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Abstract
Electric field mapping using segmented detectors in the scanning transmission electron microscope has recently been achieved
at the nanometre scale. However, converting these results to quantitative field measurements involves assumptions whose validity
is unclear for thick specimens. We consider three approaches to quantitative reconstruction of the projected electric potential
using segmented detectors: a segmented detector approximation to differential phase contrast and two variants on ptychographical
reconstruction. Limitations to these approaches are also studied, particularly errors arising from detector segment size, inelastic
scattering, and non-periodic boundary conditions. A simple calibration experiment is described which corrects the differential
phase contrast construction to give reliable quantitative results despite the finite detector segment size and the effects of plasmon
scattering in thick specimens. A plasmon scattering correction to the segmented detector ptychography approaches is also given.
Avoiding the imposition of periodic boundary conditions on the reconstructed projected electric potential leads to more realistic
reconstructions.
Keywords: Scanning transmission electron microscopy (STEM); Differential phase contrast (DPC) imaging; p-n junctions;
Electric fields
1. Introduction
The development of modern materials and devices requires
precise control over the electric and magnetic characteristics
of these materials and an understanding of how these properties correlate with structural features of the material. Electron microscopy is well suited to characterising these materials. Precise quantification of specimen electric fields has
been demonstrated in electron holography [1, 2]. However,
it would be advantageous if such electric field quantification
could also be performed in scanning transmission electron microscopy (STEM), as this would permit simultaneous acquisition of complementary STEM modes for imaging, such as highangle annular dark-field, and spectroscopic techniques for elemental mapping, such as energy dispersive X-ray analysis.
Differential phase contrast (DPC) STEM has been demonstrated for studies probing magnetic fields at micrometre and
nanometre resolutions [3–8], and electric fields at both nanometre [9–12] and atomic [13–15] resolutions. Conceptually, the
field within the specimen deflects the trajectory of the electron probe, resulting in a shift of the bright field disk across the
diffraction plane. DPC STEM and associated methods seek to
use this deflection information to map out the variation of electromagnetic field strength within the sample. This can be done
most effectively if the full scattering distribution is available,
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and the new generation of fast pixel detectors [16–18] provides
a means for acquiring the full scattering distribution at each position in a STEM scan raster. However, DPC STEM has to date
mostly been undertaken using segmented detectors, which offer sensitivity to beam deflection through the increase in signal
in some segments and the decrease in others. This more established technology allows much faster scan speeds and live
imaging [11, 19], meaning it is still the most practical method
for industrial application. However, because segmented detectors only give a coarse sampling of the scattering distribution,
more care is required for quantitative analysis. This paper explores several issues that relate to achieving quantitative measurement of nanoscale-electric fields in STEM using segmented
detectors.
As our case study, we use DPC STEM data for the GaAs
p-n junction presented in Ref. [11]. This specimen was 290
nm thick with a symmetrical p-n junction between 1019 cm−3
p-doped (Zn) and 1019 cm−3 n-doped (Si) GaAs. Figure 1(a)
shows unprocessed segmented detector STEM images of this
p-n junction acquired with a 16 segment JEOL detector [19].
The camera length was chosen such that the bright field disk
was situated mid-way through the third annular ring of the segmented detector, as shown schematically in Fig. 1(b). Image
contrast at the p-n junction is clearly visible in the STEM images from the detector segments in the horizontal direction,
consistent with the expected increase or decrease in electrons
incident upon those segments due to the deflection (towards the
right in the figure) of the bright field disk caused by the juncJune 15, 2017

(a) STEM images

to Brown et al. [22] and the other to Landauer et al. [23]. These
methods make potentially limiting assumptions: approximating
the centre of mass using segmented detectors in DPC and the
weak object approximation in SDP. This means that discrepancies in the quantitative reconstruction of the projected electric
field are found when compared with the earlier model-based
analysis. In Sec. 3 we show that by extending the DPC approach using an experimental calibration of the centre of mass
response of the detector system we are able to quantitatively retrieve the p-n junction projected electric field within error bars.
We further demonstrate that plasmon scattering contributes appreciably to the required calibration correction, and in Sec. 4
we show how some of the SDP methods can be modified to
account for plasmon scattering. In Sec. 5 we show how to overcome the distortion that enforcing periodic boundary conditions
introduces to the reconstructed potential away from the junction
and how to overcome it.
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We will compare three different approaches for reconstructing the projected electrostatic potential of the p-n junction using the experimental data in Fig. 1. One approach can be used
to calculate the electric field information directly, but the other
two are phase-retrieval-type approaches, geared towards calculating the projected electrostatic potential, from which the projected electric field can then be determined. The starting point
for all three methods is the phase object approximation:
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ψexit (r, R) = T (r)ψillum (r − R) ,

Figure 1: (a) Unprocessed segmented detector images of a p-n junction using
an accelerating voltage of 200 kV and a 133 µrad probe-forming aperture. The
camera length was chosen such that the bright-field disk, represented by a blue
circle in (b), sits mid-way through the third ring on the segmented detector. The
resultant DPC (i.e. estimated centre of mass) images are shown in (c) and (d).

