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Abstract

In this paper, we review the current state of phase plate imaging in a transmission electron micro-
scope. We focus especially on the hole-free phase plate design, also referred to as the Volta phase
plate. We discuss the implementation, operating principles and applications of phase plate imag-
ing. We provide an imaging theory that accounts for inelastic scattering in both the sample and in
the hole-free phase plate.

Key words: hole-free phase plate (HFPP), Volta phase plate (VPP), radiation damage, electron beam-induced sample charging,
sample contamination, cryo electron microscopy

Acronyms

λ electron wavelength
λe elastic mean free path
λi inelastic mean free path
λt total mean free path
q scattering vector in spatial frequency units [nm-1]
BFP back focal plane
BFTEM bright field transmission electron microscopy
CL condenser lens
CTF contrast transfer function
DLR dose-limited resolution
EH electron holography
HFPP hole-free phase plate
MIP mean inner potential, V0

MTC mass thickness contrast
OA objective aperture
OL objective lens
PCTF phase- contrast transfer function
SAA selected area aperture
SE secondary electron. SEα propagating in vacuum outside

sample. SEβ propagating within sample

SPO strong phase object
VPP Volta phase plate
WPO weak phase object
ZPP Zernike phase plate

Introduction

Our objective is to provide readers with an overview of the present
understanding of the principles and applications involved in phase
plate (PP) imaging in a transmission electron microscope (TEM).
After an introduction to PP theory, we review the large variety of
PP designs and then focus on the hole-free phase late (HFPP) [1–3],
sometimes referred to as the Volta phase plate (VPP) [4–7].

Phase plates are electron-optical elements placed in the beam path
to modulate the phase of the electron wave. Their primary func-
tion is to increase the contrast when imaging weak phase objects
(WPOs), thereby reducing the irradiation damage needed to detect
these objects [1,8,9]. The need for improved phase-contrast trans-
fer in electron microscopy has long been recognized and is based on
the work of Zernike in the field of light microscopy [10]. In 1947,
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Hans Börsch proposed methods for phase-contrast enhancement in
a TEM [11] that already encompassed the two main PP types in
use nowadays: thin-film-based and electrostatic PPs. The improved
phase-contrast transfer is achieved by placing a phase-shifting device
(PP) in the back focal plane (BFP) of the objective lens, or in a con-
jugated diffraction plane [12]. The device then applies a phase shift
between the direct beam (q=0) and diffracted beams at q>0. Here,
q is the scattering vector corresponding to a spatial frequency in
nm−1 units. Early experimental work on the realization of such a
PP mainly explored the possibility of placing an amorphous carbon
(aC) film in the BFP [13–15]. Unwin proposed the use of a spider
thread [16]. The ideas of Börsch were further pursued by Tono-
mura’s group [17]. An overview of early PP attempts can be found
in [18].

Artifacts introduced by those early PPs spoiled their beneficial
phase-contrast enhancement. Advances in microstructuring tech-
niques, especially the focused ion beam technique, finally led to
the first PP that made an impact in the community at the turn
of the last century. The implementation of a thin aC film with a
small hole in the BFP is very similar to the proposal of Zernike
and thus has been termed the Zernike phase plate (ZPP) [19].
Its success enticed researchers to investigate other kinds of phase-
shifting devices that include the electrostatic Börsch-PP [20–26] and
its derivatives [27,28] as well as other more exotic types [29–31].
In addition to thin-film and electrostatic devices, PPs that exploit
other means of interactions, e.g. light-electron or magnetic fields,
have been proposed [31,32]. Despite the variety of different PP
types, their widespread success was inhibited by problems, includ-
ing contamination and spurious charging, film aging, undesirable
obstruction of electrons in the BFP, image artifacts caused by sharp
phase jumps, complex fabrication processes and extensive modifi-
cations of the electron-optical system. Many of these problems are
solved by the HFPP design, consisting of a uniform thin film in
which the necessary relative phase shift is created by the direct beam
itself [1,4].

The primary goal of PPs is to increase image contrast at low
spatial frequencies [8,33]. PPs do not provide an increase in the
ultimate spatial resolution of an instrument. On the other hand,
when correctly implemented, they do not have a detrimental effect
on high-resolution information transfer. The image formation pro-
cess in a TEM can be understood as interference between the direct
beam, containing the unscattered part of the electron wave (in the
vicinity of q=0), and the portion of the electron wave scattered elas-
tically by the sample within a certain angular range (q>0). Image
contrast arises when the interference between the scattered and
unscattered electrons is controlled and suitably tuned by the action
of a PP.

This review is divided into seven main sections. We first present
a theory of PP imaging in Section ‘A brief theory of phase plate
imaging,’ before providing an overview of the variety of PP design
(Section ‘Hole-free phase plate implementation’) being considered or
implemented. In the following sections, we focus on a particular PP
design that utilizes an uniform thin film modified by the high-energy
electron beam itself: the HFPP [1]. The same design was reported
later and referred to as the VPP [4]. In the text below, we use the
terms ‘HFPP’ and ‘VPP’ interchangeably.

While originally demonstrated on organic samples [1,3], HFPPs
have also been used to image interfaces in radiation-sensitive sam-
ples for material science and to image magnetic and electric fields

in-focus, etc. The latter is of interest when relating the sample
microstructure to its magnetic properties.

HFPPs have been successfully utilized for electron tomographic
imaging [34,35], providing sufficient stability and reproducibil-
ity [35]. In contrast to electron holography (EH), PPs should not
be considered quantitative tools, because the image contrast can-
not be related to the object phase shift in a straightforward manner.
However, recent progress indicates that in the case of a WPO, phase
information from the sample can be extracted quantitatively [36].
Furthermore, a strong phase object that contains discrete spatial
frequencies allows the quantitative PP imaging extraction of both
the phase shift of the object and the phase shift at the HFPP [37].
While contrast quantification using HFPP images is currently chal-
lenging, the ease of operation, ability to image a large field of view
and the possibility of observing dynamic changes in the sample are
all beneficial.

A brief theory of PP imaging

We begin by giving a brief survey of the electron–matter interactions
relevant to PP imaging. Fig. 1 illustrates schematically the two types
of electron interactions within the sample: elastic and inelastic. Aris-
ing from electron-nucleus scattering, elastic interactions change the
momentum, and hence the phase, of an incident electron without
significantly affecting its kinetic energy; inelastic interactions, arising
from electron–electron scattering, result in a significant energy trans-
fer between the incident electron and the sample and hence a loss of
coherence. Since PP imaging belongs to the family of coherent imag-
ing techniques, elastic interactions are more relevant. In this paper,
we discuss specifically the optimization of image contrast C arising
from elastic interactions. We refer to the sample-induced elastic con-
trast as the phase contrast and to the elastically scattered electron
intensity as ‘Ie’.

Scattering and wave amplitudes
In this section, we introduce aspects of imaging theory that are
applicable to PP imaging and briefly summarize the discussion in
previous papers [1,37,38], which all adopt the same sign convention
in [39, p. 71], that we use here. In particular, the incident electron
plane wave is taken as eikzz with the phase shift of the electron wave
increasing along the direction of electron propagation z. The ampli-
tude of the incident plane wave is related to the beam current density,
i.e. the number of electrons per unit area and time propagating along
the optic axis. Assuming a circular illumination patch of radius Rill,
denoting Ip the primary beam current, and choosing a Cartesian ref-
erence system with the x- and y-axes on the sample and the z-axis
along the beam propagation direction (i.e. pointing ‘down’ from the
source to the detector), we can define the incident electron wave as

ψill(x,y,z) = a0 e
ikzz, for r=

√
x2 + y2 < Rill, (1)

where kz=2π/λ is the wave number. The de Broglie electron
wavelength λ= h/p= λC/γβ, where λC = h/mc= 2.426pm is the
Compton wavelength, depends on the accelerating voltage U via the
relativistic factor γ =

√
1−β2 = 1+ eU/mc2. Some values of λ at

various accelerating voltages are shown in Table 1. Above m is the
electron mass, c is the speed of light in vacuum and e is the electron
charge.

The wave amplitude a0 is related to the beam current den-
sity (or electron flux) Jp = Ip/πR2

ill via a20 = Jp/ev [39], with
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Fig. 1. Schematic of various electron–solid interactions and the corresponding channels for a transmission electron microscope column with two planes contain-
ing scattering objects: a sample and a phase plate in (a). (b) qualitatively illustrates the angular distribution for the sample. The outcome of the primary beam
Ip elastic Ie and inelastic I i interactions is indicated in (b) and the unscatttered beam Iu impinge onto the phase plate. At the phase plate, elastic and inelastic
interactions further decrease the unscattered intensity Iu and increase the elastically scattered channel Ie and inelastically scattered channel I i . The mean energy
loss due to inelastic scattering further increases after the phase plate as compared to the sample only, as indicated by the I i arrow becoming darker red after
phase plate than after the sample alone. The elastic scattered intensity includes both the phase shift changes arising from the mean inner potential variations in
the sample and phase plate as well as the interactions with electric and magnetic fields in the vacuum outside the sample and the phase plate. The gray dashed
arrows indicate that, in the absence of beam intersecting hardware, all electrons that passed through the sample also pass through the phase plate.

Table 1. Values of the electron velocity β, relativistic factor γ, wave-
length λ, phase pre-factor CE and beam electron density a20 at
various accelerating voltages.

U (kV) β γ λ (pm) CE (rad/Vµm) a20 (1013 m−3)

20 0.272 1.04 8.59 18.6 12.3
100 0.548 1.20 3.70 9.24 6.08
200 0.695 1.39 2.51 7.29 4.80
300 0.777 1.59 1.97 6.53 4.29

1000 0.941 2.96 0.872 5.39 3.54
5000 0.996 10.8 0.226 5.09 3.35

The last entry is calculated for a beam current density of 1.6 kA/m2, corresponding to
100 electrons per square Angstrom per second, which is a reasonable dose rate for TEM
imaging in materials science. In biological sciences, the beam current density is 10× to
100× lower.

v= βc= c
√

1− γ−2 the electron velocity. The chosen normaliza-
tion for the wave function reflects the number density of electrons
within the beam at any given time. The total number of electrons
crossing a given plane perpendicular to the optic axis per unit time,
i.e. the beam current, is

Ip = ev
∫

|ψ(x,y,z)|2dxdy (2)

and reflects the charge conservation along the beam path. This con-
dition is violated only by hard apertures removing electrons from
the beam, as the capture cross section for high-energy electrons is
negligible.

The coherent electron wave emerging from the sample after
undergoing elastic interactions is termed interchangeably the exit
wave or object wave and is represented by its amplitude a and phase
φ(x, y) as

ψo(x,y,z) = aeiφ(x,y)eikzz (3)

where

φ(x,y) = CE

∫
V(x,y,z)dz (4)

is proportional to the electrostatic potential V(x, y, z) of the sample
projected along z, generated by the totality of charges present within
and around it, including mobile and immobile charges, nuclei, elec-
trons, ions, polarization charges, charges on nearby electrodes, etc.1

1 Here, we do not consider a multi-slice setup and work within the
phase object approximation. This is warranted for thin samples
composed of light elements (H, C, O).
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The proportionality factorCE is acceleration–voltage-dependent and
can be written as

CE =
e

ℏv
(5)

Some values of CE at various accelerating voltages are shown in
Table 1. The asymptotic limit of CE for ultra-relativistic electrons
with eU >>mc2 =511keV is CE[∞]=5.07 rad/Vµm. The existence
of a lower bound for CE but not for λ suggests that ultra-relativistic
coherent imaging might be advantageous.2

The amplitude term a accounts for the number of elastically
scattered electrons contributing to the coherent image formation.
If we ignore inelastic scattering, then a= a0. If we take inelastic scat-
tering into consideration, then a< a0 in proportion to the square
root of the total elastic and inelastic cross sections of the object.
In particular, the total elastic and inelastic currents are Ie = Jpσe
and Ii = Jpσi, where σe and σi are the total elastic and inelastic
cross sections, respectively. This implies that the unscattered cur-
rent is Iu = Jp(πR2

ill −σe −σi). We define the coherent intensity as
Ic = Iu + Ie.

Accounting for the electrons transferred from the elastic to the
inelastic channel in a single-scattering approximation leads to an
evaluation of the coherent amplitude as follows

Ic
I0

=
a2

a20
=
λt

λe
+
λt

λi
e
− t

λt (6)

where λt is the total mean free path, λe,i = 1/nσe,i are the elastic λe
and inelastic λi mean free paths, respectively, 1/λt = 1/λe + 1/λi,
and n is the number density of atoms or molecules with cross sections
σe,i within a sample of thickness t. At this stage, neither apertures
nor the angular distribution of scattering play a role. After we intro-
duce the concept of phase contrast (Section ‘Phase contrast’), we will
revisit the coherent amplitude loss described by Eq. (6) to illustrate
how it leads to a loss of signal.

Figure 1 schematically depicts the transfer of intensity between
the three channels as the electrons cross the sample and a generic
PP positioned in the focal plane of the optical setup.

Image formation
In electron microscopy we measure the intensity of the electron wave
ψi (termed the ‘image wave’) reaching the detector, which is gen-
erally placed at a conjugate object plane. We use as definition of
intensity the number of electrons e− per unit area of the detector per
unit time [39]. Assuming unit magnification, and a perfect imaging
system, the image wave is then an identical copy of the object wave,
Eq. (3) so the recorded intensity is

I= ev|ψi|2 = eva2 for r< Rill (7)

as neither of the phase terms yields visible contrast.
An electron microscope, however, is not a perfect imaging sys-

tem. Aberrations of the imaging lens as well as apertures in the beam
paths and the partial spatial and temporal coherence of the beam
must be taken into account via the transfer function concept. The

2 Resolution continues to improve indefinitely with increasing
energy, while the loss of signal represented by the drop ofCE with
energy stops, which means that the resolution keeps increasing,
while the signal stops decreasing.

transfer function is the microscope point spread function in recipro-
cal representation and describes in a concise manner how the object
wave is modified by the imperfections of the imaging system, becom-
ing the image wave at the detector plane. Its canonical form is [39,38]

T(q) = A(q)eiW(q)e−D(q) (8)

where A(q) is a pupil function representing an angle-limiting aper-
ture (usually the objective aperture) and W(q) is the aberration
function defined as

W(q) = πZλq2 −
π

2
CSλ

3q4. (9)

In Eq. (9), CS is the spherical aberration coefficient, Z is the
defocus parameter and D(q) is the damping envelope defined as

D(q) =
π2θill
log2

(
Zq+CSλ

2q3
)2

+
1
2

(
π∆λq2

)2
(10)

with θill the angular spread of the illumination,

∆=
γ

γ+ 1
CCδ (11)

where CC is the chromatic aberration coefficient, and the numerical
factor δ represents the various relative instabilities of the microscope
such as energy spread, high-tension fluctuations, etc. The aberration
function W(q) represents the additional phase shift experienced by
the electronwave due to spherical aberration and defocus. A negative
defocus, corresponding to an overfocus, adds in the same way as a
spherical aberration: both add a negative (convergent) phase shift to
the electron wave with respect to the direct beam at q=0.

The reciprocal plane coordinate system q= (qx,qy) is defined
according to the chosen convention for Fourier transforms
(FFTs) [39]

ψ̃(q) =
∫
ψ(r)e2πiq·rd2r (12)

ψ(r) =
∫
ψ̃(q)e−2πiq·rd2q (13)

The transfer function acts as a Fourier filter, affecting the phase
and amplitude of the object wave spectrum and establishes the
relation between object and image wave as follows:

ψi(r) = F−1 [T(q)F [ψo(r)]] (14)

where F denotes the FFT operator.
A PP located in the diffraction plane introduces an additional

phase term P(q) in the transfer function, which, neglecting damping
and apertures, and assuming circular symmetry, becomes

T(q) = eiW(q)eiP(q). (15)

The phase profile of the plate reflects its design. For example, a
ZPP with a hole of radius qc at the center of a thin film of thickness
t and mean inner potential (MIP) V0, providing a phase shift

ϕZ = CEV0t (16)

adds a piecewise continuous phase term to the transfer function

PZ(q) = 1 for q< qc (17)

representing no effect on the electrons through the hole, and

PZ(q) = eiϕZ for q> qc, (18)

representing the constant and uniform phase shift added to all other
electrons crossing the film.
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Fig. 2. (a)Wavefront phase shift arising from underfocus∆z=500nm (red dotted) spherical aberrationwith CS =2mm (green solid), Lorentzian phase shift PH (q)
with cut on frequency qc = 0.01 nm−1 representing a hole-free phase plate with a positive beam-induced charge screened by distributed negative charges (blue
dash-dot), underfocus∆z=500nm combined with PH (q) (black solid) and thin film type Zernike phase plate also with qc = 0.05nm−1 (brown dashed with cut on
frequency marked by a red arrow). (b) Corresponding weak phase object phase-contrast transfer function sin(W (q)). The green shaded area in (b) approximately
indicates the region referred to as low spatial frequencies in this paper, see also [8]. All calculations were performed at U=200 kV, adapted from [38] based on
model B in [1].

The contribution PH(q) to the transfer function from a HFPP,
where the beam-induced charge redistribution under the direct beam
plays the role of the Zernike central aperture, may be approxi-
mated by a generic bell-shaped curve. We choose for convenience
to describe the phase profile of a HFPP with a Lorenzian function of
halfwidth qc [1,38]

PH(q) =
ϕH

1+ q2

q2c

−ϕH (19)

where ϕH is the net phase difference between q=0 and q→∞ and
has the same sign of the charge/potential developed on the HFPP that
is responsible for its functionality: positive charge/potential gives a
positive ϕH, which results in a negative phase shift with convergent
action. To ensure consistency of the WPO approximation, we have
added the −ϕH phase offset to ensure that PH(0)=0 [38].

The effect of the various terms in the transfer function, including
the PP, is graphically shown in Fig. 2.

Figure 2b illustrates that at low spatial frequencies, transfer is
poor in BFTEM and improves when a PP is added to the microscope
optics. The region where PPs provide better transfer and where most
scattering power is contained for most samples is indicated by the
green shaded area in (b) [8]. The extent of the low spatial frequencies
transfer region depends on a particular PP implementation but typi-
cally goes at least to q = 0.3 nm−1 or more. With a ZPP, the onset
of the improved transfer is at qC corresponding to the ZPP hole size
in reciprocal space [8], 0.05 nm−1 used in Fig. 2b as marked by a
red arrow. For HFPPs, the onset is gradual from q = 0 nm−1.

