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Efficient imaging of biomolecules, two-dimensional materials, and electromagnetic fields depends on
retrieval of the phase of transmitted electrons. We demonstrate a method to measure phase in a scanning
transmission electron microscope (STEM) using a nanofabricated diffraction grating to produce multiple
probe beams. The measured phase is more interpretable than phase-contrast scanning transmission electron
microscopy techniques without an off-axis reference wave, and the resolution could surpass that of off-axis
electron holography. We apply this technique, called STEM holography, to image nanoparticles, carbon
substrates, and electric fields. The contrast observed in experiments agrees well with contrast predicted in
simulations.
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I. INTRODUCTION

Material structure and physical processes can be directly
imaged at atomic length scales in electron microscopes.
Whereas bulk measurements must be interpreted to infer
the microscopic structure or processes, in the transmis-
sion electron microscope (TEM) one can directly mea-
sure the atomic number and positions of atoms and
atomic columns, local shifts in atomic transition energies,
and electronic and magnetic properties with high preci-
sion [1–5]. Scanning transmission electron microscopy
(STEM) with an annular dark-field detector (ADF) has
long offered highly interpretable contrast at atomic reso-
lution [3,6].

However, ADF-STEM requires a high dose for a
good signal-to-noise ratio even on highly scattering high-
atomic-number materials; resolution is limited on dose-
sensitive, weakly scattering low-atomic-number materials
by noise or structure-altering damage [7]. Efficient imag-
ing depends on measurement of phase shifts acquired
by an electron passing through a specimen. The most
common phase-contrast imaging method employs a small
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defocus for contrast in high-resolution transmission elec-
tron microscopy (HRTEM) [8]. However, this contrast can
be difficult to interpret without a focal series [9]. Sev-
eral STEM techniques offer similarly efficient and more
interpretable contrast.

The development of quadrant detectors and high-frame-
rate direct detectors has enabled “4D STEM” techniques
that utilize one diffraction pattern per probe position.
Differential phase contrast (DPC), center of mass (CoM),
ptychography, and matched illumination and detector
interferometry (MIDI) offer dose-efficient alternatives for
interpretable phase contrast in STEM [10–12,12–18].
However, these STEM techniques and HRTEM measure
only local phase variations, making quantitative thick-
ness measurement difficult and long-range electric- and
magnetic-field measurement inefficient.

Off-axis electron holography offers more interpretable
phase measurement with respect to a vacuum reference
wave. This allows, for example, imaging of magnetic
bits in recording media [19] and insight into the charge
distribution and asymmetry of nanoparticles [20]. How-
ever, as interference fringes are in real space, resolution
is limited by the fringe spacing [21]. We demonstrate a
method to measure specimen-induced electron phase shifts
from the interference of multiple STEM probes produced
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with an electron diffraction grating. Because the through-
put of pixelated detectors was insufficient, early forms of
STEM holography with a biprism beam splitter [22] either
employed a grating to map fringe shifts into one intensity
per probe position [23,24] or used no scanning [25–27].
We can now directly image interference fringes at each
probe position with a pixelated detector.

Diffraction gratings have several advantages over
biprisms as beam splitters for STEM holography. The
coherence width necessary for optimal fringe visibility is
much lower for an amplitude-dividing beam splitter than a
wave-front-dividing beam splitter [28–30]. Biprisms pro-
duce two opposing half-circular probes in reciprocal space,
whereas grating-produced probes can have identical phase
and amplitude distributions. Phase structuring can extend
STEM holography to map out-of-plane magnetic fields
[31–35] (see Section III of the Supplemental Material [36])
or correct aberrations [37–39]. We have previously demon-
strated a three-beam STEM interferometer and proposed a
phase reconstruction method for probe sizes much smaller
than specimen phase variations [40]. Here, we develop a
general approach to reconstruct phase from two or more
beams with a tunable phase structure. We then treat the
two-beam case in detail and experimentally demonstrate
the method.

II. MODEL AND RECONSTRUCTION

A. General case

We use a prespecimen probe wave function

ψi(x) = a(x − xp), (1)

where xp is the offset position of our probe. For thin
specimens and ignoring inelastic scattering, we may use
a specimen transmission function t(x) to describe the
interaction:

ψf (x) = a(x − xp)t(x). (2)

The measured reciprocal-space interference pattern Ip(k) =∣∣ψf (k)
∣∣2
p at probe position xp is

Ip(k) =
[
A∗

p(k)⊗ T∗(k)
] [

Ap(k)⊗ T(k)
]

, (3)

where Ap(k) is the Fourier transform of a(x − xp) and T(k)
is the Fourier transform of t(x).