(1)

in which ψillum and ψexit are wave functions of the incident illumination and the exit surface wave, respectively, with r denoting the two-dimensional (2D) coordinate in the plane of the
sample and R denoting the probe position in that plane. Neglecting inelastic scattering, the specimen transmission function T (r) is given in terms of the projected electrostatic potential V(r) of the system as


 iπteV(r) 
T (r) = exp[iφ(r)] = exp 
(2)
 ,
hv

tion electric field. Faint contrast is also visible for the detector
segments in the vertical direction, due to a combination of “absorption contrast” (intensity scattering outside the bright-field
disk; hence consistently dark contrast for detectors within the
bright field disk), detector inhomogeneity, and residual defocus
contrast. Ref. [11] used a model-based analysis to quantify the
thickness-integrated electric field strength along the beam direction, which was possible because of the simple geometry of
the p-n junction. However, general reconstruction of field distributions of unknown structure and symmetry requires more
direct reconstruction methods. This paper compares three reconstruction approaches, exploring consequences of thick specimens and limitations of implicit assumptions in reconstruction
algorithms using a Fourier basis.
The paper is organised as follows. In Sec. 2 we investigate
three methods of reconstructing the p-n junction projected electric potential and electric field distributions without recourse to
a model-based approach: DPC via the first moment or “centre
of mass” approach of Waddell and Chapman [20] and Müller
et al. [21] as approximated by the segmented detector, and two
segmented detector ptychography (SDP) approaches, one due

where t denotes the sample thickness, e is the magnitude
of the electron charge, h is Planck’s constant, and v is the
relativistically-corrected electron velocity. For atomic resolution imaging with electrons, the phase object approximation
is known to break down for specimens that are only a few
nanometres thick [21, 24], so its application to a 290 nm thick
GaAs semiconductor requires justification. Dynamical diffraction in this sample is considerable – almost 98% of the incident
electron density has been scattered outside the bright field disk.
However, through our choice of camera length, we need only
consider the validity of Eq. (1) for the action of the field on
that portion of the electron density remaining in and around the
bright field region. Gibson [25] suggests that the phase object
2
approximation is reasonable if the criterion λtkmax
≤ 1/4 is
met, in which λ denotes the relativistically-corrected electron
2

wavelength and kmax is the maximum considered magnitude of
the 2D diffraction coordinate k (conjugate to r). This is equivalent to the specimen being thinner than the probe depth of field.1
For the experiment in Fig. 1, λ = 2.51 × 10−3 nm and we conservatively take kmax = 8.49 × 10−2 nm−1 , which corresponds
to a scattering angle of 213 µrad – the extent of our detector
system in the diffraction plane. For a conservative estimate we
take t to be the total specimen thickness of 290 nm (determined
by convergent beam electron diffraction), though the so-called
active thickness is likely to be smaller than this, a point we re2
turn to later. Putting this together gives λtkmax
= 5.2 × 10−3 ,
clearly smaller than 1/4 and thus justifying the phase object
approximation.
The first approach we will consider for recovering the projected electric field is DPC STEM, using the segmented detector to approximate a so-called first moment detector. The first
moment detector approach was first suggested by Waddell and
Chapman in the context of phase reconstruction [20], but with
our primary interest lying in measuring the projected electric
field distribution we follow the approach of Müller et al. [14] to
relate the centre of mass of the intensity in the diffraction plane,
IDPC (R), to the projected electric field for the specimen:2
IDPC (R) = −

eht
|ψillum (R)|2 ⊗ E(R) ,
v

the deconvolution procedure. All deconvolved results presented
in this paper used five iterations of the Richardson-Lucy algorithm, which we found to be the minimum necessary for convergence of the peak projected electric field height. A high-pass
filter equivalent to the band-limit implicit in Eq. (3) is also applied; specifically, |ψillum (R)|2 is bandwidth limited to twice the
transverse wave vector cut off of the probe-forming aperture.
The projected potential V(r) may be calculated from the projected electric field E(R) by inverting the equation
E(r) = −∇V(r) = −

hv
∇φ(r)
πte

using the Fourier integration theorem [28–30]:






−1  FR→k [E x (R)] + iFR→k [E y (R)] 
,
V(R) = −Fk→R 





2πi(k x + iky )

(6)

(7)

where FR→k denotes a Fourier transform from real space coordinate R to reciprocal space coordinate k. To avoid division by
zero in Eq. (7), the case for k x = ky = 0 is omitted, the mean
potential being set equal to zero instead.
The remaining two approaches we will consider for determining the projected electrostatic potential are variants on SDP,
one due to Brown et al. [22] and the other to Landauer et
al. [23]. Both start by writing the transmission function in the
form T (r) = 1 + O(r). Substituting this into Eq. (1), the diffraction plane form of the exit surface wave function may be written

(3)

where ⊗ is the convolution operation. The centre of mass of the
intensity in the diffraction plane, I(k, R), is given by
R
kI(k, R)dk
IDPC (R) ≡ R
.
(4)
I(k, R)dk

ψ̂exit (k, R) = ψ̂illum (k, R) + Ô(k) ⊗ ψ̂illum (k, R) .

