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Abstract

We demonstrate a method to achieve high efficiency phase contrast imaging in aberration corrected scanning transmission
electron microscopy (STEM) with a pixelated detector. The pixelated detector is used to record the ronchigram as a
function of probe position and then analysed with ptychography. Ptychography has previously been used to provide
super-resolution beyond the diffraction limit of the optics, alongside numerically correcting for spherical aberration. Here
we rely on a hardware aberration corrector to eliminate aberrations, but use the pixelated detector data set to utilise
the largest possible volume of Fourier space to create high efficiency phase contrast images. The use of ptychography
to diagnose the effects of chromatic aberration is also demonstrated. Finally, the four dimensional dataset is used to
compare different bright field detector configurations from the same scan for a sample of bilayer graphene. Our method
of high efficiency ptychography produces the clearest images, while annular bright field produces almost no contrast for
an in-focus aberration-corrected probe.
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1. Introduction

For imaging beam sensitive weak phase biological spec-
imen, Henderson et al. [1] pointed out that “For X-rays,
the amount of damage per useful elastic scattering event
is several hundred times greater than for electrons at all
wavelengths and energies”. Single elastic scattering condi-
tions for electron scattering correspond to the weak-phase
object approximation. For this and many other reasons,
phase contrast imaging in the transmission electron micro-
scope (TEM) continues to play a crucial role in the imaging
of many different sample types.

Conventionally in high-resolution (HR-)TEM, an ap-
proximate phase plate is formed using the inherent aber-
rations of rotationally symmetric electron lenses. The in-
herent positive spherical aberration can be used along with
an optimally chosen defocus in the so-called Scherzer con-
dition [2]. The development of hardware aberration correc-
tors allows further refinement of the effective phase plate,
and indeed the use of negative spherical aberration phase-
contrast imaging [3]. Alongside this, there continues to be
considerable interest in the development of physical phase-
plate devices for TEM [4].

Through the principle of reciprocity [5, 6, 7] phase con-
trast imaging can be performed using an axial detector in
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the scanning TEM (STEM) and making use of aberrations
to form a phase plate. Because the angles subtended by
the detector are necessarily smaller than the beam con-
vergence angle, the efficiency of this mode of imaging is
poor, with many electrons not being collected by the de-
tector. Furthermore, a key strength of STEM is the ability
to record the annular dark-field (ADF) signal and analyt-
ical signals such as energy-dispersive X-ray and electron
energy-loss spectroscopy (EELS). Because all these latter
imaging modes are incoherent, the optimal STEM probe
is the smallest, most intense one, which is achieved by
nulling all the aberrations as far as possible, thereby lead-
ing to poor phase contrast in the conventional bright-field
mode.

In STEM, however, a wide range of detector geome-
tries are available, and Harold Rose has proposed and ex-
plored a number of these. Two successful examples are
annular bright field (ABF) and differential phase contrast
(DPC) imaging. The use of ABF was first suggested by
Rose in 1973 [8] to enhance the phase contrast in STEM.
The detector system consists of an ABF detector to collect
the bright field signal and a full bright field (BF) detec-
tor beneath to collect the remaining bright field signal,
and the image contrast is enhanced by taking the differ-
ence between the two detector signals. Although it was
shown that this technique requires a dose 4 times higher
than TEM, it offers an image containing fewer artefacts
and finer resolved object details. Due to its sensitivity to
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imaging light elements using aberration corrected micro-
scopes, ABF has become an increasingly popular technique
in the past few years [9]. In the context of resolving light
elements in crystals also containing heavy elements, the
contrast is ascribed to the effects of channeling [10] and
therefore requires multiple scattering.

Differential phase contrast (DPC) was first proposed by
Dekkers and DeLang [11], and uses a detector consisting
of two half discs with the bisection perpendicular to the
scanning direction. It was shown on theoretical grounds
[12] that by taking the difference signal between the pair of
sectors, DPC image contrast represents the gradient of the
object potential along the direction of scan. To enable con-
trast transfer in two dimensions, a four quadrant detector
geometry was proposed by Rose in 1977 [13]. DPC was
subsequently applied to the studies of magnetic domain
structures by Chapman et al., [14] and an annular DPC
with eight segments was further introduced for visualising
longer range magnetic fields [15]. Using an aberration cor-
rected microscope, imaging of electrostatic fields at atomic
resolution [16] has also been achieved with DPC.

