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Abstract
Phase plates (PPs) in transmission electron microscopy (TEM) improve the con-
trast of weakly scattering objects under in-focus imaging conditions. A well-
established PP type is the Zernike (Z)PP, which consists of a thin amorphous
carbon (aC) film with a microscaled hole in the centre. The mean inner poten-
tial of the aC film is exploited to shift the phase of the scattered electrons while
the unscattered electrons in the zero-order beam propagate through the hole
and remain unaffected. However, the abrupt thickness increase at the hole edge
induces an abrupt change of the phase-shift distribution and leads to fringing,
thatis, intensity oscillations around imaged objects, in TEM images. In this work,
we have used focused-ion-beam milling to fabricate ZPPs with abrupt and graded
thickness profiles around the centre hole. Depending on the thickness gradient
and inner hole radius, graded-ZPP-TEM images of an aC/vacuum interface and
bundles of carbon nanotubes (CNTs) show strongly reduced fringing. Image sim-
ulations were performed with ZPP-phase-shift distributions derived from mea-
sured thickness profiles of graded ZPPs, which show good agreement with the
experimental images.

* Fringing artefacts, that is, intensity oscillations around imaged objects, are
strongly reduced for Zernike phase plates with a graded thickness profile
around the centre hole.

» Focused-ion-beam milling is used to fabricate graded Zernike phase plates
with specific inner hole radius and thickness gradients.

* The phase-shift distribution is obtained from measured thickness profiles
around the centre hole.

* Image simulations based on experimentally measured thickness/phase-shift
distributions show good agreement with experimental Zernike phase-plate
TEM images.

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. Journal of Microscopy published by John Wiley & Sons Ltd on behalf of Royal Microscopical Society.
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1 | INTRODUCTION

Weak contrast is an obstacle for transmission electron
microscopy (TEM) imaging of organic materials because
their chemical constituents mainly have low atomic num-
bers and interact only weakly with high-energy electrons.
This causes only a weak modulation of the phase of the
electron wave and the modulation of its amplitude is even
lower. Thus, organic materials are often almost invisible
in conventional (C) TEM images under in-focus condi-
tions. Until today, defocusing of the objective lens is the
most established technique to improve the contrast of such
weak-phase objects. However, defocus is accompanied by
the degradation of resolution and image interpretability.'

Apart from defocusing, the generation of phase contrast
is enabled by the application of a physical phase plate (PP)
under in-focus conditions by inducing a relative phase shift
between the scattered and unscattered part of the electron
wave in the back focal plane (BFP) of the objective lens.
Optimum phase contrast of weak-phase objects is achieved
with a relative phase shift of + /2. Among the numer-
ous PP designs®* that can be coarsely subdivided into thin-
film, laser,*> and electrostatic approaches, the well-known
Zernike (Z) PP° for applications in light microscopy was
the first PP established in TEM.”®

The ZPP consists of a thin amorphous carbon (aC) film
with a microstructured hole in the centre of the film, as
illustrated in the schematic drawing in Figure 1A. Due
to the mean inner potential (MIP) of the aC film, the
ZPP shifts the phase of the scattered electrons, while the
unscattered electrons propagate through the microstruc-
tured hole and remain unaffected. The phase shift gpp
imposed by the aC film of the ZPP can be calculated from
the following equation:’

T 1+4+2aU

= . . t. 1
AU 1+aU Vo-t @

®Pprp
The equation depends on the MIP V) of the PP mate-
rial (e.g. 9.0 V for aC'?), the electron wavelength 1, the
acceleration voltage U given in units of Volts, the constant
a =0.9788 - 10‘6\—1/, and the thickness t of the aC film. The
optimal phase shift of 77/2 can be adjusted during the fab-
rication process of the thin film by choosing its thickness ¢
according to Equation (1).
Although the concept of a ZPP is easy to implement,
it is associated with some disadvantages that partly affect

the image quality. For instance, the aC film degrades after
a few hours of use and needs to be replaced frequently.
The irradiation at room temperature with high-energy
electrons causes contamination and electrostatic charging.
Both effects influence the phase-shift properties and lead
to artefacts in ZPP-TEM images. A thorough understand-
ing of these effects is the subject of current research.'' "4
The operation time of the ZPP can be extended by using a
heating device to keep the aC film at an elevated temper-
ature to counteract contamination.” Furthermore, recent
publications report on the possibly extended durability of
ZPPs fabricated from alternative materials, for example, Si
or metallic glasses.'®