(8)

The signal in detector j with response function D j (k) is given
by
Z
I j (R) =
|ψ̂exit (k, R)|2 D j (k)dk.
(9)

With a segmented detector, we seek to approximate this using
P
j kCoM; j I j (R)
P
IDPC (R) ≈
,
(5)
j I j (R)

Substituting Eq. (8) into Eq. (9) and keeping terms only up
to first order in Ô(k), which makes the measured signals I j (R)
linear in the object function O(r), is called the “weak object
approximation”. The Brown approach solves the set of linear
equations relating I j (R) and Ô(k) using the conjugate gradient least-squares (CGLS) approach, which has favourable noise
regularisation properties, achieved by truncating the number of
CGLS iterations [22]. The Landauer approach solves the set
of linear equations relating I j (R) and Ô(k) analytically using
Fourier analysis. Landauer et al. [23] derive a formal expression for the least squares solution when the noise properties of
the system are known. Following Landauer et al., we adopt the
simpler assumption that the noise is the same in all detector segments and is uncorrelated, which amounts to a Tikhonov-style
regularisation. As further regularisation against high-frequency
noise, a band-pass filter with limit 6.98 µm−1 (1.75 times the
reciprocal space size of the probe forming aperture) was used
to remove high frequency artefacts from both the Brown and
Landauer SDP reconstructions. This is a tighter limit than was
applied in the DPC case, but the length scale on which the p-n
junction potential varies is such that this makes a minimal difference to the reconstructed electric field peak height.

where kCoM; j is the diffraction plane “centre of mass” for detector segment j and I j (R) is the intensity recorded in that detector
at probe scan position R. The k x and ky components of the centre of mass calculated from the data in Fig. 1(a) are shown in
Fig. 1(c) and (d), respectively. The p-n junction is most strongly
evident as a vertical stripe in the DPC image in Fig. 1(c).
To solve Eq. (3) for the projected electric field E(R), the
probe wave function intensity |ψillum (R)|2 must be deconvolved
from the centre of mass image IDPC (R). We use RichardsonLucy deconvolution, which is an iterative method that calculates the maximum likelihood solution for E(R), assuming a
known probe wave function intensity |ψillum (R)|2 and Poissonian error (noise) in IDPC (R) [27]. The number of iterations
of the Richardson-Lucy algorithm acts as a regularisation on
1 It is shown in Ref. [26] that the full-width at half-maximum (FWHM) value
2 .
for the probe depth of field is given by ∆zFWHM = 1.772/λkmax
2 Our notation differs slightly from that of Müller et al. [14]: a factor of h is
present because our DPC images are calculated in terms of the “centre of mass”
in wavevector units rather than momentum units, and we use t rather than z for
specimen thickness.
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cally expected step-like change across a p-n junction. A refinement that does not impose periodic boundary conditions on
V(R), and therefore results in a more realistic p-n junction potential, is discussed in Sec. 5. The gradients of all reconstructions are essentially identical at the junction itself, predicting
essentially the same electric field strength there.
The reconstruction of the built-in p-n junction projected electric field for each of the methods is displayed in Fig. 2(c) along
with the electric field map that was inferred by the previous
model-based analysis [11]. It is worth noting that, whereas the
model-based analysis assumed a symmetric p-n junction, neither the DPC nor SDP analyses make any assumptions about
the symmetry (or lack of same) of the electric field distribution.
Nevertheless, the DPC and SDP electric field reconstructions
have produced highly symmetric electric field strength profiles,
consistent with what one would expect for this symmetrically
doped p-n junction. However, the projected electric field retrievals are all seen to significantly underestimate the actual
built-in p-n junction electric field, suggesting a shortcoming of
the reconstruction approaches as we have applied them, or of
the assumptions on which they are based. It is tempting to suspect the latter: the DPC approach using segmented detectors,
Eq. (5), is only an approximation to the true centre of mass, Eq.
(4); in the SDP approach the weak object approximation may
not be justified for such a thick sample. As shall be shown in
Sec. 4, the greater shortcoming proves to be not accounting for
the effects of plasmon scattering. However, it is both instructive and useful to first seek an empirical correction to the DPC
approach.
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To motivate an empirical correction to the centre of mass approach to DPC, consider the simplified model shown in Fig. 3,
in which the probe diffraction pattern |ψ̂illum (k)|2 and the detectors D j (k) are all rectangular with width w and with lengths d
and D, respectively. When, as shown in the figure, |ψ̂illum (k)|2
is displaced by any amount δ (provided only the diffraction pattern does not extend beyond the bounds of the detector), Eq. (5)
gives the centre of mass of the intensity measured on this twosegment detector to be

Figure 2: Retrieval of p-n junction projected electric potential and electric field
from segmented detector STEM data using the DPC approach [Eq. (5), deconvolution of Eq. (3) via five iterations of the Richardson-Lucy algorithm, and
Eq. (7)] and the SDP approaches of Brown [22] and Landauer [23]. (a) Comparison of the 2D potential maps and (b) vertical projections thereof. (c) The
projected electric field map for the p-n junction region produced by each of the
methods compared to that deduced in a model-based analysis in Ref. [11].