Figure 2 shows that up to the spatial frequency qC corresponding
to the edge of the ZPP, the contrast transfer is identical with BFTEM
in a microscope equipped with ZPP. As discussed in Sections ‘Hole-
free phase plate implementation’ and ‘A brief theory of phase plate
imaging’ it is desirable to avoid PP implementations that have a sharp
onset, which are not matched to beam size in Fourier space or that
block part of the beam. An ideal PP would not only produce a phase
shift between the direct and diffracted beams but would also have a
phase shift profile that compensates forCS at a broad range of spatial

frequencies. That implies that a PP should not be a step function, but
have tails proportional to CSq4, assuming that the Zq2 term can be
eliminated by remaining in-focus at Z=0.

To ensure the clarity of the rest of the paper and to ease com-
parisons with the literature, it is necessary to define the terminology
when referring to the advancing or retarding phase or aberrations,
the advancing or retarding electron wavefront and the reference
point for phase shift φ(q). In agreement with [38,39], we use the
conventions shown in Table 2.

It is interesting to note that PPs also provide contrast enhance-
ment in instruments equipped with a LaB6 electron source that have
a small lateral coherence length of the electron beam. The origin of
the phase contrast in LaB6 microscopes can be understood in the
context of building the image from individual electrons, each rep-
resenting a wave that has its own phase affected by the PP. The
resulting image is the sum of the partially coherent electron waves
that provide a contrast-enhanced image as discussed in [40]. As com-
pared to an image acquired in a microscope with a field emission
source, a phase-contrast image from a LaB6 microscope is expected
to show less contrast due to its lower partial coherence [40].

Phase contrast
To illustrate how phase contrast arises with a PP, we consider the
scenario discussed in [41] where a pure phase object (we set the
coherent amplitude a=

√
Ic of the wave to unity) is imaged in-focus

(Z=0) with a non-aberrated lens (CS=0) and an ideal ZPP. The
object wave is

ψo(r) = eiφ(r) = 1+
(
eiφ(r) − 1

)
(20)

and its spectrum is

ψ̃o(q) = δ2(q)+F
[
eiφ(r) − 1

]
(21)

Assuming that the hole is ‘small enough’, a statement that can be
formalized by the requirement qc << 1/d, where d represents the size
of the object, and the ZPP leaves the central delta representing the
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Table 2. Contribution to contrast transfer and the shape of terms contributing to aberration function W(q) according to the convention
in [39]. The second column indicates the shape of the individual terms. Here, U character indicates a U-shaped contribution when plotted
as a function of q, i.e. the aberration function W(q >0) is higher than W(q=0) and the phase at q >0 is retarded relative to the phase at q=0.
The ∩ character indicates a term that contributes contrary to the U-shaped term, i.e. W(q >0) is lower than W(q=0) and the phase at q >0 is
advanced relative to phase at q=0. The third column indicates whether the phase shift at q >0 is positive (advanced) or negative (retarded)
relative to the wave front phase at q=0. The fourth column indicates the bright or dark appearance of a positive potential object (such as
an atom) imaged using only the term indicated in the first column. The last column clarifies the designation of positive and negative phase
contrast. Adapted from [38].

Shape of the phase
shift term

Phase shift sign at q>0 relative
to phase shift at q=0

Image appearance for positive
potential object such as an atom

Phase contrast
designation

Spherical aberration, Cs ∩ − Bright Negative
Overfocus, objective lens stronger than for
in-focus image

∩ − Bright Negative

Underfocus, objective lens weaker than for
in-focus image

∪ + Dark Positive

HFPP+ phase plate with positive patch of
beam generated phase

∩ − Bright Negative

HFPP- phase plate with negative patch of
beam generated phase

∪ + Dark Positive

Thin film type ZPP with hole ∪ + Dark Positive
Mass thickness (scattering) bright field
TEM contrast

Not applicable Not applicable Not applicable Positive

unperturbed direct beam. The rest of the spectrum is phase-shifted
by ϕZ. Therefore, the image spectrum is

ψ̃i(q) = δ2(q)+ eiϕZF
[
eiφ(r) − 1

]
(22)

which by inverse Fourier transformation yields the image wave

ψi(r) = 1+ eiϕZ
(
eiφ(r) − 1

)
(23)

The image intensity is then

I(r,ϕZ) = 3− 2cosϕZ − 2cosφ(r)+ 2cos(ϕZ +φ(r)) (24)

showing that in the presence of a ZPP the object phase becomes
observable as intensity modulation or contrast. Note, however, that
the image intensity is not linearly related to the object phase, which
may lead to potential misinterpretations of the image contrast from
a generic strong phase object. For example, while a maximum in
phase always corresponds to either a maximum or a minimum of
the intensity (depending on the sign of ϕZ), there can be many inten-
sity maxima or minima, i.e. fringes, that do not correspond to phase
extrema. This can be seen by noting that

∇I(r,ϕZ) = 2∇φ(r)(sinφ(r)− sin(ϕZ +φ(r))) (25)

vanishes wherever ∇φ(r) does; and, at all points that satisfy

sinφ(r) = sin(ϕZ +φ(r)) (26)

or

φ(r) = kπ+
π

2
−ϕZ (27)

with k any integer number. Eq. (27) reveals that fringes appear in
the image following the isophase contours spaced by π. As an illus-
trative example, we consider the phase object φ(x) = CEV0x tanα
representing a wedge of angle α, which is imaged with a PP as a

sinusoid of periodicity 2π/CEV0 tanα: for every π of phase shift,
a max or a min of intensity develops indicating a thickness varia-
tion of π/CEV0. This is the phase contrast equivalent of thickness
fringes in diffraction contrast and allows quantitative thickness pro-
filing, although with poor sensitivity of about 50 nm at 300 kV and
V0 =10V.

If the PP thickness is chosen such that ϕZ=π/2 and assuming
that the object phase is smaller than π/4 (WPO approximation), Eq.
(24) simplifies to

I(r,π/2) = 1− 2φ(r) (28)

showing the best possible form of phase contrast, where the inten-
sity is linearly proportional to the object phase, and the factor of 2
provides a 2-fold phase amplification.

Influence of inelastic scattering on image contrast
The reduction in coherent amplitude leads to a loss in phase contrast.
Suppose we are imaging the edge of a thin-film sample. The part
of the electron wave traveling through the vacuum, say x<0, has
an amplitude a0 and a constant phase, which we take as zero. The
electrons at x>0 crossing the sample experience a phase shift ϕZ
from thickness, Eq. (16), and at the same time a coherent amplitude
reduction as in Eq. (6). Therefore, the exit wave can be written as

ψo(x) = a0 for x< 0

= aeiϕZ +Σψin for x> 0
(29)

where Σψin represents the totality of inelastic waves emerging from
the sample, whose amplitudes sum incoherently up to the total inten-
sity Ii. The coherent portion, instead, has a2 = Iu + Ie = Ic. Without
PP or apertures, there is no contrast between the vacuum and the
sample: inelastic electrons reach the detector (perhaps with some
defocus) and add Ii to the measured intensity; elastic electrons, not
filtered out by any aperture, contribute with Ic; and in total, we have
Ic + Ii = I0 on the sample and I0 in the vacuum, i.e. no contrast.
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With an ideal PP and WPO, we would record the following on
the detector

I(x) = I0 for x< 0

= Ic(1− 2ϕZ)+ Ii = I0 − 2ϕZIc for x> 0
(30)

which gives a phase contrast pC= ϕZIc/I0, where Ic/I0 is given by
Eq. (6). Since Ic = I0 − Ii, we conclude that every electron in the
inelastic channel decreases phase contrast.

It is worthwhile noting that mass thickness contrast (MTC),
which originates from the removal of some beam electrons with an
aperture, is primarily established by a loss of coherent electrons. In
fact, generally, the apertures used to produce MTC are large enough
to leave Iu and Ii untouched, and affect mainly Ie. Naming f the
fraction of elastic electrons intercepted by an aperture, a quantity
that can be easily related to its size and to the angular distribution
of elastic scattering, MTC can be described by

I(x) = I0 for x< 0

= Iu +(1− f)Ie + Ii = I0 − f Ie for x> 0
(31)

giving aC= 1
2 fIe/I0, which, since Ie = I0 − Iu − Ii is maximal for

Ii=0, once again illustrates the detrimental role of inelastic scatter-
ing in image contrast and explains the benefit of zero-loss filtering.

Implementation of PP imaging

In this section, we first discuss the criteria that a PP should ful-
fill for a successful implementation. Following this, we discuss the
possible types of PPs that have been proposed or realized, group-
ing them mainly in thin-film based, electrostatic and beam-induced
approaches. Further concepts are also explored in the discussion.

Requirements for successful PP implementation
To achieve broad impact, a particular PP implementation either has
to be convenient to implement and operate or it has to provide such
a significant improvement that it motivates users to put considerable
effort into its use. The PP implementation should also satisfy as many
as possible of the criteria below.

1. Minimization of PP hardware

• Conserve the transfer of all spatial frequencies
Placing PP hardware in the BFP of a lens can result in
the obstruction of electrons leading to missing (radial or
azimuthal) ranges of spatial frequencies. If a radial range of
spatial frequencies is blocked, e.g. by the annular shape of
a Börsch PP [8,21], those spatial frequencies will be missing
in the image giving rise to artifacts. Additionally, if the PP
hardware lacks radial symmetry, for example from support
arms of a Börsch lens, single-sideband contrast occurs (see
also next item).

• Leave sample symmetry unaltered
The PP hardware should be such that it does not block or
affect particular directions in the BFP. Hardware that is not
centrosymmetric around the direct beam at q=0 results in
images that do not, in general, reflect the symmetry of the
sample. Moreover, the location of features in the image can
be displaced and distorted.

• Avoid electron scattering in transparent parts
Although they do not obstruct electrons, electron beam
transparent objects in the BFP lead to electron scattering.
Electrons scattered at the BFP will not contribute to phase
contrast but will either form part of the background of the
image or may even be taken out of the image formation

process by apertures if scattered to high angles (see Section
‘A brief theory of phase plate imaging’).

• Minimize necessary imaging dose
Any effect of the PP that goes beyond phase shifting will
increase the necessary dose to image the sample. This is evi-
dent for obstructing PP parts and is true as well for electrons
scattered in the PP that either reduce the contrast (if they
contribute to the image background intensity) or increase the
necessary dose on the sample if scattered to such high angles
that they are intercepted bymicroscope hardware and do not
reach the camera.

2. Optimum spatial phase shift distribution

• PP should be accurately centered relative to the direct beam
at q=0
This can be done either by utilizing a self-centering method,
such as a HFPP, in which the PP center is determined by
the position of the direct beam on a pristine film or by the
mechanical or electron-optical alignment of the direct beam
relative to a pre-existing hardware or hole in a film. Lateral
drift has to be kept to a minimum for any PP device.

• A sharp onset of the phase shift should be avoided
A sharp onset, i.e. step function-like, of the phase shift at
a particular cut on spatial frequency qC results in contrast
ringing artifacts in the image. Moreover, the phase-contrast
transfer between q=0 and the PP onset spatial frequency
qC is identical to that of bright field transmission electron
microscopy imaging, maintaining the poor phase contrast
of bright field transmission electron microscopy. Therefore,
a smooth phase profile starting at q=0 is preferable.

• The phase shift profile should be closely matched to the beam
profile.
The ideal phase shift profile is smooth and commensurate
with the beam size in the plane of the PP. This typically coin-
cides with the BFP where the beam size is determined by the
angular width of the incident beam and the focal length of
the objective lens. It is possible to place the PP hardware at
any plane in the microscope column that is conjugate with
the BFP of the objective lens, i.e. with the Fourier plane of
the image.

• Absence of additional phase shifts
Additional phase shifts, e.g. those caused by electrostatic
charging or contamination, should be avoided. Although
this aspect is evident, we mention it here because some types
of PPs can be prone to these spurious effects in varying
degrees.

3. Optimum sign and amount of the phase shift distribution

• Adjustable phase shift
For many samples, the ability to adjust the phase shift to
maximize the phase-contrast transfer for a particular sample
can be advantageous. An adjustable phase shift also allows
for different electron beam energies. Furthermore, the abil-
ity to alter the PP-induced phase shifts during an experiment
couldmake it possible to eliminate gaps in the phase-contrast
transfer function. The acquisition of multiple images with
varying phase shift paves the way for object wave recon-
struction [42] (see Section ‘Object-wave reconstruction using
phase plates’).

• Suitable polarity of the phase shift
Depending on its sign, the phase shift of the PP can either
add to the MTC (see Table 2) or it can act in the opposite
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Table 3. Overview of different phase plate designs grouped as thin-film based phase plates, electrostatic phase plates, beam-induced
phase plates, further phase plate concepts and obstructing devices. The advantage sand drawbacks of the individual concepts are depicted
by icons and a red + indicates more pronounced effects. For less common PPs we aimed for a complete literature reference list: for the
Zernike and HFPP charge types the huge number of publications makes it impracticable. Pictogram legend: (a) PP needs alignment, (b)
scattering in PP, (c)obstruction by PP, (d) complicated PP symmetry, (e) sharp phase cut on, (f) smooth phase profile, (g) adjustable phase
shift, (h) TEM modification needed, (i)complex fabrication,(j) missing experimental results.

PP family PP type Advantages Drawbacks Ref.

Thin-film based PPs Zernike

Hilbert

[19, 41, 43–50]

[51–60]

Electrostatic PPs Börsch

Zach

Anamorphotic

I ⊥ e-

[17, 21, 27]
[61–64]

[28, 40, 65–69]

[29, 70, 71, 72]

[73]

Beam-induced PPs HFPP charge

HFPP contamination

[1, 4]

[74]

Further PP concepts Laser

Tunable Ampere

Magnetic PPs all HVs

[30, 32]

[75]

[31]

Obstructing devices Tulip

Foucault

[76, 77]

[78, 79]

a) b) c) d) e) f) g) h) i) j)

direction [38]. When acting in the same direction as the
MTC, the total PP induced contrast plus the mass contrast
are limited to the interval 0 to 1. However, when the PP acts
so as to generate bright contrast, i.e. a negative phase shift
at q>0 with respect to q=0, the PP contrast can exceed 1
and provide significantly higher total contrast [8,33] (see
Table 2). An example where bright PP induced contrast is
advantageous is where MTC is weak but sample induced
phase shift is large, e.g. magnetic fields in a vacuum or in
the imaging of hard magnetic materials.

4. Convenient operation
A PP presents an additional electron optical element in the TEM
that needs to be correctly aligned relative to the beam, with the
illumination adjusted to optimize the imaging. In general, two
scenarios entice users to utilize an additional optical element:
either the PP provides amodest advantage and is very convenient
to implement and operate, or some advantage commensurate
with the effort to include a PP has to be achieved. Alternatively,
the inclusion and alignment of a PP has to be fully automated.

5. Quantitative image contrast interpretation
Ideally, a PP would allow quantitative interpretation of the
sample phase shift and the PP image contrast, similar to the
phase shift measurement in EH. This may be obtained by wave-
function reconstruction techniques feasible with PPs that pro-
vide an adjustable phase shift [42] (see Sections ‘Quantitative
interpretation of single phase plate images’ and ‘Object-wave
reconstruction using phase plates’). In the case of a fixed phase
shift either the object must produce discrete well separated beam
at the HFPP or must be a WPO to allow quantitative extraction
of the exit wavefunction. Indeed, the main objective is to achieve
contrast enhancement while maintaining sample symmetry in
the image.

No known PP implementation satisfies all of the above criteria
simultaneously. On the other hand, almost anything that is placed in
the BFP (charge or obstruction) leads to an enhanced contrast com-
pared to focused bright field transmission electron microscopy con-
ditions. Table 3 summarizes the various types of PPs as well as their
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Fig. 3. Images of example implementations of various types of phase plates. (a) Schematic view of a cross section of a Zernike thin film type phase plate
consisting of 20 nm thick carbon film with a hole to allow the direct beam at q=0 to pass unaffected. A coating by a fresh carbon film can lead to a reduction in
spurious charging [43]. (b) Scanning electronmicroscopy images of Börsch phase plates that use an einzel lens to vary the phase shift of the unscattered electron
beam at q=0 [17,21,62,100,188,283]. (c) Two scanning electron microscopy images of a Zach phase plate. The phase plate has a coaxial-like lead with a biased
center electrode and a grounded outer electrode. The resulting electric field in the vicinity of the coaxial lead induces a phase shift on the high energy electron
beam. The phase shift depends on the distance from the coaxial electrode and the potential of the central electrode. [28,65,68]. (d) An Ampere phase plate [75]
where the phase shift of the high energy electrons arises from its interaction with the magnetic field of a current passed through a wire. (e) Anamorphotic
implementations of phase plate. The anamorphotic phase plate requires an additional multipole lens that astigmatically spreads the back focal plane in order
that the beam can be passed through the phase plate. It allows the operation of the phase plate in Hilbert (left) or Zernike (right) mode, as determined by the
configuration of the biased electrodes [29,71,72,284]. f) Laser-field phase plate [32] that utilizes a Dirac–Kapitza effect to induce phase shift of the high energy
electrons [107]. The laser phase plate requires the back focal plane to be enlarged to reach a cut-on frequency suitable for biological applications.

advantages and drawbacks, which are represented by pictograms.
Fig. 3 illustrates a selection of PP devices.

Some basic concepts hold true for all PP types. A lateral drift
of the phase shift distribution relative to the electron beam leads
to phase contrast that does lacks radial symmetry and causes
imaging artifacts. It does not matter whether the origin of the rela-
tive displacement of the phase-shifting device and the electron beam
is caused by mechanical drift of the PP, or by the change in beam
tilt resulting in a shift in the BFP. It would appear that PPs that
utilize long-range fields and smooth phase profiles are less sensitive
because the change in induced phase shift upon drifting may not be
as abrupt as in devices that have a step-like onset of the phase shift
at a particular frequency qC.

In PPs where prefabricated hardware is placed in the BFP or
where a field is generated by external sources, it may be neces-
sary to magnify the diffraction pattern in the BFP to increase the
ratio between the beam size and the size of the hardware. This
is achieved by utilizing the objective minilens (sometime called
‘Lorentz lens’) [80], modifying the electron-optics setup of the
microscope [12] or using a dedicated lens [81].

