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We apply geometrical, Laplacian, and caustic imaging theories to
simulate the mirror electron microscope (MEM) contrast arising
from a surface phase boundary associated with a discontinuity in
work function. The key approximations inherent in the theories are
highlighted and investigated within strong and weak scattering
regimes from the work-function test object. For strongly varying
potentials, the approximation that the electron classical turning
distance is unchanged fails, invalidating the quantitative accuracy of
the geometrical and Laplacian approaches. For sufficiently small
defocus and surface height or potential variations, the Laplacian
approach facilitates an intuitive interpretation of MEM contrast.

Introduction
Mirror electron microscopy (MEM) is a well-known
technique whereby an electron beam is incident on a
specimen, which is at a slightly more negative potential than
the electron source. Therefore, the beam turns around just
above the specimen surface and interacts with the electric
field above the specimen. MEM is sensitive to spatial and
temporal variations in the electric field close to the surface,
which result from the surface topography [1–3] or variations
in the electric potential of the specimen, including surface
charges, varying conductivity, and contact potentials [4–8].
It has been used to study electric field contrast [6, 7, 9–12],
surface magnetic fields [5], and chemical processes at solid
surfaces [8, 13]. MEM is a well-established technique that
has recently undergone a resurgence, as it is well suited to
the recovery of 3-D information and the study of structures
that extend hundreds of nanometers from the specimen
surface, for example, droplet surface dynamics [14–16].
A number of approaches have been taken to understand

and interpret MEM image contrast in order to extract
information on the electric field and the underlying surface
properties creating it. While some methods apply wave
mechanics [17, 18], most treatments have been based on
geometrical ray-tracing techniques [4, 6–8, 19–24]. In
particular, a geometrical imaging theory has been developed
[2, 19, 25, 26] that views MEM contrast as a transverse

redistribution of electron current density on an imaging
screen. The key assumption of the theory is that the motion
of the electron beam along the optical axis, i.e., z, is
unchanged by the specimen surface variations. Recently,
a Laplacian imaging theory has been developed from the
geometrical imaging theory, which applies in the limit of
small surface variations and small objective lens defocus �f
[27, 28]. Under these conditions, MEM image contrast is
approximately proportional to the transverse Laplacian or
curvature of surface height or potential variations blurred
slightly to account for the interaction of the electron beam
with the field above the surface. Therefore, it provides an
intuitive means of interpreting MEM images and may be
used to quantitatively recover surface topography where
the relevant approximations are applicable [27, 28].
A caustic imaging theory for MEM has been recently

developed to treat situations in which the assumptions of
the Laplacian imaging theory are not valid [29]. This more
general treatment involves tracing a family of electron ray
paths through the electric field above the specimen and
considering their apparent positions on a virtual imaging
plane. Where initially adjacent electron rays cross in the
vicinity of the imaging plane, envelopes of ray families
known as caustics are created. Caustics lead to very bright
features in MEM images, analogous to the bright lines
that are formed on the floor of an outdoor swimming pool
on a sunny day. As demonstrated in [29], MEM caustics
can be used to recover quantitative information on surface
topography, for example, the contact angle of a Ga droplet
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on a GaAs surface. While the caustic imaging theory is
more broadly applicable than the Laplacian imaging theory,
the latter method facilitates a more intuitive interpretation
of MEM contrast for small surface variations.
Here, we consider MEM imaging of a test object

consisting of a flat surface with two regions of different
work functions that meet at a sharp boundary. This might,
for example, correspond to a boundary between phases of
differing work functions. Image simulations are used to make
a quantitative comparison between geometrical, Laplacian,
and caustic imaging theories of MEM work-function
contrast.

