting spatial and temporal resolution in electron microscopy of liquids. We therefore
start by discussing beam effects in water and practical
limitations on dose in transmission electron microscopy
(TEM) and scanning TEM (STEM). We then consider
the limits to spatial resolution in TEM and show that
although resolution in thin liquid layers may be limited by
electron optics, resolution is more commonly limited
by dose sensitivity. We also discuss competing factors
in experimental design, such as the trade-off between
resolution and liquid thickness. We next describe
the resolution enhancement and other benefits expected
for TEM imaging of liquids from spherical aberration (CS) and chromatic aberration (CC) correction.
Aberration correction has not been widely applied to
liquid imaging; therefore, parts of the discussion are
hypothetical. However, CS correction produces images
that are easier to interpret and improves the resolution
in cases in which resolution is not otherwise limited (for
example, by dose considerations). CS correction should
prove especially useful in experiments that use strong
illumination conditions, such as those probing nanoparticle growth. CC correction should be particularly
useful for energy-filtered TEM (EFTEM) imaging and
for dose-efficient imaging of thicker samples. Moreover,
CC correction can, in principle, also benefit experiments
involving holography and phase plates. We also assess the
resolution in STEM of liquid samples, showing that
the signal-to-noise ratio (SNR) is the critical limiting factor under most conditions. Finally, we discuss the temporal resolution for both TEM and STEM. Resolution
in scanning electron microscopy (SEM) of liquids is
discussed elsewhere20.

The acceptable dose for liquid samples
For any sample, a critical dose can be defined as the
threshold of absorbed energy (per mass) at which structural changes start to occur. There is no single value for
the critical dose: it ranges over orders of magnitude
depending on the sample, type of imaging and dose
rate. Note that in the electron microscopy literature, the
term electron dose is often used to indicate the number of electrons that have irradiated a given area (with
units such as e− Å−2), but this quantity is more correctly
referred to as the electron density, D. Similarly, the electron dose rate, often used in the literature, is perhaps
better termed the electron flux (with units e− Å−2 s−1).
Experimentally, it is the critical electron density, Dc, at
which damage becomes visible, rather than the dose,
that is measured. The accelerating voltage, other microscope settings and, of course, the materials present in the
sample and its surroundings determine the amount of
radiation damage. Some damage is inevitable regardless
of the parameters chosen. For example, the main damage mechanisms, radiolysis and knock-on interactions,
have opposite dependences on accelerating voltage21;
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the optimal voltage for damage may differ between the
material in the sample and in the enclosing windows.
The number of incident electrons that the sample can
tolerate without damage is a key factor in determining
image resolution. Calculating Dc is difficult because of
the variety and complexity of interactions between the
beam, liquid and window materials22. The high thermal
conductivity of water renders beam-induced temperature rises negligible under typical conditions9. However,
radiolysis of water produces chemically active species
that can diffuse and interact within the liquid, even
outside the irradiated area23. Furthermore, the window
materials may be damaged through charging and material loss24. High-dose analytical measurements or time
series that require multiple images will exacerbate these
effects.
As it is not possible to fully eliminate beam damage
or easily calculate damage thresholds, it is necessary
to establish the limits experimentally. A good starting point is the cryo-electron microscopy literature.
However, cryo-electron microscopy reports provide
guidance rather than exact values owing to the differences between imaging in water and ice. Most importantly, liquid cell electron microscopy experiments are
carried out at a higher temperature than cryo-electron
microscopy experiments, usually at the ambient microscope temperature of 25–30 °C; the thermal conductivity
of a liquid sample is greater than that of a typical cryo-
electron microscopy sample; differences are expected
in both formation rate and diffusion of radiolysis species; and liquid flow provides new opportunities for
removing radiolysis species and refreshing the sample
environment4.
For cryo-electron microscopy measurements, there
is approximately an order of magnitude variation in the
value at which damage to biomaterials in ice has been
detected in images. A Dc of ~10 e− Å−2 was established
for sub-nanometre imaging of protein structures using
single-particle tomography25,26, whereas a less stringent
Dc of ~102 e− Å−2 was established for imaging cellular
ultrastructure27. These values differ because the information provided by each experiment is different. Single-
particle tomography provides a resolution of up to 2–3 Å.
In this case, only a low dose can be tolerated because
damage appears at the sub-nanometre scale when bonds
between atoms are broken and atomic-level structural
features start to disintegrate. By contrast, imaging
cellular ultrastructure provides information at a resolution of around only a few nanometres, and thus some
degree of structural damage at smaller length scales can
be tolerated.
Given these critical limits for cryo-electron microscopy, the key questions are whether and how much
the situation differs for imaging in water and whether the
same general principle applies — that the higher
the desired resolution, the more stringent Dc becomes.
Early data suggested a Dc of 1 e− Å−2 as the limit for sub-
nanometre structural preservation of biomolecules
in a thin water layer28. This Dc is lower than the cryo-
electron microscopy Dc range given above. However,
values as high as ~35 e− Å−2 for imaging with 2.6 nm resolution have also been reported29, which is higher than
www.nature.com/natrevmats
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the values in cryo-electron microscopy. Dynamic processes involving DNA have been observed30 at electron
fluxes of 110 e− Å −2 s−1. Allowing for chemical fixation,
an even higher Dc of 103 e− Å−2 is possible before damage
becomes visible for whole mammalian cells in liquid31.
This suggests that Dc is higher for samples involving
liquid water than those involving ice. The difference
between the Dc for damage in water and damage in ice
may relate to the easier diffusion of reactive species away
from the irradiated region in a liquid environment.
It is also possible30 that charge pairs created by irradiation may recombine more easily through diffusion in
liquid water than in ice, as long as the total charge density remains sufficiently small. An important objective
for future experiments will be to establish the experimental conditions for which TEM in water improves Dc
compared with that in ice.
For biological materials, acceptable Dc values will also
be different when aiming to probe cellular functions.
Cellular functions may be disrupted, and ultimately, cells
may die by radiation even if there are no physical changes
in structure. Experiments show that lethal Dc values for
cells are exceeded by orders of magnitude when even a
single image is obtained32–34. Instead, dynamic processes
in cells can be examined using correlative fluorescence
microscopy, with electron microscopy used to record
single images of selected regions at a specific time32,34,35.
The electron flux also has an important role in
the radiation damage process in biological samples36.
Because damage depends on both the incoming irradiation and the processes that distribute the absorbed
energy, specifically the diffusion of charge, heat and
chemically active species, we expect beam effects on
the sample to depend on the electron flux. For example,
liquid cell measurements of the growth of lysozyme protein crystals37 showed that a flux of 3 e− Å−2 s−1 negligibly
affects growth, whereas a flux ten times higher dissolves
crystals.
The Dc and electron flux considerations discussed
above for biomaterials do not necessarily constrain
imaging of other types of liquid samples. For example, consider a commonly imaged sample consisting of
high-atomic-number (Z) metal nanoparticles in water.
Conventional imaging of thin metal foils at atomic resolution typically involves a D of up to 104 e− Å−2. Thus,
it is not surprising if the Dc for metal nanoparticles in
water is higher than that for biological materials in water.
Metal and other nanoparticles have indeed been imaged
in liquid with atomic resolution12–15. However, even these
samples can show sensitivity to the beam. For PbO2 nano
particles, sub-nanometre information disappears16 after
exposure to a D of 102 e− Å−2, suggesting a Dc that is only
slightly higher than that for biological material.
To evaluate the dose sensitivity of such nanoparticle-
in-water samples, it is necessary to consider the invisible
effects of the beam on the chemistry of the surrounding water. To this end, radiolysis modelling38 has shown
that electron flux is the key parameter and is generally
more important than electron density in determining
beam-induced chemical changes. Radiolysis species
are created even under the lowest electron flux used for
imaging, with the resulting chemical changes reaching,
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in milliseconds, a steady state that depends on the flux.
As an example, the pH of water is expected38 to change
from 7 to 5 upon irradiation at 20 e− Å−2 s−1. Changes
in pH alter electrochemical reactions and nanoparticle
stability39. Other products of radiolysis, such as hydrated
(solvated) electrons, drive reactions such as the reduction
of dissolved ionic species to initiate the growth of metal
nanoparticles12,13. In agreement with radiolysis modelling,
experiments show that electron flux, rather than electron
density, controls the kinetics observed during, for example, nanoparticle growth40. In experiments in which the
electron beam is used deliberately to initiate nanoparticle
growth or other types of materials reactions, typical imaging involves strong illumination of ~103 e− Å−2 s−1 (ref.41).
As we discuss below, the high number of electrons per
image accounts for the excellent spatial resolution often
obtained in images of these materials processes.
Given the importance of dose in imaging liquid samples, it is essential to further increase our understanding
of beam effects, to optimize the sample in response to
dose considerations and to use every electron optimally.
Parallel application of cryo-electron microscopy and
liquid cell microscopy will help to clarify the effect of
electron density and flux. The thickness of the liquid
and windows should be chosen to maximize the signal-
to-background ratio6. In STEM, the probe size should
match the desired resolution; in TEM, illumination outside the recorded area (for example, the use of a large
spread beam) should be avoided. Electron microscopy of
liquids benefits from modern detectors with high quantum efficiency42. Cameras offering high-speed acquisition can be used for dose fractionation, in which a series
of sub-frames, instead of a single exposure, is recorded
and then aligned to improve contrast in the presence of
sample motion43. This strategy will also enable the onset
of damage to be detected so that only data obtained
before this time are used. Low-dose methods, used for
decades in structural biology, will likely be beneficial
for some types of liquid samples. Single-particle tomography25 averages thousands of identical particles imaged
at low dose. Intelligent acquisition schemes can be used
to concentrate the dose at the most useful regions of the
sample and minimize unnecessary dose. In particular,
sparse imaging and adaptive scanning techniques can
reduce the dose by more than an order of magnitude44
by directing the dose to locations of the sample with
the highest information content. Analogously, for time-
dependent phenomena, it has been proposed that the
temporal distribution of the dose be adjusted to favour
the times at which the sample is changing the most rapidly or that temporal compressive sensing techniques be
used to provide higher image acquisition rates without
increasing the dose45. Whatever strategy is used, it is
important to measure and report the electron density
history and electron flux.