Thin-film based approaches
In this category, we summarize all the PPs that exploit the MIP of
thin films to induce a phase shift on transmitting electrons as origi-
nally proposed by Börsch [11]. The most prominent type is the ZPP
that consists of a thin film with a circular hole [19,82,83] (Fig. 3a).
The PP position is adjusted so that the direct beam passes through
this hole; and electrons transmitted through the film gain a phase
shift depending on the electron energy and the film thickness and
material leading to the phase shift as described by Eq. (16). There are
several examples of a beneficial application of thin-film based ZPPs
in the life sciences [45–47,84] (see also Section ‘Biological sciences
applications’).

This type of PP fulfills important criteria such as avoiding
obstructing PP hardware and an uncomplicated fabrication and
operation. On the other hand, major drawbacks of this technique
include the sharp onset of the phase shift profile corresponding to
the hole radius, the susceptibility to spurious charging and contam-
ination, and the fixed phase shift and information transfer damping
due to electron scattering in the PP. Several experimental and theo-
retical studies were performed to determine the optimum parameters
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in dependence of the investigated samples and their imaging con-
ditions (e.g. diameter of the hole, PP film thickness and phase
shift) [41,43,44,49,82,85–87]. One approach, which is also valu-
able for other PP types, is the use of a transfer lens to create a plane
corresponding to the BFP that allows more flexibility for the PP
implementation [12,80,81,88]. To overcome the sharp phase jump
at the film edge, a software-based enhancement of low spatial fre-
quencies not phase shifted was proposed as well as the fabrication
of a thin film with a tapered edge at the hole border [44,89]. More-
over, a continuous circular movement of the electron beam within
the PP hole (or a movement of the PP with respect to the direct beam)
during the acquisition also leads to a smoothing of the PP edge [90].

A second possible design of a thin-film based PP is the Hilbert PP,
achieved by a thin film covering only half the plane of the BFP and
with a thickness corresponding to a phase shift of π [51]. The PP is
easier to align offering a variable cut on frequency controlled by the
distance of the edge to the direct beam and yielding images with a
directional, topological contrast. There are applications of Hilbert
PP on biological objects [53,54] including an approach to numer-
ically correct for the directional contrast [91]. A detailed study of
the possibility of employing a crystalline thin film as PP was con-
ducted using Hilbert PPs [57,92,93]; this showed that in the case
of nanocrystallinity the effect of the varying phase shift caused by
the locally varying crystal orientation was marginal. This result also
holds true for ZPPs. In addition to experimental work, theoretical
studies have been performed on optimum Hilbert PP and imaging
conditions and the resulting image contrast [59,60].

Amorphous carbon (aC) was used in the vast majority of ZPPs,
because of both its availability and its properties. A suitable mate-
rial is amorphous and offers a good compromise between providing
a high MIP V0 while maintaining large electron mean free paths to
avoid a large amount of undesired scattering in the PP [19]. The nec-
essary film thickness to reach a phase shift of π/2 can be calculated
using Eq. (16) and lies between 9 nm (20 kV) and 27 nm (300 kV)
for aC PPs (V0 = 9 V). At 300 kV this thickness leads to a scattering
of 21% of the electrons in a ZPP [43].

While contamination of PPs can be avoided by heating the thin
film [43,74], aging and charging of the PP may be more diffi-
cult to inhibit completely. Hardware optimizations, e.g. on-chip
devices [94] and a specific PP holder including load locks for rapid
PP exchange [95], were conducted to improve stability and to
decrease contamination and charging of the PP. Several groups inves-
tigated the use of alternative materials, including Si and metallic
glasses [50,58,96]. Metallic glasses may lower the relative amount
of inelastic scattering in the PP due to a higher ratio of elastic to
inelastic scattering [58].

Electrostatic devices
Among Hans Börsch’s initial concepts was an electrostatic PP that
induces a phase shift between scattered and unscattered electrons
by a localized electrostatic field [11]. Possibly encouraged by the
success of the thin film-based ZPP and their applications demon-
strated by Danev and Nagayama [19], several groups fabricated
an electrostatic Börsch PP consisting of an einzel lens mounted on
three supporting rods (Fig. 3b), and demonstrated the phase-contrast
enhancement [20,21,62,88,97]. Based on the same principle, similar
devices were proposed using a single, narrow continuous support-
ing rod [61,98] or a drift tube setup [27]. Alternatively, the contact
potential between metals can be utilized to generate an electric field

acting on the direct beam [99]. The working principle of these PPs is
based on the direct beam passing through a hole in which an electro-
static field is present [17]. Typically, this requires a five-layer device
design with a central electrode double encapsulated in insulating
material and two shielding metal cover layers (Fig. 3b). Applying
a voltage to the central electrode while keeping the shielding layers
grounded creates an electrostatic field that induces a phase shift on
electrons transmitted through the central hole.

The major benefit of electrostatic PPs is the convenient tunability
of the induced phase shift arising from the ability to apply vari-
ous voltages to the central electrode. This benefit however comes
at the expense of a more complex fabrication process and a consid-
erable opaque area obstructing the beam in the BFP. In particular,
the inner ring completely blocks an entire range of spatial frequen-
cies introducing strong imaging artifacts. The interplay between the
single-sideband contrast caused by the asymmetric supporting rods,
the complete obstruction of a spatial frequency range by the central
ring and the actual phase contrast caused by the induced phase shift
is complex and requires extensive simulations to disentangle. These
obstacles have resulted in a modest number of applications [63].
Nevertheless, the facility to tune the phase shift may prove to be
critical in some applications.

To minimize artifacts introduced by the obstruction of electrons
by the PP hardware, the Zach PP was proposed, which strongly
reduces the amount of matter in the BFP by using a single rod with
an open end (Fig. 3c), similar to an open coaxial cable [28,65]. Using
this approach, the electrostatic field loses its homogeneity, an effect
that introduces directional contrast that does not impair the micro-
scope’s resolution [68]. The Zach PP was applied in cryo-EM [67]
and has been used to study in detail the influence of inelastic scat-
tering on PP imaging revealing that phase contrast is present and
controllable in the inelastic signal [40]. A recent study compared
Zach PP andHFPP imaging of bacteriophagae. While it revealed sim-
ilar contrast for small objects (< 10 nm) it also found that the Zach
PP had the advantage in electron tomography due to the adjustable
phase shift. On the other hand, the contrast of larger objects is higher
in HFPP images due to the faster decay of the phase-shifting pro-
file [69]. The concepts of Zach and Börsch PP have been combined by
usingmultiple Zach electrodes to reduce obstructionwhen compared
to the Börsch PP and to increase the homogeneity of the phase-
shifting profile when compared to the single electrode Zach PP [97].

The Börsch and Zach PPs were combined with transfer lenses
to enlarge the BFP and to improve the cut-on frequency [63,67,69].
A major problem, especially for Börsch PPs, is charging and con-
tamination. Extensive studies revealed several sources of charging
that can be linked to contamination, charging of the insulating
parts of the PP hardware and a third type of charging whose ori-
gin remains unsolved [100,101]. Contamination and charging effects
can be reduced by moderate heating of the PP [66,74] and by addi-
tional coating of the PP with an aC layer [67]. It is likely that
the residual charging is similar to that responsible for the negative-
charging variant of the HFPP (Section ‘Work function alteration’),
i.e. a beam induced change of work function of the PP material.
A possibly obstruction-free electrostatic PP can be achieved by the
anamorphotic PP [29,72]. For this PP, the electron beam needs to be
astigmatically elongated in one direction and transmitted through
a nanostructured slit in which a homogeneous potential may be
applied in both sides of the slit (Fig. 3e). In this setup, no obstruct-
ing hardware is present in the beam path. However, using only a
single such PP will leave a rather large range of spatial frequencies
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perpendicular to the slit direction in the center of the structure unaf-
fected requiring a second anamorphotic PP. Moreover, this PP needs
a strong modification of the electron optics of the TEM that so far
has not been realized. It is also possible that the electron beam may
hit some of the hardware elements, e.g. during the beam alignment,
leading to spurious charging as in other designs.

A PP design consisting of two ring electrodes aimed at broad-
ening the passband of the phase-contrast transfer function (CTF)
has also been proposed [102]; this design however leads to a weak
phase-contrast transfer at low spatial frequencies and requires beam
obstructing hardware in the BFP. Another recent obstruction-free
proposal is to use an electric current associated with a low energy
beam of charged particles perpendicular to the high energy electron
beam whose electrostatic potential yields a phase shift distribution
that may be used as PP [73]. Although it is free of obstructing ele-
ments, this requires substantial modification of the TEM, by adding
at least one more electron gun, which must be precisely aligned with
the direct beam. Moreover, the resulting phase shift distribution is
not ideal making experimental realization improbable.

Phase plates utilizing magnetic fields
The required phase shift between scattered and unscattered electrons
may also be induced by a magnetic vector potential based on the
Aharonov–Bohm effect [103]. To achieve a phase shift, the magnetic
field has to be confined to a ring within the plane of the BFP. The
vector potential will circulate around this ring causing a phase shift
between electrons passing through the inside and outside of the ring.
A practical realization may be achieved using a nano-structured,
magnetized Co ring that has to be positioned in the BFP [31], but
experimental proof of the enhanced phase contrast has not yet been
reported. The small size of the magnetic structure (in the range of a
few tens of nm) can be beneficial for creating the phase shift. A fur-
ther advantage is the independence of the phase shift on the electron
energy. Nevertheless, hardware will be needed to support the mag-
netic ring and this will cause blocking or damping of the electron
beam. A recent attempt to utilize a magnetic field employs a magne-
tized wire [104] or a magnetic ring [105] located in the BFP of the
objective lens.

Another novel idea is that of a tunable ampere phase plate (TAPP)
reported in [75]. It utilizes the magnetic potential arising from a cur-
rent carrying conductor. It thus offers an adjustable phase shift at
the expense of placing a rather thin current carrying wire in the BFP
of the objective lens.

Phase shift utilizing light–electron interaction
Another possibility to induce a phase shift on electrons is to use
the interaction between electron and light [30,106]. Electrons pass-
ing through a beam of light experience a repulsive ponderomotive
force [107,108] that can be theoretically derived from relativistic
stimulated Compton scattering [30]. The phase shift of an electron
is proportional to the photon density in the light beam and the time
interval that the electron remains in that field. The necessary laser
intensity is in the range of GW cm−2 [32], an intensity that so far
has only been reached by pulsed lasers. Although it is an option to use
pulsed lasers in combination with pulsed electron sources [109,110],
cavity-enhanced continuous wave lasers are more compatible with
the current TEM design and thus more promising [30]. Recently, a
TEM with a laser PP was realized in practice showing the enhanced
contrast transfer [32,111].

The advantage of the laser PP is that no hardware has to be placed
close to the direct beam which avoids obstruction and scattering in
matter. Moreover, it also offers a tunable and smooth phase shift
distribution. However, it requires an alignment of the electron with
the laser beam and the phase shift distribution exhibits oscillations.
Other technical issues include the need to increase the laser power
to reach the desired amount of phase shift of π/2 and, it requires a
transfer lens to enlarge the BFP to reach reasonably low values of
the cut-on frequency. The Laser PP is not expected to fit in current
TEMs making development of a specific TEM necessary. Neverthe-
less, once these remaining issues are solved and PP alignment can
be made automatically, the phase contrast in such a dedicated TEM
could reach almost ideal conditions.

Phase shift induced by the direct electron beam
An early approach to the realization of a PP was to implement a
coated spider thread in the BFP that charged under electron beam
irradiation resulting in a phase shift distribution [16]. This design,
however, did not provide stable conditions and did not have a broad
impact.

Rather than trying to avoid contamination and charging on thin-
film PPs, it turned out that these effects can actually be exploited
to create the desired relative phase shift between the direct and
diffracted beams. The concept of the hole-free (HF)PP [1,4] uses a
uniform thin film in the BFP and the phase shift is induced by the
direct beam itself. Later sections deal explicitly with the implemen-
tation (Section ‘Hole-free phase plate implementation’), working
principles (Section ‘Microscopic mechanisms responsible for hole-
free phase plate operation’) and applications of HFPPs (Section
‘Applications of hole-free phase plate’).

Obstructing devices
Obstructing electrons in the BFP is a technique commonly applied in
bright-field or dark-field TEM where diffraction or mass-thickness
contrast may be observed. In addition, it can also lead to phase con-
trast in the image. Masking out approximately half of the electrons
in the BFP using the objective aperture yields a strong topologi-
cal contrast that is based on the directional scattering of electrons
by the object’s phase gradients [78], also referred to as ‘Foucault
imaging’. Milling slits in the mask may allow imaging with a full
transfer of spatial frequencies over specific regions if contamination
and charging are avoided [79]. Calculating the phase-contrast trans-
fer at spatial frequencies where one half of the electrons have been
intercepted in the BFP is equivalent to phase shifting these spatial
frequencies by π/2 at half the amplitude thus yielding exactly half of
the ideal Zernike type phase contrast [76]. This effect is also com-
monly called single-sideband or schlieren contrast and occurs as well
for other PPs where parts of the BFP are blocked by a supporting
rod [21,28,112,113].

Based on this principle, a PP design simply consisting of a block-
ing device in the shape of half a circle carried by a supporting rod
(resembling a tulip) has been proposed [76,114]. In this form, it
leaves high spatial frequencies unaffected and acts only on low spa-
tial frequencies that are weakly transferred under Scherzer or focused
conditions. Strictly speaking, these obstructing devices are not actual
PPs as they do not actively shift the phase of electrons in the BFP.
They increase contrast in images [76], have been used to study con-
tamination and charging of hardware in the BFP in detail [77], and
have yielded the same results as the investigations that used Börsch
PPs [100]: Charging may be categorized in the following ways: 1.
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contamination-induced; 2. charging of non-conductive material and
3. patchy work functions and beam induced modification of work
function of metals.

HFPP implementation

The previous section has provided a review of various PP imag-
ing implementations and a brief survey of their advantages and
drawbacks. The rest of this review is dedicated to the HFPP, its
implementation, the microscopic mechanisms responsible for its
operation and example applications. The discussion below applies
to any HFPP, even when referred to as VPP, e.g. [4,5,115]. The
microscopic mechanisms responsible for contamination, charging
and work function variation are applicable to other types of PPs
where an electron beam strikes the PP hardware, or to samples
examined by TEM and scanning TEM (STEM).

The HFPP offers several practical benefits over alternatives:

Table 4. Known advantages of the hole-free phase plate.

• It is easy to operate.
• It is easily retrofitted to most existing microscopes.
• It is inherently self-centering (alignment of the beam with a particular

location on the HFPP is not required).
• The phase shift profile is smooth without step-like onset of phase shift.
• The phase shift area size is matched to the beam size at the BFP (BFP).
• Stability is sufficient for electron tomography over several hours, after

an initial settling period. When correctly implemented in a microscope
with an adequate vacuum, the HFPP long-term stability limit is set by
the mechanical drift of the aperture mechanisms holding the HFPP
film.

• The entire HFPP is electron-beam transparent. There is no blocking
of particular spatial frequencies or azimuthal angular range by the PP
hardware.

• The charge variant of the HFPP utilizes the electric field in the vacuum
generated by the charge redistribution in a uniform film rather than
the product of the MIP and the thickness a of a thin film. As a result,
the HFPP does not exhibit sharp edges of the phase shift and does not
suffer from fringing artifacts.

Known drawbacks of HFPP at present include the following:

Table 5. Known drawbacks of the hole-free phase plate.

• There is a lack of control of the HFPP phase shift.
• The phase shift is time-dependent, although this effect can be small

enough to allow acquisition of data over many hours when the HFPP
is allowed to settle for its mechanical drift, good quality carbon film is
used and the microscope vacuum is adequate.

• The phase shift profile is usually unknown and is not an infinitely
narrow δ-function as desired for an ideal Zernike PP. However, the
incident beam has a finite angular width making this requirement
largely irrelevant.

• Scattering in the thin film of the HFPP leads to a damping of the
obtainable contrast in comparison with an ideal PP.

• A halo-like contrast is produced at the edges of phase objects in some
cases.

Table 4 lists HFPP advantages. The core concept of the HFPP
is the use of the high energy electron beam itself to define the
location of the PP center, i.e. the position of the q=0 beam.
The size of the phase-shifting area is also well matched to the
beam size ensuring that all spatial frequencies q>0 experience

a phase shift. The fact that there is no beam opaque hard-
ware eliminates imaging artifacts and inefficiencies in the con-
trast transfer that arise from beam blocking [8]. The disadvan-
tages (See Table 5) of HFPP arise from the inability to control
the phase shift of the PP. While understanding of the microscopic
mechanisms responsible for HFPP operation has been improving
(see Section ‘Microscopic mechanisms responsible for hole-free
phase plate operation’), a reliable method to correctly predict the
phase shift is not known at this time.

Figure 4(b) shows that a ZPP utilizes the phase shift arising from
the MIP of a film relative to the zero phase shift of the direct beam
passed through a hole at q=0. Both HFPP and ZPP exhibit film
charging in areas irradiated by the electron beam, including scattered
beams, which depends on the experimental parameters. In HFPP, the
(positive or negative) charging [1,116] is used for the benefit of con-
trast enhancement. In ZPP, the charging amounts to a spurious effect
that can be partially reduced by careful film preparation and coat-
ing of excessive contamination by an additional carbon layer [117].
It is possible that heating the ZPP hardware above about 350

◦
C dur-

ing the operation can eliminate the charging, although the idea has
not been tested on ZPPs yet [116]. The ZPP or HFPP heating can
affect the imaging of cryo samples by radiating heat energy onto the
sample.3

The self matching of the phase-shifting patch of HFPP to the
beam size at the BFP reduces the contrast ringing when compared
to ZPP. This can be seen in Fig. 5 that compares images acquired by
standard TEM, a carbon film with hole Zernike type PP and HFPP,
all data zero-loss filtered. The HFPP in Fig. 5c provides a contrast
that is higher than that in Fig. 5a and comparable to that of Fig. 5b.
The lipid bilayer can be observed in the HFPP image in Fig. 5(c) but
not in (a) or (b).

When compared to other types of PP images using computer sim-
ulations of a 5 nm spherical nanoparticle (Fig. 6), the HFPP with a
screening charge located near the primary beam induced charge pro-
vides a contrast close to a phase contrast of a hypothetical ideal ZPP
with an infinitely small hole and perfectly parallel electron beam [1].

