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a b s t r a c t
In this paper the improved photometric or the so called ‘‘Shape From Shading” method is
presented. In comparison to known and established approaches the efﬁciency of the detector system was considered and the requirements of the cosine Lambert’s law for the angle
distribution of the emitted electrons are suppressed. The method retrieves more accurate
data of sub-micrometer substructures like diffractive optical elements (DOE) due to an
increased lateral resolution and works more efﬁciently than widely used comparable
techniques.
Ó 2010 Elsevier Inc. All rights reserved.

1. Introduction
Currently the optical measuring systems are admitted to be a standard measurement instrument for surface measurement. However, these devices have several weak points. The lateral resolution of optical measurement tool is limited by
the wavelength of the light and lies in the range between 0.3 and 0.8 lm. Another restriction of the optical microscopes
is the limited ability to measure the tilted areas. The maximal measurable inclination angle depends on the numeric aperture
(NA) of the objective and is limited to approx. 36° for the non-immersed objectives. Clearly higher lateral resolution (up to
5 nm) can be achieved using scanning electron microscope (SEM). However, it produces only 2D-Images, so the true 3D-Surface can be obtained from multiple SEM – photos using additional reconstruction methods. One of these methods is a photometric or so called ‘‘shape from shading” method. Before introducing the algorithm the physical processes occurring during
irradiation by primary electrons in SEM will be discussed.
In a SEM (see Fig. 1) electrons are thermionically emitted from the cathode. After acceleration towards the anode they
are focused by one or two condenser lenses. The electron beam passes also through pairs of scanning coils, which deﬂect
the beam in the x and y directions, so that it scans in a raster mode over a rectangular area of the sample surface. While
interacting with the specimen material, the primary electrons (PE) lose energy by multiple random scatterings. The energy
exchange between the primary electrons and the specimen atoms in the area close to the injection hole (1–10 nm) results
in creation of the low-energy secondary electrons SE1. The energy of these electrons lies per deﬁnition in the range of 0–
50 eV. Furthermore, the collisions between electrons lead to the formation of high-energy backscattered electrons (BSE)
with energies > 50 eV. On the way out of the material the BSE produce another low energy secondary electrons SE2,
see Fig. 3. The source area for both SE2 and BSE is much larger than for SE1 and depends on the energy of the primary
electrons and the irradiated material. So, for the PE-energy of 10–20 keV the diameter of the excited spot of the surface lies
in the range of 0.1–1 lm and it decreases to 5–30 nm at lower energies of the primary electrons. The BSE can also produce
SE3 while contacting the chamber walls. However, these electrons can be eliminated and therefore will be not discussed in
this paper anymore.
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Fig. 1. Schematic diagram of SEM.

2. Idea of the photometric method
The basics of the photometric method were developed in the 90’s [1]. The method assumes that the emission yield r(/)
depends on the local inclination angle of the specimen / as: r(/) = r0/cos(/). Besides, the angle distribution of the emitted
electrons follows the Lambert cosine law: f(w) = cos(w). If a symmetrical 2-detector system is used for registration of the
emitted electrons [2,5], see Fig. 2, then the detector signals I1 and I2 can be presented as I1;2 ¼ 12  rðuÞ  ð1  sin uÞ and therefore the difference is:

I2  I1 ¼ r0  tan u ¼ r0 

dzðx; yÞ
:
dx

ð1Þ

Finally, the surface proﬁles can be reconstructed via numerical integration of the partial derivatives.
Despite the simple reconstruction algorithm, the photometric method was not established as standard measuring method
due to the following reasons:
1. The material dependent emission coefﬁcient r0 in Eq. (1) is unknown.
2. The photometric method assumes that the emission yield behaves as cos-1 of the local inclination angle of the measured
specimen. This assumption is correct only for primary electrons with the energy > 10 keV, see Fig. 3. However, the use
such primary electrons increases both the BSE-fraction and the emission volume (electron range), which leads to loss
of the lateral resolution. Besides, the angular distribution of BSE strongly depends on the incident angle of the primary
electron beam.

Fig. 2. 2-detector system.
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Fig. 3. Dependence of the emission yield on the inclination angle (left) and occurence of the secondary electrons (right).

