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1. Introduction 

Transmission electron microscopy (TEM) has played an increasingly important role in the 
successful development of the micro-electronics industry by characterizing electric and/or 
magnetic device structures with decreasing dimensions. In particular, characterizing the 
dynamic behavior of electric and magnetic fields within and surrounding a device is 
important to understand and control its properties (Wang et al., 2004). 

Two well-known methods have been used to observe the electric and magnetic field 
distribution in a TEM. The first one is electron holography (Tonomura, 1987), which requires 
a highly coherent electron source and an extensively modified transmission electron 
microscope. Though electron holograph gives a quantitative measurement of 
electromagnetic potential, it offers only a limited view due to the limitation of the width of 
the interference region between the object and the reference wave. 

The other one is Lorentz microscopy. Though this method can be performed in a 
conventional TEM, the image in Fresnel mode is obtained in defocused condition and, the 
image in Foucault mode is not suitable for quantitative analysis (Cohen, 1968; Fisher and 
Blades, 1972; Chapman, 1984). Some efforts have been made to extract quantitative results 
from Lorentz images, for example, the transport intensity equation (TIE) approach by Bajit 
et al. (2000) and, Graef and Zhu (2001). However, this approach requires post image 
processing to form the images representing the electric or magnetic fields. 

There is the third method called the shadow method that was developed in the early days of 
the development of transmission electron microscopy (Marton and Lachenbruch, 1949; 
Blackman and Grunbaum, 1957; Jakubovics, 1964; Lazzari et al., 1971; Keyser, et al., 1975; 
Wade, 1976). However, the development of this method has been suspended and neglected 
compared to the rapid development of the other two methods. 

In our previous work (Sasaki, et al, 2000, 2003) on in-situ electron holography experiments, 
we found a similar phenomenon, that is the distortion of the shadow image of the selected 
area diffraction (SAD) aperture while applying an external electric potential to the specimen. 
In the experiment, the observation was performed in very low magnification mode, called 
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"Low Mag" mode (hereinafter referred to as "LM" mode). As a practical method of rough 
alignment of the beam tilt in the LM mode, the shadow image of the SAD aperture was 
observed. The specimen is a tip of GaP Light Emitting Diode (LED), whose shape observed 
in a focused ion beam microscope is shown in Fig. 1a. The schematic view of the specimen 
and the geometrical relationship of the electron beam, when it is observed in a TEM, is 
shown in Fig. 1b. During the alignment procedure, as shown in the LM mode images in the 
TEM (Fig. 2), a local distortion of the edge shape of the SAD aperture near the reverse biased 
p-n junction of the specimen was observed that did not affect the image of the specimen at 
all. The continuous circular edge shape of the aperture was observed when there was no 
external voltage, and when a forward bias was applied as shown in Fig. 2a and b, 
respectively. However, a discontinuity in the edge shape appeared when reverse bias was 
applied as shown in Fig. 2c and d. This distortion increased with increasing applied voltage 
as shown in the superimposed schematic drawing of the images in Fig. 2e. 

 

Fig. 1. A scanning ion microscope (SIM) image (a) and the schematic drawing (b) of the GaP 
LED chip. The arrow indicates the direction of the electron beam when the specimen is 
observed in a TEM. 

 

Fig. 2. Low magnification image of GaP chip and the shadow image distortion of the SAD 
aperture at (a) 0 V, (b) 2 V of forward, (c) 5 V and (d) 10 V of reverse bias. (e) the 
superimposed schematic drawing of the shadow images of the aperture. 

In the above mentioned work, we discussed the geometrical optics for this phenomenon and 
found that the distortion of the shadow image of the SAD aperture was proportional to the 
deflection of the electron beam by the electric field around the position of the specimen (Sasaki 
and Saka, 2005; Sasaki, et. al. 2006). We also suggested that quantitative measurement not only 
of electric fields but also magnetic fields could be accomplished using this phenomenon. 
Analogous to electron optics, our method can be viewed as a shadow method (Marton and 
Lachenbruch, 1949; Jakubovics, 1964; Wade , 1976). However, our method, and the benefit 
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thereof, is applicable in a modern conventional TEM without extensive modification. We call 
our method, temporally, the shadow image distortion (SID) method. 

In this chapter, we will discuss further details of the geometrical electron optics in this 
phenomenon and the method for determining the optical parameters of a TEM system, 
which are important for observing the electric and/or magnetic fields using this 
phenomenon. Some examples of applications which demonstrate the quantitative 
measurement of the electric field using our method are introduced. 

  

Fig. 3. Typical lens system of a conventional TEM. 

