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a b s t r a c t

This work presents a new approach to obtain reliable surface topography reconstructions from 2D
Scanning Electron Microscopy (SEM) images. In this method a set of images taken at different tilt angles
are compared by means of digital image correlation (DIC). It is argued that the strength of the method
lies in the fact that precise knowledge about the nature of the rotation (vector and/or magnitude) is not
needed. Therefore, the great advantage is that complex calibrations of the measuring equipment are
avoided. The paper presents the necessary equations involved in the methods, including derivations and
solutions. The method is illustrated with examples of 3D reconstructions followed by a discussion on the
relevant experimental parameters.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Upon using secondary electrons, contrast variations in scanning
electron microscopy (SEM) are caused by the topography of the
sample. However, the extraction of topographical information
from SEM images is rather complex. Different approaches have
been defined in order to find a solution to that problem [1–4].
However, they require specific equipment or complex calibration
procedures. In addition to those, so-called stereographical meth-
ods have been reported in literature [5–10]. The most important
ones can be grouped in feature-based (based on edge detection)
and area-based methods (based on image correlation) [6]. The
latter ones bear the advantage of obtaining a high density of points
and circumvent problems when operating with rather inhomo-
geneously distributed features [6].

This type of approach is very versatile, and has been applied to
different materials such as inorganic particles [11] or biological
specimens [7,12]. Nevertheless, several publications do not pro-
vide a clear comparison between the original images and the 3D
reconstructions, and/or they do not include information about the
range of values in the depth direction, we call z [5–7,12–14].
In other cases, geometrical information is a prerequisite [9–11].
In fact, a recent publication by Zhu et al. showed a quantitative

method for 3D reconstruction, but it requires a priori calibration of
the SEM stage movement [8]. However, such calibration may
introduce several additional errors into the final results [15].

The method presented in this paper aims at recovering the
topographical information hidden in the contrast of the SEM
pictures, avoiding the necessity of calibrations and other complex
geometrical considerations. On the contrary, the only requirement
to obtain the 3D reconstruction in practice is the acquisition of at
least three images of the surface region under study at different
tilt angles, without further information about details of the tilting
parameters. The remaining procedure is based on data handling.

In fact, the method can be applied on sets of images acquired
without knowledge of the imaging and/or rotation conditions.
Thus, the sample will be just slightly tilted in the SEM equipment,
but there is no need of a fine control of the direction and
magnitude of rotation. As depicted in Fig. 1, the consequence of
tilting is the displacement (δ) of the points of the image. However,
the magnitude of this displacement varies depending on the z
coordinate of the point (cf. situations a, b and c). As a consequence,
by evaluating the displacement of every point in the images after
tilting, it will be possible to reconstruct the z coordinates. This
evaluation will be carried out by conventional 2D digital image
correlation (DIC) [16] between the images before and after the
tilting. In this work we describe the data handling to reconstruct
the three-dimensional profile from the DIC data.

The structure of the paper is as follows. First the theoretical
background is described, followed by experimental considerations.
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Next, the method to obtain the 3D maps is described. Finally, three 3D
reconstructions are presented followed by a discussion of the method.

2. Theoretical background

This section presents the background used in all the calcula-
tions. It is worth mentioning that all the descriptions are done in
laboratory coordinates (i.e. using the SEM equipment as a static
reference system, keeping track of the movements of the sample),
instead the coordinates of the specimen. This section will be sub-
divided into two parts. First, the equations related to the rotation
and translations will be summarized. Then, the influence of the
optics of the system will be analyzed. The interconnection
between motion and imaging is depicted in Fig. 2.

2.1. Movement

A SEM image can be considered as a matrix of data where each
pixel is characterized with its position (x and y coordinates) and a
grayscale intensity. For a rigid body, the modification of coordi-
nates before and after the tilting (situations labeled as A and B,
respectively) can be described as a combination of rotations and
translations (see Fig. 2). Therefore, a point i with starting coordi-
nates ½A� ¼ ðxi;A; yi;A; zi;AÞreal is transformed to final coordinates
½B� ¼ ðxi;B; yi;B; zi;BÞreal as
½B� ¼ ½R�½A�þ½T � ð1Þ
where [T] is the translation matrix

½T � ¼
tx
ty
tz

0
B@

1
CA ð2Þ

and [R] is the rotation matrix

θ is the angle of rotation around the vector a with components
ax, ay, az. This vector is unitary, so

a2x þa2yþa2z ¼ 1 ð4Þ
Both movements are sketched in Fig. 2. Without loss of

generality, the z coordinate of every point i can be expressed as
a combination of a plane with components px, py and pz and the
vertical shift of every point to this plane (Δzi), as

zreali;A ¼ pxx
real
i;A þpyy

real
i;A þpzþΔzi ð5Þ

It is important to mention that the Δzi vertical shifts are only
perpendicular to the plane if px¼py¼0 (horizontal). This is a
consequence of the aforementioned choice of the system of
reference (laboratory frame instead of the moving frame of
the specimen). This plane can be characterized by a vector
located at the origin normal to the plane with components

�pz
1þp2x þp2y

ðpx; py; �1Þ
� �

.