Imaging theories of MEM contrast

Experimental geometry
A schematic of a typical MEM experimental setup is shown
in Figure 1. An electron beam of energy U passes through
anode aperture A of the objective lens. The specimen acts as
cathode C of the objective lens and is held at an average
voltage of V G � U=e G 0, where �e is the electronic
charge. Thus, the electron beam turns around above the
specimen at a distance

� ¼ L 1þ U

eV

� �
; (1)

where L is the distance between the anode and the cathode.
The electric field variations above the specimen surface,
due to the variation in the topography or potential of the
surface, will deflect the electron trajectories in the vicinity of
the turnaround region. The returning electron beam, after
exiting anode aperture A, passes through the system, and an
image is formed of the electron distribution on the virtual
image plane at z ¼ �f þ 4LM=3 with objective lens defocus
�f , as shown in Figure 1, with LM ¼ L� �. Subscript M
denotes Bmodified.[

Geometrical imaging theory
The geometrical imaging theory of MEM contrast
[2, 19, 25, 26] describes the image formation as the
redistribution of electron positions on the virtual image plane
due to the presence of electric field variations above the
specimen. Here, we consider a perfectly flat surface with
the surface potential varying in one transverse dimension
by �V ðxÞ from the potential V of the rest of the surface. In
this case, and for parallel illumination of the surface (see
Figure 1), the redistribution of electron position is governed
by [27, 28]

�~VBðx; �;�f Þ ¼ �f

8LM � 3�f

� �
�V ðxÞ � Bðx; �Þ; (2)

where �eVBðx; �;�f Þ is the normalized blurred surface
potential variation with units of square meters; � represents

convolution in x; and the blurring function B in one
dimension is given by [26–28]

Bðx; �Þ ¼ �18e L3=2M

U
ffiffiffi
2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ x2
pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2 þ x2
p

s
: (3)

The key assumption of this methodology is that the z
motion of the electron (see Figure 1) is unchanged by the
electric field variations, so that only transverse variations
contribute to the image contrast in MEM [27, 28].
In particular, this assumes that the electron classical
turning distance LM is unchanged, so that the transverse
deflection of the electron is obtained via the first derivative
of the electric potential above the specimen surface �ðx; zÞ.
For the z-motion assumption to be valid, we therefore
require that the difference between @x�ðx; z ¼ LMÞ and
@x�ðx; z ¼ L0MÞ be small, where z ¼ L0M is the maximum
departure in turning distance away from LM, and @x ¼ @=@x.
Assuming that this difference is no larger than a fraction �
of the derivative of the potential, we then have

maxx @x�ðx; z ¼ LMÞ �maxx @x� x; z ¼ L0M
� ��� ��

G � maxx @x� x; z ¼ L0M
� ��� ��; (4)

where maxx gðxÞ denotes the maximum value of gðxÞ over
the range of points x.

Figure 1

MEM imaging geometry. An electron beam of energy U travels along
the z-axis, converging to the point z ¼ 4LM. Anode aperture A acts as a
diverging lens, deflecting the electron trajectories as they pass through
the aperture to enter and leave the region between A and cathode C. This
results in parallel illumination of the sample. The cathode is set at the
potential of V G � U=e G 0 (lighter shaded region), ensuring that the
electron beam turns around in the vicinity of z ¼ LM, a distance of �
before the cathode. The cathode surface may have a variation in work
function of �V (darker shaded region) compared with the rest of the
surface. The turning electron beam is sensitive to deviations in the
electric field due to surface and/or potential variations of the specimen.
We trace the exiting electron trajectories back along their apparent
straight-line paths (dashed lines) to the virtual image plane at
z ¼ �f þ 4LM=3, which is the object plane for the magnetic objective
lens. The left side of the figure, which is separated by double vertical
gray lines, is on a much larger scale than the right. Adapted from [28].
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The intensity of the MEM image for the system shown
in Figure 1 is given by [26–28]

Iðxþ @x�~VB; �;�f Þ ¼ I0ðxÞ= 1þ @2x�~VB

�� ��; (5)

where the transverse x derivatives are @x ¼ @=@x and
@2x ¼ @2=@x2, and I0ðxÞ is the unperturbed intensity
distribution on the surface corresponding to �V ¼ 0 and
is typically taken as unity.