2. Geometrical optics analysis of shadow image distortion 

A conventional TEM consists of three lens systems as shown in Fig. 3. The first is the 
condenser lens system which focuses the electrons coming from the electron gun and 
illuminates the specimen. The second is the objective lens which, in ordinary mode, forms 
the image of the specimen for the following lens system. The third is the projector lens 
system which projects the enlarged specimen image onto the fluorescent screen, the 
photographic film or, contemporary, charge coupled device (CCD) camera. For example, in 
the H-9000NAR (Hitachi High Technologies, Tokyo, Japan) used in our work, the condenser 
lens system consisted of two lenses, i.e., C1 and C2, and the projector lens system consisted 
of four lenses, i.e., two intermediate lenses, i.e., I1 and I2, and two projector lenses, i.e., P1 
and P2. We consider the behavior of the lenses, which are the condenser lens C2, the 
objective lens and the intermediate lens I1, to analyze the movement of the shadow image of 
the beam obstructer placed at the position of the SAD aperture that is between the objective 
lens and intermediate lens I1. 

In the LM mode, the image of the specimen is formed by the intermediate lens, and the 
condenser lens system locates the electron beam onto the specimen for illumination. The 
objective lens which has a lesser effective part in this mode is usually turned off or only 
weakly activated. As mentioned above, we consider one condenser lens C2 as a condenser 
lens system, objective lens and first intermediate lens I1 only, which are shown in the ray 
diagram of the electron microscope in Fig. 4. 
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First of all, we consider the simplest condition in which an ideal parallel beam illuminates 
the specimen when the objective lens is turned off (Fig. 4a). Then the behavior of C2 
condenser lens is taken into account. In the second condition, the objective lens is 
completely turned off in the divergent beam illumination (Fig. 4b). In the third condition, 
the objective lens is weakly activated in the parallel beam illumination (Fig. 4c). We found 
that the objective lens does not affect the imaging of the specimen. However, it can control 
the sensitivity of the field detection. In this last case, which can be performed in a real 
operation, the objective lens is weakly activated in the divergent beam illumination (Fig. 5). 

 

Fig. 4. Ray diagrams of (a) 1st, (b) 2nd and (c) 3rd condition. 

The ray diagram in the first condition is shown in Fig. 4a. The SAD aperture is located 
between the specimen and the intermediate lens. Here we assume that the divergence of the 
electron beam is relatively small, for example on the order of 10-4 rad. In the parallel beam 
illumination, the shadow image of the SAD aperture (Rap in radius) is projected onto the 
image plane with a radius Rim = Rap Mi, where Mi is the magnification of the intermediate 
lens. When the electron beam is deflected by the electric field of the specimen at an angle θ, 
the electron beam from the specimen between A and B is obstructed by the SAD aperture. 
The electron beam obstructed by the SAD aperture has been imaged between A' and B' on 
the image plane of the intermediate lens. This means that the edge of the shadow image of 
the SAD aperture will move from A' to B'. This is observed as a shift of the aperture edge in 
the image. The distance of A-B, i.e. d, can be calculated by the deflection angle θ and the 
distance a between the SAD aperture and the specimen. The distance d will be enlarged by 
the intermediate lens to D = a θ Mi at the image plane and then enlarged or reduced to be 
imaged on the fluorescence screen by the following lens system with a magnification Mp 
(Sasaki and Saka, 2005). 
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In the TEM that we usually used, the condenser lens system focused the electron beam once 
before the specimen, then illuminated the specimen with a certain divergence angle of 
electron beam as shown in the ray diagram in Fig. 4b. In the second condition, we take into 
account the divergence of the beam due to the condenser lens (Sasaki et al., 2008a). In this 
condition, the beam direction has a different vector as a function of distance from the optical 
axis of the electron microscope. The angle β between the optical axis and electron beam 
direction will be β=r/c, where r is the distance from the optical axis and c is the distance 
from the specimen surface to the focal point of the electron beam. Though the electron beam 
has a divergence angle, the image is formed at the same position on the image plane of the 
intermediate lens in the magnification Mi as shown in the Fig. 4b. However, the area on the 
specimen that corresponds to the area where the electron beam can pass through the SAD 
aperture with radius Rap is reduced due to the electron beam divergence. The radius Rob of 
the area on the specimen plane that corresponds to the area on the SAD aperture plane with 
radius Rap is written as Rob = Rap c/(a+c). Namely, the radius of the shadow image of the SAD 
aperture will be reduced by magnification Md, where Md = c/(a+c). When the electron beam 
is deflected by the electric field of the specimen at an angle θ, the electron beam at the edge 
of the SAD aperture is shifted a θ and obstructed by the SAD aperture. The shift a θ on the 
aperture plane corresponding to the distance A and B on the specimen plane will be reduced 
to a θ Md where this corresponds to the image between A' and B'. The distance between A' 
and B' which corresponds to the shift of the edge of the shadow image of aperture D is 
calculated to be D = a θ Md Mi with Mi the magnification of the intermediate lens. This result 
indicates that the shift of the shadow image of the SAD aperture is reduced by Md using the 
electron beam with the divergence angle. 

