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Abstract

For many soft-matter specimens, transmission electron microscopists face the

double-bind of low contrast images, due to weakly-scattering specimens, along-

side severe limits on the electron dose that can be used before the specimen is

damaged by the electron beam. The combination of these effects causes the re-

sultant micrographs to have very low signal-to-noise. It is well known that vary-

ing the defocus aberration can enhance image contrast in electron microscopy.

For single-material objects where the variation of absorption and phase contrast

are functions of one another, since both are governed by the variation in thick-

ness profile, we show that the thickness profile can be reconstructed at very low

dose. The algorithm, first established in X-ray imaging, requires some a priori

information but only a single defocussed image of the region of interest, making

it more dose efficient than either a conventional transport-of-intensity phase

reconstruction (which would require two images and tends to amplify noise),

or an absorption-contrast analysis of a single in-focus image recorded at the

same electron dose (which does not benefit from the significant signal-to-noise

enhancement of the present algorithm). These findings are presented through

both simulations and experimental data.
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1. Introduction

Transmission electron microscopes (TEMs) can routinely produce atomic

or near-atomic resolution images of many specimens [1, 2, 3], but this is not

true for many societally-important materials. From proteins, viruses and drug

molecules [4, 5] to soft polymers [6], solar-cell devices [7] and lithium battery

compounds [8], high-quality images of many materials are very challenging to

obtain directly using TEMs, as specimens can be damaged by the electron beam

before the image is sufficiently resolved. These materials fall under the category

of “beam-sensitive” materials, and the mechanisms of the beam damage are

many and varied. The damage can occur by inelastic scattering, ionisation

or heating damage due to interactions of the electron beam with the sample,

resulting in blurred images of the material in a non-native state [6, 9].

The challenge of imaging such materials in a TEM is further exacerbated by

many such specimens having a weak effective absorption: the vast majority of

electrons impinging on the sample are transmitted through the imaging optics.

This leads to low image contrast in a bright field imaging system. For a contrast

difference between two image features to be clear, the intensity difference in the

image ought to be larger than the variation in the signal due to noise. Visualising

a small contrast difference, therefore, requires that the noise level is low. The

fractional signal fluctuation due to counting noise varies as 1/
√
N , where N is

the number of electrons detected in each detector pixel, so reducing this noise

level requires a significant increase in electron dose. The high dose required for

each pixel of the detector can lead to delicate specimens being damaged during

the imaging process.2

In this article we investigate an imaging technique, originally developed in

2We note in passing that there is variation in the literature of the definition of the term

“electron dose” (for examples see Refs. [6, 10, 11]). In this manuscript, we define dose as the

number incident electrons per unit area.
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the context of X-ray imaging, which can address both aspects of this problem

for ”single-material” samples, i.e. samples where the absorption profile – defined

as the logarithm of the intensity – and the phase profile depend only on sample

thickness. Such classes of material science problems include the morphology

of nanoparticles in environmental TEM and in soft polymer systems, and the

rapid analysis of the uniformity of beam-sensitive supports (such as vitreous

ice, ultrathin carbon and silicon-nitride) and positions of particles upon/within

them. By redistributing the detected electrons in the plane of the detector, using

defocus aberrations to reshape the imaging wavefront, we can increase the image

contrast contrast of the reconstructed thickness profile (aiding interpretation),

while simultaneously reducing the impact of fundamental shot noise (decreasing

uncertainty in the measured values) at dose levels many times lower than in a

conventional imaging set-up for a TEM.

2. Methodology

The reconstruction formula used in the present paper is based on the transport-

of-intensity equation (TIE) [12]. This is a continuity equation for paraxial co-

herent matter and radiation fields that relates the longitudinal derivative of

intensity with respect to defocus to both the intensity and the phase over a

specified plane perpendicular to the optic axis. Since both the intensity and

the longitudinal intensity derivative may be measured directly, this elliptic par-

tial differential equation may be solved for the unknown phase. In general, the

intensity and phase over a given plane will be independent of one another, in

which case an algorithm due to Paganin and Nugent [13] may be used to solve

the TIE for the phase over such a plane, given an in-focus image together with

slightly over-focussed and slightly under-focussed images. This solution to the

TIE has been widely used in transmission electron microscopy, following on

from the first research papers [14, 15], together with a text-book account [16].