Spatial resolution in liquid cell TEM
Spatial resolution in TEM of liquids is determined
by several factors, which depend on the thickness
and beam sensitivity of the sample. We first discuss
thin samples, such as liquid pockets encapsulated in
graphene, for which CS and beam sensitivity determine
volume 4 | JANUARY 2019 | 63
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resolution. However, liquid samples are often thicker
than the very thin samples typically used in TEM when
the highest resolution is obtained. Microfabricated
liquid cell samples may require a thick liquid layer
to support the material or process under study or to
achieve liquid flow or electrical connections, and the
windows must also be thick in order to withstand
the vacuum environment without excessive deflection.
Even graphene liquid cells are thin only around the
edges of the encapsulated droplets. In the thick sample
limit, we consider CC and beam sensitivity effects. We
next discuss the depth of an object within the liquid
layer. Finally, we describe some practical aspects of
experimental design that affect resolution.
Thin samples with CS-limited resolution. In conventional high-voltage TEM of thin samples, the spatial resolution is limited by lens aberrations, particularly CS in
the objective lens. Typical uncorrected transmission electron microscopes show resolutions of around 0.17 nm (at
400 keV) or 0.24 nm (at 200 keV). We would expect to
achieve this resolution for a thin liquid sample in the
absence of limits due to dose sensitivity and neglecting
the effects of motion. Imaging at this resolution has
indeed been shown in both silicon-nitride-encapsulated
and graphene-encapsulated liquids12–15.
Dose-limited resolution in TEM. The dose sensitivity
of liquid samples creates a resolution limit that generally dominates over the effects of lens aberrations.
To evaluate the resolution in liquid, assuming that the
electron optics are not limiting, we consider an image
acquired at low D (so that D < Dc). Owing to statistical
noise, an object can be detected reliably in the image
only if the corresponding pixels have a signal level
above the background counts with sufficient magnitude that the SNR exceeds a value of 3–5 (known as
the Rose criterion46). When imaging an object in liquid, background scattering in the liquid is the origin of
the observed statistical fluctuations in the image, and
detector noise is typically negligible. The SNR in the
image is given by21,47:

SNR = DQE1 ∕ 2 ΔN ∕ < N >1 ∕ 2
=DQE1 ∕ 2C < N >1 ∕ 2

(1)

Here, DQE is the detector quantum efficiency, and
the background pixels scatter <N> electrons on average
into the detector, resulting in a noise level of <N>1/2,
while the object scatters N + ΔN electrons for a signal
of |ΔN|. The SNR is thus a function of the contrast
C = |ΔN|/ <N>, which depends on the imaging mode
and the materials that make up the sample.
A TEM camera collects <N> = Ds2 electrons from
a specimen area comprising a pixel of size s when
exposed to electron density D. Substituting for <N> in
equation 1 and assuming SNR = 3 reveals that an object
of contrast C is detectable only if both object size and
s exceed21:

s = 3DQE−1 ∕ 2C −1D −1 ∕ 2
64 | JANUARY 2019 | volume 4

(2)

This minimum s is approximately equal to the dose-
limited resolution47, dD, if C is regarded as a constant.
As an example, consider a 5 nm carbon object representing a biological sample with C = 5%. If DQE = 0.2
(as in a standard TEM camera) and D c = 100 e− Å−2,
the object can be imaged with dD ≈ 4 nm, consistent
with results for cryo-TEM of cells27. More generally,
equation 2 can be used to estimate the dose range for
which a certain resolution is possible (Fig. 1). The key
message is that the dose acceptable to the sample often
controls the resolution. However, it is important to
note that equation 2 neglects the variation of C with
object size. Nanoparticles, for example, generally have
approximately the same height and width, so that wider
objects would also show higher contrast. If a specific
relationship like this exists between contrast and sample geometry or composition, the general guidance that
equation 2 provides can be made more precise, as we
discuss below.
Thin samples with dose-limited phase contrast. Phase-
contrast equations apply when the sample is thinner
than about half the total mean free elastic scattering
path length, which is ~160 nm in water6. The phase-
contrast equations lose their validity for thicker samples because the coherence of the electron wave is lost
owing to scattering, and bright-field imaging equations
then apply.
Consider the specific case of an object, such as a
protein in water, for which contrast arises because the
electron wave passing through the object experiences a
slightly different phase change compared with the electron wave travelling past the object. As a consequence,
C is not a constant but a function of the scattering
properties and dimensions of the object48:

{

2

2

} 3 toλ = C * 3 to

C = No f elo(0)−Nw f elw (0)

(3)

Here, to is the object thickness; λ is the electron
wavelength; No and Nw are the number of atoms per
unit volume for the object and water (or other liquid),
respectively; and fel(0) is the zero-angle elastic scattering factor for either the object, fo, or water, f w (see
Supplementary information). C as defined here can
be thought of as the intrinsic contrast per unit length.
Liquid below and above the object does not contribute to C but does reduce the coherence of the electron
beam for thicker layers, which is an effect not included
in equation 3. For an object of to = 5 nm, equation 3
gives C = 0.05 and 0.1 for carbon and gold, respectively. Note that the Bragg contrast of nanocrystals
can be much higher than equation 3 implies, owing to
the effect of multiple coherent elastic scattering. Bragg
contrast can therefore enhance the SNR and resolution
when compared with the independent atom model
considered here.
The SNR-limited resolution of phase-contrast TEM,
dphase, equals the minimum object size that can be
detected with sufficient SNR and is calculated assuming that to equals the object size in all dimensions so
that dphase = to. If the TEM image pixel size is adjusted
www.nature.com/natrevmats
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(by changing the magnification) for optimal sampling
(determined using the Nyquist criterion, which stipulates that s is half the inverse of the detected spatial
frequency or resolution, s = dphase/2) and it is assumed
that the object under observation has approximately the
same size in all dimensions, equations 2 and 3 can be
combined to result in an expression for the SNR-limited
resolution for phase-contrast TEM6:

d phase = 3∕2C * −1 ∕ 2 DQE−1 ∕ 4D −1 ∕ 4

(4)

Equation 4 provides an estimate of the achievable spatial resolution for imaging approximately
spherical objects in water. For elongated objects,
the shorter dimension is considered. Note that the
equation neglects variations in the contrast transfer
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function. An important implication of equation 4 is
that the resolution for imaging nanoparticles scales as
dphase ~ D−1/4 (ref.6), a much stronger dependence than
would be expected if C were constant. This means that
improving the resolution requires a much higher D but
also shows that there is an advantage to choosing a
slightly lower resolution when imaging beam-sensitive
materials.
Thick samples with CC-limited resolution. Inelastic
scattering in thick liquid samples, lens instabilities and
the intrinsic energy spread of the source all contribute to
a spread in energy of the electrons that form the image.
This energy spread reduces the resolution because of CC.
In cases in which CC dominates, the image resolution is
given by21:

 ΔE  1 + E ∕E 0
d C = 0.5c Cα
 E  1 + E ∕2E 0

where dC is the chromatic blur, α is the objective aperture
semi-angle, cC is the chromatic aberration coefficient,
ΔE is the spread in energy of a beam of energy E and E0
is the rest energy (m0c2 = 511 keV, where m0 is the rest
mass of the electron and c is the speed of light). Liquid
samples are generally thick enough to produce a high
probability of inelastic scattering events that broaden the
range of transmitted electron energies compared with
the spread at the source. ΔE increases with the sample
thickness until CC dominates the resolution, and thus the
resolution can be calculated by relating ΔE to the inelastic scattering properties of the liquid. The full width
at half maximum of the transmitted energy spread follows from calculations of the inelastic electron scattering
cross section and is given by21:

ΔE =
10

4 × 10

0

4

Enzyme inactivation

10–1

4 × 103

Lethal dose for E. coli

10–2
0.1

1

10

4 × 102

Resolution (nm)

Fig. 1 | Electron density required to reach a desired spatial resolution at 200 keV
for typical materials. Results of equation 2 for transmission electron microscopy
(TEM) with a detector quantum efficiency of 0.2 and typical object properties and
dimensions. Contrast C of 0.05 (dashed line) or 0.1 (solid line) is used to approximate
biological samples and gold nanoparticles, respectively. The y axis on the right-hand
side gives the dose for both contrast values in Grays (Gy ; that is, the energy
deposited per unit of mass, J kg−1), assuming 1 e− nm−2 ≈ 4 × 104 Gy , a typical value for
water at 200 keV. Acceptable electron density (D) ranges and some beam-induced
phenomena are shown as horizontal bands. The lethal D for Escherichia coli is
~0.01 e− nm−2 (ref.21), and the D for enzyme inactivation is ~1 e− nm−2. The D for
visible metal ion reduction, based on data from refs36,40,123 for the reduction of Ag+
and Au3+ ions to form metal nanoparticles, is several hundred e− nm−2 and above. This
range is broad and can be higher in other experiments because of the importance of
dose rate and solution chemistry. Adapted with permission from ref.124, Cambridge
University Press.
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(5)

NAe 4Zρt

(6)

2πε 02Wm 0v 2

where NA is Avogadro’s number, e is the elementary
charge, W is the atomic weight, Z is the atomic number, ρ is the density of the liquid layer, t is the thickness of the liquid layer, ε0 is the permittivity of space
and v is the velocity of the electrons. For water, where
Z = 4.7 (refs 4,49) , and in the non-r elativistic case,
these equations can be combined into an estimate for
the resolution3:

d C,TEM = 6 × 1012α cC t ∕E 2

(7)

with E in eV. Neglecting the windows and using the
typical parameters α = 10 mrad, cC = 2 mm, E = 200 keV
and t = 1 μm, we obtain for water dC,TEM = 3 nm. This
value applies for objects at the beam exit side of the
liquid layer and imaged at high D, as discussed below.
However, note that the value increases by a factor of
two if relativistic effects are considered. The resolution observed in many liquid cell experiments is consistent with predictions based on equation 7, which
emphasizes the importance of chromatic blur for TEM
of liquids3.
volume 4 | JANUARY 2019 | 65
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Thick samples with dose-limited bright-field contrast.
Even with chromatic blur, the resolution for thicker
samples imaged at low dose is again limited by SNR. In
this case, bright-field contrast applies, and the electrons
are elastically scattered out of the primary beam beyond
a given α. With N0 electrons in the primary beam,
the fraction N/N0 of electrons reaching the camera is
given by6,21:

Carbon nano-objects
100

Resolution (nm)

REF.34
10

REF.51
REF.29

N ∕N0 = exp{−t ∕l (α )}

1

0.1
0.01

0.1

1

10

Thickness (µm)
TEM, low D
TEM, medium D
TEM, high D

b

STEM, low D
STEM, medium D

Nbkg ∕N0 = exp{−t ∕l w (α )}.

10

(10)

The SNR is then:
1∕2
SNR = Nsignal−Nbkg ∕Nbkg

1

N0 = D DQE s 2 = D DQE (d bf ∕2)2

REF.52 REF.5
0.1

1

(11)

The dose-limited resolution of bright-field TEM contrast, dbf, is obtained by numerically solving equation 11,
setting dbf = to for a spherical object and substituting6:

REF.8

REF.16
0.1
0.01

(9)

where lo and lw are the mean free path lengths for the
object and water (or other liquid), respectively. The signal
thus depends on the object thickness, to. The background
signal of the water is:

Gold nano-objects

REF.90
Resolution (nm)

where l(α) = W/σ(α)ρNA. Here, l(α) is the mean free path
for elastic scattering, which is a function of the partial
elastic cross section σ(α) (see Supplementary information) and the projected charge density, W/ρNA. Inelastic
scattering is neglected here as a first approximation
because it occurs mostly at small scattering angles6,21;
for thicker samples, inelastic scattering becomes more
prominent, and energy filtering would increase the
contrast50. The signal at the object is6:

Nsignal ∕N0 = exp{−[to∕l o(α ) + (t −to)∕l w (α )]}

100

10

Thickness (µm)

Fig. 2 | Theoretical maximum image resolution versus
thickness of water. Calculated transmission electron
microscopy (TEM) and scanning TEM (STEM) resolutions
for spherical nano-objects composed of carbon (panel a)
and gold (panel b) in water. The resolutions are calculated
for different electron densities, D. For TEM, phase-contrast
and bright-field contrast equations apply to thin and thick
water layers, respectively. The exact transition thickness is
unknown, as indicated by the vertical lines. The resolution
was calculated assuming no limitation by diffraction or
lens aberrations, a beam energy of 200 keV, a 5 mrad
objective aperture for bright-field contrast, a TEM camera
detector quantum efficiency of 20%, an optimized STEM
annular dark-field detector opening angle, the objects
located at the electron entrance (for STEM) or exit (for
TEM) surfaces and a negligible window thickness. High
D = 105 e− Å−2, low D = 1 e− Å−2 and medium D = 102 e− Å−2
and 103 e− Å−2 for carbon and gold, respectively,
reflecting typical experimental values. Experimental
data points5,8,16,29,34,51,52,90 acquired at approximately
corresponding D are included for comparison.
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(8)

(12)

following the Nyquist criterion. Bright-field contrast is
less dose-efficient than phase contrast, but for imaging
spherical nano-objects, it also yields a resolution that
scales as ~D−1/4 (ref.6).
Achievable resolution. The achievable TEM resolution
for objects at the beam exit side of the sample is calculated
by combining, through quadratic addition, the above
contributions: the CC limit, the dose-limited bright-field
contrast resolution and the dose-limited phase-contrast
resolution6,48. The achievable resolutions are shown
in Fig. 2 for several electron densities for carbon and
gold nano-objects in water. For carbon nano-objects in
thin water layers, phase-contrast TEM is predicted to
achieve a resolution of 2 nm for D = 102 e− Å−2, a typical D value used for the cryo-TEM of cellular ultrastructure27, or 6 nm for D = 1 e− Å−2. These results are
consistent with experimental data29,51 obtained with
comparable D (5 and 35 e− Å −2, respectively). In a
thicker water layer, for which bright-field TEM contrast
applies, the lower dose efficiency reduces the resolution.
www.nature.com/natrevmats
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An important question will be to determine the liquid thicknesses at which phase-contrast transitions
to bright-field contrast, as well as how the transition
thickness depends on D. For gold nano-objects in thin
water layers, sub-nanometre resolution is expected at
the high D values possible for beam-tolerant samples,
whereas poorer resolution is expected for very thick
(>1 µm) liquid layers. Note, in particular, the poor
resolution predicted at low dose by these calculations.
A resolution several times higher (lower value in nanometres) than that calculated here has been reported
for platinum nanoparticles5,52. Resolutions higher than
predicted in Fig. 2 may be obtainable if D is higher or if
the liquid layer is thinner than reported (for example,
if only a wetting layer of liquid is present). However, it
is also important to note that lattice fringes can provide
high contrast compared with the model used for equation 4. Equation 4 specifically involves the SNR due to
a non-diffracting nanoparticle in a liquid layer46. When
nanocrystals produce high-c ontrast lattice fringes
based on nonlinear coherent diffraction, the resolution expected at a given D is higher than the calculated
resolution in Fig. 2. The same caveat applies for the
calculations below.
Effect of object depth within the liquid. For a liquid
layer that is several mean free path lengths in thickness, the image will differ depending on whether
the object of interest (for example, a crystal growing
in the liquid) is on the entrance or exit surface of the
liquid cell (Fig. 3a). This so-called top–bottom effect is
well known for thick samples in both TEM (Fig. 3b–f)
and STEM (Fig. 3g,h) . The resolution is reduced by
(multiple) elastic scattering, described within a factor
of two accuracy by6,21:
20 2
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Here, x25–75 is the rising edge width going from 25% to
75% of the maximal signal, and z is the vertical distance
from the object to the beam exit point, thus measuring the total path length over which beam broadening
arises.
For TEM, the highest resolution for an object in a
thick (>200 nm) liquid layer is achieved when the object
is at the electron-beam exit side of the sample so that
z = 0 and there is no resolution loss as a result of the top–
bottom effect. (The case for STEM is discussed below).
The resolution in a thick sample given by equation 7 is
therefore the best possible case at high D. Objects further from the exit side of the liquid layer are imaged
with lower resolution3 because elastic scattering between
the object and the exit surface leads to the additional
blurring in equation 13. As an example, for a high-D
(>103 e− Å−2) TEM image of a gold nanoparticle in a
1-μm-thick water layer, for which the resolution is limited by CC rather than by the SNR, equation 7 predicts a
resolution of 3 nm. However, with the object at the top of
the water layer, equation 13 predicts a resolution of only
~9.8 nm owing to beam broadening occurring between
the object and the beam exit side of the sample and
NAtuRe Reviews | MaTERIalS

