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Abstract

Collecting and averaging large datasets is a common practice in transmission electron microscopy to improve
the signal-to-noise ratio. Averaging data in off-axis electron holography requires automated tools capable of
correcting both the drift of the interference fringes and the drift of the specimen. This can be achieved either
off-line, by post-processing hologram series, or on-line, through real-time microscope control. For on-line
correction, a previously suggested method involves independently adjusting the position of the intereference
fringes and the sample by controlling the beam tilt coils and the stage during hologram acquisition. In this
study, we have implemented this on-line correction method in a Thermo Fisher Scientific Titan transmission
electron microscope. The microscope is equipped with a piezo-enhanced CompuStage for positioning the
sample with high precision. However, the control of the piezo stage via direct scripting is not supported.
We first describe a workaround to enable automated sample position correction. We then demonstrate the
benefits of live, program-controlled acquisitions for serial experiments in medium resolution off-axis electron
holography. Application examples include the automatic acquisition of an object series such as a transistor
array and an in-situ temperature series of magnetic skyrmions.

Keywords: Electron holography, automation, drift correction, piezo stage.
PACS: 68.37.Lp, 61.05.jp
2008 MSC: ...

1. Introduction1

Off-axis electron holography is a transmission electron microscopy (TEM) technique that uses an electron2

biprism to overlap a wave passing through a sample with a reference wave traveling in vacuum [1, 2]. The3

hologram recorded on a camera is then processed using Fourier transforms to reconstruct the phase of4

the electron wave, which is not available in a conventional TEM image (basic equations are recalled in5

Supplementary Information 1). Electron holography can be used to explore different topics such as high6

resolution imaging [3, 4], electrostatic fields in doped semiconductors [5, 6], domains in magnetic materials7

[7, 8] or strain in epitaxial samples [9, 10]. In order to improve the signal-to-noise ratio in the phase images,8

it is common to increase the exposure time to as long as the stability of the microscope and the sample9

allows. The smallest measurable phase difference δϕ and the square root of the mean number of electrons10

per pixel
√

N follow an inverse relationship δϕ ∝ 1/(C
√

N) where C is the fringe contrast [11]. In practice,11

the maximum exposure time can vary significantly between a few seconds and a few minutes depending on12

the drift of the specimen and the holographic fringes [12, 13, 14].13
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One method to circumvent this limit is to acquire multiple holograms and to align them using post-14

processing reconstruction methods, which has been discussed in several articles [14, 15, 16, 17]. Another15

method developed by Gatel et al. [18] in a Hitachi microscope consists in using live correction mechanisms to16

continuously realign the microscope during the acquisition, which has the advantage of reducing the amount17

of data collected. In this method, the position of the fringes and the sample on a camera is controlled18

independently using the beam tilt coils and the stage. Here, we first describe how this method can be set up19

in a Thermo Fisher Scientific (TFS) Titan microscope equipped with a piezo-enhanced CompuStage. This20

stage combines mechanical and piezo motors for positioning the sample with high precision. However, script21

commands for controlling the piezo stage are missing. Therefore, we have first written a program that can22

automatically input coordinates in the user interface of the piezo stage. This program was combined with23

Digital Micrograph scripts to monitor and correct the position of the sample and the fringes on a Gatan24

camera. We then describe the advantages of this method for serial acquisitions in particular for object25

and temperature series in medium resolution holography. The first application example is the automatic26

acquisition of a transistor array, which involves a combination of mechanical and piezo stage movements.27

The second example is the correction of heating-induced drift during the acquisition of a temperature series28

of magnetic skyrmions using an in-situ heating holder.29

2. Methods30

2.1. Instrumentation31

Experiments were carried out using a TFS Titan TEM equipped with a Schottky field emission gun32

operated at 300 kV, a piezo-enhanced CompuStage, a CEOS image aberration corrector, a post-specimen33

electron biprism and a 4k×4k Gatan K2-IS direct electron detector [19]. The microscope was operated in34

Lorentz mode by setting the objective lens to zero and using the first transfer lens of the aberration corrector35

as the main imaging lens. The condenser stigmators were used to form an elliptical illumination to improve36

the coherence in the direction perpendicular to the biprism.37

Fig. 1(a) shows a picture of the piezo-enhanced compustage (additional images are shown in Supplemen-38

tary Information 2). It includes three piezo motors coupled to the three mechanical axes. The mechanical39

axes have a large range of approximately 1 mm in x and y directions. However, we found that the smallest40

step size is in the 5-10 nm range (see Supplementary Information 3), which is too large for applications in41

medium resolution. The range of the piezo components is approximately 1.5 µm in x/y with a step size as42

fine as 20 pm according to the description of TFS. In the TEM user interface, the “Stage Piezo” panel shown43

in Fig. 1(b) displays the x, y, z coordinates in percentage. It includes a flap-out panel with three different44

tabs labeled “Control” shown in Fig. 1(c), “Move” in Fig. 1(d) and “Jog” (not used in this study). The45

“Control” tab allows the activation/deactivation of the piezo stage and the measuring unit. The “Move” tab46

allows the input of coordinates in the “Setpoint[%]” column. The coordinates can also be changed via the47

multi-functions and the focus knobs on the control pads.48

2.2. Scripting49

We did not find script commands to control the piezo stage neither in Digital Micrograph (DM Gatan)50

scripting nor in TFS TEM Scripting. Therefore, to control the piezo stage in an automated way, we have51

written a Microsoft Windows program that can fill automatically the x, y, z “Setpoint[%]” coordinates in52

the user interface. The program was written using AutoHotkey, which is a free scripting language that can53

be used to emulate mouse clicks and keystrokes. When the program is active, it runs in the background and54
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Figure 1: Control sequence of the piezo stage. (a) Picture of the CompuStage. (b) Screen capture of the “Stage Piezo”
panel in the user interface that shows the actual x, y, z coordinates. (c) Screen capture of the sub-panel that allows the
activation/deactivation of the piezo stage and the measuring unit. (d) Screen capture of the sub-panel that allows the manual
input of the coordinates. (e) Schematic that shows the principle of the sample drift correction. A script in Digital Micrograph
captures holograms from the live view of the camera; an amplitude or phase image is reconstructed using Fourier transformations;
a cross-correlation is performed to measure any displacement of the specimen; new coordinates are written in a text file; the
AutoHotkey program fills automatically the new coordinates in the panel shown in (d).