HFPP: desirable thin film properties and preparation
As compared to alternative PP methods, the salient feature of HFPP
is the use of a uniform thin film locally modified by the electron
beam itself [1–4,12,118]. Several microscopic mechanisms can be
responsible for HFPP operation (see Section ‘Microscopic mecha-
nisms responsible for hole-free phase plate operation’) and many
different types of HFPP films can be utilized. Films such as amor-
phous carbon (aC), Ge, Si, SiN, amorphous metals (Pd77.5Cu6Si16.5
and Zr65Cu7.5Al27.5) as well as multilayers and a single crystal Au
films have been successfully used. Single crystal Au films were tested
to assess the effect of film conductivity on HFPP performance.4

All films reported so far provided contrast enhancement although
there could be a variation in their final settled state and the rate of

3 In microscopes equipped with transfer lens below the objective
lens, the radiative heating of the sample due to the presence of
heated PP hardware can be avoided.

4 The single-crystal Au films diffracted the electron beam, but the
effect on the image contrast was limited for the used thickness (13
nm) and the 200 kV incident electron energy. The Bragg diffrac-
tion resulted in broad bands across the field of view [1] that did
not interfere with the observation of 10 nm diameter elk fibrils.
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Fig. 4. Comparison of hole-free phase plate and Zernike phase plate concepts. Hole-free phase uses primary-beam generated charging of an arbitrary location
of a uniform thin film [1,4]. In both hole-free phase and Zernike phase plate, the film edge is connected to the microscope hardware and therefore is electrically
grounded. Zernike phase plate uses an electrically grounded thin film with a prefabricated hole that must be centered relative to the incident electron beam.
The phase shift is in principle controlled by the mean inner potential of the carbon film and its thickness [19].

Fig. 5. Comparison of cryo-transmission electron microscope images obtained using (a) a zero-loss filtered bright field transmission electron microscope to
provide a baseline, (b) thin film type Zernike phase plate combined with zero loss filtering and (c) zero-loss filtered hole-free phase plate result. The imaging
parameters were 200 kV incident energy, energy selecting slit width ∆E = 20 eV, 2µm underfocus for (a), in-focus for (b) and (c). The imaging dose was
20 e−/Å2 for all data sets. The blue arrows next to the profile box in the images indicate the left to right direction of the corresponding intensity profile. The
yellow arrows on both images and profiles indicate the position of the cell membrane. The scale bar is 200 nm in images (a)–(c). The data were obtained using
a JEOL 2200 FS, a 200 kV transmission electron microscope equipped with in-column Ω energy filter at JEOL Ltd. Akishima, Tokyo, Japan. Figure courtesy of
Dr. Naoki Hosogi, JEOL Ltd, see [210].

settling toward a steady state, which was not systematically inves-
tigated. No qualitative difference in terms of contrast enhancement
was observed between Au and other films, such as aC. The fact that
the HFPP film material properties have very limited effect suggests
that surface phenomena are responsible [1,4,58,74,116]. The above
suggests that controlling film surface properties, in particular surface
contaminants, is critical.

Two aspects need to be considered when selecting film thick-
ness. First, the thin film needs to provide a sufficient mechanical
strength to stretch over a support disc or stripe and to maintain
flatness over the area of the HFPP support [119,120]. The film
mechanical strength increases with its thickness. However, the film
thickness must not exceed a small fraction of the total inelastic
mean-free path of the fast electrons in order to avoid excessive

inelastic scattering (see Section ‘A brief theory of phase plate
imaging’).5

For practical purposes, aC films with a thickness between
≈5 to ≈20 nm appear to be a good choice, arising from the
availability of aC film fabrication in EM laboratories and its accept-
able mechanical and electrical properties. A 5–20 nm carbon film
can be stretched over many µm opening in a HFPP support aper-
ture providing sufficient area for hundreds of HFPP experiments.
A numerical example in [1] suggests that for a 10 nm thick carbon

5 The total inelastic scattering cross section depends only weakly

on the atomic number Z as ≈ Z
1
3 [121]. Therefore, the choice of

the film material does not need to be entirely driven by a need for
a low atomic number Z.
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Fig. 6. Image simulations of an aC spherical nanoparticle with 5 nm diameter considering (a,f) conventional bright-field transmission electron microscope,
(b,g) an ideal phase plate, (c,h) a thin-film Zernike phase plate with a 750 nm hole diameter (= 0.08 nm−1), (d,i) a hole-free phase plate with qc=0.01 nm−1

and (e,j) a Zach phase plate with a distance of 750 nm of the vertically oriented rod to the direct beam. General parameters were 300 keV electron energy,
CS=5 mm, focal length = 5 mm, focal spread = 8 nm, objective aperture with a radius corresponding to 8 nm−1 and an illumination semi-convergence angle of
0.4 mrad. Scattering in the thin-film based phase plates was neglected. The simulations were performed for (a) a defocus between −4 and 4 µm, (b,d,f) a phase
shift range between −2.1 - 2.1 π and (c) a phase shift range between 0 and 2.1 π as Zernike thin-film phase plates only provide positive phase shift. Defocus
was 0 nm for phase plate images. Figures (a–e) show line profiles across the simulated nanoparticle (the position indicated in (f) for the different parameters
and in (f–j) show selected images corresponding to a phase shift of −4 µm or 0.5 π, respectively, with the position marked in red in (a–e). The object size of 5
nm (with a corresponding spatial frequency of 0.2 nm−1) is small enough to be mostly unaffected by the long-ranging tails of the hole-free phase plate leading
to a hole-free phase plate image contrast comparable to the ideal case. However, its information is still in the decaying range of the Zach phase plate leading
to reduced asymmetric contrast. The sharp edge of the Zernike phase plate leads to bright (or dark) halo around the nanoparticle. The contrast of images (a–e)
has been maximized for each image independently, while (f–j) are displayed on the same contrast scale defined by the maximum contrast in the ideal case (b).

film used as a HFPP in a 200 kV TEM less than 10% of the electrons
will be affected by inelastic scattering. Since the HFPP in both posi-
tive and negative modes of operation [1,4,116] relies on the electric
field in the vacuum above and below the film (see Section ‘A brief the-
ory of phase plate imaging’ and ‘Microscope operation in phase plate
imaging’), the film thickness should be kept small while maintaining
film flatness and mechanical strength.

The thin film growthmethod can affect the electrical andmechan-
ical properties of the film, its porosity and the amount of adsorbed
contaminants in particular [74]. The effect of contamination and
means for controlling it are discussed in Section Contamination build
up. The film contamination and aging studied in the context of ZPP
is also applicable to HFPP [6,120,122–127].

While HFPP films can be commercially microfabricated, it is also
possible to prepare adequate quality aC films using a rudimentary
carbon coater available in most electron-microscopy laboratories.
Fig. 7a and b illustrates the steps needed to prepare a suitable film
and to implement a HFPP in a typical TEM. First, ≈10nm thick
aC is deposited onto freshly cleaved muscovite mica. An electron-
beam evaporation of graphite source has been extensively used in
our laboratory, but other methods such as vacuum sputtering in a
sputter coater or carbon-rod arc discharge evaporation by passing
high current through it are also known to provide acceptable quality
aC films [74,116].

The carbon film is then floated onto an objective aperture disc or
stripe that is placed in the BFP of themicroscope. Floating the aC film
onto a support disc or stripe is identical to the aC film preparation
for sample support. To limit hydrocarbon contamination of the aC
film during preparation, it is desirable to use deionized (or at least
distilled) water to float the film. The film can be then left to dry in
standard laboratory air. The use of plastic beakers and dishes for film
handling and transferring is not recommended so as to reduce the
chance of carboneous contamination. The aperture discs or stripes
can be transferred on filter paper, glassware or aluminium foil.6

6 Food grade Al foil should be avoided due to possible silicon oil
contamination. UHV grade Al foil should be used.

Film flatness across the aperture opening is critical to ensure
convenient on-plane HFPP operation, as discussed below. Since
under typical conditions, the beam diameter at the HFPP does
not exceed a few µm, a 100 µm diameter aperture covered with
a HFPP film provides enough film area for hundreds of HFPP
experiments. While the steps above are required to retrofit a
HFPP in an existing TEM [95,118], instrument manufacturers offer
specialized (heated) aperture support and high quality commercial
HFPP films [119,120,126]. Commercial HFPP hardware is often
equipped with convenient HFPP positioning software and hard-
ware [127–129].

The use of highly insulating thin films, such as amorphous SiN,
is not recommended as it can result in instabilities (likely a micro
dielectric breakdown due to excessive charge buildup) during HFPP
imaging. As a matter of fact, SiN films were observed to charge
sufficiently for a 300 keV electron beam to follow the mechanical
movement of the membrane, a phenomenon that suggests strong
local positive charging of the SiN film.

Microscope operation in PP imaging
The practical operation of a TEM equipped with a HFPP has been
described in detail [1]. In this section, we summarize the proce-
dure and provide additional detail on the practical operation of a
microscope with a HFPP. Fig. 7b schematically illustrates the steps
needed to prepare a film suitable for HFPP, for microscope set up
and operation.

The microscope operation consists of two steps. First, initial
alignment of the microscope is performed (Fig. 7b) and Table 6)
and then the data can be acquired (Fig. 7c) and Table 7. The initial
microscope operation is nearly identical to the alignment used for
conventional bright field transmission electron microscopy imaging.
However, for HFPP imaging, it is necessary to ensure that the BFP
cross over coincides with the HFPP film position in the column, as it
does for ZPP imaging [1,118,127].

The typical alignment procedure is as follows:
Following the alignment above, the microscope is ready to collect

data (see Fig. 7c). In a stable microscope with a reasonably flat HFPP
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Fig. 7. Implementing hole-free phase plate imaging in a transmission electron microscope consists of three steps. (a) Film preparation, (b) microscope set up
and, (c) data acquisition. (a) Schematically depicts the process of amorphous carbon hole-free phase plate film preparation. First, a ≈10 nm carbon film is
deposited onto freshly cleaved muscovite mica substrate, for example by electron-beam vacuum evaporation. The film is then floated onto water surface and
picked onto aperture disc or an aperture stripe covering the opening in the aperture discs or stripe. The aperture disc is then placed in the (objective) aperture
mechanism and inserted in the microscope column. (b) Indicates steps in initial microscope set up for hole-free phase plate imaging. The set up is identical with
standard microscope alignment for bright field transmission electron microscopy imaging with an additional step to ensure that diffraction plane coincides with
the hole-free phase plate film plane. (c) Microscope operation. During data acquisition an area of the phase plate is initialized by imaging a sacrificial area of the
sample. After an initial settling period the phase plate can be typically used for several hours. When imaging performance deteriorates a new area of the film is
initialized [1]. Abbreviations used in this figure are SAA: selected area aperture; OA: objective aperture; CL: condenser lens; OL: objective lens.

film, the alignment above only needs to be done infrequently, see
Table 7. Small adjustments of the condenser lens may be needed if the
HFPP film is not sufficiently flat. Combining the HFPP with energy
filtering can lead to an improved signal-to-background ratio in thick
samples. An in column Ω filter usually has adequate performance
and is easy to operate.

The data collection steps are as follows:
As Fig. 7c and Table 7 indicate, the data acquisition is performed

in the sameway as for conventional bright field transmission electron
microscopy. Note that the objective lens astigmatism affects high
spatial frequencies, whereas low spatial frequencies are affected pri-
marily by the symmetry of the electric field at the HFPP (Table 6).
Loss of electric field radial symmetry can arise, for example, from the
proximity of a dust particle on the HFPP film. Such a defect cannot
be compensated by objective or condenser lens stigmator coils and a
fresh area of the HFPP film should be utilized.

Adding a small amount of defocus has been reported to improve
the contrast transfer for some samples [133–135]. It is, however,
desirable to apply this defocus before adjusting the HFPP crossover,
or to use a lens downstream from the HFPP plate to ensure that
the position of the cross over at the HFPP does not change [2].
Using an objective lens focus moves the cross over above the

HFPP plane (objective lens excitation increased) or below the HFPP
plane (objective lens excitation decreased) resulting in off-plane
imaging [38].

Figure 7c and Table 7 outline the steps followed during the acqui-
sition of HFPP images or an image series [1], including electron
tomography HFPP data sets [34,136]. The fact that the HFPP aper-
ture is moved with the beam blanked implies that the HFPP film
needs to be flat over the distance over which the aperture moves, i.e.
no more than a few nm variations of the HFPP height over a few µm
[119,126].

The time profile of the HFPP settling depends on the microscopic
mechanisms involved, the film properties and temperature, the beam
current and possibly the beam current density, but it can be often

described as logarithmic or as (1− exp
−t
τ ), the settling constant τ

being typically in the order of a few tens of seconds. In some cases
a double-asymptotic behavior consisting of two settling constants is
observed [4,137]. Therefore, the HFPP phase shift and consequently
image contrast typically differs from its asymptotic state at t→∞
by only a few percent after the HFPP was allowed to settle for time
corresponding to a low multiple of settling constant τ.

A live FFT of the acquired HFPP images should be observed to
assess whether the HFPP image change is within acceptable limits,
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Table 6. Alignment procedure for hole-free phase plate.

1. Reset the objective lens current to its standard value determined by the
instrument manufacturer and perform the usual alignment of the con-
denser lens and the objective lens current axis, i.e. using objective lens
current wobbler, as is done in conventional bright field transmission
electron microscopy imaging.

2. Adjust the objective lens astigmatism using the live fast FFT method as
is customary in standard bright field transmission electron microscopy.

3. After these basic steps, the (objective) aperture with the HFPP film
should be inserted in the column. The stability of the mechanical drift
is not critical at this point, as the alignment aims to locate the BFP at
the same plane as the HFPP film.

4. Adjust the condenser lens while keeping the objective lens current fixed
to ensure that the cross over at the BFP coincides with the plane where
the HFPP film has been inserted. This is referred to as the on-plane
operation indicating that the BFP coincides with the HFPP plane [127].
The placing of the BFP cross over at the HFPP plane is ensured by
observing a Ronchigram, a shadow image of the HFPP created by the
cross over near the HFPP film. The Ronchigram technique is identical
to the one used to align STEM probe at the sample [130].a

5. Adjust the condenser lens stigmator coils to obtain a radially sym-
metric Ronchi pattern of the HFPP film, thus ensuring a radially
symmetric response of the HFPP.b

6. Fine-tune the objective lens astigmatism to ensure that the FFT of the
sample with HFPP in the beam remains radially symmetric. Note that
the objective lens astigmatism coils act at high spatial frequencies,
i.e. far from the center of the live FFT. The shape of the FFT near
q=0 is determined solely by the shape of the beam footprint and the
associated fringing field in the vacuum near the HFPP.

7. When low dose cryo-TEM is performed, an additional step has to be
taken to ensure that the crossover at the HFPP plane remains at the
same location when the low magnification (survey) mode of low dose
imaging is used as it does during high magnification [131,132].

aWhen the cross over does not coincide with the HFPP film the imaging artifacts including
contrast reversals can appear; this can lead, for example, to an unreliable interpretation of
polarity of charge on an irradiated film [38].
bIn our experience, the HFPP imaging is not overly sensitive to the condenser astigmatism,
i.e. to round shape of the cross over at the HFPP plane, presumably due to the long range
nature of the electric field in the vacuum outside the HFPP film and to the phase shift being
a path integral of the field over a large distance. Extensive elongation of the beam footprint
that sometimes arises from the mechanical drift of the HFPP aperture mechanism can result
in a loss of radial symmetry of the CTF and can be observed by loss of radial symmetry of
live FFT.

e.g. whether the Thon rings in the FFT are within desired lim-
its [133,1]. In our experience, the mechanical drift of the HFPP
aperture mechanism sets the limits of the time interval for which
a single footprint area of the HFPP can be utilized, typically in the
order of tens of minutes to many hours. When the HFPP mechani-
cally drifts such that the beam footprint at the HFPP film is no longer
at the same location as it was when the beam was unblanked, the
modified area of the HFPP becomes an extended elliptical streak
rather than a radially symmetric area. Consequently, the FFT of
a HFPP image exhibits elliptical or hyperbolic features near q=0
rather than a radially symmetric transfer band. As mentioned ear-
lier, the deformed transfer near q=0 can not be corrected by an
objective or condenser lens stigmator. The beam should be blanked
and a new area of the HFPP should be pre-irradiated and utilized
using the same steps as described earlier [1]7. In our experience,

7 The exact dose needed to achieve the asymptotic state depends
on parameters such as the PP material, the history of the PP film

Table 7. Steps taken for hole-free phase plate data collection.

1. Following the adjustment in Table 6 and Fig. 7b, the beam should be
blanked.

2. The HFPP aperture mechanism is then moved to a new location on
the HFPP film at a sufficient distance (a few µm) from previous beam
footprints on the HFPP film.

3. The beam is unblanked and the HFPP is allowed to settle to within a
few percent of its asymptotic steady state. For most HFPP films and
for typical imaging parameters, the settling period takes from a few
seconds to a couple of minutes. The steady state can be recognized by
observing the live FFT. Initially, the rate of change of the Thon ring
positions is high but it gradually decreases with the electron dose. The
Thon rings closer to the center of the FFT settle faster than those at
high spatial frequencies. Once the Thon rings up to the spatial fre-
quencies of interest for a given experiment cease to evolve, data can be
collected.a

4. Images are then collected on desired (multiple) locations of the sample
while the FFT is continuously monitored for abrupt changes or loss of
radial symmetry.

5. Data collection may have to be interrupted and a new location on
HFPP film utilized if the FFT indicates a loss of radial symmetry of
Thon rings or excessive changes in the Thon rings positions. If a new
area of the HFPP needs to be utilized, the steps described above here
should be performed from the beginning, starting with item 1.

6. A small adjustment of focus, preferably using the lens downstream
from the HFPP, may be required to accommodate the sample height
or thickness variations. Large changes of focus should be done using
a mechanical z-height adjustment of the sample stage thus leaving
the condenser and objective lens excitation unchanged to ensure the
crossover position at the HFPP plane.

aThe rate of change of the Thon rings can sometimes be described by 1− e
−t

τ , where t is
time and τ is the characteristic time of Thon ring settling. The characteristic time is larger
for Thon rings further from the FFT center, possibly due to a decrease in beam current
density at the HFPP with the distance from the center of the beam at q=0.

providing the same imaging parameters and film condition is used,
the HFPP tends to the same asymptotic state regardless of the
area of the HFPP film chosen, leading to imaging repeatability
[138,139].