consequent blurring of the image. It is therefore worth
designing the experiment so that for TEM, the region of
interest is close to the lower (exit) boundary of the liquid. For example, electrodes should be patterned on the
exit window, and nanoparticle growth on the exit window will be imaged with the best resolution. However,
beam blurring rapidly becomes unimportant for thin
water layers. For example, x25–75 = 3.5 nm and 0.3 nm for
z = 0.5 µm and 0.1 µm, respectively.

5 nm
10 nm

20 nm

30 nm

100 nm

Fig. 3 | Resolution in different imaging modes. Panel a
shows an illustration of two samples comprising gold
nanoparticles 5–30 nm in diameter on the electron
entrance (left) and exit (right) surfaces of a 500 nm
amorphous silicon nitride layer. Panels b–f show images of
the two samples illustrated in panel a acquired using
uncorrected transmission electron microscopy (TEM)
(panel b), energy-filtered TEM (EFTEM) (panel c), spherical
aberration (CS)-corrected TEM (panel d), CS and chromatic
aberration (CC)-corrected TEM (panel e) and uncorrected
scanning TEM (STEM) (panel f). All images were obtained at
200 keV. Panel g shows a dark-field STEM image of a liquid
sample containing gold nanoparticles with an average
diameter of 1.4 nm above a liquid layer with a thickness of
3.3 μm. Panel h shows a similar dark-field STEM image of
gold nanoparticles with diameters of 5 nm, 10 nm and 30 nm
below a 1.3-µm-thick water layer. Panels a–f are adapted
with permission from ref.92, Elsevier. Panels g and h are
adapted with permission from ref.8, Elsevier.
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Practical considerations. Understanding the relationship between experimental design and resolution is
useful for evaluating one’s own or published data, and
several factors are worth considering.
Liquid thickness needs to be optimized for the material or process under study. In microfabricated liquid
cells, the liquid is typically substantially thicker in the
centre of the liquid cell than at the edges, as the windows deflect outwards because of the pressure difference
across them. The liquid thickness also varies in graphene
liquid cells. Choosing to image at the thinnest region of
the liquid layer maximizes image resolution but may not
replicate physical phenomena accurately in situ, such as
those involving diffusion fields.
Window design is an important aspect of the experiment. In microfabricated liquid cells, the window
deflection can be calculated from the dimensions,
thickness and modulus of the windows. Deflection is
minimized — and hence, resolution is improved — for
stiff, thick and narrow windows or windows that are
mechanically connected. Liquid cell design innovations
are helping to address this issue, but constraints must
still be balanced, such as thick windows reducing the
resolution or narrow windows restricting the field of
view. For thick liquid layers, choosing a thin window
does not provide a substantial resolution benefit. For
example, in a liquid cell filled with 1 μm of water, 50 nm
silicon nitride windows contribute <10% to the chromatic blur. However, thin windows are more worthwhile
if the liquid is less than a few hundred nanometres in
thickness, as the relative contribution increases rapidly
for thinner liquid layers.
The presence of bubbles has a pronounced influence
on the achievable resolution. If a bubble forms as a result
of radiolysis or precipitation of dissolved gases16,53,54, the
liquid may be present only as a thin wetting layer on
the interior surfaces of the liquid cell. Such wetting layers still exhibit phenomena such as nanoparticle movement55. Some published images that do not explicitly
state a measurement of liquid thickness may have a high
resolution because of a bubble and thus do not reflect
the controlled physical surroundings intended for the
experiment, that is, a full liquid layer.
The imaging of dynamic processes is particularly
sensitive to radiation damage. In a hypothetical situation in which the sample is resistant enough to obtain
atomic-level resolution in a single image with 0.3 nm
detail, a resolution of only 1 nm can be achieved if
the same dose is spread over a series of, for example,
10 images.

CS correction in TEM of liquids
As beam sensitivity is often the factor limiting TEM
resolution for liquids, it might be concluded that CS
correction is valuable only in restricted circumstances:
it can improve the resolution only if the sample is not
too thick and not beam-sensitive or if irradiation effects
are the subject of the experiment. However, CS correction has benefits other than resolution improvement,
and these also apply when imaging dose-sensitive liquid samples. In the following, we consider not only
resolution improvement but also delocalization, image
68 | JANUARY 2019 | volume 4

interpretability and depth resolution in the context of
CS-corrected TEM of liquids.
Spatial resolution improvement by CS correction. Both
hardware and software approaches have circumvented
aberration and improved the resolution of modern
TEMs. However, software techniques that reconstruct
the exit plane wavefunction by combining information
from multiple images56,57 are not optimal for liquid samples because of both dose sensitivity and the dynamic
nature of the sample. By contrast, hardware correction
of CS (refs58,59) has been implemented in hundreds of
modern TEMs that are compatible with liquid cell TEM
sample holders. CS-corrected liquid cell data have been
obtained, for example, in experiments measuring beam-
induced nanoparticle growth5. CS correction has two
immediate effects. First, the TEM resolution improves
appreciably from ~100λ to ~40λ. Resolution below
0.08 nm can be readily achieved for samples that can
withstand the high electron densities used at such high
magnification imaging — often ≫104 e− Å−2. Second, it
is possible to choose a defocus at which a broad transfer
band extends up to the information limit. This improves
the point resolution and image interpretability by
avoiding the high-frequency oscillations in the contrast
transfer function that are observed in uncorrected TEM
beyond ~0.2 nm resolution.
Delocalization. The oscillations of the transfer function
lead to delocalization of information60,61. Delocalization
refers to the lateral displacement of high-resolution
image detail by a distance that depends on spatial frequency, defocus and CS. Delocalization effects are not
readily apparent for a single crystal with uniform thickness and translational symmetry. However, discontinuities such as edges locally break the symmetry so that
delocalization effects become visible: lattice fringes
can be displaced significantly with respect to the true
position of a nanocrystal. In uncorrected TEM, delocalization effects can usually be minimized only for a
single spatial frequency at each defocus value. Thus, CS
correction improves image interpretability in the sub-
nanometre resolution range. The effect of CS correction
on delocalization for a crystal edge in vacuum is clear
(Fig. 4a,b), and an analogous effect is seen when nanoparticles are imaged in liquid (Fig. 4c,d). Many liquid
cell experiments aim to study the solid–liquid interface.
Avoiding delocalization increases the ability to interpret the fine detail often visible at nanoparticle surfaces
and, similarly, would improve the interpretation of phenomena such as ordering within the liquid, expanding
the prospects for extracting useful information from the
observations.
Depth resolution in CS-corrected imaging. An important goal in imaging liquid samples is to obtain structural
information in the third dimension, along the beam
direction. When objects are located at distinct depths,
such as nanoparticles nucleating at the top and bottom
windows of a closed cell, it is easy to determine the position of each object from the blurriness of the image, as
discussed above. More generally, however, we wish to
www.nature.com/natrevmats
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Fig. 4 | Effect of CS correction in TEM. a | Transmission electron microscopy (TEM)
image of a gold crystal at 200 keV with spherical aberration (CS) correction. b | TEM image
of the same sample as in panel a but without CS correction. The images show that CS
correction decreases delocalization and increases image interpretability. Both images
were obtained with the use of a monochromator125. c | CS-corrected image of a platinum
nanoparticle in a graphene liquid cell during growth5. d | Uncorrected image of a
platinum particle in a microfabricated liquid cell during growth13. Panels a and b are
adapted with permission from ref.125, Elsevier. Panel c is adapted with permission from
ref.5, AAAS. Panel d is adapted with permission from ref.13, AAAS.