Combining Eqs. (1–3) and (5), the following expressions are found:

xreali;B ¼ Rxxxreali;A þRxyyreali;A þRxzðpxxreali;A þpyy
real
i;A þpzþΔziÞþtx ð6aÞ

yreali;B ¼ Ryxxreali;A þRyyyreali;A þRyzðpxxreali;A þpyy
real
i;A þpzþΔziÞþty ð6bÞ

Both expressions combine the rotation and the translation of
the sample before and after the movement (situations A and B,
respectively).

2.2. Optics

We have no access to the real coordinates of the specimen, but
only to images taken before and after the movement (see Fig. 2).
Therefore, in addition to the pure physical motion of the rigid body
we have to consider the influence of the optics, which can
introduce additional displacements (i.e. a distortion). As a conse-
quence, a new set of observed coordinates has to be also con-
sidered in the lab reference system. This effect is related to the

distance between the sample and the optics, the so-called working
distance (WD). As sketched in Fig. 2, all points measured out-of-
plane away from the center of the image (x0, y0) show a difference
between the observed coordinates (xi,yi), and the real coordinates
(xi,yi)real

xi�x0 ¼ ðxreali �x0Þ
WD

WD�Δzi
ð7aÞ

yi�y0 ¼ ðyreali �y0Þ
WD

WD�Δzi
ð7bÞ

The magnitude of the distortion does not influence the mea-
surements in SEM, since the working distance is much larger than
the values of Δz. In general, it is confined to the sub-pixel regime
and it is negligibly small. However, the present method is based
on a comparison of images acquired before and after tilting the
sample by small amounts. In this case, the displacements are also
in the sub-pixel regime, and the optical distortion may become
relevant. For instance, this effect has to be considered when
comparing lower magnification images (i.e. large image size)
before and after tilting. In such cases, the points next to the border
of the image are strongly shifted, which causes important devia-
tions. The correction of this effect requires a specific iterative

Fig. 1. Influence of the height (Δz) of a point (in red) on the displacement observed
(δ) depending on the tilt angle (θ). (a) point in the plane of the sample. (b) point
above the plane of the sample. (c) point below the plane of the sample. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

½R� ¼
Rxx Rxy Rxz

Ryx Ryy Ryz

Rzx Rzy Rzz

0
B@

1
CA¼

cos θþa2x ð1� cos θÞ axayð1� cos θÞ�az sin θ axazð1� cos θÞþay sin θ
axayð1� cos θÞþaz sin θ cos θþa2y ð1� cos θÞ ayazð1� cos θÞ�ax sin θ

axazð1� cos θÞ�ay sin θ ayazð1� cos θÞþax sin θ cos θþa2z ð1� cos θÞ

0
BB@

1
CCA ð3Þ
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process. In the present work we will only analyze high magnifica-
tion images, where this effect is negligible.

There is one optical effect to consider for images acquired at
any magnification. It is a consequence of a nonzero translation tz
during the movement of the sample. In general, the entire sample
could be a little closer or farther away from the detector after the
movement than before. As a consequence, the final image would
be slightly stretched or contracted by a factor ε in comparison to
the initial image depending on the sign of tz. This factor will be
always close to unity, and its value can be calculated by evaluation
the change of the observed coordinates after a displacement only
in z

xreali;B ¼ xreali;A ð8aÞ

yreali;B ¼ yreali;A ð8bÞ

WDB ¼WDA�tz ð8cÞ

In that case Eq. (7a) can be re-written, with help of Eq. 8, as

xi;A�x0 ¼ ðxreali;A �x0Þ
WDA

WDA�Δz
ð9aÞ

xi;B�x0 ¼ ðxreali;B �x0Þ
WDB

WDB�Δz
¼ ðxreali;A �x0Þ

WDA

WDA�tz�Δz
ð9bÞ

The combination of Eq. (9b) and Eq. (9a) leads to

xi;B�x0 ¼ ðxi;A�x0Þ
ðWDA�ΔzÞ

WDA

WDA

WDA�tz�Δz
ð10Þ

Since a factor ε can be defined as

ε¼ xi;B�x0
xi;A�x0

¼ yi;B�y0
yi;A�y0

ð11Þ

we can conclude that, by use of Eq. (10) in Eq. (11)

ε¼ WDA�Δz
WDA�Δz�tz

� 1þ tz
WD

ð12Þ

Therefore, it can be considered as a uniform effect, while
Δzi⪡WD and tz⪡WD. This distortion can be extremely relevant,
even for small out-of-plane displacements. For instance, if we
assume an error of 0.1% over a working distance of 9 mm (i.e. an
error of 9 μm), an uncertainty of 30 nm will exist in an image of
30�30 μm2. If the image resolution is 1000�1000 pixels, then
the pixel size is 30 nm, which is close to the uncertainty range.
Actually, this value is quite large, since DIC displacements are
calculated at a subpixel regime.