The sharply peaked, evenly spaced probes produced by
a diffraction grating have a real-space wave function

a(x − xp) =
∑

m

cmam(x − mx0 − xp), (4)

where am(x) is peaked at x = 0. In reciprocal space,

Ap(k) =
∑

m

cme−ik·(mx0+xp)Am(k). (5)

If we plug this into (3) and move the plane-wave terms
through the convolution [41], we find

Ip(k) =
∑
m,n

c∗
mcn

[
A∗

m(k)⊗
(

T∗(k)e−ik·(mx0+xp)
)]

·
[
An(k)⊗

(
T(k)eik·(nx0+xp)

)]
e−i(n−m)k·x0 . (6)

The specimen transmission function t(x) is encoded in the
set of plane waves e−i(n−m)k·x0 .

Plane waves in (6) become spatially separated spots
after an inverse Fourier transform:

I(xp , x) = 1
2π

∫
dk eik·xIp(k) =

∑
�

I�(xp , x), (7)

where � = n − m and each I� term contains a sum over
m. I0 corresponds to n = m terms that contain informa-
tion only on the amplitude of the specimen transmission
function [42]. I−1 contains the same information as I1.
Each I�(xp , x) is sharply peaked at x = �x0. Let us focus
on a few plane waves to gain a better insight into the
information encoded there.

B. Two beams, vacuum reference

Off-axis electron holography has only two interfer-
ing plane waves and, correspondingly, a straightforward
fringe pattern. We can introduce a condenser aperture or a
selected-area aperture, as we use here, to select two beams.
We will consider the case where all but the m = 0 and
m = +1 beams are blocked and m = 0 passes through vac-
uum, i.e., t(x) = 1 near x = 0 over a region larger than
the scanned area. We assume that the aperture function
Am = A0 is the same for both diffraction orders and is a
uniform disk:

A0(k) =
⎧⎨
⎩

1√
πK2

, |k| ≤ K ,

0, |k| > K ,
(8)

where K is the aperture edge.
Now, only I−1, I0, and I1 are nonzero and contain only

a single term from the sum on m. I1 contains the important
information:

I1(xp , x) = c∗
0c1a0(x)⊗ [

a0(x)t(x + x0 + xp)
]

. (9)

We want an interpretable function of just xp but we have
two position variables.

The simplest way to trace one out is to integrate over x in
a limited window around I1, with a0(x) as a kernel. We use
a window width 0.08|x0|. This is mathematically equiva-
lent to numerically applying an aperture around I1, taking
a Fourier transform, and integrating over the diffraction
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disk, analogous to the reconstruction method in electron
holography:

tM (xp + x0) = −
√
πK2

c∗
0c1

∫
dx a0(x)I1(xp , x)

= h(xp)⊗ t(xp + x0). (10)

The measured transmission function, tM , is exactly the
specimen transmission function convolved with a point-
spread function (PSF) h(xp) = |a0(xp)|2. A nontrivial
aperture function only changes h(xp) in (10), as we show
in Sections II and III of the Supplemental Material [36].
Even with aberrations, this PSF is always real; the phase
and amplitude signals never mix. In electron holography,
however, finite aberrations produce a complex PSF that
limits quantitative interpretation of the phase and ampli-
tude at high resolution [43]. The integrated phase over a
region larger than the PSF is always conserved in STEM
holography. We can gain more insight into the effect of
this PSF on our image by looking at its reciprocal space
equivalent, the contrast transfer function (CTF) [44].

The CTF measures the efficiency with which an imag-
ing method reconstructs the spatial frequencies in an
image. The nearly unity efficiency as the spatial frequency
approaches zero, shown in Fig. 3, is a unique feature of
STEM holography. Unlike existing phase-contrast STEM
techniques, where the value of the reconstructed phase
of any one pixel is meaningful only with respect to its
neighbors in some finite-sized region, in STEM hologra-
phy, the phase recorded in one pixel offers a meaningful
comparison to an electron passed through vacuum. STEM
holography can therefore quantitatively measure thickness
or electric and magnetic fields. Indeed, with a convergence
angle larger than the deflection angle due to a field, STEM
holography is more precise than CoM STEM.