The key to designing detector geometries to obtain the
greatest signal, as Rose pointed out [13], is to collect the
constructive and destructive interferences in the conver-
gent beam electron diffraction (CBED) pattern by sepa-
rate detectors. A method of improving the resolution of
the STEM was developed by Rodenburg et al. [17]. It was
shown that with a sufficiently redundant data set of co-
herent microdifffraction patterns collected as a function of
probe position, it is possible to recover the phase informa-
tion of the transmission function and remove the effects of
lens aberrations. Using this technique Nellist et al. were
able to resolve silicon atoms spaced 1.36 Å apart on a
100 kV STEM instrument with no aberration corrector, a
conventional point resolution of 4.2 Å and a conventional
information limit of 3.3 Å [18].

Although there continues to be progress in superresolu-
tion techniques using ptychography in electron microscopy
[19, 20], the successful production of hardware based aber-
ration correctors and their widespread use in high reso-
lution TEM and STEM now provides a direct route for
enhanced resolution and sensitivity for incoherent imag-
ing modes such as ADF and EELS. There have also been
been recent advances in both X-ray and light microscopy
[21, 22, 23, 24, 25] using ptchography. However, ptychog-
raphy still holds great potential for use in high resolution
transmission electron microscopy. Rather than using the
method to improve spatial resolution, in the present pa-
per we describe the use of ptychography with a pixelated
detector to improve the efficiency of STEM phase contrast
imaging and to diagnose chromatic aberrations.

With ptychography we can use the entire bright field
disk to form phase contrast images. However, in order to
counteract lens aberrations, earlier work with ptychogra-
phy focused on using only a relatively small region of the
detector plane for each image spatial frequency [17]. Here
we instead utilise all available regions of the detector plane

to perform phase contrast imaging with the maximum pos-
sible efficiency in STEM. Furthermore, by selectively col-
lecting phase and amplitude information only from regions
of the detector plane where the wavefunctions are trans-
ferred for each spatial frequency we reject noise, resulting
in clearer, less noisy images. This efficiency means that
the technique could be very promising for use with beam
sensitive materials where high speed pixelated detectors
should allow image contrast to be retained even with very
short dwell times.

Particularly at low voltages, chromatic aberrations are
often the limiting form of aberration in modern spherical
aberration corrected STEM instruments and lead to par-
tial temporal coherence. Moreover, following the recent
development of hardware which in theory is capable of
countering chromatic aberrations [26], a method to mea-
sure the effects of partial temporal coherence directly from
image data is desirable. Nellist et al. [27] showed theoret-
ically how ptychography can be used to diagnose partial
temporal coherence. Here we provide the first experimen-
tal demonstration of this method and use it to measure
the energy-spread of the incident beam.

Using a pixelated detector to record the variation of
the ronchigram as a function of probe position provides
the ability to choose the bright field detector configura-
tions after acquisition. To produce a given detector geom-
etry is simply a matter of choosing which regions of the
bright field disk to integrate over at each probe position.
One can also perform mathematical operations between
different regions of the bright field disk to, for instance,
produce a DPC image. This ability to produce multiple
types of bright field images from the same dataset allows
us to directly compare different bright field configurations.
We compare several popular bright field detector configu-
rations in use today to phase contrast images formed with
ptychography. Compared to images formed with conven-
tional BF, DPC, and ABF configurations, maximum ef-
ficiency ptychography does indeed produces the clearest
images, with the highest signal to noise ratio. Thus this
technique may present a very promising method to image
light elements in STEM. ABF images of graphene show
essentially no contrast, as indeed should be expected for a
centrosymmetric detector configuration in the absence of
significant aberrations.