checks continuously for the presence of a text file in a predefined folder. When a file is detected, the program55

places the cursor placed successively in the three cells of the “Setpoint[%]” column, emulates key strokes to56

enter the coordinates and clicks on the “Move” button to activate the piezo motors.57

Digital Micrograph was used to capture and process holograms using DM scripting. Functions of the58

Holoworks plugin [20] were used to perform Fast Fourier transforms (FFT), side-band detections, phase and59

amplitude reconstructions on-the-fly. The general workflow of the drift correction is the following. Holograms60

are captured from the live view of the camera. To determine the position of the holographic fringes in the61

image, a first FFT is calculated in a small region of the hologram to minimize computing time, preferably62

in a region that shows a high fringe contrast (in vacuum for instance). The pixel in the side-band that63

shows the largest modulus is located, the associated phase value is calculated and compared with the phase64

of the first hologram. The correction is then achieved using the beam tilt coils. A preliminary calibration65

step is carried out to determine the relationship between beam tilt and phase shift before the experiment66

(see Supplementary Information 4). To monitor the position of the sample, a second FFT is performed in67

a small region of the sample that shows distinct features. An amplitude or phase image is reconstructed68

and a cross-correlation is performed to measure the displacement. A text file containing new coordinates is69

then exported and the coordinates are transferred to the piezo stage via the AutoHotkey program as shown70

schematically in Fig. 1(e). A preliminary calibration step is carried out to determine the relation between71

the pixel grid of the camera and the coordinates of the piezo stage (see Supplementary Information 5). The72

aligned holograms are summed iteratively in real space. The noise in the summed hologram is monitored by73

reconstructing a phase image in a small uniform region and calculating its standard deviation after phase74
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Figure 2: Drift-corrected acquisition test. (a) Example of off-axis electron hologram of a cross grating replica sample. (b-d)
Magnified images of the hologram in the vacuum region indicated by a rectangle in (a) for different acquisition conditions of
0.2 s, 90 s without correction and 90 s with correction of the fringe position using the beam tilt and correction of the sample
position using the piezo stage. Corresponding phase images reconstructed using Fourier transforms with an aperture size of qc/3
are shown at the bottom. (e-g) Magnified images of the hologram in the cross grating region and corresponding phase images
for the same conditions.

unwrap and subtraction of linear phase wedges. The different scripting operations are performed sequentially75

in a single thread.76

2.3. Drift correction example77

Fig. 2(a) shows an example of drift corrected acquisition using a gold coated cross grating replica sample.78

The holographic fringe spacing is 2.7 nm and the pixel size of 0.41 nm. The sample is visible in the bottom-79

left part of the image and the top-right part shows a vacuum region. Fig. 2(b-d) shows magnified images of80

the vacuum region and corresponding phase images for different acquisition conditions of 0.2 s, 90 s without81

correction, and 90 s with correction of the fringe position and sample position. For 90 s exposures, a total82

of 450 frames with an individual exposure time of 0.2 s were summed iteratively during the experiment.83

However, there was an interval of approximately 2 s between two consecutive frames due to times required84

to process each hologram, set the beam tilt and the piezo corrections. The fringe contrast, defined as85

C = (Imax − Imin)/(Imax + Imin) where Imax and Imin are the maximum and minimum of intensity of the86

fringes, is respectively 29%, 4% and 28% for the three different acquisitions. The contrast obtained with 90 s87

exposure and without correction is then significantly lower than the contrast obtained with a short exposure88

due to the drift of the fringes. On the other hand, the contrast with correction is nearly the same as that89

obtained with a short exposure. Consequently, the noise in the phase image with correction is significantly90

reduced thanks to both the high contrast and a large number of counts. The standard deviation δϕvac is91

respectively 122 mrad for 0.2 s, 88 mrad for 90 s without correction and 15 mrad with correction. Similarly,92

the comparison of the holograms obtained on the sample (e-g) shows a better quality with correction and93

the phase image is smoother.94

For a more detailed interpretation, Fig. 3 shows different plots that represent in (a) the position of the95

fringes ϕ, (b) the standard deviation of the phase image in the vacuum δϕvac and (c) the position of the96

sample (x,y) as a function of exposure time. Without correction, the position of the fringes ϕ drifted by97
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Figure 3: Drift-corrected acquisition test (monitoring profiles). (a) Position of the fringes (in rad between +π and −π),
(b) standard deviation of the phase in the vacuum δϕvac and (c) lateral position of the sample (x,y) as a function of exposure
time, without (left) and with correction (right).

approximately 28 rad over the entire experiment. Consequently, the standard deviation δϕvac oscillates as98

a function of time. It increases when the drift is close to ±π and decreases when it comes back to zero (or99

2π). With correction, the position of the fringes remained stable over the entire exposure with a precision100

of ±0.1 rad (standard deviation of the plot). δϕvac decreases continuously as a function of exposure time101

following an inverse relationship and tends towards a limit of approximately 15 mrad. Depending on the102

position and the size of the area in which δϕvac is calculated, Fresnel fringes and non-linear distortions103

[21] can contribute to such time-independent limit because no reference hologram was used during live104

reconstructions. Nevertheless, this value is comparable to values reported previously with a similar method105

on a different microscope [22]. The position profiles (x,y) show a notched shape with notches of ±0.41 nm106

because the position of the sample was determined with pixel precision. The sample was quite stable even107

without correction, most likely because it was inserted in the microscope a long time before the experiment108

was carried out. Nevertheless, without correction, small deviations of the position of up to 4 nm in x and109

2 nm in y were measured. With correction, the position of the sample was maintained fixed with ±1 pixel110