This single-image method has been applied to X-rays [17, 18, 19, 20, 21, 22],

visible light [23] and electrons [24, 25]. While several hundred papers use the
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single-image TIE method for X-rays, the application to electrons has only just

begun to be explored [24, 25]. This single-image algorithm makes the additional

assumption that the absorption profile (defined as the logarithm of the intensity)

and phase profile of the exit wave vary linearly with the projected specimen

thickness, T (x, y):

Ψexit(x, y) = Ψin exp
[
T (x, y)

(
−µ

2
+ iσV0

)]
. (1)

Here, a normally incident plane wave of constant complex amplitude Ψin

(intensity I0 = |Ψin|2) has been assumed, with µ the effective linear attenuation

coefficient, σ the interaction constant [16] and V0 the mean inner potential. The

specimen exit-wave is denoted Ψexit(x, y).

It is worth unpacking the assumptions of Eq. (1) in the context of electron

microscopy. First, this equation assumes that the specimen can be treated as

a multiplicative object [26]. This amounts to ignoring the Fresnel propagation

within the sample, which is a reasonable assumption provided the maximum

transverse spatial frequency of interest is much smaller than 1/
√
4λtmax where

tmax is the maximum thickness of interest [27, 28, 29].3 In particular, if the

sample is crystalline it should not be aligned along a low-order zone-axis, and

the method is not applicable at atomic resolution. Second, the specimen should

be composed of a single material (generalisations to multi-component speci-

mens are possible [18], but beyond the scope of the present study) such that

the effective linear attenuation coefficient µ and the mean inner potential V0

are constants – the structure we are seeking to reconstruct being the specimen

morphology described by the thickness profile T (x, y). This restriction rules

out significant classes of samples, including those inducing phase-contrast from

electromagnetic field structure other than the mean inner potential, but is still

applicable to many classes of interest (e.g. morphology of nanoparticles in en-

3This expression can also be used in reverse, determining the thickest sample for which the

approximation is expected to hold at a given resolution (reciprocal of the maximum transverse

spatial frequency).
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vironmental TEM and in soft polymer systems, and the rapid analysis of the

uniformity of beam-sensitive supports – such as vitreous ice, ultrathin carbon

and silicon-nitride – and positions of particles upon/within them), especially

in lower resolution imaging. Third, unlike in X-ray imaging where imaging

quanta are absorbed within the sample, in TEM imaging negligibly few elec-

trons are absorbed within the specimen. However, inelastic scattering through

large angles – most notably thermal scattering – puts some electrons beyond

the range of subsequent apertures in the imaging system, and these electrons

are thereby excluded from contributing to the image. This amounts to an effec-

tive absorption, which under the assumptions already described reduces to an

effective linear attenuation coefficient µ. The effective absorption for thermal

scattering can be calculated following Hall and Hirsch [30], and will depend on

the sample (through elements present and their number density, and the sam-

ple temperature) and on the microscope (through its accelerating voltage and

objective aperture size). For our purposes it will suffice to measure it through

the experiment.

A single image with planar illumination, taken at a small under focus, is

sufficient to reconstruct an in-focus exit wave from which projected specimen

thickness (and thus also specimen-induced phase shift, in the multiplicative

object approximation) can be extracted via [17]

T (x, y) = − 1

µ
ln

(
F−1

{
F [I(x, y, z = δ)/I0]

1− τ |k⊥|2

})
, (2)

provided one has determined the quantities in τ = 2πδλσV0/µ, where λ is the

electron wavelength (notation following Ref. [24]) and I(x, y, z = δ) is the

recorded intensity map at a defocus of δ. F denotes a Fourier transform with

respect to x and y and F−1 denotes the corresponding inverse, with k⊥ ≡

(kx, ky) denoting the Fourier coordinates dual to (x, y). Two aspects of this

algorithm warrant further comment at this point.