measure the vertical position and also the length in the
beam direction of an arbitrary object within the liquid.
CS correction helps here; confocal imaging is possible
because CS correction enables larger convergence angles
to be used and hence a smaller depth of focus, Δz, which
scales with 2λ/α2 (ref.62). Improved optical sectioning has
been demonstrated in CS-corrected STEM62,63. Typical
values for non-corrected STEM are α = 9 mrad and
Δz = 62 nm for a beam energy of 200 keV, which may
improve to α = 45 mrad and Δz = 2.5 nm with CS correction. The benefits for TEM have also been examined64.
Beam-tolerant liquid samples could provide an interesting opportunity to evaluate 3D imaging in both TEM
and STEM.
Negative CS imaging. Even in C S- c orrected imaging, the local image intensity still varies with defocus.
Quantitative interpretation that relates contrast to structural features of the sample thus requires comparison
with image simulations. However, the ability to tune CS
provides a powerful method for recording images that
are easier to interpret without the need for simulations.
In particular, setting CS to be small and negative (the
so-called negative CS imaging mode (NCSI)) increases
the contrast for low-Z objects65,66. The ability to balance
different symmetrical round aberrations using negative
NAtuRe Reviews | MaTERIalS

aberration parameters increases the precision of composition and position measurements67. In thin solid samples, NCSI has been used to measure local variations in
atomic position with sub-5 pm precision68. For liquid
samples, the benefit of NCSI in the relevant resolution
range is still an open question. It will be exciting to see
experimental work using this imaging mode. For example, NCSI could, in principle, enhance dose efficiency
through its improved contrast. A possibility could be to
measure the 3D morphology of an individual nanoparticle from a single image obtained in, for example, a thin
graphene liquid cell.
In situ experiments and the lifetime of the corrected
state. When probing dynamic processes, the improved
interpretability of CS-corrected imaging is useful in solid
samples69,70. In liquid samples, studies of dynamic processes similarly benefit from CS correction5. However,
recording a time series requires the electron optical system to remain aligned for perhaps 10–20 min. This leads
us to consider the lifetime of an aligned optical state.
The stability of the electron optics of a microscope is
generally determined by the thermal and environmental stability of the power supplies and lenses. A benefit
of aberration-corrected electron microscopes is that the
optics and electronics are generally more stable than in
non-corrected and older systems. At present, the typical lifetime of a state that preserves image detail up to
the information limit is on the order of a few minutes71.
However, it is possible to trade resolution for stability72,
and the lifetime scales approximately quadratically with
resolution. A balance can therefore be chosen between
a resolution that is sufficient to measure the objects
under observation and a lifetime that is sufficient for the
process under study. In the future, continuous aberration control is an interesting possibility that could enable
even longer experiments in dose-tolerant samples.

CC correction in TEM of liquids
Relatively few instruments worldwide possess CC correction73. However, for those that do, the results are significant: compared with CS correction alone, CC correction
extends the information limit, offers increased contrast
transfer for fine image details, reduces defocus spread
and improves spatial resolution to values beyond ~20λ.
CC correction is especially effective at lower accelerating
voltages (discussed below) and also when the electrons
that form the image exhibit a broad range of energies74–77.
As an example, for the CC and CS (CS/CC)-corrected PICO
TEM at the Ernst Ruska-Centre in Jülich, Germany, the
defocus spread is reduced by more than a factor of ten
compared with uncorrected TEM, and the resolution is
50 pm at 200 keV and 90 pm at 50 keV. For TEM of liquids, the resolution improvement in itself is difficult to
exploit, as 50 pm resolution is unlikely to be realized in
a typical sample. Instead, we anticipate that other capabilities of a CC-corrected instrument will be more useful.
The improved imaging of thick samples may be the most
important benefit of CC correction; conversely, for very
thin samples, low-keV CC-corrected imaging provides
opportunities to retain resolution while reducing beam
damage. Energy-corrected imaging may turn out to be
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more dose-efficient than conventional energy filtering
while providing an even better image resolution. More
speculatively, the use of CC correction may enable in situ
experiments that require extensive space in the sample
area and improvement of material contrast using specialized imaging modes. We discuss these benefits in the
following sections.
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Fig. 5 | Influence of CC correction on energy-filtered TEM. a,b | Calculations of the
effect of energy spread (ΔE) and chromatic aberration (CC) correction on image resolution.
The calculations are based on expressions that are valid under the assumption that inelastic
scattering fills the collection angle uniformly126. Panel a shows a plot of spatial resolution in
energy-filtered transmission electron microscopy (EFTEM) with a field emission gun at
200 keV as a function of the collection semi-angle, α, when there is a spread in energy.
Compared with the resolution of a spherical aberration (CS)-corrected microscope for a
large energy-selecting slit width (ΔE) of 10 eV, CS and CC (CS/CC) correction improves the
resolution even when ΔE is large, 100 eV. The contributions of chromatic broadening
(black and blue solid lines) and the diffraction limit (solid red line) are also shown. The total
resolution is the sum of residual delocalization and chromatic broadening. The residual
delocalization (solid green line) is shown for an aberration-corrected instrument with an
ideal monochromatic source and includes the diffraction limit. In the example shown, a
non-zero CS is used to balance a fifth-order spherical aberration, C5, of −4 mm for optimum
phase contrast, with the reciprocal information limit α/λ (where λ is the electron
wavelength). Panel b shows the CS-corrected, ΔE = 10 eV plot along with plots for several
other ΔE values, as well as a plot for CS/CC correction for ΔE = 100 eV. CS-corrected
resolution degrades as ΔE increases, whereas for CS/CC correction the resolution is
independent of ΔE. c–f | Experimental demonstration of maintained resolution in
CS/CC-corrected imaging for large atomic weights in a solid sample consisting of CdSe
nanoparticles on a carbon support. Images were recorded on the PICO TEM at the
Ernst Ruska-Centre in Jülich, Germany, at 80 keV, with a 20 s exposure time and no
objective aperture. Panel c shows a high-resolution TEM image, and panels d–f show
EFTEM images recorded at a large energy loss of 70 eV with ΔE = 10, 20 and 30 eV,
respectively. The images include contributions from plasmon losses and one of the strong
core–shell energy losses (the Se M45 core loss). Adapted with permission from ref.86,
Cambridge University Press.
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Improved energy-filtered imaging. C C correction
improves image resolution in EFTEM 76,78,79. This is
because in EFTEM, electrons that have lost a particular amount of energy are selected by passing through
a slit. The slit has a finite width, ΔE, which is a few eV
to tens of eV, and the energy range of electrons that
pass through the slit leads to a spread in defocus in the
image. Without CC correction, a larger ΔE results in a
greater fraction of the incident beam being used to form
the image and hence more dose-efficient imaging but
larger chromatic blur. Thus, there is a trade-off between
dose efficiency and resolution. In a CC-corrected TEM,
large energy windows and large objective apertures can
be used because electrons with all energies are focused
together. The energy-selecting window can be extended
to tens of eV in width, enabling dose-efficient imaging
without compromising spatial resolution (Fig. 5a,b).
Without CC correction, the chromatic blur of equation 7 limits the spatial resolution of EFTEM to more
than a few angstroms (and nanometres for thicker
samples), even when the energy-selecting slit width and
collection semi-angle are small. CC correction reduces
the chromatic blur by more than two orders of magnitude and provides sub-angstrom resolution even
at the largest slit width and collection angle, with the
additional benefit of good SNR78,79 (Fig. 5c–f). The importance of dose-efficient imaging in most liquids underscores the necessity of future experiments to evaluate
the extent to which CC correction improves EFTEM of
liquid samples.
Improved imaging for thick samples. In the absence of
CC correction, the resolution in thick samples is limited
by chromatic blur caused by multiple inelastic scattering
events. One strategy for optimizing the image quality is
to use a narrow energy-selecting slit to reduce the chromatic blur, thereby improving the resolution and depth
of focus. However, the narrow slit reduces the dose efficiency. A better balance between resolution and dose
is obtained if the energy-selecting slit is centred not
on the zero-loss peak but on the most probable energy
loss that the primary electrons undergo for that sample
thickness80. As an example, such energy-filtered imaging is applied to a solid, thick sample of whole mount
macrophage cells81 in Fig. 6a. The image resolution is
as high as 2.5 nm in this sample despite its thickness of
well over 2 μm; however, depth effects are visible, as the
resolution is poorer for nanoparticles located at the top
of the sample80.
In a CS/CC-corrected microscope, all electron energies and angles are in focus. Almost all the single inelastically scattered electrons can be used to form the image,
as these typically lose energy without changing their
direction significantly. Thus, there is a notable advantage
www.nature.com/natrevmats
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in CS/CC-corrected imaging of dose-sensitive thick samples, compared with energy filtering alone. With CS/CC
correction, the spatial resolution obtained for thick samples is similar to that obtained for EFTEM but with the
advantage of higher dose efficiency (Fig. 3c–e; Fig. 6b,c).
A related benefit of CS/CC correction is that regions of
the sample with different thicknesses are all imaged at an
optimal defocus without the need to adjust for changes
in the most probable energy loss80.

efficiency will be higher than is possible from a combination of a phase plate and zero-loss filtered imaging.
We are not aware of published results in this area and
anticipate exciting advances in the future.