3. Experimental details

All the measurements have been carried out with a Lyra (Tescan)
FEG-SEM microscope operating at 10 kV and a working distance of
9 mm. Images of 30�30 μm2 with resolution of 768�768 pixels
(adding in reducing the impact of temporal distortion) were recorded
in integration mode in order to minimize the presence of nonrandom
white noise [17,18]. The sample under study was a steel sample with
zirconia particles dispersed on its surface in order to improve the
contrast and provide clearer topography. Fig. 3 shows how the tilting
axes were oriented in three “Cases“ selected to show the influence of
the orientation and number of tilting axes under use. In Cases I and II,
the sample is tilted only around the rotation axis of the sample
stage. In Case I the images were scanned in parallel (within
experimental constraints) to the tilting axis, which represents the
most conventional situation. In Case II, the images were scanned in a
direction at an angle of about 351 relative to the tilting axis (see
Fig. 3). This situation is geometrically equivalent to keeping the
scanning direction unchanged and using a tilting axis deviated 351
(which is not possible in a conventional SEM equipment, since the
tilting axis is constraint by the hardware). Case III is like Case I, but
the sample was additionally tilted around a second rotation axis
quasi perpendicular to the axis of the sample stage. In all cases,
images have been captured with the sample tilted to several nominal
tilt angles (θnom) between 0.5 and 121. In each case, the images
obtained after tilting were compared by DIC with the initial image

Fig. 3. Scheme of the three Cases under study. Case I (orange box) represents a tilt
only around the sample stage axis, and imaging in parallel to it. Case II (cyan box)
represents a tilt only around the sample stage axis, but imaging is deviated 351
from the axis. Case III (red box) represents a tilt around both axis, and imaging in
parallel to the stage axis. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Fig. 2. Scheme of the relevant considerations. The notation used for coordinates before and after the movement and observations are included. The basics of rotation,
translation and observations are summarized on the right side. See Section 2 for further details.
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before movement. The DIC process was carried out with the Aramis
5.3 software, using facet sizes of 21 and 9 pixels and overlapping of
11 and 5 pixels, respectively. It is worth mentioning that the DIC
process was performed without activating any additional correction
option in the software. All the calculations have been carried out by
home-made software programmed with Wolfram Mathematicas.
Typical calculation time for the DIC sets used in this work are
typically few seconds, less than a minute in the worst case. The 3D
reconstructions have been plotted with the WSxM software [19].

4. Data treatment

This section is divided into four parts for readability purposes.
Thus, the method for fitting the experimental data is presented
first, followed by the description of the calculation of the para-
meters needed for the three-dimensional reconstruction and the
two methods used for finding a unique solution. All these steps are
accompanied with selected relevant plots that illustrate the con-
cepts under use.

4.1. Fitting of experimental data

The influence of the optics considered in this work is just a
factor ε that multiplies the real coordinates after the movement in
order to reach the observed ones. In that regard, the influence of
the optical distortion can be introduced in Eq. (6) by multiplication
of one side of both expressions by ε (ε¼1 in the other side).
Therefore, Eq. (6) can be re-written in the following form:

xi;B ¼ q1xi;Aþq2yi;Aþq3þεRxzΔzi ð13aÞ

yi;B ¼ q4xi;Aþq5yi;Aþq6þεRyzΔzi ð13bÞ
where

q1 ¼ εðRxxþRxzpxÞ ð14aÞ

q2 ¼ εðRxyþRxzpyÞ ð14bÞ

q3 ¼ εðtxþRxzpzÞ ð14cÞ

q4 ¼ εðRyxþRyzpxÞ ð14dÞ

q5 ¼ εðRyyþRyzpyÞ ð14eÞ

q6 ¼ εðtyþRyzpzÞ ð14f Þ
The six terms q

� �
represent the rotation, translation and ‘optical

expansion/contraction’ of a flat plane without roughness (i.e. without z
topography). All the random topographical information is stored in
Δzi. Therefore, we can find the values of q

� �
by two fittings of xi;B

� �

and yi;B
� �

against their corresponding xi;A; yi;A
� �

by using Eq. (13).
Nevertheless, the experimental data consists of displacements in x and
y directions obtained from the DIC procedure (δx and δy, respectively).
These parameters can be calculated as

δxi;AB ¼ xi;B�xi;A ð15aÞ

δyi;AB ¼ yi;B�yi;A ð15bÞ
and therefore, Eq. (13) can be re-formulated in ‘DIC terms’

instead ‘rigid body motion’, as

δxi;AB ¼ Q1xi;AþQ2yi;AþQ3þεRxzΔzi ð16aÞ

δyi;AB ¼Q4xi;AþQ5yi;AþQ6þεRyzΔzi ð16bÞ
where Qj ¼ qj, except that Q1 ¼ q1�1 and Q5 ¼ q5�1.