Another drawback of the ZPP is that phase contrast
is limited to objects below a maximum size because the
radius of the microstructured hole in the thin film deter-
mines the cut-on frequency. Furthermore, the abrupt
onset of the phase shift at the edge of the hole induces
fringing artefacts, that is, image-intensity oscillations
around imaged objects that significantly impede image
interpretability.'® Computational methods to correct fring-
ing to a certain degree have been proposed by Danev
et al.'?" Furthermore, an experimental study shows a

(A) Zernike PP l(B) Graded Zernike PP

thickness gradient

FIGURE 1 Schematic illustration of (A) a ZPP and (B) a
graded ZPP with a thickness gradient. The ZPPs are located in the
back focal plane of the objective lens
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significant reduction of fringing in time-averaged images
obtained with a zero-order beam (ZOB) continuously rotat-
ing inside the ZPP hole.”

This work is concerned with an alternative approach
to reduce fringing in ZPP TEM images. We present TEM
images acquired with aC-film-based graded ZPPs, which
are fabricated with a smooth thickness gradient at the
edge of the hole (cf. scheme Figure 1B). The replacement
of the abrupt thickness onset with a thickness gradient
results in a smooth phase-shift profile. The reduction of
fringing by different graded ZPPs is studied at the edge
of an aC test specimen. Phase-contrast TEM imaging with
graded ZPPs is demonstrated for bundles of carbon nan-
otubes (CNT), which show strong contrast enhancement
and reduced fringing. Experimental results are confirmed
by corresponding image simulations.

2 | MATERIALS AND METHODS

2.1 | ZPP fabrication
For the fabrication of the ZPPs, a thin aC layer was
deposited on a freshly cleaved mica sheet (Plano, Wetzlar,
Germany, Product No. 54) using electron-beam evapora-
tion (PVD75, Kurt J. Lesker Company, Hastings, UK) of
a graphitic carbon target. The aC film was subsequently
floated off the mica in a distilled-water bath and placed
on a TEM gold grid (Plano, Wetzlar, Germany, Product No.
G2150A, 150 mesh). The thickness of the aC film was mea-
sured to be ~27 nm by thickness monitoring throughout
the deposition process and additionally verified by cross-
section TEM imaging. This thickness leads to a phase shift
of —0.56 7 at 200 keV according to Equation (1).

Conventional and graded ZPP holes were structured by
focused-ion-beam (FIB) milling of the aC film with the Ga-
ion beam of a Helios G4 FX SEM/FIB dual-beam instru-
ment (Thermo Fisher Scientific, Waltham, MA, USA) oper-
ated with a Ga-ion energy of 30 keV and a FIB current of
7 pA. The same instrument is equipped with a scanning
transmission electron microscopy (STEM) detector, which
was used to image the fabricated ZPPs with STEM-in-SEM.
The conventional ZPP holes with abrupt hole edges were
milled using circular FIB patterns with radii of 375 and
500 nm and scan direction ‘inner to outer’. The graded
ZPP holes were milled using a custom FIB routine, which
is based on a ‘stream file’ that contains a chronologically
ordered list of spatial coordinates and corresponding dwell
times for the FIB patterning (cf. Supplementary Informa-
tion Figure S1).

Graded ZPPs were structured in three sizes:

e Inner hole radius of 375 nm and an outer hole radius of
500 nm (375/500 nm, cf. Figure 2A),

Microscopy

* Inner hole radius of 0.5 um and an outer hole radius of
1.5 um (0.5/1.5 um, cf. Figure 2B) and

* Inner hole radius of 0.6 um and an outer hole radius of
1.5 um (0.6/1.5 um, cf. Figure 2C).