2. Extraction of phase and amplitude

2.1. Theoretical background

The intensity in a ronchigram is the modulus squared
of the wavefunction of the fast electrons at the back focal
plane, |Ψf (Kf ,Rp)|2, where Kf denotes the angle or posi-
tion on the ronchigram and Rp the probe position. Fourier
transforming with respect to probe position one obtains

G(Kf ,Qp) =

∫
|Ψf (Kf ,Rp)|2 exp(2πiRp ·Qp)dRp, (1)
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where Qp is the spatial frequency. Rodenburg et al. [17]
showed that for a weak phase object this can be rewritten
as

G(Kf ,Qp) = |A(Kf )|2δ(Qp)

+A(Kf )A
∗(Kf +Qp)Ψ

∗
s(−Qp)

+A∗(Kf )A(Kf −Qp)Ψs(Qp), (2)

where Ψs(Qp) is the Fourier transform of the object trans-
mission function at a spatial frequency of Qp and would
be the scattered wavefunction under conditions of plane-
wave illumination, and A(Kf ) = a(Kf ) exp[iχ(Kf )], the
aperture function, describes the modulus and phase of the
transfer function of the objective lens. a(Kf ) is the mod-
ulus of A(Kf ) and is one inside the objective aperture
and zero outside the aperture. The phase of the aperture
function, χ(Kf ), is determined by the lens aberrations.
The terms A(Kf ±Qp) represent scattered disks centred
at Kf = Qp. The multiplied pairs of aperture functions
in the second and third terms on the right hand side of
equation 2 act as logical ANDs: each pair has nonzero
amplitude only where the zero order and scattered disk
overlap.

Rodenburg et al. also showed that in the weak phase
approximation

Ψs(Qp) = −Ψ∗
s(−Qp). (3)

This implies the complex values of Ψs(Qp) and Ψ∗
s(−Qp)

have the same amplitude but are are π radians out of
phase. Therefore, in the absence of aberrations, the to-
tal phase of the second and third terms on the right hand
side of equation 2 will also be π out of phase. In triple
overlap regions, where the two scattered disks overlap in-
side the zero order disk, the last two terms will cancel
and no wavefunction transfer will occur. However in dou-
ble overlap regions, where only one scattered disk overlaps
with the zero order disk, the wavefunctions transfer (as
illustrated in Figure 1). Furthermore, because the wave-
functions in equation 2 are not contained within modulus
squares, it is possible to access their phase and amplitude.

Previously, this means of accessing the phase and am-
plitude of Ψs(Qp) was used to achieve an improved reso-
lution [17]. Points along the lineKf = Qp/2 in G(Kf ,Qp)
are midway between the centre of the zero order disk (Kf =
0) and centre of the scattered disk (Kf = +Qp). There-
fore because of the symmetry of the round aberrations,
the spherical aberrations in A(Kf ) and A(Kf − Qp) are
the same atKf = Qp/2. The spherical aberrations (and in
fact all round aberrations) therefore cancel inA(Kf )A

∗(Kf−
Qp) thanks to the complex conjugate. Similarly, the spher-
ical aberrations cancel in the expression A(Kf )A

∗(Kf +
Qp). Hence by extracting Ψs(Qp) only at points satisfying
Kf = Qp/2 in G(Kf ,Qp) it is possible to determine the
phase and amplitude of the scattered wavefunctions with-
out the influence of round aberrations. It is then a simple
matter of Fourier transforming to obtain a real space phase
contrast image free of spherical aberration. Since the usual

double overlaptriple overlapdouble overlap

Transfer Transfer
Ψs(Qp)Ψ∗

s(−Qp)

−Qp disk disk0-order disk +Qp

Figure 1: Schematic of G(Kf ,Qp) for a fixed Qp with a region
of triple overlap. The lefthand disk is centred at Kf = −Qp, the
central disk at Kf = 0 and the righthand disk at Kf = Qp. The
lefthand double overlap region transfers Ψ∗

s(−Qp), the righthand
double overlap region transfers Ψs(Qp). For a weak phase object,
Ψs(Qp) is the same as Ψ∗

s(−Qp), except for a π phase difference.
In the triple overlap region, both wavefunctions are transferred, but
because they are in antiphase, cancel each other out.

limit for a small axial detector to transfer a particular spa-
tial frequency is that Qp must be inside the aperture, this
method allows spatial frequencies up to twice the usual
limit to be transferred.