Using the segmented detector STEM data displayed in Fig. 1,
retrievals of the specimen projected potential and electric field
via the above approaches are shown in Fig. 2. Figure 2(a) shows
retrievals of the 2D electric potential using the DPC approach
[solving Eq. (3) using Richardson-Lucy deconvolution and then
calculating V(R) using Eq. (7)], and the SDP approaches of
Brown and Landauer. Figure 2(b) shows a line profile of the potential, projected along the y (vertical) axis in Fig. 2(a), permitting a quantitative comparison of the projected electric potential
resulting from the three approaches. While all approaches are
in reasonable agreement regarding the magnitude of the projected potential step (approximately 60-80 V·nm), all the methods differ appreciably away from the junction. This is in part attributed to the differing regularisation schemes for each method.
It should also be noted that all reconstructions have implicitly
imposed periodic boundary conditions, contrary to the physi-

IDPC (R) ≈

D
−(D/2)w(d − δ) + (D/2)w(d + δ)
x̂ = δx̂ . (10)
wd
d

This is an intriguing result: the deduced centre of mass shift is
linearly proportional to the true centre of mass shift δ, but is
only equal to it in the special case D = d. Put another way, a
measured centre of mass could be corrected to a true centre of
mass by dividing by geometric factor D/d, the gradient of the
measured versus actual centre of mass shift.
Zweck and co-workers [31, 32] have shown that a similar
result holds in the more complex case of the rotational symmetry of the STEM probe and segmented detector configuration,
at least for small shifts and in the absence of a sample, both
in theory and in experiment in which a plate capacitor is used
to deflect the beam. In a broadly similar vein, using the microscope post-specimen optics to shift the diffraction pattern a
4

(a) Centre of mass response

Simplified detector system model
Measured centre of mass (μrad)

80

Figure 3: A simplified model of the detector system where the probe diffraction
pattern is shifted by δ and the probe and detectors are rectangular with width w
and lengths of d and D respectively.
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known amount, we can calibrate the centre of mass response
of the segmented detector system in experiment by plotting the
measured centre of mass against the actual centre of mass (i.e.
the known applied shift). This is shown in Fig. 4(a). The reference line (labelled “Ideal”) shows the ideal case in which the
measured centre of mass is equal to the actual centre of mass.
In the absence of a specimen (labelled “No sample”), i.e. when
the beam travels through vacuum, Fig. 4(a) shows that the measured centre of mass is smaller than the actual centre of mass.
This means that, at least using the present camera length, the
segmented detector will underestimate the true centre of mass
and thus, by Eq. (4), the projected electric field strength. This
calibration experiment is reproduced in a simulation assuming
the bright field disk to be a top-hat function – labelled “No sample (simulation)” in Fig. 4(a) – which shows good agreement
with the experimental detector centre of mass response.
Figure 4(a) further shows the same calibration experiment
with the sample present in the path of the beam (labelled “Sample”). The measured centre of mass is again smaller than the
actual centre of mass. Further, the underestimate is greater than
that in the no sample case. This means that the required correction is not solely a consequence of the segmented detector
geometry as it was in the toy model of Fig. 3; the scattering of
the electron beam through the sample has an effect. The physical mechanisms behind this will be explored in the next section. However, noting that the relation between the measured
and actual centre of mass values with the sample present remains linear, this calibration can be used to empirically correct
the measured centre of mass analysis.
Figure 4(b) compares the results of correcting the DPC reconstruction of the projected electric field in Fig. 2(c), using the
experimentally-determined calibration curves both without the
specimen in the beam path (“No sample”) and with the specimen in the beam path (“Sample”), to both the uncorrected result
(“No correction”) and the model-based analysis result (“Reference”). It is seen that this calibration correction for the segmented detector response with a sample in the way produces
a measurement of the specimen projected electric field that is
consistent, within error bars, with the model-based analysis.
The calibration method presented is based on rigid displacement of the diffraction pattern across the detector. It is not a
priori clear that this calibration need hold if the change in centre of mass is due to an intensity redistribution, a change in the
pattern, which is expected if the length scale on which the elec-
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Figure 4: (a) Centre of mass calibration curves, where the actual centre of mass
shift of the rigidly-displaced diffraction pattern is plotted against the centre of
mass shift measured by the segmented detector system. The calibration was
performed with and without the sample in the path of the electron beam. Simulations, where plasmon scattering was taken into account for the sample case,
show good agreement with the experimental calibration. For reference, a plot
in which the measured centre of mass equals the actual centre of mass shift is
shown (“Ideal”). (b) The retrieved projected electric field profiles for the p-n
junction using the experimentally-determined centre of mass calibration curves
both with the sample (“Sample”) and without the sample (“No sample”) in the
beam path. The result displayed in Fig. 2 (“No correction ”) is shown for comparison, as is that from the previous model-based analysis (“Reference”) [11].

tric field changes is comparable to the width of the probe. The
model-based analysis in Ref. [11] showed that in the present
p-n junction case study, the intensity redistribution is not a simple disk shift. However, the intensity variation was localised
near the very edges of the bright field disk. Provided this intensity redistribution does not occur near the edge of the detector
segments, the rigid shift calibration presented here should suffice.
We stress that this calibration correction can be implemented
empirically, without a detailed understanding of the mechanisms which lead to the discrepancy between the measured and
actual centre of mass. However, given the difference between
the calibration curves with and without the sample, the effect
5
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is not solely attributable to detector geometry. To understand
the source of this difference, it is necessary to investigate the
scattering mechanisms at play in these thick samples.