(or ±0.41 nm) precision.111

In Supplementary Information 6, we were also able to record phase-shifted hologram series (including112

double-resolution holograms) and maintain the position of the sample during the different shifts to improve113

the spatial resolution of the reconstructed phase images [23, 24]. In Supplementary Information 7, we tested114

the same drift correction method in objective mode with 0.4 nm holographic fringes and 0.06 nm pixel size.115

We were able to correct the position of the fringes and the sample with precisions of ±0.3 rad and ±0.2 nm116

respectively.117
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3. Applications118

3.1. Object series119

Here, the live correction method is applied to the acquisition of an object series. The sample is an array120

of dummy MOSFET transistors as shown in Fig. 4(a). Each transistor consists of a 30 nm large Si channel121

with recessed Si0.77Ge0.23 source/drain grown by reduced pressure chemical vapor deposition (RP-CVD) [25]122

and a gate stack of SiO2/Si3N4 (see bottom image in Fig. 4(a)). The cross-section lamella was prepared123

using a Ga+ focused ion beam and scanning electron microscope (FIB-SEM) machine. The distance between124

two transistors is approximately 500 nm and the 5 µm long electron transparent region of the lamella shows125

25 transistors. The goal is to collect automatically and sum holograms of the 25 transistors to improve126

statistically the signal-to-noise ratio in the phase images. For this goal, we have written a script that uses the127

mechanical stage for the coarse movements i.e. to move from one transistor to another, and the piezo stage128

for fine movements i.e. to adjust the position of the sample within the field of view using the first hologram129

as a reference. The coarse movement is performed in a single step whereas the fine movement of the piezo130

stage is continuously monitored and adjusted during the experiment, as described in the previous section.131

The correction was based on cross-correlations of phase images instead of amplitude images because it gave132

more reliable results for this sample (see Supplementary Information 8). The following parameters were133

used, fringe spacing 2.7 nm, pixel size 0.41 nm, individual exposure time 0.4 s and 40 frames per transistor134

(total 20 s exposure). However, as it can take a few iterations for the piezo stage to converge after a large135

mechanical movement (see Supplementary Information 3), 10 additional frames per transistor with active136

correction were added to the script but the frames were not included in the summed hologram. During the137

entire experiment, the position of the fringes in the Si substrate was monitored and corrected continuously138

using the beam tilt. In total, the experiment lasted approximately 45 mins.139

Fig. 4(b) shows an example of electron hologram of a single transistor and Fig. 4(c) shows the average140

hologram of 25 transistors. The fringe contrast is the same in both cases (C = 36%), which indicates that the141

position of the fringes remained stable during the different acquisitions. Fig. 4(d,e) shows the corresponding142

phase images of the two holograms, where the phase shifts observed in the source/drain and the gate regions143

with respect to the substrate are essentially related to the different mean inner potential of the materials.144

The standard deviation of the phase measured in the substrate δϕSi (dashed rectangle) is 35 mrad for the145

hologram of a single transistor and 18 mrad for the average hologram. The decrease of the standard deviation146

as a function of the number of averaged transistors is reported on the plot in Fig. 4(f). The limit of 18 mrad147

indicated by a dashed line is reached by averaging over 15 transistors. This limit indicates the presence148

of time- and sample-independent phase variations, as measured also in the vacuum in Fig. 3(b). Besides149

the improvement of the signal-to-noise ratio, additional statistical information can be obtained about the150

transistors such as dispersion. Fig. 4(g) shows the standard deviation of the 25 phase images. It shows a151

relatively large value at the sides of the gate, which indicates that the width of the gate varies from one152

transistor to the other.153

To describe this experiment in more detail, Fig. 5 shows four plots that represent in (a) the position of the154

fringes ϕ, (b) the standard deviation of the phase measured in the substrate δϕSi, (c) the distance traveled155

by the mechanical stage and (d) the position (x,y) of the transistor in the image with respect to the position156

of the first transistor as a function of exposure time. It can be observed that the position of the fringes ϕ157

remained stable with a precision of ±0.3 rad and only one exceptional perturbation occurred at 180 s. This158

value of standard deviation is slightly higher than in the previous experiment, which is related to the fact that159

the position of the fringes was monitored in the Si substrate instead of the vacuum because of the presence160
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Figure 4: Automated acquisition of a transistor series. (a) Low-mag TEM image of a series of dummy MOSFET
transistors with recessed Si0.77Ge0.23 source/drain and a gate of SiO2/Si3N4. The image at the bottom shows a magnified view
of a single transistor. (b) Example of electron hologram recorded for 16 s on a single transistor. (c) Average electron hologram
of 25 different transistors. (d,e) Phase images reconstructed from the holograms (b,c) respectively. (f) Standard deviation of
the phase measured in the substrate δϕSi as a function of the number of averaged transistors. (g) Standard deviation of the 25
phase images.
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Figure 5: Automated acquisition of a transistor series (monitoring profiles). (a) Position of the fringes ϕ, (b) standard
deviation of the phase in the silicon substrate δϕSi, (c) distance traveled by the mechanical stage, (d) position of the transistor
(x,y) in the image with respect to the position of the first transistor, as a function of exposure time and transistor number.

of a thick Pt capping layer. The substrate can exhibit local thickness variations due to curtaining effects161

introduced by FIB preparation [26] in particular below the gate, which can cause small phase variations.162

For each individual acquisition, the standard deviation δϕSi decreases following an inverse relationship from163

100 mrad down to 30-50 mrad after 16 s of exposure. This last value depends on the transistor mainly164

because of the local thickness variations in the substrate already mentioned. By summing holograms of165

different transistors, the effects of curtaining can be statistically minimized and the standard deviation can166

be further reduced, as shown in Fig. 4(f). The total distance traveled by the mechanical stage over the whole167

experiment is approximately 12 µm with regular steps of 500 nm. The position of the transistor in the image168

shows a large offset of up to ±20 nm in x and y after each mechanical movement. Most of the times, this169

offset is reduced below 1 nm after approximately five piezo correction steps (≈ 2 s exposure time). On close170

inspection, it can be seen that there is sometimes a slight overcorrection in the first steps after the mechanical171

move. This might be related to a drift of the sample induced by the mechanical move or an offset in the172

calibration.173

3.2. Temperature series174

The piezo stage correction can also be useful for in-situ experiments that involve recording holograms as a175

function of an external stimulus. In this example, the sample is a ferromagnetic alloy of Co8Zn10Mn2 (CZM)176
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grown using a flux method [27] that hosts skyrmions at room temperature. The presence of skyrmions is177

related to the non-centrosymmetric crystal structure and the associated Dzyaloshinskii–Moriya interaction178