To determine the thickness profile of the fabricated
graded ZPPs, high-angle annular dark-field (HAADF)
STEM was performed at 30 keV in the Helios G4 FX
(cf. Figure 2D-F). For small aC-film thicknesses, the
image intensity in HAADF-STEM images increases lin-
early with the film thickness.?” This is the prerequisite
for the determination of thickness profiles in Figure 2G-I
obtained from intensity profiles along the dashed lines
in Figure 2D-F. After subtracting the average vacuum
intensity, the mean intensity of the unstructured aC film
is calibrated by the measured thickness of ~27 nm. The
green thickness profile of the graded ZPP (375/500 nm) in
Figure 2G shows an abrupt step of ~11 nm directly at the
inner hole radius, followed by a thickness increment of
~16 nm over a width of 125 nm (thickness gradient 0.128).
The abrupt step of ~4 nm in the blue thickness profile
(cf. Figure 2H) at the inner hole radius of the graded ZPP
(0.5/1.5 um) is significantly smaller. The following thick-
ness increment is approximately linear with an increase
of ~23 nm over a width of 1 um (thickness gradient of
0.023). Thus, the thickness gradient of the graded ZPP
(0.5/1.5 um) in Figure 2H is an order of magnitude smaller
than the one of the graded ZPP (375/500 nm) in Figure 2G.
Moreover, the blue thickness profile in Figure 2H shows
a kink in the curve at the transition from the 4-nm step
to the linear thickness gradient. The yellow thickness pro-
file of the graded ZPP (0.6/1.5 um) in Figure 2I with a
slightly larger hole (inner radius of 0.6 um) and a nar-
rower thickness gradient (0.9 um in width) is similar to
the blue profile. However, an abrupt change of the gradient
does not occur yielding a rather smooth thickness increase
of ~27 nm over a width of 0.9 um (thickness gradient
of 0.03).

2.2 | Samples, PP implementation and
experimental procedures

The ZPPs were mounted onto a customised PP holder
equipped with a temperature sensor as described in Ref.
(23), which can be heated to temperatures up to 200°C. A
piezo-driven Kleindiek MM3A-EM micromanipulator sys-
tem (Kleindiek, Reutlingen, Germany) was used to imple-
ment and move the PP holder with nanometre accuracy in
the BFP of a Philips CM200 FEG/ST transmission electron
microscope with a spherical aberration coefficient Cy of
1.2 mm and a field-emission gun operated at 200 kV. The PP
holder was continuously heated to 160°C to prevent con-
tamination of the ZPPs as suggested in Ref. (15). Vacuum
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FIGURE 2 30keV STEM images and thickness profiles of graded ZPPs. BF-STEM images of graded ZPPs with (A) an inner hole radius
of 375 nm and an outer hole radius of 500 nm (375/500 nm), (B) an inner hole radius of 0.5 um and an outer hole radius of 1.5 um (0.5/1.5 um)
and (C) an inner hole radius of 0.6 um and an outer hole radius of 1.5 um (0.6/1.5 um). HAADF-STEM images of the same graded ZPPs as in
the images above (D) 375/500 nm, (E) 0.5/1.5 um and (F) 0.6/1.5 um. Thickness profiles (G) along the green dashed line in D, (H) along the

blue dashed line in E and (I) along the yellow dashed line in F

conditions in the sample and PP region in the microscope
were improved by using a liquid-nitrogen-cooled anticon-
tamination device.

Due to the heating of the ZPPs in the microscope dur-
ing operation, only temporary image-distorting charging
effects after several minutes of intense illumination of the
ZPP were observed. If charging occurred, another ZPP was
used (the aC film contained four ZPPs with the same hole
properties). Charging typically disappears over night by
continuous heating of the aC film or after a cryocycle.

Thus, the ZPPs could be used for several months without
degradation of the imaging quality.

The alignment of the ZPPs and setup of illumination
conditions was carried out in the diffraction mode. The
ZPPs were adjusted under on-plane conditions, where the
BFP and the PP plane coincide. Due to the lack of space
between the objective-lens pole pieces, the ZPP cannot be
moved in z-direction. The on-plane condition is thus set
up by changing the condenser-lens while being in diffrac-
tion mode. At first, the selected ZPP hole is centred roughly
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around the zero-order beam (ZOB). Subsequently, the edge
of the ZPP hole is focused using the diffraction focus.
Finally, the condenser-lens system is adjusted such that the
ZOB appears as small and round as possible, and the micro-
manipulator is used to position the ZPP hole concentrically
around the ZOB. The radius of the ZOB was ~50 nm.>* We
note that the positioning of graded ZPPs is not straight-
forward because the aC film is very thin at the hole edges
and thus difficult to recognise in diffraction mode. For fine
adjustment of graded ZPPs, we used fast Fourier transfor-
mations (FFTs) of acquired live-view images in TEM imag-
ing mode.

For imaging, a TVIPS F416 (TVIPS, Gauting, Germany)
CMOS camera was used. Fringing induced by conventional
and graded ZPPs was analysed at the aC-film/vacuum
interface of a test specimen. Bundles of single-walled car-
bon nanotubes (CNTs) were also used for phase-contrast
TEM. The CNTs were prepared by laser evaporation of
a composite carbon/nickel catalyst target (Toyo Tanso,
Osaka, Japan) and subsequently dispersed on a holey car-
bon film (Plano, Product No. S147-2).