Experiment
No sample

Sample

4. Accounting for plasmon scattering in segmented detector
STEM phase retrieval algorithms
In the previous section we saw that with the specimen in the
path of the beam the gradient of that experimentally calibrated
detector centre of mass response was diminished relative to that
in the no sample case (i.e. that due to detector geometry alone).
This suggests that scattering mechanisms beyond that captured
in the transmission function in Eq. (1), with the scattering potential due to the long-range electric field of the p-n junction,
need to be considered.
Consider Bragg scattering, by which we mean elastic scattering and diffraction from a periodic, atomistic structure. The
case study experiment was performed at a specimen alignment
precisely chosen such that Bragg scattering does not significantly rearrange the intensity of the transmitted or forwardscattered electron beam (see the supplementary material in
Ref. [11]). This point is discussed in detail by Wu and Spiecker
[33], who refer to it as a quasi-kinematic scattering condition.
The consequence is that while there may be a significant loss
of intensity from the bright field disk to other Bragg reflections
(about 98% in the present experiment), the shape of the bright
field disk is not appreciably affected.
Next, consider thermal or phonon scattering. A frozen
phonon simulation [34, 35], not shown, was used to calculate
the diffraction plane intensity for a GaAs specimen of thickness 290 nm viewed along the [110] zone axis, incorporating
both elastic and thermal scattering. Significant phonon scattering was predicted by the simulation, the majority of which was
however outside the collection angle of the detector. The intensity of the wave function for phonon scattered electrons in the
region of the detector system was orders of magnitude smaller
than that of the elastically scattered electrons in the bright field
disk. This variation in diffraction pattern intensity distribution
about the bright field disk is deemed too small to account for
the changes in calibration curve seen in Fig. 4.
Now consider plasmon scattering. Inelastic scattering due to
the excitation of bulk plasmons in the GaAs sample was simulated using the model proposed by Mkhoyan et al. [36], in
which the diffraction pattern intensity becomes
I(k, R) = P̂in (k) ⊗ |ψ̂exit (k, R)|2 ,
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Figure 5: (a) Film images of the diffraction patterns without and with the sample
in the path of the beam. (b) Simulated diffraction patterns, with the sample
case including plasmon scattering via Eq. (11). (c) Superimposed line scans
across the two diffraction patterns without the sample present (left) and with
the sample present (right), the latter showing long tails present. As an absolute
scale for the experimental data was not available, experiment and simulation
have been scaled to emphasize the similarity in profile shape.

and one commonly used theoretical formula [39] assumes a
free-electron gas model which is not expected to apply well to
covalently-bonded GaAs. We shall instead regard λpl as a free
parameter to be fit to the data. As shall be seen, this one fitting
parameter gives good agreement to two distinct experimental
measurements, giving some confidence in the model.
Equation (11) shows that plasmon scattering in the specimen
serves to blur the electron diffraction pattern, which should in
turn reduce the gradient plotted in Fig. 4(a). The detector centre of mass response curve labelled “Sample (simulation)” in
Fig. 4(a) shows the predicted centre of mass response for a segmented detector system where scattering through excitation of
plasmons in a 290 nm thick GaAs sample has, via Eq. (11),
been included in evaluating the DPC centre of mass estimate using a segmented detector. The inelastic mean free path for plas-

(11)

with the convolution kernel P̂in (k) as defined in Ref. [36]. All
bulk plasmon excitations that resulted in the probe electron losing an energy of at least 0.1 meV were accounted for. The
model involves material-specific parameters. For the present
case study, values sourced from the literature were the plasmon energy E P,0 = 16.8 eV, the plasmon damping coefficient
∆E P = 2.7 eV, and the plasmon dispersion coefficient γ = 0.44,
taken from Ref. [37]. The model further requires knowledge of
the inelastic mean free path for plasmon scattering, λpl . However, there are relatively few measurements of plasmon scattering mean free paths for high energy electron microscopy [38],
6

detector for probe position R is given by
Z
I j (R) = [|ψ̂exit (k, R)|2 ⊗ P̂in (k)]D j (k)dk
Z Z
=
|ψ̂exit (k0 , R)|2 P̂in (k − k0 )dk0 D j (k)dk
Z
Z
0
2
= |ψ̂exit (k , R)|
P̂in (k − k0 )D j (k)dkdk0
Z
= |ψ̂exit (k, R)|2 [P̂in (−k) ⊗ D j (k)]dk .
(12)

Reconstructed p-n junction projected electric field
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As it is defined in Ref. [36], P̂in (−k) = P̂in (k) so if the modification D j (k) → P̂in (k) ⊗ D j (k) is made in Eq. (9), the subsequent solutions of that equation in the Brown and Landauer
SDP methods account for plasmons.
Figure 6 compares the projected electric fields reconstructed
by the SDP algorithms of Brown and Landauer using the modification suggested by Eq. (12) against that from the DPC analysis in Sec. 3 and the model-based analysis of Ref. [11]. The
DPC analysis implicitly accounted for the effect of plasmon
scattering by using the experimentally calibrated centre of mass
response curve. For consistency, the SDP analysis used the
same λpl value determined for best match to the DPC calibration experiment when evaluating the convolution kernel P̂in (k)
for the plasmon scattering corrections. The three independent
projected electric field retrievals in Fig. 6 show fair agreement
with one another and are within the error of the electric field
model implied by model-based analysis.
It should be noted that correcting the Brown and Landauer
SDP models requires that the values of the parameters in the
convolution kernel P̂in (k) be known. In contrast, using the segmented detector, the empirical correction to the DPC analysis
in Sec. 3 only requires that the calibration experiment can be
performed on a region of sample of the same thickness. Further, if a pixel detector were used to determine the centre of
mass then no correction would be necessary: provided the convolution kernel P̂in (k) is symmetric (which is true of the model
of Ref. [36]), plasmon scattering as described by Eq. (11) does
not change the true centre of mass of the diffraction pattern. By
offering a full picture of the diffraction pattern, pixel detectors
should also make it easier to diagnose the nature and effects of
the various scattering mechanisms at play. However, at present
segmented detectors allow for much faster scan speeds and allow live imaging [11], enabling features of interest to be identified and suitably targeted measurements taken during the experiment. Until pixel detectors reach a similar stage, there are considerable advantages in the segmented detector approach and in
the corrections for improved quantification presented here.
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Figure 6: Projected electric fields, reconstructed by the Brown and Landauer
SDP algorithms, using the modification suggested by Eq. (12) to account for
plasmon scattering, are compared with the projected electric field given by a
previous model-based analysis in Ref. [11] and the DPC analysis in Fig. 4.