[28]. A Gatan double tilt heating holder model 652 and a temperature controller model 1905 connected to179

the PC of the camera were used to vary the temperature. As the range of the piezo stage is quite short, the180

amplitude and the direction of the drift when changing the temperature were pre-tested. To optimize the181

range, the piezo stage was set to 75% in the opposite direction of the drift before the experiment. In order to182

generate a magnetic skyrmion lattice, the sample was oriented close to a [001] zone-axis and a field cooling183

procedure was carried out by warming the sample up to the 80◦C and cooling it down to room temperature184

in the presence of a perpendicular magnetic field of 80 mT using the objective lens of the microscope.185

The following parameters were used to acquire the temperature series, fringe spacing 2.7 nm, pixel size186

0.41 nm, individual exposure time 0.4 s, temperature range of 20◦C to 75◦C with 5◦C steps, 80 frames after187

each temperature change for drift correction only and 50 frames for both drift correction and acquisition of188

the hologram (20 s exposure). The experiment took approximately 55 mins to complete. Fig. 6(a) shows an189

example of electron hologram obtained at 20◦C on a lamella of the CZM sample. The Pt capping deposited190

by FIB was included in the field-of-view of the hologram (in the bottom part of the image) because it191

contains grainy features that were used to set up the cross-correlation for the drift correction. Fig. 6(b) is192

the corresponding phase image, which shows a skyrmion lattice in the top part of the image. The area of the193

sample just below the Pt capping shows damages induced by mechanical polishing of the surface. Fig. 6(c)194

shows magnified phase images of the region indicated by a dashed square in (b) that contains a group of195

skyrmions and for different temperatures between 20◦C and 70◦C. It can be observed that the position of196

the skyrmions in the image remains the same at different temperatures, indicating that the sample drift197

correction worked. It should be mentioned that no post-acquisition alignment of the images was done and198

that only linear phase wedges across the images have been removed. Assuming that the composition of199

the sample is uniform and that the thickness does not change significantly in this small area (≈ 400 nm200

large), we can consider that phase changes are related essentially to the magnetic induction field. The phase201

contrast of the skyrmions decreases continuously when increasing the temperature, which is also visible in202

the phase profiles in Fig. 6(d) extracted across three skyrmions, due to the weakening of the magnetic field.203

The skyrmion phase contrast vanishes completely at 70◦C, which can indicate that the Curie temperature is204

reached. It can be noted that there are horizontal streaks in the phase images and they are more visible at205

70◦C because the contrast is uniform. These are artifacts coming from the camera, possibly indicating that206

a new gain reference should have been taken. Fig. 6(e) shows color-coded maps indicating the direction of207

the magnetic induction field that were calculated from the phase gradient. The magnetic field rotates around208

the core of the skyrmions indicating a Bloch-type texture.209

Fig. 7 shows four plots that describe the experiment with in (a) the temperature, (b) the position of the210

fringes ϕ, (c) the standard deviation of the phase in the vacuum δϕvac and (d) the position of the sample211

(x,y) as a function of exposure time. As mentioned before, the temperature was increased with steps of 5◦C212

from 20◦C to 75◦C and it takes approximately 20 frames (8 s exposure time) for the temperature to stabilize.213

The position of the fringes ϕ was maintained constant for each temperature step with a precision of ±0.2 rad214

thanks to the beam tilt correction. However, jumps of more than 2π were observed when changing the215

temperature (see peaks in the profile) and they could not be corrected. One minor consequence is that the216

position of the Fresnel fringes at the edge of the hologram was not exactly the same at different temperatures.217

The standard deviation of the phase measured in the vacuum δϕvac decreased continuously for each exposure,218

which confirms that the fringe correction worked well. However, an increase of the standard deviation was219
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Figure 6: Automated acquisition of a temperature series of magnetic skyrmions. (a) Example of electron hologram
recorded for 20 s on a sample of Co8Zn10Mn2 at 20°C in the presence of an external magnetic field of 80 mT. (b) Reconstructed
phase image. (c) Magnified phase images of a group of skyrmions in the region indicated by a dashed square in (b) as a function
of the temperature and after removal of linear phase wedges. (d) Phase profiles extracted from the images in (c) along the white
line. (e) Color-coded magnetic induction maps with a contour spacing of 2π/9.
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Figure 7: Automated acquisition of a temperature series of magnetic skyrmions (monitoring profiles). (a) Tem-
perature, (b) position of the fringes ϕ, (c) standard deviation of the phase in the vacuum δϕvac and (d) position of the sample
(x,y) as a function of exposure time.

observed at 30◦C and above compared to room temperature. This phenomenon is related to a decrease of the220

holographic fringe contrast, which dropped suddenly from C = 32% to 13% at this temperature. We think221

that it is a charging phenomenon related to the sample holder because the same observation was made with222

different samples. After each temperature change, the position of the sample (x,y) shows large disturbances223

and subsequently a drift appears in the -x direction (up to -10 nm). For this reason, the acquisition of the224

holograms was delayed after the temperature change so that the position of the sample becomes more stable.225

The piezo stage brings it back progressively in the +x direction as the drift reduces over time. After the226

delay of 80 frames (32 s exposure time), the displacement is usually reduced to 1-2 nm. Finally, during the227

last heating step of 75◦C, at approximately 600 s exposure time, the position of the sample could not be228

maintained and it drifted away because the range of the piezo stage was exceeded.229

4. Discussion230

We have implemented a live correction method for off-axis electron holography in a TFS microscope based231

on the scripted control of a piezo-enhanced compustage and the beam tilt coils. In general, the advantage232

of the live correction approach over the acquisition of hologram series is the minimization of the data and233

the post-processing steps. One disadvantage is that it requires a number of operations, including software234