3. The angular distribution of the secondary emission electrons (SE) is assumed to have a cosine form. This assumption is a
very rough approximation of the real one. The alternative approach refers to quantum mechanics and gives more realistic
description of its behaviour [3].
4. The efﬁciency factor of the detector system is supposed to be one. In reality the efﬁciency is always smaller due to the
inﬂuence of the specimen chamber and of the electron gun. According to the recent publications the efﬁciency of one
ET Detector lies approximately about 30–40% [4].

3. Improvements
For successful implementation of the photometric method the conventional scanning electron microscope (SEM) is to be
equipped with 4 Everhardt Thornley (ET) detectors. Two of them should be oppositely positioned along the x-axis and two along the y-axis. Alternatively, a 2-detector system and a rotation unit around the z-axis can be used. This rotation unit gives
an opportunity, to position the ET-detectors ﬁrstly along the x- and ﬁnally along the y-axis and thus to determine the partial
derivatives of the measured surface.
The reconstruction formulas are based on the following assumptions:
1. The angle distribution takes the following form:

f ðwÞ ¼

1

p

 ðk1  cos w  k2  cos2 wÞ:

ð2Þ

Here w describes the angle between the direction of the emitted electron and the normal to the local tangent plane to the
surface in the measured position. The coefﬁcients k1 and k2 are determined via parameter optimization on experimental
data. Such an approach allows being more ﬂexible while describing the angular distribution comparing to the Lambert’s
cosine law.
2. The emitted electrons are registered either by one of the 2 detectors or captured by the surface or the electron gun [3].
Based on the FEM simulation results the emission directions were split in 3 zones. The Zone 1 stands for the electrons
being registered by the detectors. Zone 2 represents electrons, which are captured theoretically neither by the detectors
nor by the electron gun. Nevertheless they are considered as being registered to 50% by detector 1 and 50% by detector 2.
Zone 3 describes electrons, which are partly absorbed by the electron gun. To describe this zone splitting two angle
parameters are introduced. The ﬁrst parameter corresponds to half of the opening angle h of Zone 3, which describes
its partial absorption. The second parameter describes the maximum azimuthal angle b, at which the emission electrons
are registered by the respective detector, see Fig. 4. Both of these parameters depend on the distance between the specimen and the electron gun. Furthermore the angle h can be inﬂuenced by the applied voltage to the bottom facet of the
electron gun. So, a voltage of about 10 V reduces h signiﬁcantly and thus increases the efﬁciency of the detector system.

3.1. Zone 1
In order to eliminate the inﬂuence of the electron gun the h angle will be temporally set to 0°. Since this marginal (h = 0°)
case is used for further considerations, Zone 1 here is deﬁned as Zone1 0 . The electron ﬂow via elementary surface element
dG = r2dX, see Fig. 5, is:
2
dU ¼ rðx; yÞ  f ðc; aÞ  r 2  dG ¼ rðx; yÞ  ðk1  fLam ðc; aÞ  k2  fLam
ðc; aÞÞ  dX;

ð3Þ
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Fig. 4. Zone splitting of the emitted electrons.

Fig. 5. Electron ﬂow over the elementary surface.

where dX is a differential solid angle, r = 1 – the radius of the unit sphere and f(c,a) – the angular distribution of the emitted
electrons in the global spherical coordinate system. This distribution depends on zenith angle c and azimuth angle a as
shown in Fig. 5. As already mentioned in Eq. (2), the angular distribution is a superposition of the Lambert’s (cosine) fLam(c, a)
2
and square Lambert’s fLam
ðc; aÞ functions. For arbitrary direction ~
rðc; aÞ ¼ ½sin c  sin a; sin c  cos a; cos c the Lambert’s distribution takes the following form:

fLam ðc; aÞ ¼ cosð~
r; ~
nÞ ¼

1

p

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1


@z2 @z 2
@z
@z
 1þ
þ

 sin c  sin a þ
 sin c  cos a  cos c :
@x
@y
@x
@y

ð4Þ

h
iT
@z
@z
Here ~
n is the normal to the tangent plane of the surface at the irradiation point: ~
n ¼  @x
;  @y
;1
The signals on the detectors 1 and 2 are proportional to the electron ﬂow U and can be calculated as surface integrals:

I1y;2y
¼
rðx; yÞ

Z

f ðc; aÞ  dX ¼ k1 
X1;2

Z

Z b
Z hðaÞ
Z hðaÞ
2
da
fLam ðc; aÞ  sin c  dc k2 
da
fLam
ðc; aÞ  sin c  dc;
a
0
a
0
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
b

Int 11 ða;bÞ

ð5Þ

Int12 ða;bÞ

with r(x, y) as the total emission yield and X1, 2 as integration domains for the detectors 1 and 2. In the Cartesian coordinate
system these signals can be represented as double integrals over the domain presented via azimuth range [a, b] = [-b, b] and
[a, b] = [p-b, p + b] for detectors 1 and 2 respectively and zenith range [0h(a)]. The upper integration limit h(a) is deﬁned as
the intersection of the tangent plane and the azimuth integration plane xcosa -ysina = 0, see also Fig. 6:

hðaÞ ¼ arccos M 

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 !
;
1 þ M2

M ¼ sin a 

@z
@z
þ cos a  :
@x
@y

ð6Þ

After substitution using Eqs. (4) and (6) and simpliﬁcation the integral Int11(a, b) Eq. (5) takes the following form:

1
Int11 ða; bÞ ¼

2p

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1



Z b
@z2 @z 2
@z
@z
1þ
þ

1  sin a  þ cos a 
 hðaÞ  da:
@x
@y
@x
@y
a

ð7Þ

Unfortunately this integral cannot be solved via elementary functions. However, for the surface reconstruction using only
Zone1 0 not the signals but their difference is signiﬁcant:
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Fig. 6. Evaluation of the upper integration limit.

I2y  I1y
¼ k1  ðInt11 ðp  b; p þ bÞ  Int 11 ðb; bÞÞ k2  ðInt 12 ðp  b; p þ bÞ  Int12 ðb; bÞÞ :
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
rðx; yÞ
DInt11

ð8Þ

DInt12

The use of relations cos(a + p) = -cosa, sin (a + p) = -sina, h(a + p) = p-h (a) leads to:

DInt11 ¼ sin b  sin uy ;

ð9Þ

whereas the inclination angles ux, uy are deﬁned as:

@z
sin uy ¼

@y

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
@z2 @z 2
þ
;
1þ
@x
@y

@z
sin ux ¼

@x

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
@z2 @z 2
þ
:
1þ
@x
@y

ð10Þ

The second integral Int12 is treated in the similar way:

1
@z2 @z 2
Int12 ða; bÞ ¼
1þ
þ
3p
@x
@y

!1 Z
b
3

ð1 þ ð2  3  cos h þ cos3 hÞ  M 2  2  sin h  M  cos3 hÞ  da;
a

ð11Þ

@z
@z
M ¼ sin a  þ cos a  :
@x
@y
After simpliﬁcation of the Int12 the integral difference DInt12 from Eq. (8) can be solved using elementary functions:

DInt12 ¼

b
2  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
 X  1  X þ arcsin X  ;
3p
b

XðaÞ ¼ sin a  sin uy  cos a  sin ux :

ð12Þ

Despite DInt12 can be solved analytically, due to its complexity it can be barely used for further considerations and therefore
it will be approximated using elementary functions. One of the possible approximations is the decomposition of the primitive function DInt12 using Taylor series [7], see Eq. (12):


1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
1
1 5
1 7
 X  1  X þ arcsin X ¼ X  X 3 
X 
X þ OðX 9 Þ:
2
6
40
112

ð13Þ

At small slope angles X  1, hence for the characterization of the behaviour of the primitive function, the linear and cubic
member of the Taylor Eq. (13) series are sufﬁcient:

DInt12 ¼

8
2
2
 sin b  sin uy  ð1  j  3 cos2 b þ j  ð3 cos2 b  sin bÞ  sin uy þ j  3 cos2 b  cos2 kÞ;
3p

ð14Þ

with j  1/5.8 and k as the angle between the z axis and the normal to the tangent plane:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
@z2 @z 2
2
2
cos k ¼ 1 þ
þ
¼ 1  sin ux  sin uy :
@x
@y
Finally, after evaluation of the integrals DInt11 and DInt12 the difference of the detector signals for Zone1
as:



2
I2y  I1y ¼ rðx; yÞ  sin b  sin uy  c1 þ c2  sin uy þ c3  cos2 k ;

ð15Þ
0

can be determined

ð16Þ

whereas the coefﬁcients c1. . .c3 are the functions of the angle parameters b and h. These functions are determined in Eqs. (8),
(9) and (14). The sum of the detector signals depends only from Zone 3 and in case of h = 0° is equal to the total emission yield
at the irradiation point:
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I2y þ I1y ¼ rðx; yÞ:

ð17Þ

3.2. Zone 3
Next the inﬂuence of the Zone 3 will be examined. Similarly to the calculation procedures for Zone 1, Zone 3 is also divided into elementary surfaces and the entire electron ﬂow is computed as integral sum, see also Eq. (3):

IZone3
¼k 
rðx; yÞ 1

Z p

Z p
Z h
Z h
2
da
fLam ðc; aÞ  sin c  dc k2 
da
fLam
ðc; aÞ  sin c  dc;
0
0
p
p
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Int31 ðp;pÞ

ð18Þ

Int 32 ðp;pÞ

where h = const is the maximal angle, with which the emission electrons are absorbed by electron gun. Both components Int31(a, b) and Int32(a, b) of the electron ﬂow over Zone 3 in Eq. (18) are expressed as functions of the integration limits:

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
Z b
@z2 @z 2
@z
@z
2
1þ
þ

ðM  ðcos h  sin h  hÞ þ sin hÞ  da; M ¼ sin a  þ cos a  ;
@x
@y
@x
@y
a
!1 Z
b
1
@z2 @z 2
3
 1þ
þ

ð1 þ ð2  3 cos h þ cos3 hÞ  M 2  2 sin h  M  cos3 hÞ  da:
Int32 ða; bÞ ¼
3p
@x
@y
a

1
Int31 ða; bÞ ¼

2p

ð19Þ
ð20Þ

Unlike to Zones 1 and 2 the electron ﬂow over Zone 3 is considered to be partly absorbed by the electron gun, which leads to
a decrease of the sum of detector signals:

I1y þ I2y
IZone3
¼1s
¼ 1  s  k1  Int31 ðp; pÞ þ s  k2  Int 32 ðp; pÞ ¼ a0  a1  cos k þ a2  cos2 k:
rðx; yÞ
rðx; yÞ

ð21Þ
2

Here s is the absorption coefﬁcient of the electron gun and a0 ¼ 1 þ s  k2  13  ð2  3  cos h þ cos3 hÞ; a1 ¼ s  k1  sin
h; a2 ¼ s  k2  ðcos h  cos3 hÞ are system speciﬁc constants.
Since the non-absorbed fraction of the emission electrons over Zone 3 is assumed to be split in half between the detectors
1 and 2, it does not affect the difference of the detector signals. Therefore the entire difference of detector signals can be
expressed as the signal difference over Zone1 0 subtracting the absorbed electrons over the intersection of Zone 3 and
Zone1 0 :

I2y  I1y ¼ I2y ðZone1

0 Þ

 I1y ðZone1

0 Þ

For the difference DIZone3 ¼ I1y ðZone3 \ Zone1

þ I1y ðZone3 \ Zone1


0

0 Þ

Þ  I2y ðZone3 \ Zone1

 I2y ðZone3 \ Zone1


0

0 Þ

ð22Þ

Þ following equation is valid:

DIZone3
¼ k  ðInt 31 ðb; bÞ  Int31 ðp  b; p þ bÞÞ k2  ðInt32 ðb; bÞ  Int 32 ðp  b; p þ bÞÞ :
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
rðx; yÞ 1 |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
DInt 31

ð23Þ

DInt32

The integration of summands leads to:

DInt31 ¼ 
DInt32 ¼ 

1

p

 ð2h  sinð2hÞÞ  sin b  sin uy ;

ð24Þ

8
3
 sin h  sin b  sin uy  cos k:
3p

ð25Þ

Thus the signal relation with consideration of the efﬁciency of the detector system can be represented as follows:
2

ky ðx; yÞ ¼

b1 þ b2  sin uy þ b3  cos2 k þ b4  cos k
I2y  I1y
:
¼ sin uy  sin b 
a0  a1  cos k þ a2  cos2 k
I2y þ I1y