Although small residual aberrations may remain in a
modern aberration corrected instrument, atomic resolu-
tion imaging is largely routine, and the limiting parame-
ter is often beam induced damage rather than the spatial
resolution of the microscope. Hence we have developed a
means to use ptychography to achieve the maximum effi-
ciency phase contrast imaging possible in STEM. Rather
than using a small subset of points in G(Kf ,Qp) to remove
aberrations, we rely on the aberration corrector hardware
to eliminate aberrations and instead use as much of the
four dimensional volume of G(Kf ,Qp) as possible to in-
crease the amount of information gained per fast electron.

Instead of extracting the wavefunctions from just one
point per spatial frequency, we extract the phase and am-
plitude from the entirety of each double overlap region for
every frequency. For a given spatial frequency, Qp, we add
π to the phase of one of the double overlap regions. We
also set the amplitudes outside the double overlap regions
to zero because for a weak phase object only noise is con-
tained outside the double overlap regions in the absence of
aberrations. We then calculate the Fourier component for
that spatial frequency by summing over all Kf to obtain
the best statistics on the phase and amplitude of Ψs(Qp).
Once we have determined Ψs(Qp) for all Qp, it is straight-
forward to form an image by Fourier transforming back to
real space to form a high efficiency phase contrast image.
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Figure 2: The phase and amplitude of G(Kf ,Qp) as a function of Kf for three Qp values with significant amplitude extracted from a four
dimensional dataset from a sample of graphene. The white circles indicate the approximate positions of the zero order and scattered disks as
a guide to the eye.

2.2. Data acquisition

A Nion CCD1010 camera was used on a Nion Ultra-
STEM 200 [28] to record a ronchigram at every probe po-
sition. The microscope was operated using a 60 kV ac-
celerating voltage and a 30 mrad convergence angle. The
camera clock out was used to advance the scan each time
the camera finishes a frame. This hardware synchroniza-
tion allows the scan to advance at the same rate as the
camera can record each ronchigram. The exception to this
was at the end of each horizontal line of the scan, where
two extra images were required to advance the scan to the
next row of pixels. 8 times vertical binning was used to
increase the frame rate of the camera to approximately
30 frames per second. This allowed us to record 64 by
64 probe position data sets, containing 4225 ronchigrams,
in approximately three minutes. The high angle annular
dark field (HAADF) intensity was recorded simultaneously
at each probe position, providing a Z-contrast image for
comparison.

2.3. Analysis

The ronchigram images were processed with an in house
written Matlab code. The code first removes the extra
ronchigram images that were recorded at the end of each
row of the scan. The remaining images are then Fourier
transformed with respect to probe position. The phase and

amplitude of G(Kf ,Qp) can then be displayed as a func-
tion of Kf for any desired Qp present in the dataset. Ex-
amples of the phase and amplitude of G(Kf ,Qp) extracted
from a four dimensional dataset acquired from a sample of
graphene are shown in Figure 2. Shown are the phase and
amplitude of G(Kf ,Qp) for values ofQp which correspond
to lattice spacings in the graphene sheet so that the data
shows a significant amplitude. In an aberration-corrected
instrument, it might be expected that the phase of A(Kf )
is zero, and that therefore the phase of G(Kf ,Qp) within
the double overlap region is constant. The experimental
data does, however, show phase variations in the double
overlap region. There are both longer range variations and
very localized variations at the aperture edge. The former
we ascribe to residual aberrations from imperfect tuning
of the corrector, and the latter to localized contamination
on the aperture edge that is charging under electron irra-
diation. Despite these phase variations, it can be seen that
the two double overlap regions for each of these Qp are out
of phase. The amplitudes can also be seen to be more or
less equal for symmetric points in the pairs of double over-
lap regions. The amplitudes are also seen to be maximum
along lines forming the perpendicular bisectors of the lines
between Kf = 0 and Kf = ±Qp. This is due to chromatic
aberration, as will be discussed in more detail later.