Relations between phase shift distribution and
imaging parameters
The form of the phase shift in the HFPP depends on the spatial dis-
tribution of the primary beam generated charge and the induced
screening charge [1]. Two limiting scenarios can be envisioned.
Sometimes, the induced screening charge is on distant grounded
objects, such as grid bars and microscope polepieces, as seen in sce-
nario A in [1]. Alternatively, the induced screening charge can be
located in close proximity to the primary beam generated charge,
i.e. scenario B in [1]. The distance between the primary beam gen-
erated and induced screening charge in scenario B is determined by
the (Debye) screening length of the thin film material. Taking into
account the fact that semiconducting or metallic films are used for

(e.g. whether it was in the microscope for a long period of time)
and, possibly, on microscope vacuum. Typically, the irradiation
dose for HFPP to settle is in the order of 1 Ccm−2 to a few
hundred Ccm−2 [1,74,116,137].
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Fig. 8. When the defocus and phase shift of the phase plate act in opposite directions, a flat transfer band appears. The Thon rings move in opposite directions,
contracting or expanding to the left and right of the Scherzer-like transfer band. As a result, at too low or too high magnification where only low or high spatial
frequencies are observed in live fast Fourier transform, the polarity of charge can be incorrectly determined. The simulationswere performed for an underfocused
(weakened) objective lens and a positive-charge hole-free phase plate. See [38] and the videos therein for detail and guidance on determining the polarity of the
hole-free phase plate phase shift. Upper panels are the phase shift corresponding to an aberration functionW (q) arising from defocus ∆z, spherical aberration
CS (dashed) (see Eq. (9)). The solid curve captures defocus ∆z, spherical aberration CS and an increasingly positive charge ΦH on a hole-free phase plate,
see Eq. (19). Bottom panels are the corresponding contrast transfer functions taken as sin2(W (q)).

HFPP, we have concerned ourselves with scenario B below. Both
scenarios can be solved analytically, scenario B leading to an ellip-
tic integral of the second kind [1] that can be approximated by a
Lorentzian PH(q), Eq. (19).

As mentioned above, the HFPP phase-shifting (charged) patch
can produce either an advancing or a retarding phase shift
(see Table 2) depending on the polarity of the primary beam gen-
erated charge. Similarly, the defocus of term of the contrast trans-
fer function can produce an advancing or retarding phase shift,
see Table 2. On the other hand, the spherical aberration term is
the only one that, in an uncorrected microscope, always advances
the phase shift at q>0 relative to q=0.8 As a result, situations
can be frequently encountered where the spherical aberration, defo-
cus term and PP act in opposite directions over a range of spatial
frequencies [38].

The opposing action of the defocus, spherical aberration and PP
terms leads to a band of flat phase similar to the Scherzer transfer
band [39]. The outcome is illustrated in Fig. 8, as discussed in detail
in [38] including simulated videos of the contrast transfer function
evolution with a charge on the HFPP film. In principle, the transfer
band can be utilized to image spatial frequencies of interest. In prac-
tical terms, the situations in which the phase shift of the PP acts in
opposition to other terms (defocus or spherical aberration) compli-
cate the interpretation of the polarity of the primary beam generated
charge; it is not possible to rely on the expansion or contraction of
the Thon rings in the live FFT of the image series alone to identify
charge polarity [38].

As discussed above and in Section ‘A brief theory of phase plate
imaging’ and [1], it is the difference between the direct and diffracted
beam phase shift that results in image contrast enhancement. Most
of the phase shift is acquired when the fast electron travels in the
electric field in a vacuum near the charged patch of the HFPP film.

8 Under typical HFPP imaging conditions, the CS term contribu-
tion to the CTF is smaller than the defocus and PP terms.

The electric field in the vacuum arises from the difference in spatial
distribution of the primary beam generated charge and the induced
screening charge [1,38,116]. The fringing field in vacuum is present
even though the charged patch of the film is a charge neutral object.
That is, the amount of the primary beam generated and the induced
screening charge are exactly equal.9

Figure 9 illustrates the origin of the fringing field in the vacuum
near the HFPP film. Fig. 9a shows the equipotential planes for a
nearby-screened charge (scenario B) as a function of distance along
the beam path and the radial distance from the center of the incident
electron beam atR=0, i.e. q=0 in reciprocal space. It also indicates
that the charged patch on both the upper and lower surfaces of the
HFPP film produce the same fringing field in a vacuum.10

Figure 9b schematically shows that the total phase shift (φ(r)tot
in blue on the right-hand side) can be significantly higher than the
difference in phase shift between the direct beam at q=0 and the

9 In scenario A in [1] the field in the vacuum arises as a result of
the large separation of the primary beam generated charge and
the induced screening charge. The profile of the phase shift in this
scenario is somewhat flatter than in scenarioB; the entire electron
beam in scenario A passes between the primary beam generated
and the induced screening charge. In scenario B, the lateral extent
of the primary beam generated and the induced screening charge
is of the same order of magnitude as the beam size. Scenario A
is conceptually trivial and not discussed here. Details relevant to
scenario A can be found in [1,140,141]. Scenario B is relevant to
HFPP operation.

10 Note that as a result of the difference between the spatial distri-
bution of the primary beam generated and the induced screening
charge, the fringing field in the vacuum is different from the
field of a dipole oriented with its dipole moment along the beam
path. The phase shift of an electron traveling parallel to a dipole
long axis would be exactly zero, because the phase shift acquired
above the mid plane of the dipole is exactly cancelled by the phase
shift acquired below the mid plane of the dipole. This is clearly
not the case for the HFPP.
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Fig. 9. (a) Equipotential planes (dashed lines) of a fringing field in a vacuum near charged 50 nm diameter patch of the hole-free phase plate with an induced
screening charge in close proximity (3 nm) to the primary beam generated charge. The same fringing field appears both above and below the phase plate. Both
the diffracted beams and the direct beam pass through the electric field in the vacuum near the phase plate [1,138,139]. (b) Schematically indicates that the total
phase shift φ(r)tot can be significantly larger than the phase shift difference φ(r) between the direct and diffracted beams at q=0 and q >0, respectively. The
small diameter red region indicates the lateral extent of the primary beam induced charge, while the blue, broader region indicates the extent of the induced
screening charge. While the charged patch is charge neutral in the sense than the amount of the primary beam generated charge is exactly equal to the amount of
the screening charge, the difference in their respective spatial distribution leads to fringing field in vacuum and phase shift difference between beams traveling
different paths through the fringing field. The factor 1

2 accounts for the fact that the same phase shift is acquired both above and below the mid plane of the
hole-free phase plate film.

diffracted beams at q>0. The difference between the phase of the
direct and diffracted beam (φ(r), in red on the left-hand side) arises
from the fact that the direct and scattered beam passes through dif-
ferent regions of the fringing field and acquires different phase shifts
while passing through the fringing field. The factor of 1

2 in front of
φ(r) and φ(r)tot captures the fact that phase shift is acquired in the
fringing field both above and below the PP.11

The amount of the phase shift is affected by the diameter of
the charged patch, the amount of primary beam generated and the
equally large amount of induced screening charge and the separation
between the screening and primary beam generated charge [1]. Each
of the parameters can vary during the PP settling resulting in a time
evolution of the associated electric field in the vacuum near the HFPP
and a resulting phase shift of the fast electron passing through the
field.

11 Note that the simplification in Fig. 9b may be suitable for concep-
tual purposes, but it is not strictly speaking correct. The detailed
treatment in Section ‘A brief theory of phase plate imaging’
should be consulted.

Microscopic mechanisms responsible for HFPP
operation

In this section, we discuss the physical origins of the HFPP operation
as well as the specific properties of the resulting phase shift distribu-
tion and evolution. The microscopic mechanisms responsible for the
HFPP operation are comparable to those responsible for electron-
beam induced damage of irradiated samples [142] particularly in the
case of an intense electron beam tightly focused on a thin film. The
entire HFPP, just like a sample containing an irradiated area, is a
charge-neutral object. That means that any primary beam generated
charge is exactly balanced by an induced screening charge located
some distance away. It is the difference in the spatial distribution of
the charge generated by the primary beam and the induced screening
charge that is responsible for the electric field in the vacuum and the
resulting phase shift accumulated by an electron passing through the
field, as implied by the Aharonov–Bohm formula.

As mentioned above, at least three different microscopic mech-
anisms are responsible for the HFPP operation. Fig. 10 represents
graphically the variousmodes of theHFPP operation arising from the
corresponding underlying microscopic mechanisms [116]. It is likely
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Fig. 10. Implementations of the hole-free phase plate [116]. Several beam-induced processes can be utilized to locally modify an uniform thin film to achieve a
bell-shaped phase shift profile of the high energy electron beam. For example (from the left column), carboneous contamination can build up on a film near room
temperature. When the beam current density is sufficiently high, sp2 carbon is formed under the direct beam producing phase shift proportional to the (local
thickness)×(mean inner potential) [74]. Alternatively, poor conductors or insulating contamination layers can exhibit local positive charging due to an secondary
electron emission that leads to an electric field in the vacuum [1]. Such poorly conducting films are typically deposited under modest irradiation doses, e.g.
when the crossover with a large diameter and low current density is placed at the hole-free phase plate film. A metallic film, including amorphous carbon films
at ≈100

◦
C to ≈350

◦
C or at LN2 temperatures can exhibit a negative surface charge arising from the removal of the adsorbed dielectric (water) layer and the

subsequent increase of the apparent work function of the hole-free phase plate film [4,116,137]. Hole drilling by a high energy electron beam can be utilized
to fabricate thin-film type Zernike phase plate with a hole size well matched to the incident beam profile at the back focal plane [139]. All of the phenomena
can be involved simultaneously and their relative strength is determined by parameters such as the hole-free phase plate film temperature and microscope
vacuum. Additional mechanisms can be also responsible. Note that at high temperatures (above ≈350

◦
C), the primary electron beam induced phase shift was

not observed in carbon films [116], and contamination was not observed while the hole drilling by the high energy electron beam remains [74,116,139].

that more than one of these mechanisms operates simultaneously.
A contamination may form, secondary electrons (SEs) are emitted
leaving a positive charge within the HFPP film, and surface adsor-
bants (e.g. water) are removed by electron stimulated desorption
(ESD). The relative strengths of these various mechanisms can be
influenced by the choice of theHFPP thin filmmaterial and its surface
properties and by its temperature. It is possible that the beam current
density at the HFPP plane also affects the outcome, for example by
forming an sp2 bonded carbon at high current densities rather than
an insulating polymer-like contamination at low current densities.

The accumulated phase shift can be calculated via the resulting
electric field if the exact beam induced and the screening charge dis-
tribution are known, as well as any topographical changes (such as
the deposition or removal of PP material). Fig. 9 shows a schematic
depiction of a thin film with primary beam generated (red area) and
an induced screening charge (blue area) and the resulting calculated
potential in the proximity of the thin film. As the beam-induced
effects typically occur on both sides of the HFPP film, the phase shift
determined by a single dipole (charge separation) has to bemultiplied
by two.12

Inversely, the charge distribution in the space around the PP can
be obtained by power spectra analysis (i.e. FFT of image) of TEM
images acquired with and without PP present in the BFP [140,141].
Depending on the electrical and microscopic properties of the film
and the additional parameters such as irradiation dose or film tem-
perature, the separation between the beam induced and screening
charge can be expected to be either rather small (i.e. smaller than
the irradiated patch lateral dimensions) or large (i.e. the screening
charge may be many micrometers away, for example on grounded
grid bars). Both scenarios can be described by a mathematical model

12 Harada et al. reported that in insulating films such as SiN, the
charge on the exit (bottom) surface could be smaller than that on
the entrance (top) surface [143].

as it was done by [1], where the resulting phase shift was calculated
for distant (modelA [1]) and near location (model B) of the screening
charge.

In addition to the charging of theHFPP, the deposition or removal
of material affects the induced phase shift of transmitted electrons.
Although matter is composed of separated charges on a very small
scale, i.e. electrons and atomic cores, the phase shift accumulated by
electrons transmitted through matter is commonly calculated using
the MIP often referred to as V0 (MIP, Eq. (16)). In the case of a
clean HFPP film (free of any adsorbents) with sufficient electrical
conductivity and beam stability, only a marginal relative phase shift
build-up may be observed due to the lack of charge separation or
topographical/morphological changes of the film [116].

Three different microscopic mechanisms have been proposed as
responsible for the HFPP-induced contrast enhancement reported in
recent literature. They are:

1. Contamination. The build up of material on samples caused
by electron-stimulated dissociation and deposition of adsorbed
species has been, and is, a common problem in electron
microscopy [144–146]. However, a contamination with a suit-
able thickness and MIP can be used as a HFPP due to the
phase shift accumulated by the direct beam during transmission
through the deposited matter [74].

2. Positive charging. In the case of a thin film or its surface with
insufficient electrical conductivity, the SE emission generated by
the primary beam leads to positive holes remaining in the thin
film (charging). Although a screening charge may be situated in
close proximity, i.e. in the conducting core of a thin film with
non-conducting surface, a difference in the spatial distribution
of the charge of the positive holes and the negative screening
charge leads to a phase shift [1].

3. Negative charging. In the absence of non-conductive surface
layers and contamination, i.e. where there are no physisorbed
hydrocarbon molecules or their diffusion is inhibited at low
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temperatures, negative charging is observed; this was first
reported by Danev et al. [6] and later referred to as VPP [4].
Later studies confirmed that this potential arises from a local
change in work function of the HFPP in the irradiated area due
to the electron-beam induced desorption of chemisorbed (water)
molecules [116,137,147], rather than from a change in the aC
film structure [6].

Detailed mechanisms will be discussed in the following subsec-
tions. Additional processes are possible as any mechanism that leads
to an effective charge separation will create an electric field in the sur-
rounding vacuum. This charge separation determines the magnitude
and shape of the field in the vacuum and hence the magnitude and
shape of the phase shift acquired by electrons propagating through it.

Independent of the underlying mechanism, two general effects
can be expected with an increasing irradiation dose: the magni-
tude of the charge/film modification and the resulting phase shift
at q=0 grow until a saturation is reached and the diameter of the
charged/contaminated area increases. Both of these outcomes affect
the phase shift.

Experimental methods used to analyze the formation of the
phase-shifting patch include, but are not limited to, electron energy-
loss spectroscopy (local thickness determination), detection of the
SE signal emitted during the build up, determination of the size and
magnitude of the induced phase shift by analysis of the power spectra
of acquired images and imaging of the patches after the formation.
Together with a variation of experimental conditions such as tem-
perature and beam size and current density, these techniques enable
study of the underlying physics of the involved processes. Never-
theless, a more direct proof of some aspects would be the direct
detection of desorbed species upon electron-beam irradiation, e.g.
by residual gas analysis. In a TEM under realistic conditions, this
currently appears impossible as the amount of desorbed species is
very low due to the small size of the irradiated patch.

Contamination build up
Contamination of samples is a very common problem in electron
microscopy. The contribution of residual oil molecules in early
microscopes equipped with oil pumps [144,148,149] is eliminated
in modern dry-pumped microscopes, where adsorbed (hydrocar-
bon) molecules on the sample surfaces (and sample holder surfaces)
are the principal source of contamination [145,150]. The underly-
ing processes responsible for contamination are thus surface diffu-
sion [151] and electron beam stimulated desorption and dissociation
of adsorbed molecules [152,153]. A schematic depiction of these
processes can be found in Fig. 11a–c. In TEM, the primary electron
energy is too high (typically > 80 keV) to directly induce dissociation
of the molecules at a noticeable rate, and therefore the induction is
ascribed to the generation of SEs (< 50 eV).

The rate and shape of contamination deposition is strongly cor-
related with the shape and irradiation dose of the irradiating electron
beam [145]. While an irradiation of a large area leads to a con-
tamination ring as diffusing molecules are directly deposited at
the electron beam border, sharp pillar-like structures result from a
focused electron beam (compare Fig. 11b,c and f,h). The height of
such pillars can easily be in the range of several tens of nms and thus
can exceed the thickness of the underlying sample [154,74].

Multiple mitigation strategies have been proposed and are rou-
tinely applied to minimize sample contamination; among these

are plasma [155] or UV cleaning [156], sample cooling [157,158]
or beam showering [159]. All of these techniques aim to either
remove adsorbed molecules on the sample surface or inhibit surface
diffusion, but they only provide minimization of contamination for
a limited amount of time. A clean sample may only be obtained by
sample baking inside the vacuum [74], which of course is not suitable
for heat-sensitive samples.

While contamination is primarily a disturbing effect, it can also
be exploited to write structures in the nm range [160–162]. By con-
trolling the amount and type of adsorbents on the surface, structures
with specific properties (e.g. electric, magnetic) can be written, a
technique called ‘focused electron beam induced deposition’ [163].

In the case of PPs, contamination is generally an effect that
should be inhibited as the deposited matter and the potentially
involved charging directly affects the phase-shifting behavior of the
PP [67,76,164]. Heating to moderate temperatures of 100–200

◦
C

has been successfully applied to minimize contamination for var-
ious PP types [43,63,66,81]. Furthermore, an additional coating
of the PP with amorphous carbon after its fabrication and shortly
before implementation in the microscope was reported to reduce
contamination issues [165,67]. However, it is probable that addi-
tional coating leads to a reduction of effects related to the local
work function of the PP, an effect responsible for negative charging
(Section ‘Work function alteration’).

Despite its negative effects on PP imaging, contamination may
also contribute to the desired phase shift on a HFPP [74,147].
Consider a situation where a thin film, not necessarily made of
amorphous carbon, is placed in the BFP and not treated to remove
the adsorbed hydrocarbon molecules, and is subsequently irradiated
with the direct beam, i.e. a focused electron beam with high dose
rate. The deposited material leads to an additional phase shift at
q=0 caused by the MIP V0 of the deposits. If the beam current den-
sity is high enough and the carbon film is of high quality (see next
paragraph), no additional charging of the deposited contamination
occurs, and the deposited material can be described as carbon with
a high content of sp2 bonds [74]. The absence of charging was mea-
sured by comparing the deposited contamination thickness measured
by electron energy loss spectroscopy (EELS) and the induced phase
shift (Fig. 11d, [74]) or the magnitude of the phase shift distribu-
tion in the BFP [147], which would be larger if charging occurred
(see Section ‘Work function alteration’). The studies in [74] were
conducted at beam current densities around 200 C cm−2 s−1 on the
HFPP (total beam current of 50–100 pA), up to three magnitudes
higher than current densities applied in cryo-TEM.