mon scattering, λpl , was fit to give good agreement between the
“Sample (simulation)” and “Sample” results. This one fitting
parameter yields fairly good agreement across the full range
of displacements considered. The fit value of λpl = 290 nm
is larger than the free-electron gas model prediction [39] of 148
nm, but is of comparable magnitude to other plasmon mean free
paths in the literature [40, 41].
Experimentally recorded diffraction patterns permit the effect of plasmon scattering on DPC images to be investigated in
some detail. Figure 5(a) shows film images of the experimental
diffraction patterns for the sample and no sample cases. Figure 5(b) shows simulated images for the no sample and sample
case, where the former is a top-hat function representing a 133
µrad aperture and the latter is the illumination after having undergone plasmon scattering as per Eq. (11) with λpl fit for good
agreement in Fig. 4(a). Figure 5(c) shows a line scan through
each of these diffraction patterns, both without the sample (left)
and with the sample (right). Note in particular that the plasmon
scattering simulation reproduces long tails seen in the experimental electron diffraction pattern. The long tails reduce the
sensitivity of the measured centre of mass to beam deflection.
Imperfections in the focus of the experimental diffraction patterns result in Fresnel fringing at the edges of the top-hat function and aberrations in the microscope objective lens add further
artefacts to the experimental diffraction pattern, as discussed in
detail in Ref. [33].

5. Refinements for the construction of the projected electrostatic potential
As shown in Fig. 2, all methods gave similar values for the
field strength in the vicinity of the p-n junction. In Secs. 3 and
4 it was shown how, by appropriately calibrating the response
of the detector system, quantitative reconstruction of projected
electric fields was possible in DPC STEM. In this section we

It is also possible to account for plasmon scattering in the
Brown and Landauer SDP algorithms discussed in Sec. 2. Substituting Eq. (11) into Eq. (9), the intensity in a DPC STEM
7

return to consider the reasons for the discrepancies between the
methods in the reconstructed projected electrostatic potential
away from the p-n junction, with the goal of refining the reconstruction.
The projected electrostatic potential determined via DPC
STEM is reproduced in Fig. 7(a), where it is plotted alongside
the projected electric field distribution as corrected using the
empirical calibration of the centre of mass response described
in Sec. 3. The projected electric potential of a p-n junction
is expected to approximate a step function, with the potential
roughly constant on either side of the junction. This is certainly
not the case for the right hand side of the reconstructed p-n
junction in Fig. 7(a) where the values at the edges of the field
of view are identical, set to 0 (MV/cm).nm for convenience of
display. Some of this behaviour is due to real features in the
DPC images: dips associated with changes in dopant concentration in the original investigation [11] are visible in the projected
electric field, resulting in decreases in the projected electric potential.3
A slight gradient is evident in the projected electric field of
Fig. 7(a). This is not related to the thickness gradient of the material because this would only contribute a constant offset to the
DPC centre of mass [31], but it could be related to a shift in the
bright field disk due to beam scan. Such a gradient is evident
in the no-sample calibration images (not shown). However,
this alone cannot be used as the basis of a correction because
it would not account for the plasmon scattering in the sample
which we have seen to make an appreciable contribution. Nevertheless, attributing the slight gradient in the projected electric
field to a spurious shift induced by beam scanning, we take the
pragmatic approach of fitting a line to the electric field (excluding the p-n junction region from this fit) and then subtracting
this line from the projected electric field input to Eq. (7). This
is displayed in Fig. 7(b). The potential that is retrieved from
the resulting centre of mass images with the linear component
subtracted (“Post-subtraction”) is shown in Fig. 7(c) along with
the original result for the projected electrostatic potential from
Fig. 7(a). Although the linear ramp in Fig. 7(b) appears small,
its removal has a large effect on the retrieved potential shown
in Fig. 7(c). After subtraction of the linear ramp from the projected electric field, the potential becomes more antisymmetric
about the centre of the p-n junction, demonstrating how small
but long range features of the DPC images can have a large effect on the reconstructed potential.
Numerical solution via Eq. (7) using discrete Fourier transforms forces the solution to have periodic boundary conditions

400
V(R)
Ex(R)

60

300

40

200

20

100
0

0
-0.6

-0.4

-0.2

0.0

0.2



0.4

Projected potential (V·nm)

Projeccted electric field strength
(MV/cm)·nm

(a) p-n junction projected electric field and potential
80

0.6

Distance ( m)
Projected electric field strength
(MV/cm)·nm

(b) Deflection background subtraction
80
60

Raw
Post-subtraction
Linear fit

40
20
0
20
-0.6

-0.4

-0.2

0.0



0.2

0.4

0.6

Projected potential (V·nm)