Laplacian imaging theory
The Laplacian imaging theory [27, 28] is an approximation
to the geometrical theory [see (5)], recovering an intuitive
expression for MEM image contrast in terms of the specimen
surface height and/or potential variations and the objective
lens defocus. To be valid, the Laplacian imaging theory
requires that the derivatives of the normalized blurred surface
potential variations are small, that is,

@2x�~VB

�� ��� 1; (6)

and that the objective lens defocus is sufficiently small to
satisfy the inequality

j�f j � 8LM
3þmaxx @2x �V ðxÞ � Bðx; �Þð Þ

�� �� : (7)

Provided (6) and (7) are satisfied, we may approximate (5)
as [27, 28]

Iðx; �;�f Þ � 1� @2x�~VBðx; �;�f Þ

¼ 1� �f

8LM � 3�f
@2x �V ðxÞ � Bðx; �Þð Þ; (8)

with I0ðxÞ ¼ 1. The MEM image contrast under the
Laplacian imaging theory is therefore approximately
proportional to the objective lens defocus and the second
derivative of the surface potential variations, blurred with
function B. Note that the Laplacian imaging theory makes
the same assumption of unchanged z motion of the electron
beam as the geometrical imaging theory [see (4)]. We note
that (8) is very similar to the expression for out-of-focus
contrast in transmission electron microscopy of thin
specimens [30–32].
Equation (8) predicts zero contrast at the defocus �f ¼ 0,

so that nonzero objective lens defocus is required to produce
image contrast. To produce a sufficiently large contrast of
�I ¼ I � 1, the minimum required defocus is given by

j�f j 9 8LM�I

3�I þmaxx @2x �V ðxÞ � Bðx; �Þð Þ
�� �� : (9)

Equations (7) and (9) therefore give the upper and
lower limits of the suitable defocus range for the Laplacian
imaging theory, respectively.

Caustic imaging theory
Unlike the geometrical and Laplacian imaging theories,
the caustic imaging theory [29] does not assume that the
z motion of the electron beam is unaffected by the electric
field variations above the specimen surface. Instead, the
electric potential above the specimen surface �ðx; zÞ is found
by solving Laplace’s equation in two dimensions, i.e.,

@2�

@x2
þ @

2�

@z2
¼ 0; (10)

which may be analytically soluble for specific cases of �V
but, in general, must be numerically solved, for example,
using finite-element methods [29, 33]. A family of electron
ray trajectories is then traced through the resulting electric
field E ¼ ð�@�=@x;�@�=@zÞ using a fourth-order
Runge–Kutta method [24, 29, 34]. The incident electron
paths start at z ¼ 0 with an equal spacing between rays of x0
along the transverse x-axis (the vertical axis of Figure 1).
The rays, initially traveling parallel to the z-axis, are traced
through the turning region and back to the anode aperture.
We then project back along the apparent straight-line
paths of the emerging rays to the virtual image plane at
z ¼ �f þ 4LM=3, as shown Figure 1. We simulate the
MEM image intensity at this image plane by comparing
the distance between two adjacent rays, i.e., sðx; �;�f Þ,
with the equal spacing expected for an equipotential flat
specimen �V ¼ 0 [29], i.e.,

Iðx; �;�f Þ ¼
x0 2

3�
�f
4LM

� 	
sðx; �;�f Þ : (11)

Where initially adjacent rays cross ðs! 0Þ, the intensity
is theoretically infinite but, in practice, results in a
region of very high intensity, creating a very bright region
or caustic in the image [29–33]. Examples of caustics
in experimental MEM images include [14, Figure 1],
[15, Figures 1 and 3], [16, Figure 2], [24, Figure 1], and
[29, Figure 3].

Electric potential due to work-function variation
As a test object, we consider a spatial variation in work
function that might, for example, correspond to separate
surface phases. We take the surface potential of a flat
specimen as

�ðx; z ¼ LÞ ¼ V þ�V ðxÞ; (12)

where the surface potential variation is

�V ðxÞ ¼ V0; P � x � Q
0; x G P; x 9 Q



(13)

for points P and Q on the x-axis that act as the boundaries
between regions with differing work functions, here taken
as P ¼ �8:5 �m and Q ¼ 1:5 �m. Thus, in the region
P � x � Q, the work function of the specimen differs by
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V0 from the rest of the specimen. We consider the
separate cases of V0 ¼ �0:3 V and V0 ¼ �0:1 V, which
correspond to typical work-function differences between
surfaces phases of GaAs [9, 36].
For this surface, we may solve Laplace’s equation