First, applying the algorithm to best quantitative effect requires all the quan-

tities making up τ to have been determined. The acceleration voltage, which
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tends to be well-characterised, determines λ and σ. For samples of known com-

position, one might endeavour to calculate the mean inner potential V0 and

effective linear attenuation coefficient µ a priori (though both can be sensitive

to assumptions made about the scattering factors [31]). Otherwise, they must

be measured. Being properties of the material, though, this may be performed

on separate regions of the specimen to those of interest on which we wish to min-

imise the dose. While change in defocus is usually well calibrated in transmission

electron microscopes, the absolute defocus δ must be determined for the sample

in question. This may require further measurements, though again we stress

that they do not need to be performed on the region of interest. The algorithm

in Eq. (2) also provides for a built-in consistency check. Eq. (2) is essentially

a Fourier filter which, amongst other things, removes the propagation-induced

Fresnel fringes from the out-of-focus image, and thus residual Fresnel fringes in

a reconstruction may be evidence of insufficiently accurate determination of τ .

Eastwood et al. [24] showed that when τ is not known a priori, treating it as

an open parameter to be determined by the condition of minimising the Fresnel

fringes in output of Eq. (2) leads to good qualitative results. The factor with

the most impact on the quantitative output is µ as it also appears as a scaling

factor in the front of Eq. (2).

Second, note that there is potential for enhancing noise for frequencies at

which the denominator 1−τ |k⊥|2 ≈ 0. This does not occur in the X-ray regime:

image formation results from free-space propagation meaning that τ is always

negative and thus the denominator in Eq. (2) never zero. In electron microscopy,

the defocus δ can be either positive (overfocus) or negative (underfocus), hence

τ in Eq. (2) can be either positive or negative. 4 While regularisation might

be used to handle the zero in the denominator for overfocus imaging, we prefer

to work solely with underfocus, whereby δ (and hence τ) is negative and the

4The asymmetry in the algorithm with respect to under- versus over-focus follows from

the assumption of Eq. (1): whereas phase contrast reverses when defocus passes through the

in-focus plane, absorption contrast does not.
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denominator, being strictly greater than unity suppresses noise.

The choice of the value of negative defocus trades off achievable noise reduc-

tion against achievable resolution. The noise is better suppressed as underfocus

is increased (as the Fresnel fringe becomes brighter). However, there is an un-

derlying assumption that the brightness of this fringe varies linearly with focus,

which is only valid for a limited range of negative defoci. For our experimental

parameters, this limit was found to be of the order of 1µm, as demonstrated

in the appendix. In this article, we seek to study noise reduction and so use

approximately this value of defocus throughout [32]. The defocus range over

which the brightness of the Fresnel fringes varies linearly with focus depends

on the experiment – both through the composition and scale of the object and

the accelerating voltage of the microscope – and must therefore be identified for

each experiment. In cases where it cannot readily be predicted via simulation,

it would need to be determined experimentally, a dose-heavy process but one

that need only be carried out on regions similar to that of most interest.

2.1. Aberrations

Conventional TEMs suffer from spherical aberration of the objective lens

[33], typically with values around Cs = 2–3 mm. This adds an additional

phase distortion to the electron wave as it passes through the objective lens, in

addition to the sample-induced distortion we seek to measure. The spherical

aberration for a particular microscope however is usually stable and known.

Liu et al. [25] presented an extension to the Paganin algorithm [17] to take

account of the effects of spherical aberration on the defocussed image contrast.

For our present study, the distortions due to Cs are comparatively small, and,

as we seek to confront low-dose limits rather than the resolution limits of the

algorithm, we do not take this effect into account. Instead, we mitigate the

effects of experimental spherical aberration by using small objective apertures.

2.2. Signal to noise ratio boost

The most powerful property of this thickness profile retrieval method is not

only that it makes low contrast objects more visible, but that it does so in
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a manner that is highly dose efficient. One recent example in X-ray imaging

showed that experimentally it enabled dose reductions on the order of 103 [34].