For each set of DIC data corresponding to a particular tilt, the
values of Qf g have been calculated by fitting to Eq. (16). Fig. 4
shows an representative example of a map of DIC displacements in
y direction from Case II, accompanied with the fitting performed
using Eq. (16b). As depicted in Fig. 4a, the displacements appear
distributed in a diagonal manner, in a direction perpendicular to
the axis of tilt. However, this type of picture could be less intuitive
depending on the initial orientation of the sample. As illustrated in
Fig. 4b, the deviation of each point to the average plane described
by the set of Q’s depends on ε, a rotation term andΔzi. The quality
of such fittings can be observed in Fig. 5. All plots show a slope of
1 and go through the origin. Larger ranges of variation of δx and δy
were obtained when larger tilt angles were used, as expected (cf.
Fig. 1). However, differences can be seen between plots of δx and
δy from the same Case. In Case I, the values of δx appear less
scattered, with a dispersion of about 73 nm around the diagonal
quite independent of the magnitude of tilt. In contrast, the
values of δy are much more scattered (more than 750 nm
for θnom¼4.01), and this dispersion increases with larger tilts.
In this particular Case I, the tilt was practically performed parallel
to the x axis. Therefore, all the topographical information has been
transferred only to the y axis, which explains the difference of
behavior. In fact, the deviation of each point from the diagonal line
is directly correlated to the value of its z coordinate. In the case of x
axis, the deviations are mostly a consequence of noise caused by
DIC and image processes (e.g. spatiotemporal drift). A different
situation can be observed in Case II (cf. Fig. 4, center). In this Case,
the signal can be appreciated in both plots. This is a consequence
of tilting of the image by 351 (see Fig. 3). Therefore, topographical
information is included in both axes. In Case III, we observe that
both tilts lead to different results. Thus, the first tilt causes that
most of the signal is stored in y axis, while just noise appears in x
axis, as in Case I. The second tilt shows the opposite behavior, with
most of the signal in x axis and only noise in y axis. This is because

Fig. 4. (a) Map of δy data obtained from the DIC of Case II at θnom¼4.01. (b) Fitting of the previous data to Eq. (16b) for calculation of Q4, Q5, and Q6 terms. Green and pink
colors represent points over and below the fitting plane (in blue), respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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the second tilt has been performed around an axis which is more
or less perpendicular to the first.

The difference between the plane fittings and the real data is of
particular interest, since it includes the topographical information.
After Eq. (16), we define:

Δδxi;AB ¼ δxi;AB�ðQ1xi;AþQ2yi;AþQ3Þ ¼ xi;B�ðq1xi;Aþq2yi;Aþq3Þ ¼ εRxzΔzi

ð17aÞ

Δδyi;AB ¼ δyi;AB�ðQ4xi;AþQ5yi;AþQ6Þ ¼ yi;B�ðq4xi;Aþq5yi;Aþq6Þ ¼ εRyzΔzi

ð17bÞ
The ratio is of interest as well, since

tan φ¼Δδyi;AB
Δδxi;AB

¼ Ryz

Rxz
ð18Þ

where φ is the angle formed in the representation of Δδy vs Δδx.
These plots are depicted in Fig. 6 for all Cases. Fig. 6 is interpreted
in terms of the difference between the data in Fig. 5 and the
diagonals (y¼x). For Case I, an almost vertical line is observed,
indicating that the topographical information is just stored in the y
direction in agreement with tilting parallel to the x axis. In
contrast, for Case II, the data are deviating from the vertical,
indicating that topographical information is stored not only along
the y direction, but also along the x direction. In both Cases, the
angle φ is depicted (cf. Eq. (18)). In Case I, φ¼89.71, i.e. almost
vertical. In Case II, φ¼122.71, i.e. almost 351 deviated from the
vertical, which is in agreement with the modification introduced
in the scanning direction of those images. In Case III, both sets of
data lay over x and y axes, as a result of the double tilting carried
out (angles of 88.71, and –0.31). It is worth mentioning that the

Fig. 5. Evaluation of the fitting used for calculating the values of Qf g (Eqs. 16a,b) for the three Cases under study. Top: δx data. Bottom: δy data. All the displacements have
been normalized for obtaining zero averages. Each set of data is identified by the nominal angle of tilting. The y¼x lines are also depicted on all graphs for reference.

Fig. 6. Δδy vs. Δδx plots for the Cases under study (see Eq. (18)). Each set of data is identified by the nominal angle of tilt. The alternative (k, l) coordinate system is depicted
for each Case (see Section 4.3.2).