(Fourier transforms of images) and hardware operations (beam tilt and piezo movement), which can take235

some time to complete and need to be organized in a well-timed order so that it can converge smoothly.236
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Here, a couple of frames were skipped during processing times, which could be a problem for beam sensitive237

samples where the electron dose matters. This can be optimized by choosing carefully the individual exposure238

time and the number of operations depending on the severity of the drift. In addition, the operations were239

run sequentially in a single thread and using parallel threads could optimize further the scripts. We were240

able to correct the drift of the sample and the fringes with precisions as good as ±0.2 nm and ±0.1 rad.241

The precision of ±0.2 nm is similar to the value reported in [18] using a Hitachi microscope equipped with242

a mechanical stage only. In our case, however, the smallest step obtained with the mechanical stage was in243

the 5-10 nm range, which was the main reason to focus on the control of the piezo stage.244

This method was then applied to the acquisition of holograms of multiple objects thanks to a combination245

of mechanical and piezo movements. This can help to perform statistical analysis and improve further the246

signal-to-noise ratio. Different types of scanning and acquisition scenarios can be scripted depending on the247

geometry of the samples. It was shown that this approach is particularly relevant for transistors and hence248

should be of interest for the semiconductor industry where holography is used routinely to map dopants or249

strain [29]. The limit of this approach is simply the number of observable transistors, which is determined250

by the width of the electron transparent lamella. It was also shown that this method can be used to correct251

drifts induced by variations of temperature during in-situ heating experiments. This avoids repeated human252

interactions when acquiring temperature series. It allowed us to observe skyrmions in Co8Zn10Mn2 from253

room temperature up to the Curie temperature of 70◦C. However, the small range of the piezo stage becomes254

a problem for large variations of temperatures (? 100◦C), in particular for bulk heating holders that can255

suffer from severe drifts. A smart combination of mechanical and piezo stage movements can be a solution256

to this limited range. On the other hand, for chip based heating holders, the drift is usually small and the257

piezo stage alone should be sufficient even for large temperature ranges.258

5. Conclusion259

We have implemented an online correction method for off-axis electron holography in a TFS Titan TEM.260

The scripted control of the piezo-enhanced compustage and the beam tilt coils allowed us to independently261

correct the drift of the sample and the fringes. It was shown that this method can be used to automatically262

collect holograms of multiple objects thanks to a combination of mechanical and piezo stage movements,263

which facilitates the statistical analysis of the phase images. It was also shown that temperature series can264

be recorded while correcting automatically for the heating induced drift of the sample.265
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Supplementary Information 1: Basics of off-axis electron hologra-10

phy11

In off-axis electron holography, a voltage is applied to an electron biprism, which is inserted below the sample,12

generally in the selected area aperture position in order to overlap two electron waves. An interference pattern13

(the hologram) is recorded on a detector. We consider a reference wave ψ1 = A1 exp(iϕ1) traveling in a14

uniform region (vacuum for instance) and an object wave ψ2 = A2(r⃗) exp(iϕ2(r⃗)) passing through a sample,15

where A1, A2(r⃗) and ϕ1, ϕ2(r⃗) are their respective amplitudes and phases. The intensity distribution of an16

off-axis electron hologram can be expressed17

Iholo(r⃗) = A2
1 +A2

2(r⃗) + Iinel(r⃗) + 2µA1A2(r⃗) cos(∆ϕ(r⃗) + 2πq⃗c.r⃗) , (1)

where Iinel(r⃗) is the inelastic background, µ is the fringe contrast, ∆ϕ(r⃗) = ϕ1 −ϕ2(r⃗) is the phase change of18

the object wave with respect to the reference wave and q⃗c is the carrier frequency [1]. The Fourier transform19

of the hologram can be described as20

FT{Iholo(r⃗)} = FT{A2
1 +A2

2(r⃗) + Iinel(r⃗)} centerband

+µFT{A1A2(r⃗) exp(i∆ϕ(r⃗))} ⊗ δ(q⃗ + q⃗c) sideband 1
+µFT{A1A2(r⃗) exp(i∆ϕ(r⃗))} ⊗ δ(q⃗ − q⃗c) sideband 2 .

(2)

Different images can then be reconstructed by using apertures and inverse Fourier transforms such as21

Irec(r⃗) = A2
1 +A2

2(r⃗) + Iinel(r⃗) ,

Crec(r⃗) = µA1A2(r⃗) exp(i∆ϕ(r⃗)) ,

Arec(r⃗) = µA1A2(r⃗) =
√
Re2 + Im2 ,

ϕrec(r⃗) = ∆ϕ(r⃗) = arctan(Im/Re) ,

(3)

where Irec(r⃗) is the intensity image reconstructed by applying an aperture to the center-band. Crec(r⃗) is22

the reconstructed complex image obtained after applying an aperture to one of the side-bands, shifting it to23

center of Fourier space and performing an inverse Fourier transform. Arec(r⃗) and ϕrec(r⃗) are the corresponding24

amplitude and phase obtained from the complex image. Usually, the radius of the aperture applied to the25

side-band is qc/3 to avoid including information from the center-band.26

If the effects of dynamical diffraction in the specimen can be neglected and if there are no fringing field27

outside the specimen, the phase change ∆ϕ is related to electromagnetic fields according to the expression28

(in one dimension) [2]29

∆ϕ(x) = CE

�
V0(x, z)dz − e

ℏ

�
B⊥(x, z)dxdz , (4)

where z is the direction of the incident electron beam, x is a direction perpendicular to z, CE is an interaction30

constant that depends on the electron energy, V0 is the mean inner potential (MIP) of the specimen, B⊥ is31

the component of the magnetic induction field that is perpendicular to both x and z, e is the electron charge32

and ℏ is the reduced Planck constant. If V0 and B⊥ are constant in the specimen along z, then the previous33

expression can be simplified to34

∆ϕ(x) = CEV0(x)t(x) − e

ℏ

�
B⊥(x)t(x)dx , (5)

2



where t is the specimen thickness. In the case of a non-magnetic sample with uniform thickness, the phase35

change is proportional to the MIP according to the expression36

∆ϕ(x) = CEV0(x)t . (6)