The manner in which the signal-to-noise ratio can be enhanced, while using the

same number of imaging quanta without loss of resolution was the subject of

a series of papers [19, 20, 21, 22]. The core of the dose efficiency of the tech-

nique, however, can be described in terms of image wave filtering and selective

detection.

The lowest usable dose of an imaging technique is limited by the level at

which the image contrast is overwhelmed by noise (whether that be shot noise,

or noise due to imperfect detector electronics). The shot noise in the image

is determined at the point of detection, so any contrast boost to the image

performed via optical manipulation prior to detection means that the contrast-

to-noise is improved. As routinely done in low dose electron microscopy, here we

improve the signal-to-noise at the point of detection by defocusing the specimen

exit wave. This can be considered as an approximate Laplacian filter [35, 36, 37]

which acts to sharpen the image [38]. The Paganin algorithm allows us to

propagate back to the in-focus plane, with a lower effective noise level.

To understand the advantages of the present algorithm, consider the follow-

ing alternative approaches:

1. An absorption-contrast analysis based on the in-focus image would require

only single image and so involve no image alignment. However, it would

require higher dose than the present algorithm as it would not benefit

from the SNR boost conferred by defocus-enhanced image contrast.

2. A two-image transport-of-intensity analysis – where both an in-focus and

out-of-focus images are recorded – would have the advantage of generality,

i.e. not require the assumptions of Eq. (1). It would benefit somewhat

from the defocus-enhanced image contrast, but set against this is that

estimating a through-focal derivative from two images with uncorrelated

noise amplifies the noise and that the reconstruction algorithm itself am-

plifies low frequency noise [32]. In addition, this approach would double
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the dose relative to the single-image case while requiring image alignment

which can be challenging at low dose.

Thus while the method of this manuscript, Eq. (2), is restricted to samples

for which the single-material assumption, Eq. (1), is a good approximation, it

has the advantages of low dose (as it requires only a single image and benefits

from the SNR boost conferred by using defocus to enhance image contrast at

the point of detection) and does not involve image alignment (which can be

challenging with noisy, low-dose images). For the parameters used in the present

study, the SNR boost is estimated to be in the range 4-10, which can improves

reconstruction quality or can be traded off against a reduction in acquisition

time (and so in dose) of 16-100.

The gains possible in signal-to-noise are illustrated by Fig. 1. The up-

per row of Fig. 1 shows line profiles through simulated noiseless images of an

idealised, weakly-absorbing spherical specimen, recorded in-focus (left) and at

−1µm defocus (right). Due to the weak effective absorption of the specimen

in this simulation, the contrast of the left panel is minimal. The defocusing

applied to the right panel generates Fresnel fringes with a high contrast.

Repeating this process, but taking shot noise into account produces the line

profiles illustrated in the middle row. For the in-focus case, the image contrast

is overwhelmed by the noise level, while in the defocused case the contrast spikes

of the Fresnel fringes can still be discerned over the noise.

The lower row of Fig. 1 shows thickness profiles reconstructed from the noisy

data sets of the middle row, using δ = 0µm and δ = −1µm in Eq. (2). The

case with finite negative defocus is clearly seen to have been more successful,

resulting in a clearly spherical thickness profile with a significantly enhanced

signal-to-noise level.

3. Initial experiments

Liu et al. [25] have demonstrated that this algorithm is applicable in TEM

imaging conditions. We now seek to extend this analysis to test how well it
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Figure 1: Showing the effects of reconstruction on signal fidelity. The left column shows

simulated in-focus data of a line profile through a 70 nm diameter latex sphere (V0 = 8.5 V),

without (first row) and with (second row) shot noise (mean=250 electrons per detector pixel

across a 2001 pixel ≡ 200 nm field of view). The electron energy was taken to be 200 keV, with

σ = 7.29× 10−3 V/nm [16] and µ = 5× 10−4. The right column shows the same data, but at

a −1 µm defocus, resulting in the stronger contrast compared to the upper row. These images

can be used in Eq. (2), to generate the reconstructed profiles seen in the lower row, with

the black, dotted line showing the input thickness profile for reference. It can be seen that

the data recorded out-of-focus can be reconstructed with a significantly higher signal-to-noise.