E.T. Faber et al. / Ultramicroscopy 148 (2015) 31–41 35



values of φ angle indicate which rotation term holds the topo-
graphical information (Eq., (18)). Thus, in Case I, the value of
φ¼89.71 means that the topographical information is stored in
Ryz, while almost no information is stored in Rxy. In Case II, both
rotation terms hold information. In Case III, each tilt holds that
information in different rotation terms. Finally, the width of the
cloud of points around the fit represents the error in the measured
displacements. The possible sources of error are image acquisition
(i.e. drifting during SEM scanning), or DIC process (e.g. due to low
quality of facet recognition) [20].

4.2. Calculation of parameters

The 3D reconstruction, i.e. calculation of the Δzi data, requires
the use of the q

� �
or Qf g sets obtained previously for evaluating the

7 unknown parameters: 4 from rotation (ax, ay, az and θ), 2 from the
plane (px and py) and 1 from the optical expansion/contraction (ε). To
reach that objective, we have 6 equations: (4), (14a), (14b), (14d), (14e)
and (18). Therefore, there is one degree of freedom in our system. Eqs.
(14c) and (14d) will not be used, since they include translations tx and
ty which are also not known. It is worth mentioning that this approach
is different fromwhat it is traditionally explained in literature; our aim
is the calculation of the actual rotation parameters, while in literature
the approach is based in accurate calibration and control of the rotation
(e.g. [8]). In the present method, the accuracy of the stage holder is not
an issue, and therefore no complex calibrations are required.

By combination of the six equations mentioned above, the
following expressions can be found

sin θ
1� cos θ

¼ azΩ; withΩ¼

q2ay �ðq5 þεÞax
q2ax þðq5 �εÞay
ðq1 þεÞay �q4ax
ðq1 �εÞax þq4ay
ay cos φ�ax sin φ
ax cos φþay sin φ

8>>>><
>>>>:

ð19Þ

The angle θ can be obtained from Eq. (19), as

θ¼ 2arctan
1

azΩ

� �
ð20Þ

If ε equals exactly to unity, the three expressions in Eq. (19) are not
independent and the third equation does not provide any addi-
tional information. However, in any realistic setup this is not the
case, and the value of ε can be calculated from parameters
obtained from fitting after combining Eq. (19)

ε¼ ½ðq5 cos φ�q2 sin φÞ2þðq4 cos φ�q1 sin φÞ2�1=2 ð21Þ
So far, although one of the 7 unknown parameters listed before

has been calculated, there is still one degree of freedom in our
system Therefore, a unique solution cannot be reached, and just a
‘family of solutions’ in terms of the ratio ax/ay can be obtained.
In other words, we will get sets of permitted combinations of

ax; ay; az;θ; px; py
n o

. If one of these parameters would be known,

the others would be fixed immediately.

The ratio ax/ay can be calculated from any pair combinations
from Eq. (19):

ax
ay

¼
ðq2þq4Þε7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq2þq4Þ2ε2� q2q4�ðq5�εÞðq1þεÞ	 


q2q4�ðq5þεÞðq1�εÞ	 
q
q2q4�ðq5þεÞðq1�εÞ	 


ð22aÞ

ax
ay

¼
�ε sin φ7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 sin 2φ� ðq5�εÞ cos φ�q2 sin φ

	 
 ðq5þεÞ cos φ�q2 sin φ
	 
q

ðq5þεÞ cos φ�q2 sin φ
	 


ð22bÞ

ax
ay

¼
ε cos φ7

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε2 cos 2φ� q4 cos φ�ðq1�εÞ sin φ

	 

q4 cos φ�ðq1þεÞ sin φ
	 
q

q4 cos φ�ðq1�εÞ sin φ
	 


ð22cÞ
Two solutions are obtained from each equation, depending on

the sign of the square root, and therefore in total 6 solutions will
be found. However, the correct one is the only that is repeated
three times, while the others are different among them. After
obtaining ε and ax/ay, the values of az, px, py and θ can be easily
calculated from Eqs. (4), (14) and (20), after assuming a value for ax
or ay. It is also worth to mention that the signs of az and θ are
linked by Eq. (20).

4.3. Finding a unique solution

In practice, the use of different points within this ‘family of
solutions’ leads to equivalent 3D maps with different z scales. This
degree of freedom can be eliminated by including a third SEM
image C and DIC set AC. As depicted in Table 1, there are three
parameters dependent only on the starting situation A: the plane
parameters px and py and the sample topography Δzi (see Eq. (5)).
Therefore, by including another DIC set, we introduce only one
more degree of freedom similar to the one in the AB set, but three
additional constraints are also added. As a consequence, we can
eliminate all AB and AC unknowns.