In the case of a magnetic sample with uniform thickness and composition, the derivative of the phase is37

proportional to the magnetic induction according to the expression38

d(∆ϕ(x))
dx

= − e

ℏ
B⊥(x) . (7)
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Supplementary Information 2: Short description of the stage39

Little information could be found about the design of the piezo-enhanced CompuStage. Nonetheless, Fig. S1(a)40

shows a picture of the stage taken after removal of the cover with the permission of Thermo Fischer Scientific41

(TFS). Users familiar with TFS microscopes can recognize the beta tilt plug, the red LED on the bottom42

left that indicates if the holder can be retracted/inserted and the holder entry at the center. The mechanical43

axes x, y and z are located at the top, left and bottom respectively. After discussion with TFS engineers, we44

understood that the stage is physically identical to other Titan stages but the piezo control option is obtained45

using additional cabling during the installation. Three cables controlling the x, y and z piezo components46

are attached on the right side of the stage. They are visible in Fig. S1(b) when the stage is tilted at a large47

α angle and they are connected to the mechanical shafts of the three axes. In addition, the piezo stage has48

its own electronic controller shown in Fig. S1(c) that is installed in a rack next to the microscope PC.49

It should be mentioned that the use of a piezo stage in off-axis electron holography has been introduced50

in previous articles [3, 4], where it was used to scan the sample with respect to the fringes and hence improve51

the spatial resolution of the reconstructed phase images. However, the piezo components were integrated in a52

single tilt sample holder [5]. Here, the stage is part of the microscope, which allows different sample holders53

to be used and hence different experiments to be conducted.54

4



a b
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cables

Piezo cables
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c
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Figure S1: Pictures of the piezo-enhanced compustage and its controller. (a) Front-view picture
of the compustage oriented at α = 0◦. (b) Side-view picture with the stage tilted at a large angle to show
cables that control the x, y and z piezo components. (c) Electronic controller of the piezo stage.
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Supplementary Information 3: Drift correction test using the me-55

chanical and piezo stages56

In order to compare the drift correction capabilities of the mechanical and piezo stages, tests have been57

performed using the two stages separately. Fig. S2(a) shows an image of a cross-grating replica sample with58

a field-of-view of approximately 600 nm and a pixel size of 0.16 nm. After a calibration step, a continuous59

correction of the position was set up using the mechanical stage only. Fig. S2(b) shows the distance with60

respect to the initial sample position and with pixel precision as a function of exposure time. Three displace-61

ments of approximately 50, 180 and 130 nm were introduced by moving the stage manually, as indicated by62

arrows in the plot. It can be observed that the mechanical stage is able to reduce the displacement below63

10 nm (see magnified plot at the bottom). However, in the 10 nm range, the position of the sample does64

not change significantly. Displacements of up to 6 nm, as indicated by a dotted line, remain uncorrected,65

which suggests that the stage does not respond when such small movements are requested. Fig. S2(c) shows66

a similar plot obtained using the piezo stage. Again, three perturbations of approximately 50, 40 and 60 nm67

were introduced by moving the mechanical stage manually. Here, it can be observed that the piezo stage68

reacts in the sub-10 nm range and is able to reduce small displacements to zero after a few correction steps.69

The step-wise behavior is related to the fact that the correction factor was set to approximately 80% of the70

calibrated value. We found that this helps to converge more smoothly because the response of the stage is71

not always linear.72

100nm

a
b

Perturbations
Perturbations

c

Figure S2: Drift correction using the mechanical stage. (a) TEM image of a cross-grating replica
sample. (b) Plots that represent the displacement of the sample with respect to its initial position. Three
perturbations were introduced as indicated by arrows. The correction is achieved using the mechanical stage.
The bottom plot shows a magnified view of the bottom part of the profile. (c) Similar plot but using the
piezo stage for correction.
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Supplementary Information 4: Calibration of the beam tilt73

In order to calibrate the phase shift as a function of beam tilt, we have written a script that collects series of74

holograms while incrementing the beam tilt with a predefined step. Fig. S3(a) is a schematic diagram that75

illustrates the influence of the beam tilt on the position of the fringes. Fig. S3(b) is an example of electron76

hologram obtained in the vacuum and Fig. S3(c) is the Fourier transform calculated in a small region of77

the hologram, indicated by a dashed square, to minimize computation time. The coordinates of the pixel78

that has the largest modulus in the side-band are then determined and the corresponding complex value79

(composed of real Re and imaginary Im parts) is retrieved. For each beam tilt increment, the hologram and80

the Fourier transform are updated and the phase ϕ = arctan(Im/Re) associated to this pixel is plotted as81

a function of the input value sent to the beam tilt θ coils (arbitrary units), as shown in Fig. S3(d). The82

slope of the plot ∆ϕ/∆θ is then calculated to obtain the conversion factor between the phase and the beam83

tilt. The calibration is performed twice in opposite tilt directions (positive and negative) and the average84

slope is calculated. This can minimize errors in the case there is a drift of the biprism. In addition, since85

there are two orthogonal pairs of beam tilt coils (x and y), their respective influence on the phase depends86

on the orientation of the biprism in the xy plane. In this study, we have first tested the influence of the two87

pairs of coils for a given orientation of the biprism and used the pair of coils that has the largest influence to88

minimize the tilt.89

b c

d

ϕ=atan(Im/Re)

FFT

Interference 
fringes

Lorentz 
lens

Electron 
biprism

Counter-
electrode

Beam tilt 
coils

a θ

Vacuum

500nm 0.5nm-1

10nm

Figure S3: Calibration of the beam tilt coils. (a) Schematic diagram that illustrates the relation between
the beam tilt θ and the position of the interference fringes in the hologram. (b) Example of electron hologram
collected in the vacuum with an exposure time of 0.1 s. The inset in the top-right is a magnified image that
shows interference fringes. (c) Fourier transform of the region indicated by a dashed square in (a) and
displayed as the modulus of the complex terms. (d) Plots that show the phase (defined in radians and in a
2π range) associated to the pixel of the side-band that has the largest modulus, as a function of the input
beam tilt θ (arbitrary unit) for positive and negative tilt directions and with a step of 0.05 a.u..
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Supplementary Information 5: Calibration of the piezo stage90