III. EXPERIMENT

We test our implementation of STEM holography on
three types of specimens: a lacey carbon substrate, gold
nanoparticles on lacey and ultrathin carbon, and semicon-
ducting CdTe/CdS nanoparticles synthesized according to
procedures described previously [45,46].

To produce multiple diffracted beams, we place a
50 μm-diameter diffraction grating with a 150 nm pitch
[see Fig. 2(a)] in the third condenser-aperture strip of the
TEAM I microscope at the Lawrence Berkeley National
Laboratory. The second condenser aperture is used to block
transmission outside the grating. The selected-area aper-
ture is used to pass only two beams. As the profile of
peaks in the grating is slightly asymmetric, the amplitudes
(normalized to selected-area transmission) of the zeroth-
and first-order beams are c0 = 0.79 and c1 = 0.61, respec-
tively [see Fig. 2(d)]. We measure an interference fringe
visibility V = 70.7%. As the maximum possible for our

(a) (b)

FIG. 1. (a) A schematic of off-axis electron holography with a
biprism. One plane wave is passed through the specimen (brown)
and an electrostatic biprism (black dot) interferes this wave with
a second plane wave passed through vacuum. (b) A schematic of
STEM holography. A diffraction grating in the condenser system
produces multiple beams at the specimen (brown). An aper-
ture (black) admits one beam that interacted with the specimen
and one passed through vacuum. The projector system combines
these beams into a hologram.

measured beam amplitudes c0 and c1 is V = 96.7%, our
measured value is likely lower due to inelastic scattering
in the grating, aberrations in the projector lens system, and
an imperfect detector modulation-transfer function (MTF).

We use a 300 keV electron energy and a 4 mrad conver-
gence semiangle, and we record data using the Gatan K2
IS detector at 400 fps with a L = 1.45 m camera length.

The phase measured by STEM holography and the
ADF-STEM signal agree very well on lacey carbon, as
shown in Fig. 4(g). Since lacey carbon has no diffrac-
tion contrast and is conductive, both techniques produce
mass-thickness contrast.

However, on and near a semiconducting nanoparticle,
charging of the particle strongly affects the phase and does
not affect the ADF, as shown in Fig. 4(h). The organic
stabilizers used in the synthesis of the nanoparticles may
persist on the surface and contribute to charging [20].
There are clusters on the surface of the particles that may
be electrically insulated. The clusters can be seen most
clearly in the ADF [Fig. 4(f)]. As the clusters do not stand
out in the phase image [Fig. 4(e)], it is likely that the aver-
age atomic number of the clusters is close to that of the
particles but that the crystalline order produces diffraction
contrast.

Imaging with STEM holography also works with the
reference beam on a uniform substrate if no vacuum region
is accessible. In Fig. 5, we pass the reference beam through
ultrathin carbon and scan the imaging beam over a gold
nanoparticle on ultrathin carbon. Increased noise is likely
with high doses on a reference area of a uniform substrate,
as STEM holography is highly sensitive to deposited con-
tamination. The spot that is barely distinguishable from
noise in the upper left of the ADF image [Fig. 5(d)] is
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(a) (b) (c)

(d)

FIG. 2. (a) Measured interfer-
ence fringes formed by two beams
in vacuum. (b) An enlargement
of the region in (a) highlighted
by a white rectangle (same color
bar). (c) A line profile (black)
with a 95% confidence interval
(gray) of interference fringes in
the center of (a). (d) A micro-
graph of the beams used for the
experiment. The beam separation
is |x0| = 120 nm.

quite clear on the phase image [Fig. 5(b)]. So, if the refer-
ence beam deposits contamination, the imaged phase will
include contributions from the uncharacterized phase of
the reference area, which is effectively noise.

Although the phase measured by STEM holography pro-
duces more efficient contrast, the amplitude also offers
valuable information. The amplitude image is similar to
a bright-field image, but with linear rather than quadratic
sensitivity to amplitude changes in the bright-field disk.
With our low convergence angle, diffraction produces
only amplitude contrast. Strong linear phases from particle
edges cause a shift in diffraction and therefore a reduced
overlap of the two disks, so the amplitude image has
good edge contrast. A combined phase-amplitude image
is sometimes more interpretable than either alone, as seen
in Fig. 5(c).