However, early investigations of contamination and charging
effects on a Zernike PP reported a positive electrostatic charging that
was ascribed to the charge of the adsorbed hydrocarbon molecule
layer [140,141] (see also next section). Although these studies pro-
vide insights, they are not directly comparable to the HFPP settings
of modern microscopes; the used beam diameter on the HFPP is
in the order of several µm implying a low beam current density.
Additionally, the lack of data on thickness evolution makes it dif-
ficult to clearly differentiate the underlying mechanisms. There are
no detailed studies about the build up of the phase-shifting patch
in case of contamination under cryo-EM conditions, and it may be
possible that additional charging due to insufficient dissociation of
hydrocarbon molecules occurs on HFPPs at such electron doses.

A contamination-based, non-charging HFPP probably has
the phase-shift distribution that gets the closest to the ideal
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Fig. 11. Contamination and its impact on hole-free phase plates. (a–c) Schematic description of the build up of contamination on a thin film covered with adsorbed
hydrocarbon molecules (orange) for (b) a highly focused electron beam, and (c) a larger beam. (d) Comparison of increasing thickness with measured phase
shift showing a good agreement assuming a carbon-based material [74]. Note the negative sign on the right y-axis corresponding to a positive phase shift at
q=0 (see Table 2). (e) Phase shift evolution for a focused beam and an unheated, contaminated phase plate (yellow); a focused beam and a heated phase plate
(red); and for a slightly defocused beam and an unheated, contaminated phase plate, with (f–h) the corresponding images of the hole-free phase plate after
acquisition of the series adapted from [147].

since it almost perfectly matches the profile of the direct beam
without the long-ranging tails from a charge distribution, and
therefore leads to striking image contrast enhancement at low spatial
frequencies [147].

This benefit is, however, outweighed by the significant draw-
backs that result from the additional scattering of the direct beam
in the deposited pillar and the accompanying damping of image
intensity and resolution. Moreover, it is almost impossible to con-
trol the amount of phase shift if the phase-shifting pillar is grown
by the direct beam itself. The reason is that the amount of adsor-
bents is difficult to control and fast and efficient ways to stop the
growth once the necessary phase shift is reached are not yet avail-
able. Pre-structuring the deposit on the thin film [49] may help
to define the phase shift but this makes a precise alignment neces-
sary and again raises problems with contamination and charging
effects.

Depending on the amount of adsorbed hydrocarbon molecules,
the build up can be very fast, reaching several π and thus leading
to an oscillating image contrast in a few seconds (Fig. 11d and e
[74,147], or rather slow taking several minutes to reach the desired
value of 0.5π (see analysis of data from [4] shown in Fig. 7
of [116]). The contamination rate is controlled by the beam cur-
rent density and shape as well as by the vacuum and temperature
history of the HFPP affecting the number of adsorbed hydrocarbon
molecules.

A distinct situation happens when a slightly larger direct beam
(> 100 nm) impinges on the HFPP as it can easily occur in micro-
scopes with only two condenser lenses. In these microscopes, a
change of the condenser lens system, required for adjusting the
illuminated sample area and the beam intensity in the sample
plane, leads to a moving crossover position of the direct beam

in the BFP in the beam direction and thus to an increase of the
beam size on the HFPP maintained in a fixed position. Keeping in
mind that the shape of the deposited contamination in case of a
spread irradiation is ring-like [145], the deposited contamination
actually may not affect the center of the direct beam at q=0. Recent
investigations show that although contamination is present, neg-
ative charging can occur in the central area of the direct beam
(see Fig. 11e and h, Section ‘Work function alteration’ and [147]).
Looking at the SE emission of the HFPP during the build up of the
phase-shifting patch gives additional information on the underlying
processes. In the case of contamination build up, an increasing signal
is observed due to the increasing volume and surface of the mate-
rial, and thus a larger number of generated SEs are able to leave
the HFPP. This implies that, for the correct interpretation of an
acquired SE trace, the corresponding thickness evolution must be
known.

We also note that electron beam induced film sputtering takes
place at the same time as contamination is deposited [159,166].
However, the rate of film drilling by electron beam induced sput-
tering tends to be lower than the deposition rate of contamina-
tion unless the contamination is severely suppressed, e.g. by high
temperature.

Positive charge build up
Irradiation of a film by high energy electrons results in a SE emis-
sion [167–170]. Scanning electron microscopes (SEMs) rely on this
mechanism to generate images. SE emission leaves a positively
charged hole behind in the irradiated material. When a conducting
film with a clean surface is irradiated, the positive hole is filled by
a free electron within the film within attoseconds to a few tens of
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femtoseconds [171–173]. When the material is an insulator, semi-
conductor or a metal covered by an insulating (contamination) layer
on its surface [174], the holes left behind by SE emission can last for
a long time and lead to the trapping of a positive charge in the irradi-
ated area. An equal amount of negative screening charge is induced
on nearby conductors or within the conductive core of the film [1].
The presence of a few nm thick light element insulating contamina-
tion layer on a HFPP film may be difficult to observe in an image of
the HFPP film. At the same time, the effect on the phase shift aris-
ing from the charge trapped in the insulating contamination and the
electric field it generates in the vacuum outside the film can be large,
when integrated along the fast electron beam path (see Fig. 9 and
Section ‘A brief theory of phase plate imaging’) [1,38].

The positive charging due to SE emission has been studied exten-
sively in the context of radiation damage [175], Auger electron
spectroscopy, surface analysis and imaging [176–187]. The lateral
distribution of SEs propagating within the irradiated film in the a per-
pendicular direction to the high energy electron beam is discussed,
for example, [169,188].

Positive charging under high energy electron beam irradiation
has also been studied by the cryo-TEM community, because of its
detrimental effect on the quality of cryo-TEM images [189–191].
Recently, Harada et al. [143] and Russo and Henderson [192]
pointed out that some of the emitted SEs may land back on the irra-
diated film some distance away from the irradiated area creating a
ring of negative charge around a positively charged central area that
is irradiated by the primary beam. The vitreous ice samples in cryo-
TEM are known to be poor conductors with an embedded carbon
or Au support film whose conductivity is higher than that of the ice,
and this may possibly be an analogous to carbon film covered by an
insulating surface layer [139,143,193].

The SE current, ISEα, which is defined by the number of electrons
that leave the thin film, is proportional to the incident current I0:

ISEα = YSEα(t) ∗ I0 (32)

Here, YSEα is the time-dependent SE yield, that decreases as the
positive charge accumulates and the associated positive potential
increases [177,183,194].

At a steady state, ISEα is compensated by a current from the
ground IG. Therefore, YSEα can be estimated from measured IG and
I0 obtained using the set up in Fig. 13. IG measures the electron
beam-induced current (EBIC) from the ground that compensates for
the holes left behind the emitted SEs α. When the holes are trapped
in an insulating surface layer the IG has to pass through this layer
either by dielectric breakdown, or by the tunneling or hopping of
electrons. ISEα and IG both decrease with the irradiation dose due
to the increasing number of positive holes and the increase in aris-
ing positive potential [176,175]. The surface potential increases as

≈ log( t
τ
) or ≈ (1− e

−t
τ ) with characteristic time τ which is affected

by the film temperature [4,138,176] resulting in a corresponding rate
of change of the contrast transfer function.13

We now turn to the mechanisms compensating for the charge left
behind by the SE emission. Two conceptually different mechanisms

13 Note that the effective SE yield YSEα decreases with the irradia-
tion dose for both positive and negative primary beam-generated
charges. Regarding positive primary beam generated charges
(Section ‘Positive charge build up’), the increasingly positive
charge increases the potential that an SE needs to overcome
by virtue of being trapped in the positive potential associated

can occur to compensate for the positive charge within the insulating
layer or located on its surface: dielectric breakdown or, tunneling and
hopping of electrons through the insulating surface layer.

Dielectric breakdown occurs when the electric field exceeds the
dielectric strength of the insulator, typically ≈107 Vm−1 but up to
109 Vm−1 for example, in diamond. The phase shift measured in
HFPP experiments corresponds to a fraction of a Volt to slightly over
1 V potential [1,189,192,195]. Taking into account the dielectric
strength of insulating layer, even a couple of nm thick layers could
provide sufficient charge trapping capability to explain the positive
potential corresponding to the measured phase shift without suffer-
ing dielectric breakdown. Large electric fields are known to induce
damage of the irradiated film [175].

An alternative mechanism of charge compensation is the tunnel-
ing or hopping of the charge through the insulating contamination.
There are many variations of the charge tunneling and charge hop-
ping concepts, some of them more sensitive to temperature than
others [196]. All of the tunneling and hoping mechanisms are highly
asymmetric in the sense that a small increase in electric field across a
barrier leads to a significant sometime exponentially larger increase
in the current through the insulating barrier (see Fig. 12). While the
details of the particular tunneling or hopping mechanism may not be
critical, we note that a potential of a fraction of a Volt to a few Volts
appear to be typical for the barrier thickness of a few nm [196] and
would explain the phase shift observed in HFPP imaging.

Figure 12(a) illustrates the processes involved in the primary
beam generated positively charged area. A film that is either a poor
conductor or has a poorly conducting surface (contamination) layer
can trap positively charged holes left behind following an SE emis-
sion [169,178,189,192,197]. The incident high energy electron beam
generates two types of SEs: those that escape from the film to the
vacuum (SEα) and those that travel in the plane of the film (SEβ).
SEα change the charge balance in the film that is compensated for
by the EBIC from ground IG. The latter result in a redistribution of
charge in the plane of the film, change in film electrical properties
and additional SEα through cascade processes [169]. The SEα emis-
sion continues to build up charge and associated potential until the
electric field becomes sufficiently strong to draw a compensating cur-
rent IG from the grounded part of the film, e.g. the conducting film
core [193], (see Fig. 12b). The trapped holes within an SEα escape
depth (the red layer in Fig. 12b) are compensated by a tunneling
current Itunnel (black vertical arrows) that combine to a total EBIC
current from ground electrode IG (green horizontal arrow).

Figure 12(c) draws sample I–V characteristics for possible scenar-
ios involving, for example, Fowler–Nordheim, Poole-Frenkel and
Schottky tunneling mechanisms [138,139,196]. The charged patch
steady state corresponds to a SEα emission current equal to com-
pensating IG, that is the intersection of the SEα current (purple)
with the corresponding tunneling current. While each of the various
mechanisms result in somewhat different values of positive poten-
tial, they all require a fraction of a Volt to a few Volts across the

with the positive charge. In the case of negative surface poten-
tial (Section ‘Work function alteration’), the increase of the work
function arising from the removal of the water layer by ESD has
the effect of increasing the energy barrier from the Fermi level to
the vacuum level that an SE has to overcome to be released from
the irradiated film. However, an insulating (contamination) layer
covering ametallic filmmay have a higher intrinsic SEα yield than
the metallic film it covers.
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Fig. 12. Processes involved in generating and maintaining positive beam-generated charge in a film with an insulating surface layer. Primary electrons generate
two types of secondary electrons, either escaping from the film into vacuum (SEα) or propagating within the film, called SEβ for some distance while possibly
generating additional SEα away from the primary beam location. The primary electron then escapes as a transmitted electron [169,188]. (a) Indicates the electron
labeling. As shown in (b) a SEα escapes from the sample. In the presence of an insulating layer (yellow) or if the film itself is an insulator, the SEα emission leaves
a positively charged hole trapper within SEα escape depth. The positively charged holes attract mobile charges within the film (green) and, when sufficiently
strong electric field builds up, the screening negative charge crosses the insulating barrier and compensates the positive hole. c) Plots of I–V characteristics
for several possible processes involved in electron crossing of the insulating layer [139,196]. The intersection of the secondary electron current with the I–V
characteristics for the various tunneling processes indicates the steady state potential [176].

insulating layer to operate. This potential range is in agreement with
the potential needed to obtain the phase shift measured in an exper-
iment [1,139,192]. The corresponding electric field for a fraction
of a Volt to a few Volts applied over a few nm thick insulating
layer [193] amounts to≈107 to 109 Vm−1 that is near the dielectric
strength of a possible insulating layer. As was indicated above
(Section ‘Microscopic mechanisms responsible for hole-free phase
plate operation’ and Fig. 9), the charged patch is a charge neutral
object, i.e. its trapped positive charge is exactly compensated by an
induced screening charge.14

The experimental set up in Fig. 13a in a Hitachi HF-3300 TEM
has been used extensively to study the effects of high energy electron

14 We note that at high current density > 102Acm−2 and high
dose > 103Ccm−2 of the high energy electron beam, as often
encountered at the beam cross over in HFPP imaging, a conduct-
ing sp2 bonded rather than insulating carboneous contamination
is deposited [74]. However, when the beam current density is
not high, as in case of large cross over [3,4,12,140,141,165] an
insulating layer trapping positive charge can develop. It is also
possible, that the low current density within the tails of the high
energy electron beam, including the scattered electrons at q>0

beam irradiation on a thin film [74,116,137–139]. It allows collec-
tion of the time evolution traces of the SE emission current ISEα, of
a time stack of EELS and of the phase shift PZ(q), which is extracted
from a stack of images with a test sample placed above the HFPP
film. Additionally, the incident beam current I0 and the EBIC drawn
from the ground electrode IG to compensate SEα emission can be
measured. The thin film can be biased up to several tens of Volts to
investigate the effect of bias on SEα emission. The ratio ofYSEα =

IG
I0

provides an estimate of SEα yield YSEα.15

The experimental traces in Fig. 14 were collected using this set
up. Fig. 13b shows a calculated distribution of number of SEs per
energy interval dN

dE for sample work functions ΦW = 2.5 eV and
ΦW = 6 eV [169]. It indicates that even for ΦW = 6eV, the vast
majority of the SEα are ejected with energies below ≈20eV and
should be sensitive to the positive bias of a sample of comparable

is sufficiently low to deposit contamination that is initially insu-
lating and could contribute to, for example to aging of thin film
type ZPPs [43,165].

15 The SEα are emitted from both top and bottom surfaces. A factor
of twomust be included to obtain the number of SEα per incident
electron per surface.
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magnitude. Fig. 13c shows a steady state SE yield YSEα measured
as a function of the film bias between −45V and +63 V relative to
the microscope ground. Fig. 13c can be related to (b) by integration
over the energy axis (x abscissa) in (b). Fig. 13d shows experimen-
tal confirmation of both positive and negative bias of aC HFPP. The
upper two data sets (red solid symbols) correspond to two Thon ring
time evolution acquired at 200

◦
C, while the lower two data sets

(blue, empty symbols) correspond to Thon rings acquired at room
temperature (RT) under otherwise identical conditions [138].

The decrease in YSEα in Fig. 13c does not imply that the asymp-
totic local potential and phase shift of a HFPP can be controlled by
biasing the entire PP film. On the contrary, it demonstrates that there
is a fraction of high energy SEα that are emitted at high bias. Pre-
sumably, the bias of the HFPP film can affect the settling time as the
decrease in YSEα at positive film bias implies a lower SEα current and
therefore a slower approach to a steady state. The small difference in
YSEα dependence on bias between the studied materials arises from
the similarity of the dN

dE in Fig. 13b and the possibility that a con-
tamination of a similar nature may be present at the surface of the
samples even at the < 5×10−8 torr residual pressure in the Hitachi
HF-3300 TEM. A biased film placed in the column also acts as an
additional electrostatic lens, similar to [16,198].

Figure 14b shows the measurement of the SE escape depth δ.
The same experimental set up as used for Fig. 13a was utilized to
obtain the data. In agreement with static measurements of Glaeser
andDowning [193] in Fig. 14a the escape depth δ≈ 3nm (see Fig. 12)
was measured under 300 keV electron electron beam irradiation,
Fig. 14b. The electrical properties of the same, ≈13 nm thick aC
film, used as a HFPP were measured at LN2 temperature, Fig. 14,
see [137].

SEα emission and film charging is also thought to be responsible
for aC aging in thin-film type ZPPs [43,165]. Essentially, the mecha-
nisms that make it possible to operate a uniform thin film as a HFPP
act in addition to the step in MIP× thickness used for thin-film type
ZPP. Fig. 4 indicates that heating a carbon film above 350

◦
C can

perhaps improve the usability of thin film type ZPP, leaving only the
challenges of hole alignment and bright field transmission electron
microscopy-like transfer up to the cut on frequency qC

Work function alteration
While positive charging HFPPs are in line with numerous studies
of positive electron-beam induced charging (as discussed in Sec-
tion ‘Positive charge build up’) the reported negative charging of a
HFPP [4,6] may not be obvious. The underlying mechanism is based
on a work-function change resulting from ESD that may be observed
in the absence of (hydrocarbon) contamination and the (positive)
charging of non-conductive layers of the PP.

Heating the carbon film to 150–250
◦
C inside the vacuum of a

TEM leads to desorption of the phyisisorbed hydrocarbon molecules
responsible for the deposition of contamination due to their low
adsorption energy (Section ‘Contamination build up’ and Fig. 10).
Nevertheless, chemisorbed species can adsorb with energies signif-
icantly higher than the thermal energy available at moderate film
temperatures (30–45 meV) and thus are not, or not completely,
removed at these temperatures. It is a reasonable assumption that
water, being the most abundant species in the residual gas atmo-
sphere of a TEM, is the main component of this chemisorbed layer
above ≈250

◦
C.

Research conducted on water adsorption on clean metal surfaces
has demonstrated that the water molecules tend to orient themselves

with the positive charge (H+) pointing in the direction of the vacuum
thus forming a dipole layer on top of a carbon thin film [199]. This
dipole layer forms a potential step δV for electrons passing through
it whose value is negative and of the order of a few tenths of eV. This
potential step can be considered as an effective decrease of the work
function of the underlying metal [200–203].

Irradiation of the carbon thin film with highly focused electrons
causes ESD of the adsorbed molecules [152] leading to a restoration
of the original work function of the carbon film in the irradiated
area. The cross section for primary electrons inducing ESD is very
small and SEs are mainly responsible for ESD (Fig. 15a). The result-
ing situation is equivalent to a central patch near q=0 being at a
negative potential, which is caused by a corresponding charge redis-
tribution in the carbon thin film as a result of change in the film
work function (Fig. 15b).16 The phase shift acquired by an electron
propagating through this patch at negative potential, and the elec-
tric field in the vacuum near the film, is governed by two parameters,
namely the change in work function caused by the adsorbed (water)
layer δV, and the size of the patch with restored work function as
represented by its radius R [116]:

ϕVPP = CERδV (33)

An estimation of attainable values for δV can be obtained by
calculating the potential step arising from a perfectly aligned mono-
layer of water on the HFPP film and a clean area of the film, leading
to ≈4 V. Studies on the alteration of metal work functions caused
by the adsorption of water showed a saturation once a monolayer
is reached [199]. Therefore, the ≈4 V value can be seen as an
upper limit. Under experimental conditions, δV is expected to be
smaller due to only partial coverage and non-perfect orientation
of the water molecules due to structural relaxation and HFPP film
surface roughness.