2.3 | Image processing and simulations
Image parameters (defocus, phase shift) of experimental
ZPP-TEM images were verified using a MATLAB program
(The Mathworks, Natick, MA, USA)** that simulates a
database of power spectra with different defocus, astig-
matism and phase-shift values. Comparison of simulated
power spectra with power spectra of experimental images
returns the best-fitting parameters.”> Spatial frequencies
below the cut-on frequency q. were not considered for
parameter determination, as they are not phase-shifted by
the aC film of the ZPP. The cut-on frequency was calcu-
lated from the ZPP-hole radius r by

r
qc = H’ (2)
where f is the focal length of the objective lens (1.7 mm
in our case). For PP-TEM images taken with a graded
ZPP, spatial frequencies below the outer ZPP radius were
excluded for parameter determination to avoid miscalcula-
tion due to the phase-shift gradient.

Intensity profiles were extracted from experimental
images for comparison with simulated data. The inten-
sity profiles were typically averaged over a width of 24 nm
(images of aC film) and 12 nm (images of CNT bundles) for
noise reduction.

We performed PP-TEM image simulations based on
model object exit-wave functions (OWFs) of a holey aC
film and a CNT bundle to obtain an improved under-

Microscopy

standing of the phase-contrast formation and fringing
artefacts induced by the application of conventional and
graded ZPPs. The OWFs are described by a function
A(x,y)exp(ip(x,y)) with amplitude A and a thickness-
dependent phase shift ¢. To determine the phase shift of
the holey aC film, an analogous procedure was used as for
the determination of the thickness profiles of the graded
ZPP (see Supplementary Information for further details).
Based on the thickness measurements in Figure S2, one-
half of the OWF of the aC film (cf. color-coded phase of
OWF in Figure 3A) was defined as 10-nm-thick aC film,
whereas the other half was defined as vacuum region. The
phase shift ¢ of the 10-nm-thick aC film was calculated
from Equation (1) with a MIP of 9 V'° resulting in a phase
shift of 0.21 7 (0.021 7/nm). At the aC-film/vacuum inter-
face, a smooth phase transition was defined in the OWF
according to the measured thickness profile in Figure S2C.
The transition extends smoothly over ~2 nm (for the sim-
ulation in Figure 4E) and ~4 nm (for the simulation in
Figure 4F) to avoid an abrupt phase edge in the OWF and
achieve good agreement with the experimental ZPP-TEM
images. An additional narrow vacuum region and a graded
decrease of the aC-film thickness were also defined on
the left side of the aC film to avoid simulation artefacts
due to non-periodic boundary conditions. Additionally, we
assumed a slightly reduced amplitude A = 0.99 to model
the observed intensity reduction in the images of the aC
film. The phase of the OWF of a CNT bundle is shown in
Figure 3B. It is modelled in a simplified way by a homo-
geneous cylinder with a radius of 7.5 nm and a MIP of
6V.>>?% The projected phase ¢(x) of the cylinder is calcu-

lated by ¢(x) = 2p4/r.2 — x2 \/rg — x2 with the radius r,
and the phase shift per unit length p = 0.0147/nm accord-
ing to Equation (1). Density variations of the aC thin film
were reflected by adding a random signal with a maximum
phase shift of 0.04 7 and a maximum amplitude of 0.02 to
the aC regions of the OWF.

For TEM image simulations, the image wave function
was calculated by multiplying the Fourier transform of the
OWEF by the contrast-transfer function (CTF), the spatial
coherence envelope function, and the aperture function.
The CTF is given by exp(—iy) with the overall phase shift

T
x =7nAfAg* + ECS/Pq“ + @pp () 3

with the defocus Af . The spatial-frequency-dependent
phase-shift distribution of the conventional ZPP ¢pp is
defined as 7/2 for g > q. and 0 for q < g, . For the graded
ZPPs, we determined the experimental phase-shift distri-
butions shown in Figure 3C-E by converting the HAADF
STEM images in Figure 2D-F into thickness maps and cal-
culating the corresponding phase-shift values according to
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FIGURE 3

Color-coded phase distribution of the model OWF (A) of the aC/vacuum interface region and (B) of a CNT bundle in

vacuum. Experimentally determined color-coded phase-shift distributions of the graded ZPPs (C) 375/500 nm, (D) 0.5/1.5 um and (E)