Simulations of a STEM-holography experiment with
beam separation x0 = 15 nm and a 4-mrad convergence
semiangle, on gold particles embedded in an amorphous
carbon wedge [47], support our experimental observa-
tions, as shown in Fig. 6. The PRISM algorithm [48]

FIG. 3. A comparison of the calculated phase-contrast transfer
functions for several phase-contrast STEM techniques. Unlike
MIDI-STEM [18], PMIDI-STEM [16], and ptychography [17],
STEM holography produces efficient contrast as the spatial
frequency approaches zero (see (10)).

implemented in the Prismatic code [49] is used to pro-
duce each probe simulation, these then being combined
coherently in reciprocal space to form STEM-holography
diffraction patterns. The phase [Fig. 6(b)] more clearly
matches the projected potential [Fig. 6(d)] than the ADF
signal [Fig. 6(c)], as the contrast is much stronger on
the carbon wedge. For a more detailed comparison of the
phase and projected potential, see Section VIII of the Sup-
plemental Material [36]. As we use an ADF detector inner
semiangle of 8 mrad, we see diffraction contrast in both the
ADF and amplitude signals.
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(d)

(g) (h)

(e) (f)

FIG. 4. A comparison of micrographs recorded by STEM
holography and ADF-STEM on lacey carbon and semiconduct-
ing nanoparticles. (a),(d) The amplitude measured by STEM
holography. (b),(e) The phase measured by STEM holography;
the line profiles in (g) and (h) are taken along the white arrow
and averaged over the width of the box. (c),(f) The simultane-
ously acquired ADF. (g) A comparison of the phase (red) with
the ADF (blue) on a lacey carbon edge. Inset: an enlargement
to show the noise levels. (h) The same as (g) on the edge of a
semiconducting nanoparticle.
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(a) (b)

(c) (d)

Amp

Phase

FIG. 5. An Au nanoparticle with a reference beam on a uni-
form ultrathin carbon substrate. (a) The amplitude from STEM
holography. (b) The phase from STEM holography. (c) The phase
(color) and amplitude (brightness) shown together offer more
information than either alone. The color wheel maximum bright-
ness corresponds to the maximum amplitude in the image and
black corresponds to zero amplitude. (d) The simultaneously
acquired ADF signal.

We see from experimental tests and comparison with
simulation that STEM holography offers efficient con-
trast on low- and high-atomic-number materials as well
as on electric fields. In particular, like ADF-STEM, but
unlike other phase-contrast STEM techniques, the CTF
does not go to zero at zero spatial frequency (Fig. 3), so that
efficient quantitative thickness and electromagnetic-field
measurement are possible.

(a) (b)

(c) (d)

FIG. 6. The simulated STEM-holography dataset with Au
nanoparticles on a carbon wedge and a reference beam in vac-
uum. (a) The amplitude. (b) The phase. (c) The ADF from the
same dataset. (d) The projected potential used to generate the
dataset.

IV. CONCLUSION

We demonstrate a straightforward method to measure
the transmission function of a specimen with STEM holog-
raphy. Unlike existing phase-contrast STEM techniques,
STEM holography measures phase with respect to a vac-
uum reference. A single pixel in STEM holography there-
fore has an absolute meaning, just as in ADF-STEM.
STEM holography also produces a lower-noise image than
ADF [see Fig. 4(g)], with much better contrast on weak-
phase objects and sensitivity to electric and magnetic
fields.

STEM holography also has the potential to achieve
higher resolution than off-axis electron holography. Unlike
electron holography, the fringe spacing does not affect
resolution in STEM holography, since the fringes are in
diffraction space. The real-space resolution is limited only
by aberrations, coherence, and the convergence angle of
the probe. We show in related work that atomic-resolution
phase measurement is possible with a higher convergence
angle and aberration correction [50].

An iterative reconstruction could, in the future, provide
more information. Higher resolution may be possible [51]
by iteratively updating the transmission function based on
I1(xp , x) rather than simply integrating out x. An iterative
algorithm can also more easily treat scans where all beams
begin in vacuum and end on a specimen, using information
from the first beam’s interaction at position xp to correct
for the next beam’s interaction at xp and produce a flat
phase reference for the first beam at position xp + x0. Both
methods, while more computationally intensive, could sig-
nificantly improve the utility of STEM holography in
understanding the fine structural details of cells, organic
semiconductor interfaces, and nanostructures.

This simple modification to the electron-microscope
column—replacement of one condenser aperture with
a diffraction grating—and straightforward reconstruction
has the potential for versatile and efficient imaging. Like
off-axis holography, STEM holography is sensitive to elec-
tric and magnetic fields and can image with a resolution
comparable to that of ADF-STEM.
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