analytically via the technique in [27, 28] or numerically
via finite-element methods [29]. The results of Figure 2
were obtained by solving Laplace’s equation [see (10)]
above the surface in the region �50 �m � x � 50 �m and
0 � L� z � 120 �m using the finite-element methods
package FreeFem++ version 3.9-0 [37], using mesh
adaptation with an interpolation error level of 5� 10�6.
The potential of the bottom boundary ðL� z ¼ 0Þ is given
by (12) with V0 ¼ �0:3 V or V0 ¼ �0:1 V, and the potential
of the top boundary is �ðx; L� 120 �mÞ ¼ �18; 800:376 V
(as per [29]). The calculated equipotential lines above
the specimen surface in the vicinity of the boundary at
x ¼ Q ¼ 1:5 �m are shown in Figure 2 for the two cases
of V0 ¼ �0:3 V and V0 ¼ �0:1 V. The first boundary
at P is outside the field of view of Figure 2 and is far enough
away that the MEM image contrast of the boundary at Q is
not affected.

Caustic image simulations of
work-function contrast
To simulate the MEM work-function contrast using the
caustic imaging theory, we input 301 rays from
x ¼ �1:125 �m to x ¼ 5:625 �m, which have an equal
spacing at z ¼ 0 of x0 ¼ 0:0225 �m. These rays are traced

through the electric field of Figure 2 to simulate the MEM
image contrast in the vicinity of the boundary at
x ¼ Q ¼ 1:5 �m. The resulting family of rays on the virtual
image plane at z ¼ �f þ 4LM=3, which was obtained using
a fourth-order Runge–Kutta method [29, 34], is shown in
Figure 3. To facilitate comparison with the Laplacian
imaging theory, we consider two distinct imaging conditions
involving Bstrong[ and Bweak[ scattering from the
work-function boundary. The electron beam is assumed to be
monochromatic.
Figure 3(a) is an example of strong scattering from the

boundary with V0 ¼ �0:3 V. Here, V ¼ �20; 000:4 V,
L ¼ 2 mm, and U ¼ 20 kV, so that the unperturbed
ð�V ¼ 0Þ turning distance is � ¼ 40 nm, and the electron
beam will therefore turn around relatively close to the

Figure 3

Family of electron ray trajectories on the virtual image plane at
z ¼ �f þ 4LM=3 (see Figure 1), after interaction with the electric
field above a flat surface with a work-function difference [see (12)]
of (a) V0 ¼ �0:3 V, � ¼ 40 nm and (b) V0 ¼ �0:1 V, � ¼ 150 nm,
between two regions with a boundary at x ¼ 1:5 �m (dashed line). The
crossing of initially adjacent rays creates a fold caustic, and one example
is indicated by the arrow in (a). The x positions have been multiplied by
3/2 to account for the demagnification by the anode aperture.

Figure 2

Equipotential surfaces above a flat cathode specimen [see (12)] evaluated
using (10) and the finite-element methods package FreeFem++ version
3.9-0 [37]. The potential of the surface ðL� z ¼ 0 axisÞ is
V ¼ �20;000:4 V in the lighter gray region and V ¼ �20;000:4þ V0

in the darker gray region, where the work-function difference between
regions is V0. The boundary between regions is at x ¼ 1:5 �m (dashed
line). Equipotential surfaces, beginning at �20,000.4 V and increasing
by 0.3 V intervals, are indicated for (black lines) V0 ¼ �0:3 V and (gray
lines) V0 ¼ �0:1 V.

3 : 4 S. M. KENNEDY ET AL. IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 3 JULY/AUGUST 2011



surface. Where initially adjacent rays cross [e.g., the arrowed
region in Figure 3(a)], a caustic is formed, producing very
bright image contrast. The caustics in Figure 3(a) are
classified as fold caustics [35]. Conversely, we consider
weaker scattering from the V0 ¼ �0:1 V boundary in
Figure 3(b), with U ¼ 19; 998:9 V, so that the unperturbed
turning distance is � ¼ 150 nm, and the electron beam
turns around further from the surface. Here, the family of
rays on the virtual image plane is less dominated by caustic
features, and the distribution of rays on either side of the
work-function boundary x ¼ Q ¼ 1:5 �m is more
symmetric.