0.6/1.5 um

Equation (1) with a MIP of 9V.!° Amplitude damping by

additional scattering in the aC film of ZPPs was also con-

sidered by calculating the damping factor D = exp(—%) .
el

t

exp(— = 1) , with the elastic and inelastic mean free path
Aol = 262 nm and Ainel = 155 nm?’ for the film thickness t =
27 nm, which results in a damping factor of D = 0.76. The
image intensity was obtained by inverse Fourier transfor-
mation and calculation of the absolute square of the image
wave function. Partial temporal coherence was taken into
account by using the weighted-focal-series method.?® The
finite radius of the ZOB (~50 nm) was taken into account in
the image simulations by simulating images with a slightly
decentred ZPP in the BFP. These images were incoher-
ently summed up using Gaussian weighting factors. More
information on details on PP TEM simulations and the
importance of a finite ZOB radius on the image contrast
is given in Ref. (29). Random noise (1 %) was added to the
final images to model the noise of the camera, which was
chosen to be small to better visualise the effect of the PP.
The images were simulated at a large electron dose, that

is, without shot noise for the same reason. The custom
MATLAB-based simulation software was published in pre-
vious work® and used with adapted functions for the sim-
ulation of graded ZPPs.

3 | RESULTS AND DISCUSSION

Section 3 is subdivided into two parts. In section 3.1, we
present a general analysis of the effect of graded ZPPs on
fringing artefacts at the aC-film/vacuum interface. Sec-
tion 3.2 focuses on the imaging of CNT bundles as an exam-
ple for nanoscaled objects.

3.1 | Analysis of fringing artefacts in
graded-ZPP-TEM images at the
aC-film/vacuum interface

Figure 4 compares phase-contrast TEM images obtained
close to focus with a conventional ZPP (hole radius 375 nm)
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FIGURE 4 Experimental and simulated
ZPP-TEM images of an
aC-film/vacuum-interface region and
corresponding intensity line profiles.
Experimental ZPP-TEM images taken close to
focus with (A) a conventional ZPP with a hole
radius of 375 nm and (B) a graded ZPP with a
hole radius of 375/500 nm including
corresponding power spectra. (C, D) Intensity
line profiles along the red arrows in the
corresponding experimental TEM images A and

B. Simulated in-focus ZPP-TEM images for (E) a s —
ZPP 375 nm &

(AfEE ';' '
vieal fllmv
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in Figure 4A, a graded ZPP (hole radius 375/500 nm) in
Figure 4B. Strong fringing is observed to originate at the
edge of the aC film in Figure 4A. Figure 4C shows inten-
sity profiles along the red arrow in Figure 4A from images
taken at the same position with three different defocus val-
ues. The interface position is marked by a dashed black

Distance [nm]

Distance [nm]

line. All presented intensity profiles are normalised with
respect to the mean vacuum intensity in the images. The
red profile from the close-to-focus image visualises that
fringing spreads out asymmetrically from the interface into
the aC and vacuum regions. The profile shows seven max-
ima in the vacuum region and five minima in the aC
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film with intensities that decrease with increasing distance
from the film edge. The distance between adjacent max-
ima or minima is 11.5 nm, corresponding to a spatial fre-
quency of 0.087 nm~'. The fringe distance correlates with
the cut-on frequency of 0.088 nm~! of the conventional
ZPP with a 350-nm hole radius (cf. Equation 2). The yel-
low and blue intensity profiles, obtained with Af values of
-200 nm and -500 nm, hardly differ from the red close-
to-focus profile. This shows that Fresnel fringes at object
boundaries in defocused TEM images are weak in com-
parison to fringing induced by the ZPP, at least for small
Af values below -500 nm. Fringing is also observed in the
close-to-focus phase-contrast TEM image obtained with
the graded ZPP (Figure 4B). However, the intensity oscilla-
tions decay faster with increasing distance from the inter-
face compared to Figure 4A. This effect can be attributed to
the thickness gradient of the graded ZPP as demonstrated
by the red close-to-focus intensity profile in Figure 4D,
taken along the red arrow in Figure 4B. It shows only four
intensity maxima in the vacuum region and three inten-
sity minima in the aC film. Again, the intensity profiles do
not differ significantly for Af values of -200 and -500 nm
(yellow and blue curves).