CS/CC-corrected holography in liquids. Lorentz imaging and holography in liquids are possible despite the
difficulty of obtaining a suitable reference beam. Off-axis
electron holography has been used, for example, to probe
magnetic structure within cells of a magnetotactic bacCS/CC-corrected imaging with a phase plate. Phase terium enclosed in a liquid cell84. Data were acquired in
plates were developed to increase image contrast and Lorentz mode (Fig. 7) using an electron biprism and a
hence improve the dose-limited resolution of low- direct-detection camera to increase the fringe contrast
contrast and beam-sensitive biological samples82,83. The at doses similar to those used in conventional TEM.
phase plate improves contrast transfer at low spatial Holography has also been applied to study electron-beam
frequencies by changing the phase of the central beam interactions with ionic liquids in an open cell geometry85.
CS/CC correction would improve the resolution in
with respect to the scattered beams. High contrast can
be obtained without needing a large defocus, and high studies of liquid samples, for example, liquids containresolution can be obtained without reconstructing a ing magnetic nanostructures. In Lorentz mode, the TEM
through-focal series with the consequent high dose. objective lens is switched off to create magnetic-fieldPhase plates are not yet widely used in liquid cell TEM, free conditions. CS correction has already been used to
but we would expect significant benefits for imaging mitigate the resulting resolution loss, achieving a spatial
low-contrast and beam-sensitive liquid samples at the resolution better than 0.5 nm in the corrected Lorentz
imaging of conventional samples at both low86 and high87
lowest dose possible.
Phase plates are even less commonly used in voltages. CS/CC correction would improve the resolution
aberration-corrected instruments. However, the com- further, especially at lower voltages and for thick sambination should in principle be valuable for imaging ples. In the future, it may be possible to use CC-corrected
liquids. CS correction plus a phase plate should theoret- holography to image magnetic fields originating from
ically produce the maximum possible phase contrast75. the presence of ferromagnetic materials in liquids with
The corrector and phase plate can be optimized together close to atomic spatial resolution.
for the frequency spectrum of the object. This flexibility
should improve the resolution of phase-contrast imag- Low-energy CS/CC-corrected TEM. A further possible
ing by enabling imaging close to focus while maintaining advantage of CS/CC correction is the ability to acquire
the full object contrast. CC correction should increase TEM images with high resolution even at low beam
performance further because it will compensate for energy, perhaps as low as 20 keV (ref.88). To exploit the
the loss of coherence owing to inelastic scattering in the full advantage of CC correction at this beam energy,
sample and phase plate. As with other applications of CC the sample must be very thin to achieve sufficient transmitcorrection, the greatest benefits will be seen for thicker tance. For liquids, a possible solution is to use a graphene
samples that substantially exceed the inelastic mean free liquid cell 11. Low-energy C S/C C- c orrected imaging
path in thickness, common in imaging liquids. The dose of such samples enables a new range of experiments
a

b
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Fig. 6 | Bright-field TEM images of a thick sample of a whole mount macrophage cell. a | Energy-filtered, spherical
aberration (CS)-corrected overview transmission electron microscopy (TEM) image showing low-density lipoprotein-
coated gold nanoparticles uptaken by a macrophage cell and assembled in clusters. b | A chromatic aberration (CC) and
CS-corrected image of the area imaged in panel a. c | The same image as shown in panel a but refocused to the most
probable energy loss. The image in panel b has a similar resolution to the image in panel c but was obtained without
excluding electrons from image formation and without adjusting the focus to a certain energy loss. Bright-field TEM
images were recorded at 300 keV with the PICO CS and CC-corrected TEM at the Ernst Ruska-Centre in Jülich, Germany.
The exposure time was 5 s. Adapted with permission from ref.86, Cambridge University Press.
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Fig. 7 | Electron holography and associated analysis of a hydrated bacterial cell. a | Off-axis electron hologram of a
hydrated magnetotactic bacterial cell between silicon nitride windows. The magnified region in the inset shows well-
resolved interference fringes with a spacing of 5.6 nm. b | Phase of the electrons at each point in the image, calculated
from the hologram in panel a. A visible phase change is caused by the magnetite chain in the magnetotactic bacterial cell,
enabling the magnetic properties of the chain to be inferred. c | Magnetic induction map of part of the magnetite chain,
obtained from holograms recorded under two different magnetic field directions (FDs). The black phase contours show
the magnetic contribution to the measured phase shift and have a spacing of 0.098 ± 0.001 rad. The magnetite
nanocrystals are outlined in white. The direction of the measured projected in-plane magnetic induction is shown using
arrows and the colours in the inset colour wheel. Adapted with permission from ref.84, The Royal Society Publishing;
permission conveyed through Copyright Clearance Center, Inc.

because the beam energy is below the knock-on damage
threshold of both bulk and surface atoms for most materials, including carbon-based materials, and the contrast
obtained is higher than that at 200 keV. We speculate that
an optimized dose–resolution balance will be found for
beam-sensitive liquid samples at, for example, 20 keV.
CS/CC-corrected imaging for novel liquid imaging
modes. The most speculative benefit of CS/CC correction
for liquid samples arises because the microscope design
can be completely reimagined if CC is zero. At present,
high resolution is achieved by choosing a small pole-piece
gap (for example, <2 mm) to reduce the CC coefficient of
the lens. With CC correction, a wider pole-piece gap is
possible while still maintaining high resolution. The wide
gap provides space for bulky holders, detectors and other
components around the sample. For liquid samples, possibilities of interest include correlative imaging, which
involves simultaneous use of other microscopies; light
stimulation by fibre optics or lasers; in situ irradiation
by ion beams or other radiation; application of magnetic
fields; complex liquid pumping systems; and accurate
probes to measure or calibrate parameters such as temperature, window deflection or liquid chemistry. No dedicated CC-corrected, large pole-piece gap in situ instrument
exists, but future opportunities are compelling.

Spatial resolution in STEM of liquids
In STEM, as for TEM, the resolution for thin and stable
solid samples depends on the electron optics, specifically
the STEM probe size, which is of the order of 0.2 nm in
uncorrected instruments. However, the resolution for
more typical dose-sensitive liquid samples is limited by
SNR and, for thicker samples, by beam blurring. In the
following, we therefore consider both acceptable dose
72 | JANUARY 2019 | volume 4

and imaging mode, distinguishing between the cases
of dark-field and bright-field STEM imaging of objects
in liquid.
SNR-limited resolution in STEM. For objects at the beam
entrance side of the specimen, imaged with the highest
spatial resolution, the small amount of probe broadening due to the window can be neglected. The resolution
is then limited by the achievable SNR, which in turn
depends on the contrast and acceptable dose of the sample. To satisfy the Rose criterion, an object must be large
enough to be detectable at a certain dose within a liquid
layer of certain thickness and scattering properties.
We first consider the case of standard annular dark-
field imaging conditions4,8. Here, contrast is generated
because the detector collects electrons that are elastically
scattered out of the primary beam above a given semi-
angle β. If there are N0 electrons in the primary beam in
each pixel (a function of probe current and dwell time),
the fraction N/N0 of electrons scattered into the detector
is given by4,21:

N ∕N0 = 1−exp{−t ∕l (β)}

(14)

where l(β) is analogous to l(α) defined in equation 8 but
with semi-angle β. To a good approximation, σ(β) is proportional to Z4/3 (see Supplementary information). Using
dark-field contrast, high-Z nanoparticles can be imaged
with strong contrast even in liquid layers that are several
micrometres thick4. For typical values4 of β = 70 mrad,
E = 200 keV and mean free paths lw = 10.3 μm and
lo = 73 nm for water and gold, respectively, we calculate the SNR for dark-field conditions similarly to the
bright-field calculations for TEM (equations 8–11). The
signals in the annular dark-field detector at the object
www.nature.com/natrevmats
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and in the background are given by equations 15 and
16, respectively4.