In fact, due to this redundancy there are two methods to reach
a unique solution. Method 1 uses only the plane parameters (px,
AB¼px,AC and py,AB¼py,AC). In method 2, the topographical informa-
tion (Δzi,AB¼Δzi,AC) is also used together with a combination of
the parameters for the plane.

4.3.1. Method 1
In practice, the use of different points within this ‘family of

solutions’ leads to equivalent 3D maps with different z scales A
unique solution for both tilts will be found where the values of px
and py meet at the same time (i.e. a crossing point in a plot of py vs
px). Such representations are depicted in the top row of Fig. 7.
In each Case, two crossing points are reached, which are actually
the same solution for positive or negative 3D reconstructions. It
can be seen that in Case I and II both lines appear quite close,
which creates uncertainty in the determination of the crossing

Table 1
Tilt, images, DIC processes, and criteria to find a unique solution.

Tilting and DIC process AB AC
Images compared A and B A and C

Set of parameters obtained ax; ay ; az ; θ; px; py
n o

AB
ax ; ay ; az ; θ; px ;py

n o
AC

Connection between both tilts
Same plane

px ¼ px;AB ¼ px;AC
py ¼ py;AB ¼ py;AC

Same topography Δzif g ¼ Δzif gAB ¼ Δzif gAC
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point. In contrast, the crossing of both lines is clearer in Case III.
This is a consequence of the number of axes of rotation employed;
in Case I and II, just the axis of the stage was used (which leads to
the same value of φ in Fig. 6 for different tilts). The consequence is
that information is mainly obtained in the perpendicular direction
to this unique tilting axis. It is worth mentioning that rotating the
imaging conditions (i.e. Case II vs. Case I) does not make a big
difference (cf. Case II in Fig. 7), since most data is included in one
direction (although this direction is moved 351 from the y axis that
was observed in Case I). Nevertheless, since typical sample holders
for SEM allow just one axis of rotation, this situation would be
quite common practice.

4.3.2. Method 2
A second way of finding a unique solution can be found by

using a different approach. There are two main differences with
the previous: (i) method 1 was based only on information about
the sample plane (py and px), while in method 2 one plane
parameter (pk) and the topographical information (Δzi) are used
(see Table 1). (ii) in method 1, the solution is found by comparison
of independent sets of data from both tilts (AB vs. AC), while in
method 2 the information from both tilts is mixed for practical
reasons.

If two tilts are considered, we will find two values of φ that can
be labeled as φAB and φAC. The average of these angles can be
defined as

φABC ¼
1
2
ðφABþφACÞ ð23Þ

For the forthcoming analysis, we will define a new set of
coordinates (k, l, z) replacing (x, y, z), as:

k¼ x cos φABCþy sin φABC ð24aÞ

l¼ �x sin φABCþy cos φABC ð24bÞ
These new axes of coordinates are depicted in Fig. 6. The

rotation vector can be expressed in the new set of coordinates
with the use of Eq. (24), i.e. (ak, al, az) instead (ax, ay, az). In a similar
way, we can calculate the components of the plane in this new
coordinate system, as

pk ¼ px cos φABCþpy sin φABC ð25aÞ

pl ¼ �px sin φABCþpy cos φABC ð25bÞ

In case of several tilts around a similar tilt axis (Cases I and II), this
change of coordinate system allows grouping all the topographical
information in k axis and all the noise in l axis, as shown in Fig. 6b.
Thus, for each tilt we can get one expression equivalent to Eq. (17) in
the k direction by using Eq. (24a) (or in the l direction using Eq.
(24b)), as:

Δδki;AB ¼Δδxi;AB cos φABCþΔδyi;AB sin φABC ð26aÞ

Δδki;AC ¼Δδxi;AC cos φABCþΔδyi;AC sin φABC ð26bÞ
The overall ‘signal’ can be expressed as the root-mean-square

(RMS) deviation in the k direction, as:

RMSðΔδkABÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

∑
N

i ¼ 1
ðΔδki;AB�ΔδkAB Þ2

s
ð27Þ

where N is the number of points evaluated (number of facets), and
ΔδkAB is the average of the NΔδki;AB values. In this case, the
average equals zero, as an ultimate consequence of the fitting
procedure when calculating Qf g, which subtracts a fitted plane
from the original data (cf. Eq. (16) and Fig. 5).