Comparison of the geometrical, Laplacian, and
caustic imaging theories
To compare the geometrical, Laplacian, and caustic imaging
theories, we evaluate 1-D MEM image profiles of the
work-function boundary defined by (12) and (13) for three
values of defocus. Geometrical and Laplacian image
simulations are based on (5) and (8), respectively. The
caustic image simulations at a specific defocus value
correspond to a horizontal section through the ray-trace plots
displayed in Figure 3. These are converted into intensity
using (11), and we shall assume that this gives an accurate
representation of experimental MEM images.
Figure 4(a)–(c) correspond to strong scattering with

a work-function difference of V0 ¼ �0:3 V and an
unperturbed turning distance of � ¼ 40 nm above the
surface. It can be seen that the caustic imaging theory
predicts a bright–dark band pair in the vicinity of the
work-function boundary Q ¼ 1:5 �m, similar to that of a
surface step function [27, 38, 39]. The bright and dark bands
reverse position as the defocus changes sign. While the
geometrical and Laplacian imaging theories also predict a
qualitatively similar bright–dark band pair, both theories
overestimate the image contrast and do not match the
predicted distance of the bands from the boundary at Q.
In addition, the caustic imaging theory predicts strong
contrast at zero defocus, whereas the geometrical and
Laplacian imaging theories predict zero contrast. However,
as defocus changes sign, both theories correctly predict a
reversal of the bright and dark band positions.
To explain the differences between theories, we note that,

in the geometrical and Laplacian imaging theories, the
electron is always assumed to turn around at distance �
from the specimen, despite the stronger electric field in the
region P � x � Q (see Figure 2) that would force the
electron beam as much as 30 nm farther away from the
surface. We can quantify this using (4) by evaluating the
first derivative of the potential at z ¼ LM ¼ L� 40 nm and
at the maximum expected turning point (from Figure 2)
z ¼ L0M ¼ L� 70 nm, giving � ¼ 0:44, which is a significant
variation in derivative. The z-motion assumption is therefore
invalid, and the geometrical and Laplacian imaging

theories allow the electron to penetrate too far into the
electric field, overestimating the size of the field in the
vicinity of the turnaround region and thus overestimating
the image contrast for V0 G 0. Conversely, we note that,
in cases where V0 9 0, the geometrical and Laplacian
imaging theories will underestimate image contrast. The
breakdown of the z-motion assumption is also responsible for
the discrepancy between bright and dark band positions in
the simulations.
Finally, we note that the differences between the Laplacian

and geometrical simulations in Figure 4(a)–(c) for strong
scattering can also be explained by a failure to meet
Laplacian imaging conditions. In particular, the upper limit
of defocus [see (7)] in this case is 17 �m; thus, the condition
of (7) cannot be fulfilled while still providing nonzero
contrast [e.g., for j�f j ¼ 10 �m, as shown in Figure 4(c),
we have j@2x�eVBj ¼ 0:56 m�2, which does not fulfill (6)].
Therefore, both the Laplacian and geometrical theories are
quantitatively inaccurate due to a failure of the z motion
approximation, and the two theories also differ with each
other due to the inability to meet the Laplacian imaging
conditions specified by (6) and (7).
Figure 4(d)–(f) contain the simulated image contrast for

V0 ¼ 0:1 V and unperturbed turning distance � ¼ 150 nm.
As shown in Figure 2, the electric field in the vicinity
of the electron turning region varies more slowly in x due
to both the smaller change in work function and the increased
turning distance from the surface. In this weaker scattering
regime, there is much closer agreement between the
geometrical, Laplacian, and caustic imaging theories in
Figure 4(d)–(f) than in Figure 4(a)–(c). This can be explained
by the increased validity of the z-motion approximation.
Inserting the first derivative of the potential at
z ¼ LM ¼ L� 150 nm and z ¼ L0M ¼ L� 160 nm into (4)
yields � ¼ 0:19, which is significantly reduced compared
with the previous case of V0 ¼ �0:3 V, � ¼ 40 nm.
In particular, in Figure 4(e), we see that the prediction
of zero contrast at zero defocus in the geometrical and
Laplacian theories is matched by the caustic imaging theory.
Thus, the presence of strong contrast at zero defocus, such
as in Figure 4(b), is a clear indication that the z-motion
assumption is invalid and that the image contrast may
be poorly explained by the geometrical and Laplacian
imaging theories.
We note that the conditions for Laplacian imaging