Once the relationship between Qp and the position of
the scattered disks is determined it is possible to auto-
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Figure 3: Maximum efficiency phase contrast (left) and HAADF
(right) images of bilayer graphene. The phase contrast image was
created by using ptycography to determine the phase and amplitude
of all possible spatial frequencies, using all available double overlap
regions. The HAADF image was acquired simultaneously with the
4D data set of ronchigrams used to construct the phase contrast im-
age. The phase contrast image is clearly less noisy than the HAADF
image, reflecting the efficiency and noise rejection of the method
employed to construct it.

mate the selection of the double overlap regions. The code
we have developed automatically selects each of the two
double overlap regions for every Qp available in the four
dimensional dataset. For each spatial frequency, the phase
of one of the two double overlap regions is shifted by π to
bring it into phase with the other region of double overlap.
We denote this modified phase matrix as φ(Kf ,Qp). The
amplitude is also modified such that it is zero outside the
double overlap regions (except for Qp = 0, to retain the
correct DC level) in a matrix which we call α(Kf ,Qp).
The sum

S(Qp) =
∑
Kf

α(Kf ,Qp)e
iφ(Kf ,Qp) (4)

is then calculated. S(Qp) is G(Kf ,Qp) summed over the
double overlap regions. S(Qp) can be regarded as Ψs(Qp)
that has been Fourier filtered with a transfer function given
by the area of the double overlap for that spatial frequency
(see Yang et al. in part II of these papers). The inverse
Fourier transform of S(Qp) is then performed, interfer-
ing all the scattered beams to give the real space complex
wavefunction, Ψs(Rp).

An example of such a phase contrast image of twisted
bilayer graphene is shown in Figure 3 alongside a simul-
taneously acquired HAADF image. The improved signal
to noise ratio of the phase contrast image is striking when
compared to the HAADF image. Although only a small
fraction of the incident probe is scattered out to high an-
gles for the graphene sample, the HAADF detector is able
to detect even single electrons [29], whereas this particu-
lar CCD camera is not cooled or optimized for low noise.
As the data for the two images was acquired in parallel,
they use the same dwell time, and hence the clarity of the
phase contrast image reflects the efficiency and noise re-
jection of the method used to construct it. We emphasise
that this efficiency is due to the extraction of phase and
amplitude information from and only from all regions of
Fourier space where the transfer of Ψs(Qp) is expected for

a weak phase object. Furthermore, because we also col-
lect the ADF signal, we collect data from essentially all
available angles, maximising the information gained per
electron in the probe. We note that using the medium
angle ADF (MAADF) signal would cover an even greater
range of scattering angles and provide a greater signal to
noise ratio for ADF imaging of graphene and other sin-
gle or few layer materials. The MAADF signal was not
however available simultaneously with the imaging mode
used to record the ronchigrams at the time the present
experiments were performed.

With the atomic number contrast of ADF images, hav-
ing the ADF data alongside the phase contrast images sig-
nificantly improves the interpretability of the datasets. For
instance, in Figure 3 the HAADF image shows columns
which are brighter where the atoms of the two graphene
sheets align. Additionally, it is worth pointing out that by
using all available frequencies in the construction of the
phase contrast image, the method should be sensitive to
light impurity atoms and molecules which are not so easily
revealed by ADF imaging. The phase contrast in figure 3
is actually slightly lower than that expected from simula-
tions (see Yang et al. in part II of these papers) and this
will be the subject of future investigations.