Distance ( m)
(c) Reconstructed projected potential
Original
Post-subtraction
Correction

300
200
100
0
100

0.2 0.0
0.2
0.4
Distance ( m)
(d) Comparison with simulated potential
Projected potential (V·nm)

0.6

300
200

0.4



0.6

DPC Reconstruction
Simulated V(r)

100
0

100
0.6 0.4 0.2

0.0
0.2
Distance ( m)



0.4

0.6

Figure 7: (a) Plots of the vertically-averaged projected electric field and potential from Fig. 2(b), calculated using the centre of mass approach. Arrows
indicate how dips in the projected electric field strength relate to features in the
potential. (b) A line is fitted to the slight linear gradient evident in the electric
field profile, and this is subtracted from the raw data. (c) Comparison of the
potential reconstructed from the raw data (“Original”), the raw data after the
linear gradient subtraction (“Post-subtraction”) and the raw data after the linear
gradient subtraction and correction for the ambiguity in the Fourier integration
due to the singularity at the origin (“Correction”). (d) Comparison between the
corrected projected potential from our present reconstruction and that predicted
from solving Poisson’s equation based on the nominal dopant concentrations
and treating active thickness as an open parameter.

3 These dips give some indication of the minimum field sensitivity under
the present operating conditions. The dips at distances of −0.2 µm and 0.2
µm from the junction both correspond to steps in dopant concentration from
1019 cm−3 to 1018 cm−3 (the former Si and the latter Zn). The dip at distance
0.2 µm has a field strength of about 10 (MV/cm)·nm, while that at −0.2 µm
is less clear (due to dopant diffusion [11]), suggesting our field sensitivity is
of this order. This result is broadly consistent with that of Schwarzhuber et
al. [32] who characterise their DPC set-up as having a minimum sensitivity of
12.9 (MV/cm)·nm (though they use the slightly larger probe-forming aperture
semiangle of 500 µrad). The issue of the minimum field sensitivity of DPC is
discussed at length in Ref. [32].
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– this is why neither the “Original” nor “Post-subtraction” results agree with the expected step-like potential across a p-n
junction, which is not periodic. The reason for this can be understood from Eq. (7), which, consistent with the presentation
in Fig. 7, we will restrict to one dimension. The denominator
of the one-dimensional equivalent of Eq. (7) is equal to zero
at the Fourier space coordinate k x = 0, so the contribution of
the zeroth order Fourier component (or, in real space, the mean
value) of E x (R) is excluded from the solution to avoid a singularity in Fourier space. This means the Fourier reconstruction is missing the linear ramp that the mean value of E x (R)
would otherwise contribute to the potential V(R). However, we
can calculate its value since the mean value of E is determined
from the DPC signal. Adding it back in gives the “Correction”
value displayed in Fig. 7(c), which is more consistent with the
expected step-like potential of a p-n junction. The form of correction needed in the 2D version of Eq. (7) is more subtle and
will be explored in detail in future work [42].
We have been careful to this point to present projected field
strengths and potentials. This is because though the total sample thickness is known, the so-called “active thickness” is not:
previous studies of p-n junction materials have revealed that, as
well as having layers of amorphous material on the surface, a
typical p-n junction specimen will have “dead” layers – layers of crystalline material that do not contribute to the built
in electric field of the p-n junction [2, 43]. Depending on the
method of preparation, dead layers can be anywhere from a few
nanometres thick to a thickness that is greater than that of the
active region of the p-n junction [43]. Measuring the dead layer
thickness directly is challenging, although approaches taken in
the holography literature include measurements across wedgeshaped samples [44] and applying known bias potentials across
the junction [45]. Such experiments were not undertaken on our
present sample, but we can seek to estimate the active thickness as follows. Using the nominal dopant profile one can selfconsistently solve Poisson’s equation to predict the expected
electrostatic potential profile [46]. Assuming the projected potential measured to be the product of the predicted potential
profile and the active thickness, the latter can be determined.
The comparison is shown in Fig. 7(d), for a deduced active
thickness of 165 nm (implying a total of 125 nm worth of dead
layers in this 290 nm thick sample).
Ref. [11] used an analogous argument based on the gradient of the potential and thereby deduced a smaller active-layer
thickness of 67 nm. The discrepancy arises because the width
of the junction is narrower in the idealised potential, meaning
that the same potential difference gives a larger potential gradient and so less active material would be required for the same
peak field. Given that the narrowness of the potential gradient
arises from using the nominal dopant distribution and thereby
neglects dopant diffusion – which is evident in the secondary
ion mass spectroscopy (SIMS) profile measured by Sasaki et al.
[46] from a different region of this same sample – the present estimate may be more reliable than the upper bound given in Ref.
[11]. That said, it must be appreciated that the Poisson equation
treatment is a fairly simple model (using idealised rather than
measured dopant profiles, neglecting fringing fields [47]), and

as such the active-layer thickness determined in this way should
still be regarded as an estimate.
Further discrepancies between the DPC reconstruction and
the idealised potential are evident away from the junction in
Fig. 7(d). The magnitude of the idealised potential decreases in
discrete steps away from the boundary in accordance with the
steps in dopant concentration. As per the discussion surrounding Fig. 7(a), the DPC data has perceptible contrast at the location of these dopant concentration steps, and changes in the reconstructed potential are evident at these locations. The effects
are more pronounced in the reconstruction than in the idealised
potential. Furthermore, the curved features at the outer edges
of the potential reconstruction – the downturn towards the left
edge and the upturn towards the right edge – are not expected to
be physical. Both are thought to result from the enhancement
of low frequency noise inherent in the Fourier reconstruction
of Eq. (7), and the bright field disk shift due to a beam scan
artifact deviating from the linear form assumed in Fig. 7(b).