Image simulations based on the aC/vacuum OWF in
Figure 3A are presented in Figure 4E and F under in-focus
conditions. The simulated image for a conventional ZPP
with a hole radius of 375 nm in Figure 4E shows strong
fringing while a faster decay of fringing is observed in the
simulated image for the graded ZPP with a 375/500 nm hole
radius in Figure 4F. Intensity line profiles along the red
arrows in Figure 4E and F are shown in Figure 4G and
H (red curves in-focus condition, yellow and blue curves
atAf = —200 nm and —500 nm) and agree well with the
experimental intensity profiles in Figure 4C and D. The
reduction of fringing by a graded ZPP with a radius of
375/500 nm is obvious but does not lead to the disappear-
ance of fringing because the thickness gradient of 0.128 is
still pronounced. Moreover, there is still an abrupt thick-
ness step of ~11 nm at the inner hole radius of the ZPP (cf.
Figure 2G), which causes fringing artefacts.

In Figure 5, we follow the same approach as in Figure 4
and analyse the fringing of a conventional and two graded
ZPPs with a slightly larger hole radius and shallower
thickness gradients. Figure 5A-C show phase-contrast
TEM images taken close to focus with a conventional
ZPP (hole radius 0.5 um, Figure 5A), a graded ZPP with
a hole radius of 0.5/1.5 um (Figure 5B), and a graded
ZPP with a hole radius of 0.6/1.5 um (Figure 5C). As
expected, Figure 5A shows strong fringing emanating from
the aC-film/vacuum interface. The red intensity profile in
Figure 5D, taken along the red arrow in Figure 5A, reveals
a fringing periodicity of 8 nm corresponding to a spatial
frequency of 0.125 nm™!. This agrees well with the cut-

on frequency of 0.117 nm™" of the conventional ZPP with
a 0.5 um hole radius. The relative intensity of the fringes
in Figure 5A and D is similar to Figure 3A and C and the
same number of fringe maxima and minima is observed.
However, the increase of the inner hole radius from 350 nm
to 500 nm reduces the distance from the aC-film/vacuum
interface where fringes are visible.

The close-to-focus ZPP-TEM image obtained with a
graded ZPP with a 0.5/1.5 um hole radius (Figure 5B)
and the corresponding intensity profile (Figure 5E) show
an efficient reduction of fringing due to the 1-um-wide
thickness gradient at the PP edge. The first maximum in
the vacuum region and the first minimum in the aC-film
region have the same intensity as in the conventional ZPP-
TEM image (cf. Figure 5A and D) but further intensity
oscillations are strongly damped. The reduction of fring-
ing is even more pronounced in the close-to-focus ZPP-
TEM image in Figure 5C and the corresponding inten-
sity profile in Figure 5F that were obtained with a graded
ZPP with 0.6/1.5 um hole radius. The slightly larger ZPP
hole further reduces the fringing periodicity to 6.5 nm
(0.15 nm™!) as expected for the 0.6-um hole radius with a
cut-on frequency of 0.14 nm™!. The reduction of fringing
in Figure 5C compared to Figure 5B can also be attributed
to the smooth thickness profile of the 0.6/1.5 um PP (yel-
low profile in Figure 2I) as compared to the thickness
profile of the 0.5/1.5 um PP with a kink at the hole edge
(blue profile in Figure 2H). ZPP-TEM images were also
acquired at Af = —200 and —500 nm with extracted inten-
sity line profiles included in Figures 5D-F, which essen-
tially agree with the close-to-focus data. The simulated
ZPP-TEM images (Figure 5G-I) and intensity line profiles
(Figure 5J-L) agree well with the experimental data and
confirm the reduction of fringing by the application of
graded ZPPs. The results presented in Figure 5 demon-
strate that a thickness gradient, which extends over a width
of 1 um, efficiently reduces fringing in ZPP-TEM images.
Fringing is strongly damped except for the asymmetric
intensity oscillations directly at the edge of the aC-film.

Power spectra are shown in the experimental ZPP-
TEM images in Figures 4 and 5. No distortions are visi-
ble and we expect that only minor distortions, if any, are
present.

3.2 | Analysis of fringing in
graded-ZPP-TEM images of a CNT bundle

In the following, we present an application of phase-
contrast TEM using graded ZPPs. CNT bundles were cho-
sen as interesting nanoscaled objects. The conventional
TEM image obtained without PP (Figure 6A) shows CNT
bundles dispersed on a holey aC film. We note that the
CNTs protrude at an oblique angle into the vacuum region
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FIGURE 5 Experimental and simulated ZPP-TEM images of an aC-film/vacuum-interface region and corresponding intensity line
profiles. Experimental ZPP-TEM images taken close to focus with (A) a conventional ZPP with a hole radius of 0.5 um, (B) a graded ZPP with
a hole radius of 0.5/1.5 um and (C) a graded ZPP with a hole radius of 0.6/1.5 um including corresponding power spectra. (D-F) Intensity