As illustrated in Eq. (18), the topographical information is stored
in the ratio of two rotation terms. In this case, the new coordinate
system has been defined in such a way that most of the

Fig. 7. Methods for finding a unique solution for the tilting. Top: method 1 (py vs. px plots, see Section 4.3). Bottom: method 2 (pk vs. θAC, see Section 4.3.2). Each set of data is
identified by the nominal angle of tilting.
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topographical information is in the k direction. In this way we
obtain from the theoretical Δzi,AB¼Δzi,AC (see Table 1) a practical
relationship between the RMS of local data from two different
tilts:

RMSðΔδkABÞ
RMSðΔδkAC Þ

¼ Rkz;AB

Rkz;AC
¼ akazð1� cos θÞþal sin θ

� �
AB

akazð1� cos θÞþal sin θ
� �

AC

ð28Þ

This relationship between θAB and θAC is in addition to the
relationship pk,AB¼pk,AC. The practical way to find a unique solu-
tion is the representation of a double-plot of pk vs. θAC. To reach it,
we calculate ε and ay/ax just as before (see Section 4.2) and find
functions pk(θAB) and pk(θAC) which depend only on the angle and
known parameters. This is done through the subsequent use of the
following equations: pk (Eq. (25a)), px and py Eq. (14), rotation
terms (Eq. (3)), az (Eq. (19)) and ay (Eq. (4)).

Finally, we will use the relation between θAB and θAC (Eq. (28))
to define a function θAB(θAC), and reach two independent relations
that can be labeled as pk(θAC) and pk(θAB(θAC)). These functions are
depicted in the bottom row of Fig. 7. It can be seen that clear
crossing points are obtained, particularly for Case II. This proce-
dure is more accurate because it is based only on one of the
parameters of the plane (pk), which is the one that contains the
information when tilting using only one rotation axis. Never-
theless, we can see that this method can be also used in Case III,
where tilts were performed around two different rotation axes.
This is because, although in this situation not all the topographical
information is stored in the k axis (cf. Fig. 6, Case III), there is still
enough information to reach a good solution. In fact, this situation
is comparable with the use of x-y coordinate system in Case II,
since not all the topographical information was stored in either of
the x or y axes.

Both methods are different consequences of the three connec-
tions between both tilts, as summarized in Table 1. By using the
equations in a way similar to how it was described in the previous
paragraph, it is possible to re-plot each curve in Fig. 7 as relations
between both tilt angles θAC and θAB, as included in Fig. 8.
Although this type of plot is illustrative for comparison purposes,
it is inconvenient for computation due to the appearance of many
inconsistent solutions. Four lines appear in each plot. This is
because pk, px and py are not independent (cf. Eq. (28)a). For
Case I, the curves from pk and py are overlapping, since the axis k is
selected to be very close to axis y (cf. Fig. 6). In addition, the
information from px is very similar to that obtained from Δzi
(Eq. (28)). In the other two Cases, pk is between px and py, while
data from Δzi appears different. Nevertheless, in all of the cases,
the lines cross basically in the same point, and similar results are
obtained from both methods (cf. Table 2).

5. Three dimensional reconstructions

In this section we will show a couple of examples of 3D
reconstructions performed after the data treatment explained
before. This selection will be used to evaluate critically the effect
of several parameters that influence the final 3D maps.

Some 3D mappings of Case I are shown in Fig. 9. The original
SEM picture is included in Fig. 9a as references for comparison.
Fig. 9b shows the reconstruction obtained from the image tilted at
θnom¼0.51 from the initial, using δx data. It can be seen that this
image does not correspond to the actual topography of the sample,
and it is composed only by noise. This can be expected, considering
that the topographical information is only included in the y axis (cf.
Fig. 6a). In contrast, in the rest of the pictures (using δy data) the
observed features correspond very well to the image obtained by
SEM. The image taken at θnom¼0.51 (Fig. 9c) appears noisy when
compared with that obtained from θnom¼2.01 (Fig. 9d), which
indicates that 0.51 was a too low tilt to get a good signal-to-noise
ratio for a sample with this roughness. In other words, larger tilt
angle is needed for samples with lower roughness in order to
improve the quality of the 3D reconstruction. Figs. 9d and 8e show
the reconstructions from θnom¼2.01, but using different smaller
facet sizes during DIC in the latter picture. This leads to much better
lateral resolution and much better agreement with the features
appearing in the SEM. It is worth mentioning that, as opposite to
Fig. 9c, the new information is not noise, since features clearly
resolved in Fig. 9e reproduce those appearing in the initial SEM
picture (cf. Fig. 9a) and are consistent with previous profiles (see
smoothed features in Fig. 9d). Therefore, the use of the lowest facet
size that allows DIC recognition can be recommended. In that
regards, the optimization of image contrast during acquisition is a
prerequisite. Fig. 9f shows the histograms of the images presented
in Fig. 9c to e. The histogram of an image obtained after θnom¼4.01
is also included. It can be seen that the histograms are very similar,
in agreement with reconstructions of the same area. Nevertheless,
the histogram of the image obtained after θnom¼2.01 with small
facet size appears little wider and less intense than the others.

Fig. 8. Comparison between both methods of solution depicted in Fig. 7.

Table 2
Angles obtained from both calculations methods for each Case.