Intensities are in electron/pixel units.
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can work at lower electron doses. The initial experiments were performed on

an FEI Tecnai T20, operating at 200 keV, with an objective aperture of 3.9

mrad. The specimen for this investigation was latex spheres (≈ 80 nm diameter,

ProSciTech) on a TEM grid with an ultrathin carbon film over lacy carbon (Ted

Pella). The grid was briefly plasma cleaned in Ar/O2, before 2 µl of the latex

sphere suspension was applied. Once dry, a 7 nm carbon coating was applied

to aid sample stability (using a Gatan Precision Etching and Coating System

(PECS)).

Images were obtained at a dose such that at the longest exposure time,

the dose did not exceed the dynamic range of the CCD (Orius SC600), and

at 10% and 1% of this exposure time, at a defocus of −1.5 µm (the difference

between the defocus used here, and the ideal −1µm discussed above is due to

experimental calibration inaccuracies discovered during data analysis). The in-

focus exit wave was then reconstructed, following Eq. (2). These images and

the resultant qualitative reconstructions are shown in Fig. 2.

The upper row of Fig. 2 shows the images as-recorded at the microscope,

with exposure time decreasing by a factor of ten between each successive image.

The reduction in SNR across the sequence that one would expect from the

reduced electron dose is readily apparent. In particular, the signal due to the

specimen in the final image is of a similar level to the signal due to the shot

noise. The lower row shows the reconstructions formed from applying Eq. (2)

to the upper images. The value for the linear attenuation coefficient was found

iteratively, by adjustment until image artefacts were minimised (following a

similar process to Ref. [24]). The value for the mean inner potential, 8.5V,

was taken from the literature [39], while σ and λ were both calculated from

the known acceleration voltage. The first two cases illustrated in Fig. 2 show

the profile of the latex spheres to have been well reconstructed (verified by

the profiles shown in Fig. 3 following qualitatively spherical profiles). The

reconstructed spheres are surrounded by mottled variations in the image. These

are a result of noise propagating through the algorithm. The lowest dose case

shows the spheres overlaid with the mottled features [32] - but additionally,
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Figure 2: Upper row: Images of latex spheres (≈ 80 nm diameter), with exposure times of 10,

1 and 0.1 seconds, obtained at −1.5 µm defocus at 200 keV, with the beam strongly diverged

to approach planar illumination (Intensity in arb. units). Lower row: Reconstructed thickness

maps from the corresponding recorded images (Colour bars in nm). The vertical dotted lines

indicate the source of the line profiles in Fig. 3.
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Figure 3: Line profiles through experimental thickness profile reconstructions (cf. dashed lines

in Fig. 2) of the initial experimental data. 10s (teal, solid), 1s (lilac, dashed), 0.1s (mustard,

dotted) exposure times.

vertical streaking artefacts are substantial.

The vertical streaks are also faintly visible in the low-dose recorded image

(upper right panel of Fig. 2). These lines can be attributed to camera read-

out artefacts, which become more visible as the dose decreases. Unlike the

random, uniformly distributed shot noise, which leads to the faint mottling,

the structured (non-uniformly distributed) camera artefacts propagate through

the algorithm more strongly, and become more significant with the processing.

This suggests that this detector is not ideally suited for quantitative low-dose

imaging with this algorithm: while the sample is more visible, its profile is

strongly distorted by these artefacts, as seen in the line profile in Fig. 3. These

artefacts would prevent quantitative application of this method at this dose level

on this camera.

Following this initial test, we now seek an understanding of how low a record-

ing dose might be usable for reconstructions when an electron counting detector
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is used [40]. To enable a quantitative investigation, we first generate a simulated

dataset to determine a theoretical lower bound to the input dose to guide the

experimental acquisitions.