3. Chromatic aberrations

Chromatic aberrations result from variations in the en-
ergy of the electrons in the electron probe, resulting in a
spread of defocus values which can limit the resolution of
a microscope. In STEM instruments equipped with spher-
ical aberration correctors, chromatic aberration is often
the factor limiting the maximum resolution. With recent
development of a monochromator which should be capa-
ble of correcting chromatic aberrations in STEM [26] and
chromatic aberration correctors [30], a method for measur-
ing the effects of chromatic aberrations directly from the
image data is desirable. The theoretical underpinnings of
such a technique were first laid down by Nellist et al. [27],
but the method had not previously been used to measure
chromatic aberrations experimentally.

Chromatic aberrations cause the variation in the ampli-
tude of G(Kf ,Qp) acrossKf for a givenQp exemplified by
the amplitude distributions shown in Figure 2. The fluc-
tuations in defocus caused by partial coherence affect the
phase of the aperture functionsA(Kf ) = a(Kf ) exp[χ(Kf )].
In the absence of non-round aberrations

χ(Kf ) = πC1,0λ|Kf |2 + · · · , (5)

where C1,0 is the defocus. As χ(Kf ) is radially symmetric,
A(Kf ) and A(Kf±Qp) will have the same phase at points
that are equidistant from the centres of the zero order disk
and the scattered disk for a given Qp. At these points,
changes in phase due to defocus in A(Kf )A

∗(Kf +Qp) or
A∗(Kf )A(Kf − Qp) will cancel out because of the com-
plex conjugations. The points that are equidistant from
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the centres of the two disks are therefore immune from
variations in defocus, and form what are called achromatic
lines in G(Kf ,Qp).

As illustrated in Figure 4, the achromatic lines ap-
pear at the midpoint between the centres of the overlap-
ping disks and extend perpendicularly to the vector link-
ing their centre points. The effects of defocus fluctua-
tion increase with increasing distance from the achromatic
lines in Kf as the cancelation due to the complex conju-
gation diminishes moving in the direction perpendicular
to the lines. This variation can be described as a four
dimensional envelope function modulating the amplitude
of the G(Kf ,Qp) in the absence of any defocus spread,
Gach(Kf ,Qp), as

G(Kf ,Qp)

= Gach(Kf ,Qp)

× exp

[
−1

2
π2λ2∆2

(
2Kf ·Qp + |Qp|2

)2]
(6)

where ∆ is the incoherent defocus spread [27]. Using this
equation it is possible to determine ∆ by fitting to the
amplitude of G(Kf ,Qp) at a Qp with an amplitude func-
tion with a Gaussian profile perpendicular to the achro-
matic line for a value of Qp where G(Kf ,Qp) has a signif-
icant amplitude. Using Matlab to perform the fit, we find
∆ = 2.8 nm. ∆ is related to the energy fluctuations as

∆ = Cc

[
σ2(E)

V 2
0

]1/2
(7)

where σ2(E) is the variance of the energies of the electrons
and Cc is coefficient of chromatic aberration the we can
solve for the standard deviation of the energy:

σ(E) =
[
V 2
0 ∆

2/C2
c

]1/2
(8)

which with the Cc = 1 mm calculated for the polepiece
of the instrument corresponds to an 0.3 eV energy spread,
just as expected from the width of the zeroloss peak as
measured by electron energy loss spectroscopy (EELS).

4. Comparison of bright field detector configura-
tions

The conventional STEM bright field detector consists
of a small circular detector placed in the middle of the
bright field disk as shown in Figure 5a. The detector must
be about an order of magnitude smaller than the conver-
gence angle of the probe in order to maintain sufficient co-
herence to be equivalent via reciprocity to phase contrast
imaging in conventional high resolution transmission elec-
tron microscopy (HRTEM). This restriction means that
the conventional bright field (BF) detector makes use of a
very small proportion of the area of the bright field disk.
A correspondingly small fraction of the incident electrons
are used to from the conventional BF signal.