The phase shift build up follows a double asymptotic evolution
with two different time constants [4,116,137]. It is plausible, that the
fast time constant can be linked to ESD of the adsorbed molecules in
the area of the intense direct beam, which is the dominating process
up to a dose q1. The slow time constant is given by a subsequent
increase in the size of the film patch cleaned by ESD, caused by elec-
trons scattered to low angles, spatially located close to the direct
beam (Fig. 15e-g).

Although this model leads to a simple dependence between the
phase shift and model properties (δV and R), an experimental con-
trol of these properties is only indirectly achievable. The thin film
temperature and vacuum in the column determine the coverage of
the PP with adsorbed water molecules and thus δV, which is also
affected by the thin film surface roughness. On the electron-optical
side, the beam current determines the rate of the phase shift build
up, while larger crossover size leads to an increased R and con-
sequently to a higher phase shift. An impact on the second time
constant may also be expected from the varying number of electrons
scattered from the sample. In addition to these global parameters,
the properties of the carbon thin film vary locally (e.g. surface rough-
ness, impurities) and will slightly change the behavior of the HFPP

16 As with the positive primary beam generated charge, an induced
screening charge (in this case positive) forms near the irradiated
patch. The difference in the spatial distribution of the primary
beam generated (negative) charge and the induced (positive)
screening charge sets up an electric field in the vacuum outside
the film.
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Fig. 13. (a) An experimental set up that allows us to simultaneously measure time series electron energy loss spectra, time trace of scanning electron emission
intensity and the electron beam induced current from ground IG compensating for the scanning electron emission current I0 ×YSEα. Alternatively, the electron
energy loss spectra spectra time trace can be replaced by a time-evolution stack of images that provide contrast transfer function and the phase plate phase shift
PZ (q). A bias voltage can also be applied to the phase plate while the measurements are performed. The incident current I0 can be estimated from images or
measured by a Keithley 6485 picoampere meter. (b) Simulated SEα emission energy distribution [169] for two example work function values ΦW = 2.5 eV and
6 eV. (c) scanning electron yield from both top and bottom surfaces of several thin films as a function of the film bias voltage relative to the ground. The scanning
electron yield YSEα was taken as the electron beam induced current from the ground IG divided by the total incident high energy 300 keV beam current I0. (d) The
evolution of Thon ring positions determined from image stacks acquired at room temperature (blue empty symbols) and at 200

◦
C (red solid symbols). Second

minimum (circles) and maximum (squares) are plotted at both temperatures. The change in direction of the Thon ring evolution with temperature indicates a
change from positive to negative charging of the hole-free phase plate film [4,138].

depending on the location used on the film. We note that there may
be large differences among aC thin films fabricated by various tech-
niques. Finally, adsorption and desorption are not instantaneous
processes, the behavior of the HFPP can also depend on the film his-
tory, e.g. microscope vacuum, temperature and previous irradiation.
This complexity has led to a common approach to experimentally
determine the settings that lead to the best suited phase-shifting
profile [133].

Direct proof of this model has not been performed; it would be
shown, for example, by a detection of desorbed water molecules dur-
ing the build up or a scanning tunneling microscopy measurement
of the reduced work function after the electron beam irradiation.
However, the experimental studies reported so far strongly support
it [4,116,137,147].

Figure 15c compares the measured phase shift evolution from
published data for different experimental conditions
[4,116,133,137]. Although the beam diameter on the HFPP might
vary from one experiment to another, three general effects may be
discerned:

• The phase shift obtained in cryo microscopes is higher than in
microscopes with the sample at RT (red curves in Fig. 15c. This
may be due to the larger amount of water vapor in the column
and thus a resulting increase in δV.

• Porous thin films that typically have a large surface area, allow
for higher observed phase shifts (dashed lines in Fig. 15c). A large
surface area leads to a large number of adsorbed molecules and
thus a higher phase shift.

• Although heating the HFPP is the usual way to obtain a nega-
tive phase shift, other techniques that inhibit contamination but
do not remove adsorbed water molecules are also possible. They
include cooling down to liquid nitrogen temperature (blue line),
UV cleaning (solid black line) or defocusing the beam on the
HFPP at RT (see blue line in Fig. 11e).

The measurement conducted with the HFPP at LN2 temperature
requires further discussion [137]. It confirms the presented mech-
anism because the low temperature leads to strong adsorption on
the HFPP while also freezing surface diffusion and thus inhibiting
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Fig. 14. Electrical properties of a thin amorphous carbon film. (a) Electrical properties measured ex situ indicate an insulating behavior of amorphous carbon
thin films with thicknesses below 4 nm. Reprinted from [193]. b) In-situmeasurement of SEα signal dependence on amorphous carbon film thickness. Thickness
was measured by EELS while the SEα signal was measured by an Everhart–Thornley detector in the set up shown in Fig. 13. The thin film was held at 600

◦
C

to prevent film contamination. The film thickness decreases due to the electron beam film drilling [159,166]. The loss of SEα signal when the film thickness
reaches ≈6 nm indicates about 3 nm SEα escape depth δ (Fig. 12, because the SEα escaping from both top and bottom surface is not affected until thickness
becomes comparable to SEα escape depth δ [139]. (c) The I–V characteristics of an aC film at liquid nitrogen temperature for several values of a 10 keV electron
irradiation dose [137]. The film becomes more conducting with an increase of the 10 keV beam irradiation dose. The conductivity becomes closer to Ohmic with
an increasing irradiation dose.

(hydrocarbon) contamination buildup. The measured phase shift is
thus strongly increased (larger δV) and even a slight decrease in the
thickness of the film is observed that can be linked to the removal
of the adsorbed molecules [137]. This approach seems to lead to a
suitable phase shift evolution while avoiding the presence of a heated
thin film in close proximity to a cryo sample. However, it requires a
specific HFPP holder that allows cooling. Although long-term stud-
ies have not yet been reported, possible problems include continued
buildup of adsorbed material with time making the control of the
asymptotic phase shift difficult. Moreover, the continued buildup of
adsorbed material could lead to a HFPP that more closely resembles
a thin film embedded in ice, i.e. a cryo-TEM sample, where positive
charging is observed [192].

The phase shift distribution of a negatively charged HFPP closely
resembles the direct beam profile but has a larger spatial exten-
sion. A generic spatial distribution of the phase shift (dependent
on R) resulting from calculations of the electric field is displayed in
Fig. 15d [116]. The phase shift first drops fast with increasing dis-
tance from the direct beam at q=0 and reaches a value of about
25% at 2R, i.e. double the size of the patch with restored clean-film

work function. This fast drop is followed by a slow decrease up
to rather high spatial frequencies. Modeling the phase shift as
a combination of a narrow Gaussian beam and a longer-ranging
Lorentzian tail yielded an accurate description of the observed
image contrast including the presence of halos at the edges of
WPOs [147].

The fact that ESD is induced by SEs rather than PEs leads to
R being significantly larger than the actual primary beam diame-
ter on the HFPP due to the possibility of SEs traveling in the plane
of the film (see Fig. 12). An estimation of the spatial extension
of the phase-shifting distribution on the HFPP indicates that R is
about 10–20 times larger than the actual beam diameter on the
HFPP [116,147].

Monitoring the SEα trace during the build up of the nega-
tive potential leads to a rapid drop of the signal before reaching
a plateau [116]. This trend can be attributed to the increasing
work function in the central patch, which can be considered as an
additional energy barrier for SEα. The number of escaping SEα
thus decreases until the work function is completely restored in the
vicinity of the direct beam.

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

icro/article/70/1/75/5982140 by U
niversidad de Zaragoza user on 20 M

ay 2021



M. Malac et al. Phase plates in the transmission electron microscope 101

Fig. 15. (a,b) Schematic illustration of the mechanism responsible for negative charging of hole-free phase plates. (a) The hole-free phase plate is irradiated
with the direct beam primary electrons (green), and generated secondary electrons (red) in the C thin film (purple) can initiate the desorption of adsorbed H2O
molecules from a surface layer (blue). (b) The adsorbed water layer is likely to form a dipole layer with the hydrogen (+) pole pointing to the vacuum which
effectively reduces the work function (ϕ) by δV. The potential distribution (range from − δV (purple) to 0 V (beige)) for a hole-free phase plate with a restored
wave function in area 2R is shown in the upper half. (c) Comparison of published phase shift evolution from [137] (blue), [116] (black), [133] (dashed red) and [4]
(solid red). (d) Generic phase shift profile of an electron passing through the potential depicted in (b). The phase shift is plotted in units of CE dVR over the
spatial frequency in units of Rλe f with CE being the interaction constant, dV the potential difference, R the patch radius, λe the electron wavelength and f the
focal length. (e–g) Schematic illustration of the mechanisms responsible for the two time constants that correspond to (f) the restoration of the work function in
the central patch at small doses q1 and (g) the enlargement of R caused by scattered electrons, which remove water also outside the direct beam patch observed
for a higher direct beam dose q2.

Applications of HFPP

The HFPP was first demonstrated on elk fibrils, 10 nm diameter
carboneous rods and ≈5 nm diameter CdTe nanoparticles [1] estab-
lishing suitability of HFPP for both biological and materials science
applications. In the following sections, we summarize some of the

ground-breaking demonstrations of HFPP applications. We discuss
the initial demonstration for a particular application even if the cur-
rent state of the art exceeds the performance demonstrated at that
time. We do somainly to include reports that contain, in our opinion,
a correct interpretation or a detailed explanation of the experiment.
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Following the first HFPP demonstration the aim (especially of
the biological sciences community) has been increasing spatial res-
olution by means of the HFPP in its various implementations, e.g.
Volta (V)PP.

It is well understood that a PP can reduce the irradiation dose
allowing detection of objects by virtue of improved transfer of low
spatial frequencies and consequently an improved signal to noise
ratio [8]. The improved signal to noise ratio does not imply an
improved electron-optical spatial resolution. However, the effective
resolution for beam-sensitive specimens is the dose-limited resolu-
tion (DLR), which depends on the contrast in the image, as well
as its collection efficiency and the electron dose [204]. By increasing
image contrast, the HFPP improves the DLR. Increasing the signal to
noise ratio at low spatial frequencies helps with accurate alignment
of multiple images, as required in single-particle cryo-EM. This sig-
nal to noise ratio requirement leads to a comparison with electron
tomography where sub-pixel alignment accuracy can be obtained
using large fiducial markers [205].17

It is possible that the greatest impact can be achieved in appli-
cations where the HFPP enables observation of phenomena that are
not observable by other means. It is also possible that new appli-
cations may arise in materials science and physics, when the ability
to obtain contrast in the first place, e.g. long range magnetic fields
together with sample microstructure, is more critical than improv-
ing spatial resolution. The ease of implementation and the ability to
observe changes taking place in the TEM specimen could also prove
to be more meaningful than a quest for incremental improvement of
spatial resolution.

Biological sciences applications
The original motivation and the initial drive for the entire field of PP
imaging in a TEMwas the desire to image radiation sensitive biologi-
cal samples [16,43,44,46,51,117,122,210–216]. The early successes
of thin-film type ZPP devices led to extensive efforts to correct for
its imaging artifacts and to develop new types of devices, e.g. the
Börsch PP (Table 3) [21,22,25,62,88,217–219]. We briefly review
the progress in the application of PP imaging in TEM to biological
samples focusing on HFPP applications.

Examples of thin film type ZPP results that motivated the
field of PP include imaging of GroEL protein molecules and T4
phage [44,212], imaging of liposomes [220], lipid nanotubes [221],
cryo imaging of DNA complexes [222] and the study of influenza A
virus particles using single particle analysis methods [223,224]. The
samples are usually held near LN2 temperature, although some of
the early ZPP results were obtained using negative stained samples,
e.g. horse spleen feritin [225]. A thin film type ZPP has been used
successfully to image organic biomolecules in their native environ-
ment [84,226,227]. Alternative, non-centro-symmetric differential
phase-contrast methods were also tested in the context of biological
sample imaging [52]. An achievement of great importance was the
demonstration that, despite the contrast ringing artifacts, a thin-film

17 To obtain resolution directly, methods that improve the trans-
fer of high spatial frequencies, such as direct electron detectors,
high order aberration correction [206,207], effective focal length
modulation [198] or high voltage modulation [208] could prove
more fruitful [209]. Indeed, current knowledge indicates that
such methods can be combined with HFPP.

type (quoted from [46]): ‘ZPP imaging is more effective as to parti-
cle identification and also sorting of orientations, conformations and
compositions. Moreover, our analysis on image alignment indicates
that ZPP can, in principle, reduce the number of particles required
to attain near atomic resolution by 10-100 fold for proteins between
100 kDa and 500 kDa’.

Despite aging and ringing issues, the thin film type ZPPs
were sufficiently stable to demonstrate PP electron tomography
of biological samples, including three-dimensional (3D) imaging
of entire cells [45,54,85,131,228–238] and bacteriophagae [239].
Hosogi et al. imaged a flagellal motor in three dimensions using a
ZPP [211,240]. However, a problematic issue in biological sam-
ple imaging is contrast ringing at the object boundaries in ZPP,
which interferes with the true rendering of electron tomography
results [89,241]. The challenges encountered in biological sciences
applications of pre-HFPP generation of PPs and their solutions are
extensively summarized in [242].

The results mentioned above indicated the huge potential of PP
imaging in biology, but the artifacts arising from contrast ringing
and issues of PP aging continued to frustrate efforts toward applica-
tions [43,95,117,243–245]. With the advent of HFPP, the contrast
ringing artifacts and the issues of ZPP aging were resolved or, more
precisely, put to good use (Fig. 5) [1,4]. Furthermore, artifacts spe-
cific to the HFPP, such as the lack of periodicity of contrast with
PP-phase shift are understood [38]. These developments qualitatively
improved (cryo-TEM) biological applications of PP imaging.

Figure 16 illustrates the impact of HFPP applied to biological
samples. The HFPP allows elimination of the staining of histo-
logical tissue samples by toxic heavy metal salts, Fig. 16a. The
increased contrast without the need for toxic staining may prove to
be important for histology laboratories and hospitals. The ebolavirus
images in Fig. 16b exhibit high contrast and do not exhibit the
sometimes misleading high-pass filtered appearance typical of defo-
cused bright field transmission electron microscopy. The resolution
of the three-dimensional reconstruction of the ebolavirus was about
0.6 nm. Sub 0.3 nm resolution obtained with cryo-TEM, HFPP and
a direct electron detector in Fig. 16c indicates that the HFPP does
not have a detrimental effect on high resolution information trans-
fer, and perhaps allows improved image alignment [134]. Single
particle analysis methods were utilized with HFPP [246,247] and
viral RNA structure has also been investigated [248]. HFPP elec-
tron tomography of entire cells utilizing an up to about 400 nm
thick cryo-TEM sample by Fukuda et al. [131] (Fig. 16d) illus-
trates the improved 3D rendering of HFPP as compared to ZPP
cryo tomography [229,239,249–251] and Hilbert PP tomography
of entire cells [252].18

Danev et al. demonstrated that a HFPP does not affect high spa-
tial frequencies and, as a matter of fact, fewer particles need to be
averaged when HFPP rather than bright is used [134,209,253,254].
At the same time, the CTF damping envelope of HFPP imag-
ing is reported to be similar to bright field transmission electron
microscopy [255,255] (see Section ‘A brief theory of phase plate
imaging’). Thus, while the HFPP does not improve the spatial reso-
lution as compared to bright field transmission electron microscopy

18 Fukuda et al. also provide a detailed account of the microscope
set up for low dose cryo-TEM imaging, including the adjust-
ment of condenser pivot points for low and high magnification
observation [131], also in [132]
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Fig. 16. (a) Images of unstained mouse kidney. The left panel shows a zero-loss filtered bright field transmission electro microscope while the right panel shows
a zero-loss filtered hole-free phase plate image of the same area. The intensity profiles taken along the lines indicated in the images show a ≈2× increase in
image contrast in the hole-free phase plate image compared to the bright field transmission electron microscope one. Data were collected in JEOL 2200 FS
at 200 kV with the hole-free phase plate located at the selected area aperture plane [3,12] at at incident electron dose of 60 e−/A2 for both images Sample
courtesy Dr. Naoki Hosogi, JEOL Ltd.). (b) An in-focus hole-free phase plate image of ebolavirus collected on an FEI Titan Krios equipped with a Gatan K2 direct
electron detector. The thin spiderweb-like threads are RNA broken nucleoprotein-RNA helix and the curly structures are uncoiled NP-RNA complex. About 0.6 nm
resolution has been obtained in the 3D reconstruction. The scale bar corresponds to 50 nm (right panel), and the color 3D visualization of the virus particle on the
left is about 28 nm in diameter (Image courtesy of Prof. Matthias Wolf, Okinawa Inst. for Science and Technology, Japan., see [285,286]). (c) Cryo hole-free phase
plate image of 20S proteasome at various values of phase shift relative to q=0. Sub 0.3 nm resolution was demonstrated combining hole-free phase plate with
single particle analysis methods and a small amount of defocus [134] (d) 4.2 nm thick slices extracted from a 3D tomographic reconstruction of a mitochondria
at several magnifications. Arrows indicate F1 ATP synthase. The results were obtained using a zero-loss filtered hole-free phase plate tilt series collected using
a K2 direct detection camera at 300 kV and a total dose 112 e−/A2. Scale bars: 500 nm in (a-left), 100 nm in (b-middle), 50 nm in (c-right) [131]

the use of HFPP does not appear to be detrimental to high resolu-
tion information transfer as compared to bright field transmission
electron microscopy, and the object alignment can be improved by
the transfer of low spatial frequencies. More recently, the focus in
high resolution cryo-TEM imaging and structure investigation has
shifted toward increasing the efficiency of high spatial frequencies
information transfer. One avenue for improving such transfer utilizes
an additional einzel lens as proposed by [198,256], based on the con-
cept reported in [208]. It is possible that adding a time-variable bias
to HFPP could have the same effect as, for example [198,256], while
not blocking the beam with hardware that is not electron transpar-
ent. Simultaneous transfer of low spatial frequencies and high spatial
frequencies should make it easier to align sub-images containing, for
example, individual protein particles.