profiles along the red arrows in the corresponding experimental TEM images A-C. Simulated in-focus ZPP-TEM images with (G) a
conventional ZPP with a hole radius of 0.5 um, (H) a graded ZPP with a hole radius of 0.5/1.5 um and (I) a graded ZPP with a hole radius of
0.6/1.5 um. (J-L) Intensity profiles along the red arrows in the corresponding simulated TEM images G-I. The yellow and blue lines in D-F
and J-L correspond to intensity profiles obtained at the same sample region from PP-TEM images taken with a defocus of —200 nm and

—500 nm. The intensity profiles are normalised with respect to the mean vacuum intensity in the corresponding image
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FIGURE 6 Conventional TEM images taken without PP (A) close to focus for the CNT bundle marked by a black arrow and (B) at a
defocus of -400 nm. The green and yellow frames in A and B mark enlarged views of the analysed CNT bundle shown below A and B. The
CNT bundles are located on different height levels and are partly defocused, for example, the CNT bundle marked by a white arrow. (C)
Intensity line profile across the CNT bundle in A (red arrow) and (D) across the CNT bundle in B (blue arrow). The intensity profiles are
normalised with respect to the mean vacuum intensity in the corresponding image. The black arrows in D mark Fresnel fringes. Blue-green

lines indicate single CNTs with a distance of 1.6 nm within the bundle

of a hole. Thus, the CNT bundles are located at different
positions in electron-beam direction leading to a defocus
change along the CNT bundles. For alignment, we used the
amorphous material in the left part of Figure 6A and the
Thon rings in the associated live power spectrum to main-
tain a constant focus value for all images of the series. Fol-
lowing this procedure, the upper CNT bundle (marked by
a black arrow) is close to focus, while another CNT bun-
dle is defocused (marked by a white arrow). The upper
close-to-focus CNT bundle is enlarged and displayed in the

green frame below, which does not allow to clearly resolve
single CNTs in the bundle. This observation is confirmed
by the intensity profile in Figure 6C (acquired along the
red arrow in Figure 6A), which reveals only the contours
of the CNT bundle. Applying a defocus of -400 nm (cf.
conventional TEM image in Figure 6B and intensity pro-
file Figure 6D along the blue arrow in Figure 6B) leads to
phase contrast and clear resolution of single CNTs within
the bundle, which appear as equidistant fringes with a dis-
tance of 1.6 nm in the intensity profile (blue-green lines in
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FIGURE 7 Experimental close-to-focus
ZPP-TEM images taken with (A) a
conventional ZPP with a hole radius of

375 nm and (B) a graded ZPP with a hole
radius of 375/500 nm. The green and yellow
rectangles mark enlarged views of a CNT
bundle, which are presented below.
Experimental intensity profiles (C) across the
CNT bundle in A (red arrow) and (D) across
the CNT bundle in B (blue arrow). Simulated
in-focus ZPP-TEM images assuming (E) a
conventional ZPP with a hole radius of

375 nm and (F) a graded ZPP with a hole
radius of 375/500 nm. Simulated intensity
profiles (G) across the CNT bundle in E (red
arrow) and (H) across the CNT bundle in F
(blue arrow). The magenta arrows mark
fringing within the bundles. Blue-green lines
indicate single CNTs within the bundle. The
intensity profiles are normalised with respect
to the mean vacuum intensity in the
corresponding image
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FIGURE 8 Experimental PP-TEM images taken close to focus with (A) a conventional ZPP with a hole radius of 0.5 um, (B) a graded
ZPP with a hole radius of 0.5/1.5 um and (C) a graded ZPP with a hole radius 0.6/1.5 um. The green, yellow and blue rectangles mark regions,
which are shown with higher magnification below A, B and C. Intensity line profiles across the CNT bundle (D) along the red arrow in A, (E)
along the blue arrow in B and (F) along the blue arrow in C. The magenta arrows in D-F mark intensity maxima induced by fringing. The
blue-green lines indicate equidistant fringes (~1.6 nm) related to single CNTs within the bundle. The intensity profiles are normalised with

respect to the mean vacuum intensity in the corresponding image

Figure 6D). The measured fringe distance is in good agree-
ment with previously published CNT-bundle properties.*!
A distinct bright Fresnel fringe is visible around the CNT
bundles (marked by black arrows in Figure 6D). We also
note that the CNT bundle is covered by amorphous mate-
rial, which is also visible in the intensity profile (grey
regions in Figure 6D).