Figure 4: Illustration of how the achromatic lines arise in the ampli-
tude of G(Kf ,Qp) at points equidistant from the centres of the zero
order and scattered disks. The white circles indicate the approxi-
mate positions of the zero order and a scattered disks. The centres
of the disks are indicated by the small solid dots and can be seen
to be equidistant from the achromatic line, indicated by the dashed
line, superimposed over experimental data (the same as in Figure 2)
in the double overlap regions.

a b c d

Figure 5: Schematic showing the geometries of a conventional BF
detector (A), an ABF detector (B), the quadrant detectors used in
DPC, annular (C) and full quadrants (D). The convergence angle is
indicated by the inner bound of the black outer region. Detectors
are coloured grey with black edges.
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a b

c d

Figure 6: Conventional BF (a), ABF (b), annular DPC (c) and
DPC (d) images of bilayer graphene. The images were created from
the same dataset as the high efficiency ptychography phase contrast
image in Figure 3. As seen here, ABF shows very little contrast for
weak phase objects.

There has been a recent resurgence of interest in the
ABF mode of imaging (Figure 5b) for atomic resolution
imaging of light elements in aberration corrected STEM
[10]. The method has gained popularity as it is capable of
revealing columns of low atomic number even when neigh-
bouring columns of high atomic number, which can be
difficult with ADF imaging. Although the method is less
sensitive to defocus and thickness compared to conven-
tional BF imaging, some complications in interpretability
remain. ABF image contrast may be generated through
channelling effects, or through phase contrast effects if
residual aberrations are present.

DPC has for many years been used for imaging mag-
netic fields [14, 15] and recently atomic resolution mapping
of electrostatic fields has been demonstrated [16]. In DPC
the bright field disk is segmented into multiple detectors,
typically in quadrants. DPC can be performed using an-
nular quadrants such as in Figure 5c or using the entire
bright field disk as in Figure 5d.

Figure 6 displays conventional BF, ABF, and DPC im-
ages constructed from the same 4D dataset as the phase
contrast image formed using ptychography shown in Fig-
ure 3. As expected, ptychography provides the clearest
image of the bilayer graphene. DPC produces the sec-
ond highest signal to noise ratio. The DPC images are
are however differential images, and the atomic columns
are located at the inflection points between high and low
intensity rather than at the intensity extrema. DPC us-
ing full quadrants produces slightly less noisy images than

DPC using annular quadrants. Although the conventional
BF image appears more noisy than the DPC images, it
is still a far higher quality image than that produced by
ABF, which shows almost no lattice contrast at all.

The lack of contrast in the ABF image results from
the lack of significant channelling with such a thin sample
and because the aberration corrector has been tuned to
compensate for aberrations up to fifth order, leaving only
small residual aberrations. In the absence of aberrations
the phase of the wavefunction transferred at Kf will be of
equal amplitude but of opposite phase to that transmitted
at −Kf due to equation 3 for a given spatial frequency Qp.
We can examine the image produced by a centrosymmetric
detector by considering the sum

G(Kf ,Qp) + G(−Kf ,Qp)

= |A(Kf )|2δ(Qp) + |A(−Kf )|2δ(Qp)

+A(Kf )A
∗(Kf +Qp)Ψ

∗
s(−Qp)

+A(−Kf )A
∗(−Kf +Qp)Ψ

∗
s(−Qp)

+A∗(Kf )A(Kf −Qp)Ψs(Qp)

+A∗(−Kf )A(−Kf −Qp)Ψs(Qp). (9)

In the absence of aberrations, and for a radially symmetric
objective aperture, the complex conjugates are irrelevant
and can be ignored and

A∗(Kf +Qp) = A(−Kf −Qp), (10)

A∗(−Kf +Qp) = A(Kf −Qp), (11)

and
A(Kf ) = A(−Kf ), (12)

so

G(Kf ,Qp) + G(−Kf ,Qp)

= 2|A(Kf )|2δ(Qp)

+[Ψ∗
s(−Qp) + Ψs(Qp)]

×[A(−Kf )A
∗(−Kf +Qp)

+A(Kf )A
∗(Kf +Qp)]. (13)

However, from equation 3

Ψ∗
s(−Qp) + Ψs(Qp) = 0, (14)

and so

G(Kf ,Qp) + G(−Kf ,Qp)