4. Simulations

A model of the experiment was constructed, based on a projected thickness

model of a 70 nm diameter sphere (slightly smaller than that in the previous

section but consistent with the diameter of the sphere used in the subsequent

experiments in Sec. 5), where the phase shift is induced by the mean inner

potential of the latex (taken to be 8.5 volts, following Ref. [39]).

The simulated dataset presented in Fig. 4 has all other imaging parameters

modelled in line with parameters for the subsequent experiments (section 5).

The field of view is 80 × 80 nm across 124 × 124 pixels and µ = 0.012 nm−1

(determined from experimental images, details described in Sec. 5). The dose

per pixel scales from 1000 to 0.1 electrons per pixel (with a factor of 10 reduc-

tion between each row of images). With a pixel size of 0.65 nm × 0.65 nm,

this is equivalent to 2400 to 0.24 electrons per nm2 (or 24 to 0.0024 electrons

per Å2). Using this model, it is clear that the reconstruction breaks down as

the input electron dose decreases and the variations due to Poisson-distributed

shot noise become more significant. While the image object is clearly visible

at 10 electrons per pixel (with a quantitatively accurate thickness map), and

recognisably visible at 1 electron per pixel, it is not well reconstructed at 0.1

electrons per pixel. The variation of noise with dose, and the efficacy of the

reconstructions at a finite negative defocus is summarised in Table 1, where,

for each dose level illustrated in Fig. 4, the mean square error (MSE) [41] of a

reconstruction at δ = −1µm and δ = 0µm are tabulated. From these, we can

see that while the MSE increases as dose decreases, as expected, the MSEs of

the δ = −1µm cases increase with decreasing dose significantly more slowly.
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Dose (e−/pixel) MSE (−1µm) MSE (0µm)

1000 2.3137 10.140

100 2.8855 104.05

10 8.9619 2.5690×104

1 146.24 2.3293×106

0.1 1238.4 7.9136×105

Table 1: A quantitative summary of Fig. 4. While the mean square error (MSE) increases as

the dose decreases in both the defocused, and focused cases, the defocused case does so much

more slowly. We note however, that the MSE values of the lowest doses will be underestimated,

due to exclusion of pixels which generate division by zero errors. This data is visualised in

Fig. 5
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Figure 5: A log-log visualisation of the values in Tab. 1
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5. Quantitative experimental study

Guided by the quantitative simulations, it seems not infeasible that an ex-

perimental sphere may be able to be reconstructed from electron-counting TEM

images with an incoming dose of the order of 1 electron per pixel.

To perform this experiment, an EMPAD detector [40] attached to an FEI

Titan3 was used in a conventional TEM imaging mode, with an objective aper-

ture of 1.5 mrad, with the beam in a broad parallel mode (thus with a low

incident dose rate - enabling us to obtain images with few electrons). A stack of

1000 images was recorded at 80 keV, with magnification such that 80× 80 nm2

filled 124×124 pixels of the detector field of view. A small amount of radiolysis

damage occurred during the alignment and imaging process at the low voltage

used for this experiment. Indeed, the carbon coating visibly deformed and holes

eventually appeared in carbon support film after imaging for tens of minutes.

For the short total data acquisition time of 1 second, the sample was assumed

to be stable or in a steady-state.

The EMPAD detector has single-electron sensitivity [40]. As such, the out-

put data is shot-noise dominated, but has small effects due to other noise pro-

cesses also present. If these other noise processes can be assumed to be neg-

ligible, this data can be scaled to the approximately correct electron counts

(by scaling image intensity until a featureless background region of the images

has mean=variance). This was consistent with the image histogram showing

predominately 0 or 1 counts for single frames. In this way, each frame in the

stack was deduced to have a total dose of 0.15 electrons per pixel, or 0.36 elec-

trons per nm2 (or 0.0036 electrons per Å2). In Fig. 6, the upper row shows

a summed total of 1000, 100, 10 and 1 scaled frame(s). In this sequence, we

see the increasing significance of the shot noise as it gradually overcomes the

visible image signal. The effective linear attenuation coefficient was determined

from the maximum dose image by assuming sphericity of the latex sphere and

that the difference in average electron density from a small region of the image

near the centre of the sphere can be attributed to absorption alone (since the
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Figure 6: Defocussed TEM images of latex sphere (upper row), colour bars in electrons/pixel,

and thickness profile reconstructions (lower row), colour bars in thickness (nm). Images

recorded with decreasing dose, of ≈ 150, 15, 1.5 and 0.15 electrons per pixel in each panel.