In order to calibrate the piezo stage, we have written a script that moves gradually the sample in a given di-91

rection and with a predefined increment. The position (x,y) of the sample in the hologram is then determined92

using cross-correlations of amplitude or phase images which are reconstructed automatically after the acqui-93

sition using Fourier transforms [6]. Fig. S4(a) is an example of hologram obtained on a cross-grating replica94

sample. To save computing time and to avoid possible perturbations from the edges of the holograms, only a95

small region of the hologram that contains distinct features is selected for the reconstruction. For instance,96

Fig. S4(b) is the amplitude image corresponding to the region indicated by a dashed square. Fig. S4(c) is a97

plot that shows the displacement of the sample in x and y directions in the image as a function of the input98

xpiezo value sent to the piezo stage (arbitrary units). For simplicity, it was assumed that the x and y axes are99

orthogonal and that the response is linear and identical for the two axis. A calibration factor c is determined100

from the slope of the modulus according to c = ∆
(√

x2 + y2
)
/∆xpiezo. The rotation angle α between the101

two coordinate systems is determined according to α = arctan(y/x). Here the rotation angle is relatively102

small, approximately 0.2 rad, as shown in Fig. S4(d). The relationship between the coordinates of the piezo103

stage and the coordinates in the image is then obtained via a rotation matrix according to104

xpiezo = (x cos(α) + y sin(α))/c
ypiezo = (−x sin(α) + y cos(α))/c .

(8)

☻

a b

c

500nm 200nm

d

Vacuum

Cross-grating

x

y

Figure S4: Calibration of the piezostage. (a) Example of electron hologram acquired on a cross-grating
replica sample. (b) Amplitude image of the region indicated by a dashed square and reconstructed on-the-fly
using Fourier transforms. (c) Plot that shows the displacement of the sample in (x,y) coordinates in the
image as a function of the input xpiezo value of the piezo stage. The modulus

√
(x2 + y2) is also plotted. (d)

Plot that shows the angle α = arctan(y/x).
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Supplementary Information 6: Acquisition of phase-shifted and105

double-resolution holograms106

Series of phase-shifted holograms can be used to calculate phase images without Fourier transform and hence107

without aperture limiting the spatial resolution [7, 8]. After the calibration steps described in the previous108

section, the beam tilt coils were used to acquire phase-shifted holograms with a predefined phase shift and109

the piezo stage was used to maintain the sample at a fixed position during the acquisition. Fig. S5(a)110

shows an example of hologram of a cross-grating sample with a fringe spacing of 2.7 nm, a pixel size of111

0.41 nm and an exposure time of 20 s. A phase-shifted series of four holograms was acquired with a shift112

of π/2 and Fig. S5(b) shows magnified images of the fringes in the vacuum region. For each phase shift,113

100 holograms were collected with an individual exposure time of 0.2 s and summed directly during the114

acquisition. Fig. S5(c) shows three plots that represent the position of the fringes ϕ, the standard deviation115

of the phase δϕvac measured in the vacuum region (a corresponding phase image is shown in Fig. S5(d)) and116

the position of the sample (x,y) as a function of the exposure time. As expected, the phase profile shows117

four steps shifted by π/2 with a precision of ±0.1 rad. The profile of the standard deviation δϕvac shows118

that the noise decreases continuously with the exposure time and follows the same trend for the four shifts.119

The (x,y) position profile shows that the position of the sample remains stable with a precision of ±0.41 nm120

(pixel size), independently of the phase shift.121

For a series of N holograms shifted by 2π/N , the phase can be determined by the formula122

ϕ(x, y) = arctan
( ∑

In sin(2πn/N)∑
In cos(2πn/N)

)
− 2πqcx , (9)

where In is the intensity distribution of the holograms, n = 0, 1, ..., N − 1, qc is the carrier frequency and x is123

the direction perpendicular to the biprism and to the optical axis [7]. Two phase images were then calculated124

using Fourier reconstruction of a single hologram and using direct calculation from the phase-shifted series.125

Fig. S5(e) shows a phase image of the cross-grating region indicated by a green dashed rectangle in (a),126

obtained using Fourier reconstruction with an aperture size of qc/3. Fig. S5(f) shows a phase image of127

the same region image obtained using Eq. 9. As expected, finer details can be observed in the last image128

compared to the previous one, which suggests a finer spatial resolution.129

9



50nm

b 0 π/2 π 3π/2

10nm

500nm

a

c

d

Phase ϕ (rad)
20nm

fe

Vacuum

Cross-grating

Cross-grating

+0.1

-0.1

0

d

Phase ϕ (rad)

Vacuum

π/2
π

3π/2

+2

-2

x

y

Figure S5: Acquisition of a drift-corrected phase-shifted series. (a) Example of electron hologram
acquired on a cross-grating replica sample. (b) Magnified images of the interference fringes in four π/2-
phase-shifted holograms. (c) Plots that show the position of the fringes ϕ, the standard deviation of the
phase δϕvac in the vacuum region and the position of the sample (x,y) as a function of exposure time. (d)
Example of phase image calculated in the vacuum region indicated by a blue dashed square in (a) where
δϕvac was calculated. (e) Phase images of the cross-grating region indicated by a green dashed rectangle in
(a) reconstructed from a single hologram using an aperture size of qc/3. (f) Phase image of the same region
reconstructed from the four phase-shifted holograms using direct calculation.