ð26Þ

The coefﬁcients from the Eq. (26) are summarized in Table 1.
The presented signal relation refers to detectors, aligned along the y axis. The computation for the detectors along the x
axis is similar, hence:
2

kx ðx; yÞ ¼

I2x  I1x
b1 þ b2  sin ux þ b3  cos2 k þ b4  cos k
¼ sin ux  sin b 
:
a0  a1  cos k þ a2  cos2 k
I2x þ I1x

ð27Þ

Table 1
Coefﬁcients of the signal relation.
b1 ¼ k1  1 þ p1  ðsinð2hÞ  2hÞ  38p  k2  ð1  3j  cos2 bÞ
b3 ¼ k2  8pj  cos2 b
a0 ¼ 1 þ k2  31s  ð2  3  cos h þ cos3 hÞ
a2 = sk2(cosh-cos3h)

b2 ¼ k2  83jp  ðsin2 b  3  cos2 bÞ
b4 ¼ k2  38p sin3 h
a1 = sk1sin2h
1
j  5:8
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4. Inﬂuence of the specimen
To complete modelling of the signal, the inﬂuence of the surface must be considered, because the electrons with a small
emission angle are partly absorbed by the surface. For the quantitative evaluation of the unregistered fraction of the emitted
electrons the maximal directly registered angle /max should be determined. This parameter deﬁnes the maximal angle, at
which the electrons are still not absorbed through the surface of the specimen. The evaluation of this angle has to be made
for each measuring point (x, y), and for each azimuth emission angle a, see Fig. 7. Respecting zone splitting, the unregistered
emission fraction can be calculated as:

nðx; y; b1 ; b2 Þ ¼

k1
2p

Z

b2

cos2 umax ðaÞ  da 

b1

k2
2p

Z

b2

cos3 umax ðaÞ  da:

ð28Þ

b1

Hereby b1 and b2 describe the lateral angle-borders of Zone 1.
Finally, the signal relation for detectors, aligned along the y axis, which is the main equation of the presented mathematical model, takes the following form:

ky ¼

I2y ðx; yÞ  I1y ðx; yÞ sin wy  Nom  sin b  s  n b þ p2 ; b þ p2  n b  p2 ; b  p2
¼
I2y ðx; yÞ þ I1y ðx; yÞ
Den  ssp  nðp; pÞ

:

ð29Þ

Here: I1y, I2y – measured detector signals, ssp, s – absorption coefﬁcients of the specimen and of the electron gun.
Further components of the Eq. (29) describe the dependence of the signal relation on the local inclination angle:
Nom = b1 + b2 sin2wy + b3  cos2k + b4  cosk ,Den = a0-a1 + a2  cos2k where the coefﬁcients a0. . .a2 and b1. . .b4 are determined
in Table 1 as functions of the previously mentioned system parameters h and b. These system parameters depend on the
hardware constellation of SEM, like working distance, initial electron energy etc., and can be evaluated using different optimization techniques [6,7]. One of these techniques is the method of the maximum likelihood estimation on the calibration
steel ball with the diameter of 1 mm. Because the height values are measured indirectly over the detector signal relations, the
target function refers to the measured and modelled signal relations, see Eq. (29):

ZF ¼

N;M
X

kxij  kx ðxi ; yj ; a0 ::a2 ; b1 ::b4 Þ

i;j¼1

2

þ

N;M
X

kyij  ky ðxi ; yj ; a0 ::a2 ; b1 ::b4 Þ

2

!

i;j¼1

min ;
|ﬄ{zﬄ}

ð30Þ

a0 ::a2 ;b1 ::b4

with kx, ky as model based and kxij, kyij as experimentally obtained signal relations.
The unknown coefﬁcients a0. . .a2 and b1. . .b4 are based on:
k1, k2 – weight coefﬁcients of the angular distribution in Eq. (2).

s, ssp – absorption coefﬁcients.
h, b – angle parameters for zone splitting.
The signal relations has to be determined along the y- and the x-axis. So, for each point (x, y) two equations exist, connecting the detector signals, surface function z(x, y) and the partial derivatives z0x and z0y . Because z(x, y) is unknown, the reconstruction algorithm is an iterative procedure:
1. At the 0-Iteration the surface is considered to be constant: z(x, y) = 0 and the partial derivatives are computed using
Eq. (29).