Nsignal ∕N0 = 1−exp{−[to∕l o(β) + (t −to)∕l w (β)]} (15)
Nbkg ∕N0 = 1−exp{−t ∕l w (α )}

(16)

To calculate the thickness of a gold nanoparticle
that would be detectable above the background, we use
the SNR limit of equation 11, a linear approximation
assuming8 t ≪ to and dSTEM = to:

d STEM = 3l o(t ∕l wN0 )1 ∕ 2

(17)

Equation 17 suggests that a gold nanoparticle with
a 1 nm diameter can be resolved on top of a water layer
of 5 μm using a probe current of 0.5 nA and a pixel
dwell time of 10 μs. This is a remarkable result and is
consistent with experimental data4,8 (Fig. 2).
If we now wish to express dSTEM explicitly as a function of D, an approximate solution is obtained by eliminating N0 in equation 17 (similar to the approach used
to derive equation 12) by using N0 = D(dSTEM/2)2. This
leads to6:

d SNR =

6l o
l w −l o

1∕4

 tl w 


 D 

(18)

The achievable spatial resolution thus depends on
D1/4 (ref.6). Therefore, achieving higher resolution in
such samples is only possible at the cost of high electron doses. However, low-dose imaging is feasible if the
resolution requirements can be relaxed.
Equations 17–18 involve several approximations and
also neglect scattering in the windows. More precise
calculations are possible through numerical solving and
give similar results for the conditions under which the
approximations apply6. Monte Carlo simulations provide
the most precise calculation of the sample-dependent
resolution and are not difficult to accomplish89.
Achievable resolution. The achievable resolution for
STEM was calculated at optimized settings for samples
containing carbon and gold nano-objects (Fig. 2) by
solving equations 11, 15 and 16 numerically. The results
show that TEM is best for low-Z materials, such as carbon, in thin liquid layers, but STEM provides higher
resolution at thicknesses at which phase contrast no
longer applies. STEM provides higher resolution for
high-Z materials, as expected from the strong Z-contrast
imaging it provides. The benefits are particularly striking
for high-Z nanoparticles in very thick liquid layers, for
which a resolution of a few nanometres is possible in
10 µm of liquid at reasonably low D. These calculations
are consistent with experimental data for imaging nanoparticles at different dose levels8,90. Atomic resolution
has been shown for STEM imaging of platinum nanoparticles16, and similar to TEM, the equations based on
imaging single objects predict a lower resolution (higher
value) than the resolution measured from lattice fringes.
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Probe broadening in STEM. Probe broadening occurs
because elastic scattering of the beam by the sample
increases the probe diameter as the beam passes through
the sample21. This effect is similar to the image blurring
in TEM described by equation 13 and can limit the resolution possible for thick liquid samples8,91. For STEM, the
highest resolution is achieved for objects at the electron-
beam entrance side of the sample. This is shown experimentally in a model sample consisting of gold particles
on a thick amorphous film92 (Fig. 3f) and in a liquid sample containing gold particles above or below a thick water
layer8 (Fig. 3g,h). Changes in spatial resolution (at a fixed
electron dose) are visible as a function of the liquid thickness, with beam broadening starting to limit the resolution
for nanoparticles below, typically, 1 µm of liquid.
Bright-field STEM. Bright-field STEM is an imaging
modality that suffers less from beam broadening than the
dark-field mode because scattering events at low angles
do not substantially blur the probe. Bright-field STEM
is therefore particularly advantageous when imaging
thick samples. If some spatial resolution is sacrificed by
reducing the beam opening angle, this can increase the
focal depth so much that the entire thickness is imaged
in focus93,94. This has already proved beneficial for imaging dose-sensitive cryo sections up to 1 μm thick95. The
same effect can perhaps be used to improve the resolution in liquid cell bright-field STEM if the experimental
settings are optimized6. An important recent advance is
the development of segmented bright-field detectors that
can be configured to obtain STEM bright-field phase
contrast with increased detection efficiency96. Pixelated
detectors should lead to further improvements in detection
efficiency in all STEM imaging modes.
CS correction in STEM. CS-corrected STEM has been
applied to image nanoparticles in liquid39,97, to write patterns in beam-sensitive solutions of metal ions98 and to
image individual molecules of ferritin and obtain information about chemical bonding99. These examples illustrate three key consequences of CS correction in STEM:
improved spatial resolution by concentrating the beam
current into a smaller probe than is possible in uncorrected STEM, increased SNR and faster compositional
analysis by providing larger current in a probe of the
same size as in uncorrected STEM.
In terms of minimizing probe size, CS correction enables the formation of a probe of <0.1 nm. This improves
the resolution but can be used only when the sample is
highly dose-tolerant. For example, imaging thin solid
samples with sub-angstrom resolution requires high-dose
conditions, such as a 50 pA probe current, a 10 µs dwell
time, a probe size of <0.8 Å (ref.7) and hence an electron
density of ~104 e− Å−2. Some solid samples can withstand
such a high D, but we would expect strong beam effects
in liquids. A key application of CS correction in STEM
of liquids may exist at the other end of the resolution
scale. Instead of aiming for the highest spatial resolution,
the operator could adjust the microscope to provide as
much current as possible in a probe of reasonable size,
for example, 0.5 nm. This would be useful for optimizing
temporal resolution or compositional analysis.
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CS-corrected STEM has a second advantage: high
resolution can still be achieved even at higher beam
currents because larger beam-convergence angles are
possible than in non-corrected STEM. Eventually, the
fifth-order spherical aberration, C5, becomes the limiting factor, but a beam current of several tens of nA is
possible for sub-nanometre resolution100. In practice,
this type of resolution–beam current balance is commonly used in uncorrected STEM of liquid samples
to optimize the information obtained for a given dose.
A balance is achieved by adjusting towards smaller beam
opening angles so that diffraction broadens the probe or
by imaging slightly out of focus.
A third benefit of CS-corrected STEM has already
been discussed for TEM: the prospect of optical sectioning owing to the highly decreased focal depth63,101.
Combining a limited tilt series with a focal series has been
shown to reduce the missing-wedge problem102 in tomo
graphy and may find application in 3D measurements
in liquids.

Temporal resolution in liquids
Sequential images provide a powerful tool to measure
kinetics during reactions, to detect transient inter
mediate states and to probe the response of a material
to changes in the environment, such as temperature or
field. Many in situ liquid cell electron microscopy studies acquire image series for such purposes. However,
temporal resolution has two other benefits that are
3.88 s

3.89 s

particularly valuable for liquid samples: reducing the
effects of the random motion of objects within a liquid
and minimizing beam-induced artefacts through dose
fractionation. The options available for recording time
series range from video format (30 images per second,
each of 480 × 640 pixels) to direct-detection cameras
that can offer millisecond frame times. Increasing the
image acquisition speed for a similar SNR per image
implies that the electron flux has to be increased by
using more current. A given dose is thus delivered more
quickly to the sample. As discussed above, both total
dose and dose rate affect the response of the sample
to irradiation36,40. Thus, a balance must be set between
the spatial resolution required, the number of images
recorded during the experiment, the temporal reso
lution and both the dose and dose-rate tolerance of
the sample.
Conveniently slow Brownian motion. Depending on
the image resolution required, an object of interest,
such as a nanoparticle in a liquid, must move less than,
for example, ~1 nm while the image is recorded. Yet,
Brownian motion is expected to move nanoparticles
much further within a typical image acquisition time.
We can estimate the average length, Δx, that particles
travel in time interval Δτ via Brownian motion using the
following relation103:

Δx = (kBT Δτ ∕3πηr )1 ∕ 2
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Fig. 8 | In situ TEM of nanocube rotation. Transmission electron microscopy (TEM) images extracted from a movie
showing motion of a gold nanocube with a 15 nm radius coated with cetyltrimethylammonium bromide in a 70-nm-thick
water layer. Images were acquired under 50 e− Å−2 s−1 irradiation, at 100 frames per second and using zero-loss filtering.
Jiggling, rotation and occasional long displacements of tens of nanometres (highlighted with arrows) occur within
individual 10 ms frames. Frames such as the one at 3.93 s also suggest rotations occur during translation steps. Adapted
with permission from ref.105, American Chemical Society.
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where kB is Boltzmann’s constant, T is the temperature,
η is the viscosity of the liquid and r is the particle radius.
For a nanoparticle with a 10 nm radius in water with
η = 8.9 × 104 kg s−1 m−1 and at room temperature, we
obtain Δx = 7 nm within 1 µs. In other words, Brownian
motion would be expected to prevent nanometre-
level imaging of small particles for acquisition rates of
even a few hundred images per second104–106. Slower
image acquisition is acceptable only for larger particles or structures attached to the liquid cell walls or for
situations requiring lower resolution106,107.
Despite these expectations, from the first reports
of nanoscale resolution obtained on small particles in
liquid4,9, it became clear that good resolution was being
obtained even without ultrafast image acquisition. For
example, during acquisition of 100 images per second
of a gold nanocube with a 15 nm radius in water (Fig. 8),
many images show reasonable resolution, although
motion is visible in others105. A nanoparticle with this
radius would be expected, from equation 19, to travel
~6 µm during the 0.01 s image acquisition time, which
is much farther than observed in Fig. 8. It is also possible
to study the dynamics of moving nanoparticles over a
longer timescale (Fig. 9). In these experiments, the motion
of gold nanoparticles close to the silicon nitride window
was observed to be three orders of magnitude slower
than expected from Brownian motion55. Similar effects
have been observed in many liquid samples41,55,105,108–111.
The physics behind this exceptionally slow motion compared with Brownian motion is still unresolved, with
ongoing discussions of the effects of liquid ordering near
the interface112, electric fields induced by electron-beam
irradiation113, partial binding9 and beam-affected trapping and de-trapping of particles at the surface114. The
practical outcome is that high-quality observations seem
possible in liquids at reasonable temporal resolution,
despite expectations based on Brownian motion.
Temporal versus dose-limited resolution. Recording
images at high temporal resolution creates a conflict
with noise-limited spatial resolution requirements.
Increasing the electron flux to maintain the dose per
a

b

image means that the sample will exceed its acceptable
dose more rapidly; alternatively, at fixed electron flux,
reducing the exposure time will reduce the number of
counts in the image until eventually the spatial resolution becomes limited. Although this is a fundamental
limitation, there is room for improvement. It is worth
considering whether the dose can be distributed over
time to match the phenomenon under study; for example, a process that slows down with time could be imaged
more slowly at later times to reduce the total dose to the
sample without losing much information. More efficient
detectors provide a straightforward way to collect more
images without increasing the dose to the sample. Direct-
detection cameras using thinned sensors show excellent
performance42. With direct-detection cameras, the noise
is reduced owing to the elimination of the fibre optic link
used conventionally, and the detector quantum efficiency
is increased over a wide frequency range. Moreover, both
the fill factor and duty cycle are 100%; thus, virtually all
electrons are counted. Image acquisition at, for example,
400 frames of 2,000 × 2,000 pixels per second is a significant improvement over standard video acquisition.
Along with the high efficiency and low noise, a great
benefit of these types of detectors is the ability to carry
out dose fractionation. However, a challenge is the difficulty of handling the data. For example, 400 frames
of 2,000 × 2,000 pixels per second equates to more than
3 GB s−1 (with each pixel value stored in 16 bit), which is
comparable to the data rate from CERN. Data compression and automatic image processing therefore become
necessary to handle the experimental data.
If higher temporal resolution is required, dedicated
TEM systems can be used. These involve the principle
of dynamic TEM (DTEM)115, in which a laser triggers a
burst of imaging electrons and a simultaneous stimulus
to the sample. Pulse–probe measurements of repeated
processes are possible104,116. These specialized DTEM
instruments have been used with liquid cells to study
processes such as light-induced nanoparticle growth117.
Time-resolved STEM is an imaging modality that is not
often used, and most scanning units are not designed for
high speed. In particular, the typical scanning saw-tooth
c

d
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Fig. 9 | Time-resolved STEM imaging of gold nanoparticles moving in liquid. Each image represents a running
average of eight frames recorded at video frequency (that is, with a 0.3 s time interval). a | Scanning transmission
electron microscopy (STEM) image of 5 nm gold nanoparticles taken at the onset of movement. b | Image of the same
location after 2 s exposure to the beam; motion has just begun. Movement of the nanoparticles is apparent from the
~0.1 µm streaks. Note that equation 19 predicts that these nanoparticles would travel 8 µm in water within 0.3 s, several
orders of magnitude larger than is seen. c | Image in the same location after 24 s exposure. Most nanoparticles have left
the field of view, and those that are visible do not move. d | Image of the remaining nanoparticles after zooming out,
showing that the nanoparticles that had not been exposed to the electron beam had not moved. Adapted with
permission from ref.55, Elsevier.
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signal requires a considerable fly-back time of hundreds
of milliseconds. However, image series can be obtained
to provide time-dependent Z-contrast information on
phenomena such as nanoparticle motion or electrochemical growth39,55,112,118,119. Changes in image intensity
during the scanning of a single image have been used to
provide sub-frame temporal resolution in measurements
of ion concentration in solution120. Many opportunities
exist in this mostly unexplored territory of time-resolved
STEM. For example, commercial STEM instruments
readily operate with a pixel dwell time of 1 µs. Instead
of acquiring a large square image, it would be beneficial
to acquire the smallest possible image and minimize fly-
back time with optimized scanning schemes121. Without
fly-back time, a scan unit could in principle acquire
a 128 × 128 pixel image in 18 ms. The dwell time could
be reduced by using detection and readout optimized for
high speed. It would be advantageous to increase the current per pixel to maintain sufficient SNR (for example,
using the analytical mode instead of the imaging mode),
for which CS correction would be beneficial.
To increase acquisition speed even further, smart
acquisition schemes can be used, such as those involving compressive sensing techniques45. For STEM, electrostatic scan coils as used in SEM could in principle
also be designed for higher accelerating voltage, or
STEM-in-SEM can be used at higher speeds. It could
also be possible to avoid scanning altogether and observe
objects flying into and out of the liquid column irradiated with the electron beam. The resulting intensity versus time signal can be detected with (sub-)nanosecond
temporal resolution using standard photomultiplier
tubes, an interesting prospect for future investigations.
Finally, in seeking a solution to optimize the balance
between dose and temporal and spatial resolution, a
combination of microscopy modalities may turn out to
be necessary, as has been shown already for correlative
fluorescence and electron microscopy. One option is to
combine cryo-electron microscopy methods with liquid
cell electron microscopy122. Cryo-electron microscopy
would provide high-resolution, static images of frozen
structures, whereas the dynamic transition between these
states would be examined in liquid at lower resolution.

Summary and outlook
Electron microscopy of liquids is capable of producing
high-resolution information. It is possible to visualize
the motion of nanoparticles and discriminate subtle details of materials and biological structures in the
1.
2.

3.

4.

Ross, F. M. Liquid Cell Electron Microscopy
(Cambridge Univ. Press, 2017).
Ross, F. M. Opportunities and challenges in liquid
cell electron microscopy. Science 350, aaa9886
(2015).
This article discusses the range of problems
accessible with closed liquid cell electron
microscopy.
de Jonge, N. & Ross, F. M. Electron microscopy of
specimens in liquid. Nat. Nanotechnol. 6, 695–704
(2011).
This article provides an overview of the
breakthroughs in liquid cell electron microscopy
in the 2000s that led to the current growth of the
field.
de Jonge, N., Peckys, D. B., Kremers, G. J. & Piston, D. W.
Electron microscopy of whole cells in liquid with

76 | JANUARY 2019 | volume 4

5.

6.

liquid phase. Although thin liquid layers provide images
with higher spatial resolution, thicker samples can provide a better model of bulk processes yet still maintain
acceptable temporal and spatial resolution.
To understand the limits of spatial and temporal resolution in TEM and STEM of liquids, we have combined
the ideas of aberration-limited and noise-limited spatial
resolution with the maximum dose that a liquid sample
can tolerate without damage and applied the concepts to
thick samples that often have low contrast. In a general
liquid imaging experiment, we suggest that resolution
is most commonly constrained by dose limitations. For
experiments that image biological materials, this is not a
surprising outcome based on cryo-electron microscopy
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such as metal nanoparticles or thin films in an aqueous
environment, beam effects can have a dominant role
because of the sensitivity of the surrounding water to
electron irradiation.
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As techniques for imaging liquids with electrons
develop, we can expect to see improvements in the
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that microscopes with CS/CC correction and energy-
filtering capabilities will be applied more widely to liquid samples. We also expect that more general adoption
of high-performance detectors, advanced image processing and high-speed STEM will make an immense
difference to the practice of electron microscopy of liquids, improving SNR and enabling dose fractionation.
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and future developments promise exciting opportunities for quantitative analysis, modelling and prediction of materials properties and processes in liquid
environments.
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