Each frame is 124× 124 pixels, with sphere diameter of approximately 70 nm.

phase-induced fringes are localised near the edges of the sphere). While it was

convenient here to deduce this from the experimental data of interest, being

a property of the material (and microscope conditions, as described in Sec. 2)

rather than the region of interest it only needs be determined once on a region of

known/deducible thickness. In the reconstructions that follow, the mean inner

potential of the latex sphere was again assumed to be 8.5 volts [39].

The lower row shows the thickness maps reconstructed from these images

(reconstruction method as described in Eq. (2)). These thickness maps are

accompanied by line profiles taken centrally through these maps, presented in

Fig. 7. We find that the sphere can be well reconstructed (visually identifiable)

until less than 1.5 electrons per pixel is detected. At 0.15 electrons per pixel,

the limitations of the reconstruction method are reached and a sphere cannot

be clearly determined (thickness map is not trivially visually identifiable).
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Figure 7: Line profiles through the reconstructed sphere images of Fig. 6. Line profiles taken

along the central vertical line, line minima zeroed to enable clear comparison between data

sets. Legend is in electrons per pixel.

6. Conclusions

In this paper, we have demonstrated the application of the Paganin algo-

rithm to low dose TEM data, in both simulation and experiment. We have

found that we are able to quantitatively reconstruct the image object with only

a few electrons per pixel with the use of an electron counting detector, and able

to qualitatively reconstruct the object at the level of one electron per pixel. This

method should be advantageous for imaging soft matter systems, wherein the

samples must be imaged in the very low dose regime to minimise the impacts

of beam damage.

This analysis method is valid for single-material multiplicative objects in

electron microscopy, and is a useful application of the newly available electron

counting detectors (cf. Fig. 6) - although the method can also be applied on

standard TEM CCDs (cf. Fig. 2). For successful application of the method, the

noise to be minimised ought to be random: accurate gain references are crucial

to minimise the effect of structured noise leading to distortion of the result.
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The SNR boosting properties of this method could be further improved by

the use of prior knowledge (of gradient sparsity, for example) for inputting to

compressive sensing, or machine learning algorithms.
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Appendix A. Experimental verification of assumption of fringe lin-

earity

While the dose efficiency of the algorithm (described in Eq. (2)) increases

with increasingly negative δ, the use of the algorithm is only valid within such

a range as the intensity of the Fresnel fringe varies linearly with the defocus.

One therefore has a tradeoff: out-of-focus contrast is increased with increasing

defocus, but this defocus should not be so large in magnitude that the Fresnel

fringes exhibit non-linear behaviour with respect to defocus. The nature of this

tradeoff is explored in more depth in Ref. [32]. As such, for each specimen and

experimental set-up, it is important that this range is determined through either

simulation or experiment. This can be be performed away from the region of

interest as a pre-exposure calibration setting. The linearity of the intensity of the

Fresnel fringe is determined through recording of a focal series, and measuring

its intensity through the image series. This verification was performed for the

quantitative experimental setup used in Sec. 5, with eight different 3× 3 pixel

regions of interest (approximately equivalent to 2× 2 nm) tracked through the

series. These data are presented in Fig. A.8, where the approximate linearity

of the intensity against defocus can be seen.
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Figure A.8: Plot of intensity variation over the ± 1000 nm focal range, plotted at the brightest

features in all micrographs. a) Intensity at -1000nm defocus, showing the eight regions of

interest (ROI) over which the electron counts were averaged in 2 × 2 nm patches. b) Plot

of the average electron counts in each ROI, showing a linear focal variation for the Fresnel

fringe, which comprises the majority of the phase information.
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