given by (6), (7), and (9) are all satisfied, explaining the
good agreement between the Laplacian, geometrical, and
caustic imaging theories in Figure 4(d)–(f). Quantitatively,
these conditions require that the defocus lies within the
range of 19 �m and well below 360 �m. Within this
regime, surface features may be recovered directly from
MEM image contrast (see [27]). We note that even outside
the strict domain of validity of the Laplacian imaging
theory, it still often remains useful due to the intuitive
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connection it draws between surface features and image
contrast.
While the electron beamwas assumed to bemonochromatic,

both the Laplacian and caustic imaging theories may be
extended to include the effects of a finite energy spread
[27–29]. For a Gaussian energy distribution with a full-width

at half-maximum of 0.3 eV, the chromatically averaged
image contrast was increased by as much as 7% due to the
higher energy electrons turning very close to the surface.
For the images of Figure 4, this was a small effect and was
omitted, but it may be important to include the effects of a
finite energy spread at higher resolutions.

Figure 4

One-dimensional MEM image simulations of a flat surface with a work-function difference of V0 on either side of a boundary at x ¼ 1:5 �m (dashed
line). (Blue lines) Laplacian, (black lines) caustic, and (gray lines) geometrical imaging theory simulations are displayed at the indicated defocus
values. Panels (a)–(c) correspond to a work-function difference of V0 ¼ �0:3 V and an unperturbed turning distance of � ¼ 40 nm above the surface,
and panels (d)–(f) correspond to V0 ¼ �0:1 V and � ¼ 150 nm.
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Conclusion
We have applied the geometrical, Laplacian, and caustic
imaging theories to simulate MEM contrast from a phase
boundary associated with a discontinuity in work function.
For a large work-function shift and an electron turning
point close to the surface, the caustic imaging theory,
involving full ray tracing, predicts an asymmetric bright–dark
band in the vicinity of the boundary. The geometrical and
Laplacian imaging theories lose quantitative accuracy
compared with the caustic imaging theory in this strongly
scattering regime, as the underlying assumption of
unchanged electron motion in the z-direction (perpendicular
to the specimen surface) is invalid. With a smaller
work-function shift and a turning point further from the
surface, the agreement between all theories is much closer.
The Laplacian imaging theory is particularly useful in this
weak scattering regime because of the intuitive connection it
draws between surface features and image contrast, which
may also be exploited to directly recover surface features
from experimental images.
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vol. 9, pp. 1–26, 1970.

20. T. Someya and J. Kobayashi, BQuantitative application of
electron-mirror microscopy to the determination of pure shear of
ferroelectric Gd2ðMoO4Þ3,[ Phys. Stat. Sol. (A), vol. 26, no. 1,
pp. 325–336, Nov. 1974.

21. G. F. Rempfer and O. H. Griffith, BEmission microscopy and
related techniques: Resolution in photoelectron microscopy,
low energy electron microscopy and mirror electron
microscopy,[ Ultramicroscopy, vol. 47, no. 1–3, pp. 35–54,
Nov. 1992.

22. G. F. Rempfer, BMethods of calculating resolution in electron
microscopy: Scherzer’s equation, circles of least confusion
and the intensity distribution approach,[ Ultramicroscopy,
vol. 47, no. 1–3, pp. 241–255, Nov. 1992.

23. R. Godehardt, BMirror electron microscopy,[ Adv. Imag. Elect.
Phys., vol. 94, pp. 81–150, 1995.

24. H.-C. Kan and R. J. Phaneuf, BFocusing of low energy electrons
by submicrometer patterned structures in low energy electron
microscopy,[ J. Vac. Sci. Technol. B, vol. 19, no. 4, pp. 1158–1163,
Jul. 2001.

25. V. G. Dyukov, S. A. Nepijko, and N. N. Sedov, Electron
Microscopy of Local Potentials. Kiev, Russia: Naukova
Dumka, 1991, pp. 10–12, 28–35, 45–51, 63–66, 73–76.

26. S. A. Nepijko and N. N. Sedov, BAspects of mirror electron
microscopy,[ Adv. Imag. Electron Phys., vol. 102, pp. 273–323,
1997.

27. S. M. Kennedy, C. X. Zheng, W. X. Tang, D. M. Paganin, and
D. E. Jesson, BLaplacian image contrast in mirror electron
microscopy,[ Proc. R. Soc. A., vol. 466, no. 2122, pp. 2857–2874,
May 2010.

