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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)
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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
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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
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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)

☻
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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
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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

10



+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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