Fig. 7. Unregistered emission fraction.
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2. Numeric integration of the partial derivations, which results in the new approximation of the real surface.
3. Based on the in step 2 reconstructed surface, the unregistered fractions of the emitted electrons are re-computed using
Eq. (28). These fractions act as basement for the re-evaluation of the partial derivatives with Eq. (29).
4. If the difference between the partial derivatives z0x and z0y , computed in two sequential iterations is smaller than the given
threshold, the algorithm will be terminated; otherwise the iteration will be repeated. Usually the computed surface converges very fast against the real one.

5. Experiments
To examine the accuracy of measurement a steel ball of 1 mm diameter was used. As Fig. 8 shows, for small slope angles
the 3D reconstruction ﬁts a nearly perfect spherical shape. After reaching a slope angle of approximately 45°, the deviation in
the height increases strongly.
This circumstance can be explained by the non unique correspondence between the signal relation
kx ¼ ðI2x  I1x Þ  ðI2x þ I1x Þ1 and the local slope angle, as it is shown in Fig. 9. Here the ball is positioned in the centre of
the image, so the inclination decreases monotonically along the marked lines. In contrast to the inclination, the signal relation kx can be distinguished as a monotonically decreasing function only for small slope angles. After reaching the turning
point at around 45° the signal relation kx changes its orientation. The angle of this turning point depends on the SEM and can
be increased signiﬁcantly by taking proper precautions like shielding the electron gun [2]. While reconstructing, the slope is
derived out of the signal relation where an ambiguity of the determination of the surface gradient occurs and smallest possible slope will be chosen.
For slope angles between 0° and 45° the deviation is less than 5 lm. Though the deviation of the measuring results is relatively large, it is crucial that the reconstruction algorithm is only connected to the slope and therefore linearly dependent on
the dimension of the sample. If, for example, a steel ball of 10 lm diameter is measured an accuracy of approximately 50 nm
can be expected.
The advantages of the SEM over optical measuring methods will be highlighted with a holographic diffractive grating of
830 nm. Because of the physical resolution restriction of about 200 nm, the optical measuring devices are at their limit
although the grating period length is relatively large. While the sine wave is identiﬁable with 100 magniﬁcation, it can’t
be measured with 50 magniﬁcation due to poor lateral resolution of 300 nm per pixel, as it is shown in Fig. 10.

Fig. 8. 3D reconstruction of steel ball: total reconstruction result (left), marked diagonal proﬁles and corresponding proﬁle (right).

Fig. 9. Calculated signal relation kx of the steel ball.
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Fig. 10. Measurement of a holographic diffractive grating with a confocal microscope.

Fig. 11. Comparison between SEM and AFM measurement results.

Since tactile measuring methods might damage the surface they also cannot be used for collecting topography data.
Though the atomic force microscope (AFM) in non-contact mode is able to fulﬁl the measuring task, the time effort is so tremendous that measuring objects with higher complexity like holograms is not feasible in a reasonable amount of time.
Fig. 11 shows the SEM and AFM measurement results. Due to the homogeneous character of the grating surface, an exact
localization of the measuring position and therefore the comparison between the two different methods is barely possible.
Nonetheless a structural height of 60–80 nm is noticeable in both, the SEM and the AFM, measurements. While it took the
SEM about 10–20 min, the AFM required more than 6 h. In addition the SEM can be operated interactively, while it is nearly
impossible to do repetitive measurements with the AFM after changing the sample’s position.
6. Conclusions
In this paper a mathematical model of the improved photometric method was introduced, which can be summarized with
Eq. (29). The presented results prove that the modiﬁed SEM method is suitable to use for investigations of ﬂat structures to
obtain high lateral resolution data (30 nm). This method gives the possibility to measure DOEs with a reasonable effort of
time, where optical and tactile measuring devices fail. For the measurement of structures with a slope angle above 45° an
improvement of the setup is needed. This can be fulﬁlled by reducing the inﬂuence of the electron gun.
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