A special case of phase-shifted holography is called double-resolution where two π-shifted holograms are130

acquired and substracted [9]. This suppresses the center-band and hence allows the use of larger apertures131

in Fourier space as large as qc instead of qc/3 or qc/2 for a standard hologram. However, the shift needs132

to be precisely π, otherwise the contrast of the fringes can be reduced. Fig. S6(a) shows a hologram of a133

cross-grating with a fringe spacing of 2.7 nm, a pixel size of 0.41 nm and an exposure time of 0.4 s. A134

magnified view of the fringes is shown on the right side. Fig. S6(b) is a double-resolution hologram obtained135

with 225 frames of 0.4 s (total exposure 90 s), which shows no background intensity but only variations of136

intensity caused by the fringes. This is related to the suppression of the center-band in the Fourier transform137

as shown in Fig. S6(c,d). Fig. S6(e) shows again three plots that represent the position of the fringes ϕ, the138

standard deviation of the phase δϕvac measured in the vacuum region and the position of the sample (x,y)139

as a function of the exposure time. As shown by the phase profile ϕ, the fringes were shifted alternatively by140
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+π/2 and −π/2 between each individual frame of 0.4 s. The double-resolution hologram was then calculated141

and displayed live during the acquisition. The standard deviation δϕvac decreases continuously and reaches142

a similar value as previous (≈ 10 mrad), which indicates there is no loss of contrast associated to the phase143

shift. Again, the position of the sample (x,y) remained stable over the entire exposure thanks to the drift144

correction provided by the piezo stage.145
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Figure S6: Acquisition of a double-resolution hologram. (a) Standard electron hologram acquired on
a cross-grating replica sample with an exposure time of 0.4 s. A magnified view of the fringes in the dashed
box is shown on the right side. (b) Double-resolution electron hologram of the same area obtained with 225
frames of 0.4 s (total exposure 90 s). (c,d) Fourier transforms of the hologram in (a,b). (e) Plots that show
the position of the fringes ϕ, the standard deviation of the phase δϕvac in the vacuum region and the position
of the sample (x,y) as a function of exposure time.
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Supplementary Information 7: Acquisition of holograms in objec-146

tive mode147

The experiments shown in the main article and in other sections of the supplement were carried out in148

Lorentz mode with the excitation of the objective lens of the microscope set to zero. In order to test the149

drift correction with finer fringes and hence finer spatial resolution, holograms were also acquired using the150

standard TEM mode where the objective lens is excited. Fig. S7(a) shows an example of hologram obtained151

on a cross-grating replica sample with a fringe spacing of 0.4 nm, a pixel size of 0.06 nm and a total exposure152

time of 60 s, without drift correction. 300 frames with an individual exposure time of 0.2 s were collected and153

summed during the acquisition. The sample is in the bottom-right part of the image and the top-left part154

shows a vacuum region. Magnified images of the vacuum and sample regions (according to the rectangles in155

(a)) are shown on the right side. Images with the same settings but with correction of the fringes and sample156

position are shown in Fig. S7(c). Without correction, the holographic fringes are not visible in the vacuum157

and only Fresnel fringes can be observed because the holographic fringe contrast is very weak C = 0.3%.158

With correction, the holographic fringes can be clearly observed with a contrast of C = 13%. In both cases159

crystal lattice fringes can be seen in the magnified image of the sample but the low mag image without160

correction appears more blurry than the one with correction due to a drift of the sample. Fig. S7(b,d) shows161

unwrapped phase images of the entire holograms in (a,c). Because of the very low fringe contrast in (a),162

the uncorrected phase (b) shows a large number of unwrapping errors and a strong background noise with a163

standard deviation of δϕvac = 928 mrad in the vacuum region. On the other hand, the corrected phase (d)164

is much smoother with δϕvac = 40 mrad.165

For more details, Fig. S7(e) show different plots that represent the position of the fringes ϕ, the standard166

deviation of the phase δϕvac in the vacuum and the position of the sample (x,y) as a function of exposure167

time. Without correction, the position of the fringes ϕ drifted several times over π, which causes the contrast168

and hence the standard deviation δϕvac to oscillate. With correction, the position of the fringes ϕ remains169

constant with a precision of ±0.3 rad. δϕvac decreases continuously following an inverse relationship and tends170

towards a limit of approximately 40 mrad. Regarding the position of the sample (x,y), without correction171

the drift reached up to 2 nm in x and 12 nm in y during the entire experiment. With correction, the position172

of the sample was maintained fixed with a precision of ±0.2 nm.173
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Figure S7: Acquisition of holograms in objective mode. (a) Off-axis electron hologram of a cross-
grating replica sample recorded in objective mode for 60 s without any correction. Magnified images of
the hologram in the vacuum and cross-grating region indicated by rectangles are shown on the right. (b)
Corresponding phase image reconstructed using Fourier processing with an aperture size of qc/3. (c) Off-axis
electron hologram recorded for 60 s with correction of the fringe position using the beam tilt and correction of
the sample position using the piezo stage. Magnified images of the hologram in the vacuum and cross-grating
regions indicated by rectangles are shown on the right. (d) Corresponding phase image. (e) Plots that show
the position of the fringes ϕ, the standard deviation of the phase δϕvac in the vacuum region and the position
of the sample (x,y) as a function of exposure time, without (left) and with correction (right).
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Supplementary Information 8: Cross-correlation of images recon-174

structed from holograms of a transistor175

In order to find correct settings for the cross-correlation of images of transistors shown in the main article176

(in section 3.3.2) , preliminary tests have been performed with different images. Fig. S8(a) shows a hologram177

of a transistor and reconstructed images including the intensity Irec(r⃗), the amplitude Arec(r⃗) and the phase178

ϕrec(r⃗) as described in Eq. 3. In Fig. S8(b), the hologram was shifted numerically by approximately 170 nm,179

as indicated by a white arrow. The same series of images was reconstructed from the shifted hologram.180

Cross-correlations were then performed for each type of image as shown in Fig. S8(c). The arrows indicate181

the position of the maximum. It was found that only the cross-correlation of the phase images (ϕrec) shown182

in the last column gives the correct value of the shift. The other images led to distant results.183
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Figure S8: Cross-correlation of images of transistors. (a) Off-axis electron hologram of a dummy
MOSFET transistor and reconstructed images including the intensity Irec(r⃗), the amplitude Arec(r⃗) and the
phase ϕrec(r⃗). (b) Same hologram as in (a) but shifted by 170 nm, as indicated by a white arrow, and
corresponding series of reconstructed images. (c) Corresponding series of cross-correlation images where the
arrows indicate the position of the maximum.
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