6. Comparison between methods
Ref. [11] presented a comparison between the model-based
DPC reconstruction and an off-axis holographic analysis of this
same sample (drawing results from Ref. [46]), showing the two
methods to be in good agreement. It is worth briefly commenting on the relative strengths of the different approaches. Holography is capable of recording large fields of view simultaneously, and consequently has great sensitivity to small local potential gradients which accumulate to large potential differences
over a large field of view. By contrast, scanning diffraction analysis of DPC and SDP can only detect long range fields if the local field gradient at each probe position is detectable over other
sources of “noise” (including artifacts from dynamical scattering). However, STEM has complementary strengths, most
notably that it permits the simultaneous acquisition of multiple imaging modes, including Z-contrast imaging and spectroscopic mapping. STEM imaging also makes no requirement of
a nearby specimen-free region through which the holographic
reference wave needed for off-axis holography can travel.
Table 1 summarises the key approximations and considerations made in the DPC and SDP analyses here, and the corresponding considerations in off-axis holography. Both DPC and
off-axis holography can be directly applied to strong phase objects. Plasmon scattering would not affect off-axis holography,
which is known to be a (near-)perfect energy filter [48].

7. Conclusion
Using STEM images of a p-n junction recorded with a segmented detector as a test-case, we have explored quantitative
electric field mapping based on three reconstruction methods:
DPC based on centre of mass analysis and two SDP approaches.
In the form usually written down, the three methods significantly underestimated the magnitude of the built-in electric
field relative to a previous model-based analysis. For this thick
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Method

Scattering model

Detector

Periodic boundary
conditions

DPC

Strong phase

Only approximates
centre of mass

Can be corrected for

SDP

Weak object

Described exactly

Built in to Fourier
basis

Off-axis holography

Strong phase

–

Depends on
processing method

Handling of plasmon
scattering
Empirically
correctable
Model-based
correction possible
Unnecessary –
holography a perfect
energy filter

Table 1: A summary of features of the methods used to reconstruct the p-n junction projected electric field and potential in this paper.

specimen, plasmon scattering was found to contribute significantly to the discrepancy. However, using an empirical correction based on a reference experiment, calibrating the measured centre of mass shift against the applied centre of mass
shift, the DPC approach gave good quantitative accuracy. An
approximate incorporation of plasmon scattering into the SDP
approaches considerably improved their accuracy too.
Though not affecting the measurement of the projected electric field at the junction, the use of numerical Fourier-based
methods that implicitly utilise periodic boundary conditions is
inappropriate to reconstruct the step-like projected potential of
a p-n junction. We described how to overcome this limitation in
the DPC reconstruction of this one-dimensional-like specimen.
Overcoming this limitation in the SDP method would seem to
require use of something other than the plane wave or Fourier
basis, i.e. one which would not enforce periodic boundary conditions on the reconstruction of the projected electric potential.
With these considerations, reliable quantitative measurement
of nanoscale electric fields with no a priori assumptions of the
electric field distribution should be possible in STEM using segmented detectors.
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[15] I. Lazić, E. G. T. Bosch, S. Lazar, Phase contrast STEM for thin samples:
Integrated differential phase contrast, Ultramicroscopy 160 (2016) 265–
280.
[16] A.-C. Milazzo, G. Moldovan, J. Lanman, L. Jin, J. C. Bouwer, S. Klienfelder, S. T. Peltier, M. H. Ellisman, A. I. Kirkland, N.-H. Xuong, Characterization of a direct detection device imaging camera for transmission
electron microscopy, Ultramicroscopy 110 (2010) 741–744.
[17] M. W. Tate, P. Purohit, D. Chamberlain, K. X. Nguyen, R. Hovden, C. S.
Chang, P. Deb, E. Turgut, J. T. Heron, D. G. Schlom, D. C. Ralph, G. D.
Fuchs, K. S. Shanks, H. T. Philipp, D. A. Muller, S. M. Gruner, High dynamic range pixel array detector for scanning transmission electron microscopy, Microsc. Microanal. 22 (2016) 237–249.
[18] H. Ryll, M. Simson, R. Hartmann, P. Holl, M. Huth, S. Ihle, Y. Kondo,
P. Kotula, A. Liebel, K. Müller-Caspary, et al., A pnCCD-based, fast direct single electron imaging camera for TEM and STEM, J. Instrum. 11
(2016) P04006.
[19] N. Shibata, Y. Kohno, S. D. Findlay, H. Sawada, Y. Kondo, Y. Ikuhara,
New area detector for atomic-resolution scanning transmission electron
microscopy, J. Elec. Microsc. 59 (2010) 473–479.
[20] E. M. Waddell, J. N. Chapman, Linear imaging of strong phase objects
using asymmetrical detectors in STEM, Optik 54 (1979) 83–96.
[21] K. Müller-Caspary, F. F. Krause, T. Grieb, S. Löffler, M. Schowalter,
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