Case θAB (1) θAC (1)

Nominal Method 1 Method 2 Nominal Method 1 Method 2

Case I 4.0 4.832 4.754 2.0 2.443 2.341
Case II 4.0 3.973 3.900 2.0 2.037 1.973
Case III 12.0 11.724 11.997 ca. �13.5 �13.764 �13.281
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This is because the improved lateral resolution also leads to a larger
amplitude of values of z (i.e. larger absolute values of the maximum
and minimum are observed, cf. color bars). In other words, the
‘smoothing effect’ that occurs when using a larger facet size is
reduced. Therefore, the best facet size is the smallest one that can

be applied to the pattern and achieve the lowest confidence interval
from the DIC software.

Fig. 10 shows 3D plots of the reconstructions obtained from
Case II at θnom¼2.01. In this case, different profiles obtained from x,
y and k axes are shown. As opposite to Fig. 9b and c, the same

Fig. 9. 3D reconstructions from Case I. (a) SEM reference picture. (b) Reconstruction using δx data from set acquired at θnom¼0.51. (c) Reconstruction using δy data from set
acquired at θnom¼0.51. (d) Reconstruction using δy data from set acquired at θnom¼2.01. (e) Reconstruction using δy data from set acquired at θnom¼2.01 and smaller facet
size in DIC. (f) Histograms of reconstructions performed at different angles and facet size. All the scale bars represent 5 μm.

Fig. 10. 3D reconstructions from Case II. (a) Reconstruction using δx data from set acquired at θnom¼2.01. (b) Reconstruction using δy data from set acquired at θnom¼2.01.
(c) Reconstruction using δk data from set acquired at θnom¼2.01. (d) Histograms of reconstructions using data from different axis.
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features are identified from images obtained using δx, or δy data
(Fig. 10a and b), since there is topographical information in both. In
fact, this is the reason to define the new pair of working axis (k, l)
to concentrate all the topographical information in one, as
described in Section 4.3. The result using k axis is depicted in
Fig. 10c, which shows the same profile as in both previous cases.
These representations are very interesting, since they allow
verification of the self-consistency of our method; thus, not only
the same aspect of the images is obtained using any axis, but also
the same values of z are reached (see histograms in Fig. 10d). It is
worth mentioning here that the role of parameter ε is very
relevant. In this particular Case, ε¼1.000036634. With such a
small value, it would be tempting to approximate ε to 1. However,
this approximation cannot be done, since then the 3D maps do not
reach self-consistency anymore, with alterations of the z values by
factors of 0.7 and 1.7 in each image. This result enhances the
importance of considering even very small variations in the
working distance in order to obtain accurate 3D images with this
method.

Fig. 11 displays a schematic summary of the whole process
to obtain the 3D reconstruction.. From three different images
acquired at different tilts, two sets of DIC data are obtained.

By combining them, a unique solution for the rotation is obtained,
and two 3D reconstructions are reached (one per DIC). In other
words, the uncertainty about the z scale that appears when
considering only one DIC set can be fixed by adding a third image,
instead of complex calibration procedures. As illustrated in Fig. 11,
this process is quite simple, since the only practical requirement is
the acquisition of three images (at least) at different tilting angles.
In fact, the analysis can be improved by inclusion of more images
acquired at other angles, although that topic is beyond the scope of
this work. The angles to be used depend strongly on the roughness
of the sample, and smaller angles are needed for rougher samples.
However, the angles should not be too large in order to avoid
problems with facet recognition during DIC process. For instance,
for the type of sample used in this work, an approximate tilt range
would be between 11 and 151.

No previous information about the SEM equipment is needed,
and the 3D map can be just reconstructed from these data by
software (DIC and calculation of rotation parameters) in period of
time of typical user operation. The first requirement is a good
contrast in the image for the DIC calculations, which determines
the maximum lateral resolution that the method can reach. Also,
very accurate distance measurement by SEM (the z values are

Fig. 11. Flow chart of the relevant steps in order to get the 3D maps from SEM pictures.
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obtained from x and y displacements). The method is also
versatile, since it can be applied regardless of the magnifications.

Nevertheless, further corrections are necessary for large image
sizes (low magnification) due to perspective distortions (cf Section
2.2), which will be analyzed in a further paper. The presence of
random noise is not a problem either, since the correct values of
rotations are obtained even at noise levels that are larger than the
signal. However, the presence of nonrandom noise during the
image acquisition may induce systematic errors, and the use of
tests for revealing its magnitude is recommended [17,18,20].

6. Conclusion

In this paper, we present a novel procedure to obtain 3D
surface reconstructions from SEM images acquired at different
angles. The main advantage is that no a priori information about
the imaging equipment is needed, and therefore complex calibra-
tions of the equipment can be avoided. The method can be directly
applied to any set of three or more images obtained while
changing the tilting angle between images. The theoretical back-
ground has been presented, together with two different methods
to reach a unique solution. Three different cases have been
selected to for a critical validation of the concept for different
situations of imaging and tilting.
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