= 2|A(Kf )|2δ(Qp). (15)

This implies that in the absence of aberrations any cen-
trosymmetric bright field detector will give zero contrast
for a weak phase object. Essentially ABF sums the double
overlap regions which are π out of phase, cancelling any
transfer of the wavefunctions in the absence of aberrations
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a b c

Figure 7: Schematic showing how the ABF (a) and DPC (b and c)
detector geometries interact with G(Kf ,Qp). Regions of double and
triple overlap are indicated for a fixed Qp as in Figure 1. ABF sums
regions of double overlap which transfer out of phase but with equal
amplitude and hence cancel. (b) For the same spatial frequency as
in (a), a DPC image created by subtracting the upper left quadrant
from the lower right quadrant will effectively bring the two double
overlap regions into phase, so that they add rather than cancel. How-
ever, for other spatial frequencies the subtraction does not alleviate
the cancellation. In (c) equal amounts of both out of phase double
overlap regions exist over each of the two quadrants, and therefore
cancel out on both quadrants.

and channelling as illustrated in Figure 7a. Although ma-
terials such as graphene contain very light elements, ABF
imaging can provide only very poor contrast with such
materials in a well tuned aberration corrected STEM.

Because opposite quadrants are subtracted in DPC it
does not suffer so severely from the cancellation of the
wavefunctions transferred in opposing double overlap re-
gions. For example, in Figure 7b subtracting the top left
quadrant from the bottom right quadrant reverses the ef-
fect of the π phase difference and the wavefunctions for
this spatial frequency transfer, rather than cancelling as
in ABF. However, because the position of the double over-
lap regions changes with spatial frequency, quadrants that
work well for one spatial frequency will not work so well
for others. If the double overlap regions shown in Fig-
ure 7b are rotated, there will be an increasing amount of
both of the blue and red double overlap regions on each of
these quadrants, until the situation shown in Figure 7c is
reached, in which equal amounts of the blue and red double
overlap regions reside on both quadrants. For spatial fre-
quencies where this occurs, the phase difference will cancel
any wavefunction transfer and the signal from each quad-
rant will be zero. The amount a given spatial frequency
is transferred in DPC therefore decreases in proportion to
the amount the two double overlap regions share the same
quadrants.

In contrast to DPC, with ptychography we are able to
use the optimal region for every spatial frequency indepen-
dently. By using all of the double overlap regions available
for each spatial frequency we maximise the collection ef-
ficiency for all accessible spatial frequencies. Furthermore
by setting the amplitude to zero outside the double over-
lap regions for all nonzero frequencies we reject efficiency
reducing noise and achieve the maximum efficiency phase
contrast imaging possible. This efficiency is evidenced in
the clarity of Figure 3a over those images shown in Figure
6.

5. Conclusion

The ronchigram contains a wealth of information which
is currently left unutilised. In many cases, beam damage is
now the major factor limiting STEM studies. As we have
shown, by recording a ronchigram at every probe position,
it is possible to construct a significantly higher efficiency
phase contrast images through ptychography. With a fast
enough camera it will be possible to harness the efficiency
of the method and use rapid scanning to perform low dose
imaging of beam sensitive materials. Gaining as much
information as possible from each electron enables using
the minimum possible dose. By using the entire bright
field disk to perform phase contrast imaging at double the
conventional bright field resolution in combination with
ADF imaging we essentially use all available angles and
make use of all useful transmitted electrons.

The phase contrast images produced with the method
should also be sensitive to local electromagnetic fields, as
with DPC, but with greater sensitivity. This sensitivity
should also make the technique of great interest to fields
such as magnetic and ferroelectric materials. The four
dimensional dataset also offers the ability to access addi-
tional information about the microscope itself. As we have
illustrated, the effects of chromatic aberration can be diag-
nosed. Furthermore it should be possible to diagnose the
residual aberrations on crystals using ptychography. With
the ever increasing speed of pixelated detectors, we foresee
the widespread adoption of their use in STEM to extract
four dimensional data sets such as described herein.
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