The most recent results indicate that atomic resolution of a pro-
tein structure is achievable, by reducing the high order aberration of
the microscope imaging system and using either a cold field emission
source or a monochromated Schottky electron source, corrected to

high order aberrations of the imaging lens combined with a high
quality direct electron detector but without a PP [206,207,257].
While the results mentioned above indicate that a HFPP does not
have a detrimental effect on imaging at ≈0.2 nm resolution, the
effect of HFPP at sub 0.2 nm imaging has not been reported at the
time of writing.

Materials and physical sciences applications
The main advantages of HFPP compared to other approaches, see
Table 3, are the ease of operation and the ability to transfer low
(q<1 nm−1) spatial frequencies with minimal contrast ringing when
correctly implemented [118]. Objects benefiting from the above
advantages include long range magnetic and electric fields, layers
inside semiconductor devices and increased visibility of very thin
contamination layers. Practical samples include magnetic materials
and associated imaging of fringing magnetic fields in a vacuum out-
side a sample. HFPP allows imaging of magnetic samples in-focus
thus making it possible to observe both the magnetic field and the
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Fig. 17. Example applications of hole-free phase plate to imaging of magnetic materials. (a) hole-free phase plate image of a hard magnetic material obtained
using a 10 nm thick carbon hole-free phase plate held at room temperature [258] in a JEOL 2100M with the sample outside the magnetic field of the objective
lens [287]. (b) Images of magnetic skyrmion lattice imaged at 300 kV in a Hitachi HF-3300 at NRC-NANO with a home build hole-free phase plate placed at the
selected area aperture plane. The imaging optics enabled imaging of the sample with the objective lens off [36].

sample microstructure of the same image at comparable, often sub
1 nm resolution. The sub 1 nm resolution is sufficient to image grains
and defects of magnetic samples simultaneously with the magnetiza-
tion of the sample at the same spatial resolution [258]. Since the
HFPP images provide contrast without the need for off line pro-
cessing, HFPP has the potential to image dynamic phenomena in
magnetic samples.

Figure 17(a) shows an application of PP imaging to hard mag-
netic materials. It is also possibly the first time a magnetic sample
was imaged using a PP TEM. The upper panel shows an in-focus
HFPP image of a hard magnet (PrDyFeB) while the bottom panel
shows a 5 µm underfocus image of the same area for comparison.
The HFPP image shows not only the edge of the sample in-focus and
therefore with only limited contrast delocalization, but also the mag-
netic field in the vacuum near the sample edge [258]. The experiment
in [258] was compared to an image simulation achieving a qualitative
agreement of the observed contrast and the anticipated properties
of the sample. Fig. 17b is an example of a HFPP application to
study skyrmion lattice in FeGe [36]. This weak phase object allowed
quantitative linking of the measured HFPP contrast to magnetiza-
tion within the sample, thus proving for the first time that HFPP
can be a quantitative imaging tool (see Section ‘Toward a quanti-
tative interpretation’). More recently, the HFPP was used to study
Sc-substituted M-type hexaferrite samples showing the coexistence
of magnetic bubble and stripe domains [259].

In materials sciences, just as in biological sciences, many samples
are either radiation sensitive or provide very weak contrast, or both.
The weak contrast and radiation damage prevent the acquisition
of the tilt series needed for tomographic reconstruction, and for

alignment in the tilt series of images. The fact that HFPP offers suf-
ficient stability for tilt series acquisition was shown in [136,260].
Fig. 18a illustrates applications of HFPP to organic electronics
devices composed of carboneous organic molecules and carboneous
contact layers with very little contrast observable in bright field trans-
mission electron microscopy (left panel). In the HFPP image (right
panel) the bromo-phenyl layer can be clearly observed [34]. In this
case, the HFPP allowed not only visualization of the bromo-phenyl
active layer in 3D, but also to evaluation the interface roughness of
the bromo-phenyl layer buried in the device [261]. Fig. 18b shows
the application of HFPP tomography to a 22 nm node computer pro-
cessor chip [34]. The slice images from a 3D reconstructed volume
with HFPP make it possible to visualize all layers within the device
in 3D at a low irradiation dose, including the Si oxide layer between
Si and poly-Si. The fact that a strongly diffracting crystalline sample
can be imaged using a PP method may come as a surprise. However,
because 60 images in 3

◦
tilt increments comprise a tilt series means

that only a small fraction of the images are collected near strongly
diffracting conditions and their effect on the reconstructed volume
is not critical [34]. ZPP was also successfully used to image block
copolymers [262] as was HFPP [263].

Figure 19 shows imaging of contamination on graphene. The
HFPP imagemakes it possible to detect a thin contamination layer on
graphene that is difficult to achieve using energy filtering bright field
transmission electron microscopy and log-ratio thickness mapping
in EELS [121]. Combining the HFPP and log-ratio mapping using
energy-filtering images may improve the detection limit. These log-
ratio EELS thickness measurements obtained using energy filtered
HFPP images retain the possibility for quantitative and absolute
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Fig. 18. Rod-shaped samples for hole-free phase plate electron tomography in materials science. (a) Bright field transmission electron microscope images of
molecular electronics device with and without hole-free phase plate. (b) A 3D reconstructed volume of a 22 nm node computer processor chip from a tilt series
of images acquired with a hole-free phase plate in a JEOL 2200 FS. The slice images are from the 3D reconstructed volumes with and without hole-free phase
plate. [34] and [288]. The phase plate was heated to about 250

◦
C and was placed in an objective area aperture, unlike the earlier experiments in the same

microscope where the hole-free phase plate was placed in a selected area aperture [3]. A tilt series of the same area was also acquired without hole-free phase
plate.

thickness measurements. It is, however, necessary to subtract the
thickness of the HFPP film from the total measured thickness. This
can be easily done by taking a reference thickness map where the
HFPP is present in the beam while the sample is removed from the
beam path. We note that the t/λ for the HFPP film has to be evaluated
using the collection angle applicable to an object at the HFPP plane
(e.g. BFP). Typically, the collection angle at the HFPP plane is much
smaller than that of an object placed in the sample plane and can be
measured by observing the diffraction pattern from a film placed at
the HFPP plane.

Toward a quantitative interpretation

In this section, we look at the progress made toward quantitative
imaging using (hole-free) phase plates ((HF)PPs). In this context,
quantitative refers to obtaining the sample phase (and amplitude)
distribution. This can be done by single images, assuming the
presence of pure phase contrast, or by the acquisition of several com-
plementary images to reconstruct the object exit wave, comparable

to EH. The first approach is discussed in Section ‘Quantitative inter-
pretation of single phase plate images,’ while methods for object-
wave reconstruction based on PPs are briefly presented in Section
‘Object-wave reconstruction using phase plates’. Once obtained, the
sample-induced phase shift or the complete object exit wave, can
serve to determine sample properties such as magnetization, local
thickness or chemical composition.

Quantitative interpretation of single PP images
An imaging method that enables a quantitative link to the object
phase, that is easy to implement and provide a wide field of view,
could have an enormous impact on electron microscopy in both
materials science and biological sciences. However, the phase res-
olution and traceability of HFPP does not compare favorably with
interferometric methods, such as EH [264,265]. In EH, the phase
shift difference between sample and reference waves takes place in
real space making it possible to locate the interfering wavefronts and
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Fig. 19. Hole-free phase plate imaging of contamination on graphene [289] (a) indicates that adding hole-free phase plate while performing a log ratio electron
energy loss spectroscopy thickness measurement increases the apparent image contrast, but does not affect relative thickness measurements. The addition
of hole-free phase plate only adds the thickness of the hole-free phase plate film to the sample thickness measured by the electron energy loss spectroscopy
log-ratio method [121]. The electron energy loss spectroscopy collection angle for a hole-free phase plate at the back focal plane may be very small resulting in
a very long inelastic mean free path [121]. a) Shows a bright field transmission electron microscope image of a heavily contaminated graphene film; (b) shows
a hole-free phase plate image of the same sample area; (c) is a thickness map obtained by the electron energy loss spectroscopy log-ratio method using bright
field transmission electron microscope images; (d) is an electron energy loss spectroscopy log-ratio mass thickness map obtained using hole-free phase plate
images with the area marked by the red square shown in (e); (f) is an electron energy loss spectroscopy log-ration thickness map profile, indicated in (c) and
(d), obtained from bright field transmission electron microscope and hole-free phase plate images. The upper (orange) profile is from the hole-free phase plate
images and the lower (blue) profile is from the bright field transmission electron microscope images. The hole-free phase plate was kept in the beam for both
zero-loss filtered and unfiltered images for the hole-free phase plate electron energy loss spectroscopy log-ratio thickness map. Fig. 19a–f was obtained in a
JEOL 2200 FS at NRC-NANO with an Ω in-column energy filter operated at 200 kV and a commercial graphene sample held at room temperature without sample
cleaning prior to the experiment.

their relation to the sample. In HFPP, it is interference in the recipro-
cal (Fourier) space where the direct and diffracted beam can originate
from any location of the sample or nearby vacuum.

Under ideal conditions that is, no aberrations and an ideal
phase shift distribution, the image contrast is directly proportional
to the sample-induced phase shift of WPOs (Eq. (28)). However,
imaging conditions and the phase shift distribution of the PP can-
not be assumed to be ideal. Nevertheless, a first approximation is
that the contrast in an in-focus PP image is a pure phase contrast.
Based on this assumption, it is possible to extract semi-quantitative
phase information from the sample. For a full quantitative link,
image simulations considering the phase-shift distribution are
necessary.

An initial study on magnetic sample imaging [258] reported a
qualitative or perhaps semi-quantitative match of the image intensity
profiles with simulations. The simulations were rather simplistic and
did not include magnetization direction changes close to the edge of
the sample. Nevertheless, the experimental image intensity profile
corresponded well with the simulation results.

A major step toward a quantitative interpretation of HFPP
images was reported by Kotani et al. [36]. The authors assumed
a WPO, i.e. the sample phase shift is smaller than the phase shift
induced by the PP, and an ideal PP phase shift distribution resulting
in a linear relation between the image contrast and the sample-
induced phase shift (Eq. (28)). This relation was then used to extract
the sample phase shift distribution and to calculate themagnetization
map in a FeGe skyrmion sample.

In a more recent report, the authors demonstrate that it is possi-
ble to extract both the phase shift of the direct and diffracted beams
of a strong phase object as well as the phase shift induced on them
by the PP [37]. Using a specifically structured sample, the direct
and diffracted beams are well separated at the HFPP plane. Besides
obtaining a quantitative link between the image contrast and the
sample and PP phase shift, the work gives insights into the phase
shift evolution of the HFPP with irradiation dose, its stability and
the effect of the phase shift difference among diffracted beams.

When attempting a fully quantitative interpretation of HFPP
images, it is necessary to perform simulations considering the shape

D
ow

nloaded from
 https://academ

ic.oup.com
/jm

icro/article/70/1/75/5982140 by U
niversidad de Zaragoza user on 20 M

ay 2021



M. Malac et al. Phase plates in the transmission electron microscope 107

of the phase shift profile or at least to consider whether assuming
a step-like or δ function-like profile of the HFPP acting only at the
direct beam q=0 is adequate for a quantitative interpretation of a
particular sample. Strictly speaking, the δ function-like phase shift
profile applies only for well separated discrete direct and diffracted
beams, as reported in [37].

Object-wave reconstruction using PPs
The ultimate information obtainable from a sample by transmission
electron microscopy images is the spatial distribution of amplitude
and phase in the object wave. Several holographic formulations exist
to reconstruct the object exit wave, including off-axis and inline
EH [264–271]. We refer to the literature on details, drawbacks and
advantages on these techniques and will only briefly introduce the
reconstruction methods using PPs.

Nagayama proposed reconstruction of the object phase and
amplitude via a ‘complex observation’ scheme, involving the acquisi-
tion of three images: a bright field transmission electron microscopy
image, a PP image and a dark-field image obtained by blocking
the direct beam only [272]. This complex observation was applied
using the Zernike [273] and the Hilbert PP in a variant of the
scheme [52]. With the availability of PPs with tunable phase shifts,
reconstruction is possible using three phase-contrast images acquired
at different phase shifts [42,274] and was realized using the Zach
PP [28,275–280]. A reconstruction scheme considering non-linear
image formation based on Zernike or Hilbert PPs was developed
that allows for correction of damping in the thin film [56].

In practical applications, all of the PP reconstruction schemes rise
and fall with the PP performance, so both the drawbacks and advan-
tages of the PPs have to be considered (Table 3). The closer the phase
shift distribution is to the ideal case, the better will be the results
of the reconstruction. Although some effects may be corrected or
recuperated using additionally acquired images, the technique that
is closest to being perfect will yield the best results, be the easiest
to use and thus will have the biggest impact. In general, PPs that
allow a fast control of the applied phase shift (e.g. electrostatic PPs)
are advantageous for the reconstruction procedure as the acquisi-
tion of the necessary images can be performed much faster posing
fewer demands on microscope and PP stability. Although not ideally
suited, HFPPs might also serve to reconstruct the complete object
wave by the acquisition of several images during the build-up of the
phase shift.

Summary and outlook

Significant progress has been made in PP imaging in TEMs over the
past decade. This progress was largely enabled by the progress in
microfabrication of devices and thin films. Initially, thin film type
ZPPs suitable for practical applications were demonstrated by Prof.
Nagayama’s team. The progress on thin film type ZPPs motivated
the rapid development of Börsch and Zach PPs.

Arguably, the invention of HFPPs (sometimes referred to as
‘Volta PPs’) led to a widespread use of PP technology. The prolifera-
tion of the HFPP appears to be driven primarily by its convenient
implementation and operation and its provision of a qualitative
increase in image contrast. The development of applications of
PP imaging, including the HFPP, is in its early stages. Signifi-
cant effort has been dedicated toward improving the resolution
limit of single particle analysis in structural biology by improving
the DLR.

A HFPP can also improve the alignment accuracy by virtue of
increased contrast at low spatial frequencies.19

The most significant impact of PP imaging might result from the
imaging of signals impossible or difficult to image by other means.
For example, the opportunity arises to image magnetic and electric
fields in-focus while eliminating sample staining in histology, and
visualizing the internal morphology of samples with minuscule dif-
ference in MIP. Furthermore, contrast enhancement together with
adequate stability, reproducibility and repeatability could be uti-
lized for electron tomography of extremely low contrast materials,
e.g. organic electronics devices.

It is possible that (hole-free) PP imaging can eventually become a
quantitative method, in the sense that it could become routinely pos-
sible to quantitatively link the measured image contrast to the sample
properties, such as the sample’s electric and magnetic fields. The
feasibility of quantitative interpretation has already been demon-
strated in a few specific circumstances. However, it is unlikely that PP
imaging can approach the phase measurement accuracy and spatial
resolution of interferometric methods, such as EH.

On the conceptually straightforward side, it is hard to imagine
a method that is simpler and more convenient than the hole-free
(Volta) PP. The ability to observe the time evolution of a sample and
utilize the time evolution of the PP during its settling period could
offer new opportunities.

On the conceptually complicated and technically challenging side
is laser phase-plate imaging, led by Glaeser. The laser PP is appealing
as it does not include hardware that blocks the electron beam, nor
does it reduce counts due to inelastic scattering in the PP film. Pro-
viding that technical challenges can be resolved, the laser PP could
be an important development; these challenges include the stabil-
ity of a high power laser field in a resonance cavity and automated
alignment, e.g. its alignment with the laser field nodes, the shape
of the phase profile arising from the laser field, etc. The laser PP is
unlikely to be retrofitable to existing microscopes, requiring instead
a dedicated column design.

PPs requiring beam-obscuring hardware and bright-field TEM-
like transfer of low spatial frequencies, such as the Börsch PP, can
be rather complicated to align and operate. Their niche maybe in
applications where control and modulation of the PP phase shift is
needed e.g. to quantitatively measure the sample phase shift. In this
context, the Zach PP appears to suffer the least from beam block-
ing and alignment difficulties while providing convenient phase shift
control.20

Methods that are either complementary or a direct replacement
for PP imaging include EH, differential phase contrast in STEM,
Lorentz and Foucault imaging in TEM. Each of these could provide

19 Directions currently pursued to improve the resolution in (pro-
tein) structure determination by cryo electronmicroscopy include
improved spherical aberration correctors (B-CORR) [206], high
brightness cold field emission electron sources or a Schottky
electron source with a monochromator and fast, high quan-
tum efficiency detectors [207,257,281,282]. Focus modulation
can improve the image interpretability at high spatial frequen-
cies [198,208].

20 The detrimental effect of spurious device charging can perhaps
be reduced by holding the device at an elevated temperature. For
carbon film-based devices, the lowest temperature that allows
for operation without spurious charging is ≈350

◦
C. It is pos-

sible that heating above≈350
◦
C would also apply for Zach and

Börsch PPs, if they are covered by thin carbon film.
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advantages over PP imaging. For example, a PP is unlikely to be able
to measure an atomic scale phase shift as is done by EH and dif-
ferential phase contrast. But at the same time PP imaging can easily
image slowly varying long range electric and magnetic fields, includ-
ing fields in a vacuum outside the sample, a task difficult for other
methods. As mentioned above, PP imaging is unlikely to increase the
electron-optical resolution. But the effective, DLR is increased by a
(hole-free) PP. A (hole-free) PP can be advantageous when imaging
a small number or individual protein or virus particles at modest
(≈1 nm) resolutions. This arises from the fact that the transfer of
low spatial frequencies (below (≈1 nm)) reduces the irradiation dose
needed to detect an object, e.g. a virus or a protein particle.

As seen throughout this manuscript, the simple solution afforded
by the HFPP makes it amenable to wide acceptance by the
research community. More complicated schemes do have their niche,
although the potential reward in terms of access to new signals has
to be weighed against the experimental difficulties involved.

A possible direction that has not been explored is to operate the
HFPP at cryo temperature as the PP film does not contaminate at
low temperatures [137]. A HFPP operated at cryo temperature could
improve the stability of imaging and reduce the sample heat load
from a traditional, heated HFPP.

At present, it appears that the niche for PP imaging of biologi-
cal samples could be modest-resolution imaging of objects that are
located only infrequently in a sample, i.e. objects where single parti-
cle averaging analysis methods cannot be used due to low availability
of the particles, or because variations between individuals or small
groups of individuals need to be made.
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