28. S. M. Kennedy, C. X. Zheng, W. X. Tang, D. M. Paganin, and
D. E. Jesson, BLaplacian image contrast in mirror electron
microscopy (Addendum),[ Proc. R. Soc. A., vol. 466, no. 2122,
pp. 2857–2874, Oct. 2010.

29. S. M. Kennedy, C. X. Zheng, W. X. Tang, D. M. Paganin, and
D. E. Jesson, BCaustic imaging of gallium droplets using
mirror electron microscopy,[ Ultramicroscopy, vol. 111, no. 5,
pp. 356–363, Apr. 2011.

30. H. Bremmer, BOn the asymptotic evaluation of diffraction integrals
with a special view to the theory of defocusing and optical
contrast,[ Physica, vol. 18, no. 6-7, pp. 469–485, Jun. 1952.

S. M. KENNEDY ET AL. 3 : 7IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 3 JULY/AUGUST 2011



31. J. M. Cowley, Diffraction Physics, 3rd ed. Amsterdam,
The Netherlands: North Holland, 1995, pp. 26–35, 59–63.

32. J. C. H. Spence, High-Resolution Electron Microscopy, 3rd ed.
Oxford, U.K.: Oxford Univ. Press, 2003.

33. J. D. Jackson, Classical Electrodynamics, 3rd ed. New York:
Wiley, 1999, pp. 79–84.

34. W. H. Press, S. A. Teukolsky, W. T. Vetterling, and
B. P. Flannery, Numerical Recipes, the Art of Scientific
Computing, 3rd ed. Cambridge, U.K.: Cambridge Univ.
Press, 2007, pp. 229–232, 600–604, 907–910.

35. J. F. Nye, Natural Focusing and Fine Structure of Light:
Caustics and Wave Dislocations. Bristol, U.K.: Inst. Phys.
Publishing, 1999, pp. 9–11, 46–48.

36. J. Massies, P. Etienne, F. Dezaly, and N. T. Linh, BStoichiometry
effects on surface properties of GaAs{100} grown in situ by
MBE,[ Surf. Sci., vol. 99, no. 1, pp. 121–131, Sep. 1980.

37. F. Hecht, O. Pironneau, A. Le Hyaric, and J. Morice, FreeFem++
version 3.9-0. [Online]. Available: http://www.freefem.org/ff++/

38. M. S. Altman, W. F. Chung, and C. H. Liu, BLEEM phase
contrast,[ Surf. Rev. Lett., vol. 5, no. 6, pp. 1129–1141, 1998.

39. W. F. Chung and M. S. Altman, BStep contrast in low
energy electron microscopy,[ Ultramicroscopy, vol. 74, no. 4,
pp. 237–246, Sep. 1998.

Received September 30, 2010; accepted for publication
February 1, 2011

Shane M. Kennedy School of Physics, Monash University,
Clayton, Victoria 3800, Australia (shane.kennedy@monash.edu).
Mr. Kennedy received his B.Sc./B.A. degree at Monash University in
Australia and submitted his Ph.D. thesis at Monash University at the
end of 2010. His thesis focuses on understanding and simulating the
processes that produce image contrast in mirror and low-energy
electron microscopy.

David E. Jesson School of Physics, Monash University,
Clayton, Victoria 3800, Australia (david.jesson@monash.edu).
Professor Jesson received his B.Sc. and Ph.D. degrees in physics from
Bristol University in the United Kingdom. He has previously held
positions at the Council for Scientific and Industrial Research, South
Africa; Oak Ridge National Laboratory; and Heriot-Watt University
in Edinburgh. He joined Monash University in 2003. His work
involves the use of novel electron microscopy techniques to study
semiconductor growth mechanisms. Most recently, he has pioneered
the development and application of a III-V surface electron microscope.

David M. Paganin School of Physics, Monash University,
Clayton, Victoria 3800, Australia (david.paganin@monash.edu).
Dr. Paganin received his B.Sc. and Ph.D. degrees in physics from
Melbourne University in Australia. He has previously held positions at
Melbourne University and CSIRO Australia. He joined Monash in
2002. His work in coherent optics includes a focus on the inverse
problem of phase retrieval with a variety of radiation and matter wave
fields.

3 : 8 S. M. KENNEDY ET AL. IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 3 JULY/AUGUST 2011



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