The experimental phase-contrast TEM images in
Figure 7 were obtained under close-to-focus conditions
as in Figure 6A, but with a conventional ZPP with a hole
radius of 375 nm in Figure 7A and a graded ZPP with a hole
radius of 375/500 nm in Figure 7B. Intensity line profiles
along the red and blue arrows are shown in Figure 7C
and D. The CNT bundle appears with clearly enhanced
contrast in both images compared to the close-to-focus
image in Figure 6A due to the additional phase contrast
induced by the phase shift of the ZPP. However, fringing
induced by the ZPP is observed to emanate from the

CNT-bundle/vacuum interface in Figure 7A and B with
fringe distances corresponding to the cut-on frequency of
the ZPPs. It is obvious that fringing is damped faster with
increasing distance from the CNT bundle in the image
in Figure 7B. The enlarged images of the CNT bundles
within the green and yellow frames in Figure 7A and B
reveal equidistant intensity oscillations induced by single
CNTs. The enlarged views also show that the CNT bundle
in Figure 7B has a slightly larger diameter (1-2 nm), which
can be assigned to contamination growth during image
acquisition. Fringing leads to diffuse bright and dark
contrast features within the CNT bundles (cf. Figure 7A
and B and magenta arrows in the intensity profiles in
Figure 7C and D), which is absent in Figure 6A and B
taken without ZPP. Figure 7E and F shows corresponding
image simulations and intensity line profiles in Figure 7G
and H. The simulations are based on the simplified OWF
in Figure 3B, which does not account for individual CNTs
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in the bundle and the amorphous carbon contamination.
However, the coarser features, that is, the broad bright
fringe in the centre and the dark fringes at the CNT
boundaries, are well reproduced. The simulations in
Figure 7G and H also show the decay of fringing in the
vacuum region, which is more pronounced for the graded
ZPP.

The effect of differently graded ZPPs on fringing is
illustrated in Figure 8. Figure 8A shows a close-to-focus
ZPP image of CNT bundles obtained with a 0.5-um-radius
conventional ZPP with pronounced fringing. Fringing is
strongly reduced in the images acquired with graded ZPPs
with 0.5/1.5 um and 0.6/1.5 um hole radii (cf. Figure 8B and
C). Magnified image sections reveal the contrast within
the CNT bundle more clearly, where single CNTs are well
resolved. In addition, three diffuse dark and two bright
fringes are observed within the CNT bundle (magenta
arrows in the intensity profiles in Figure 8D-F). The
intensity profiles extracted from the graded ZPP images
(Figure 8E and F) clearly show the reduction of fringing,
which almost vanishes for the 0.6/1.5-um ZPP. While shal-
low thickness gradients are preferable for the reduction
of fringing, they will reduce the phase contrast of struc-
tures with spatial frequencies within the thickness gradi-
ent because the phase shift is reduced. Instead of a fixed
cut-on frequency, a ‘soft’ cut-on-frequency range applies
for a graded ZPP, comparable to an electrostatic Zach pPPp.*2
However, imaging of single CNTs with a spatial frequency
0f 0.625nm~! is not degraded because the upper limit of the
cut-on frequency range is 0.3518 nm~! for the 0.5/1.5 um
and 0.6/1.5 ZPPs.

4 | CONCLUSIONS

We showed that Zernike phase plates (ZPPs) with a thick-
ness gradient around the centre hole strongly reduce inten-
sity oscillations around imaged objects denoted as fring-
ing. The reduction of fringing depends on the inner radius
of the ZPP hole and the thickness gradient around the
hole. Depending on the spatial frequency spectrum of
the imaged objects and the desired reduction of fringing,
thickness gradient and inner hole radius can be optimised
by controlled fabrication using Ga-ion focused-ion-beam
milling. It is advisable to fabricate graded ZPPs with differ-
ent hole diameters and gradients in one aC film to avoid an
exchange of the aC film when different objects are investi-
gated. By measuring the thickness profile around the ZPP
hole, we showed that the reduction of fringing is most
pronounced for ZPPs with a smooth and shallow thick-
ness profile around the hole. Any thickness discontinu-
ities, like kinks, should be avoided. Knowledge of the ZPP-
thickness profile and the corresponding phase-shift distri-
bution is also essential for image simulations, which are

in good agreement with experimental ZPP-TEM images
of carbon nanotube bundles and the amorphous-carbon-
film/vacuum interface of a test sample.
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