In the third condition, particularly, of the H-9000 NAR, the objective lens is weakly activated 
in the LM mode. The ray diagram in this condition is shown in Fig. 4c. In the LM mode with 
the weakly activated objective lens, the back focal plane of the objective lens is located 
slightly lower than the front focal plane of the intermediate lens. For simplicity, the objective 
lens plane is considered to be approximately in the plane of the specimen, because a very 
low current is applied to the objective lens as for example, in the case of H-9000 NAR, the 
current is one twentieth of the ordinary imaging mode, then it will work as a transfer lens 
and does not affect the image formation of the lens which has the object plane at the 
specimen position. Then we consider a parallel beam condition again to discuss the effect of 
the objective lens in the geometrical optics. When the objective lens is in the same plane as 
the specimen, the image of the specimen is formed at the same magnification as if there was 
no objective lens. However, the electron beam passing through the specimen will be focused 
to one point on the back focal plane of the objective lens and then diverge. The area on the 
specimen through which the electrons pass, and then pass through the SAD aperture hole 
with radius Rap is the reverse projection of the SAD aperture on the specimen plane with 
radius Rob as indicated by the arrows in Fig. 4c. The radius Rob is calculated to be Rob = Rap fo / 
dap, where Rap is the radius of the SAD aperture, fo is the focal length of the objective lens and 
dap is the distance between the back focal plane of the objective lens and the SAD aperture. 
The shadow image radius Rim of the SAD aperture in the image plane of the intermediate 
lens is the magnified image of this reverse projection by the intermediate lens; it is given by: 
Rim = Rap Map Mi, where Map is fo / dap. 

When the electron beam is deflected by the electric field at an angle θ, the focal point of the 
electron beam on the back focal plane of the objective lens is displaced by fo θ. On the surface 
of the specimen, the area on the specimen through which pass the electrons passing through 
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the SAD aperture hole will be changed. The shift of the aperture edge δob is calculated to be 
δob = fo θ a / dap. The shift δob is enlarged onto the image plane of the intermediate lens with 
magnification Mi. Thus the shift of the aperture edge D is calculated as D = a θ Map Mi. 

In the forth condition, that could be obtained in real operating conditions, the optics will be 
divided into two cases, i.e., whether the relations of the length between c and fo are either c > 
fo or c < fo. 

 

Fig. 5. Ray diagrams of 4th condition in (a) f<c and (b) f>c. 

If c > fo, as shown in Fig. 5a, the electron beam diverges from the focal point of the condenser 
lens and is focused again at the image plane of the objective lens at b. The length b can be 
calculated from the relation 1/b + 1/c = 1/fo, where c is the distance between the focal point 
of the electron beam after the condenser lens and the position of the objective lens, then b 
can be rewritten to be fo c/(c – fo). The area on the specimen through which pass the 
electrons, passing through the SAD aperture hole is, again, the reverse projection of the SAD 
aperture on the specimen plane. The radius Rob of the reverse projected SAD aperture is 
calculated as Rob = Rap b/ (b - a) in this case, where Rap is the radius of the SAD aperture, a is 
the distance between the specimen and/or objective lens, and the SAD aperture. Replacing 
foc/( c – fo ) into b gives  

( )ap o oR / R = f c / f a + c  - ac⎡ ⎤⎣ ⎦ob
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Md and Map can be written as c/(a + c) and fo /(fo - a), respectively. Rewriting Rob/Rap with Md 
and Map gives  

( )ob ap d ap d ap d apR / R = M M / M + M - M M  

Analogous to the above mentioned discussion in the third condition gives  

 ( )d ap p i d ap d apD = a θM M M M / M + M - M M  (2.1) 

In the second case, c < fo, the focal point of the condenser lens can be assumed to be the 
virtual image at the position -b, which is the object plane of the weakly activated objective 
lens. The length b can be calculated from the relation 1/c = 1/fo +1/b in this case, then b can 
be rewritten to be foc/( fo – c ). The radius Rob of the reverse projected SAD aperture is 
calculated as Rob = Rap b/ ( b+a ) in the latter case. Replacing fo c/( fo - c) into b, gives Rob/Rap = 
fo c/[ fo (a + c) – ac ]. This result gives the same equation as (2.1). 

If Map is nearly equal to unity, the above equation can be simplified to 

 d ap p iD = aθM M M M   (2.2) 

As discussed above, the results show that the displacement D of the shadow image of the 

beam obstructer, which is placed at the position of the SAD aperture, will be proportional to 

the deflection angle θ of the electron beam at the position of the specimen. The differences in 

the deflection angle θ at different positions on the specimen causes different displacements of 

the shadow, which forms the distortion of the shadow image of the beam obstructer placed at 

the position of the SAD aperture (hereinafter referred to as the “shadow aperture”). 

3. Experimental confirmation of geometrical optics analysis 

3.1 Measurement of optical parameters of the magnetic lens system in a TEM 

As discussed in section 2, several magnification parameters, i.e., Md, Map, Mp and Mi, play an 

important role in measuring the electric and/or magnetic field of the specimen in the optical 

system of the TEM. In order to confirm the above mentioned geometrical electron optics 

analysis and measure the optical parameters, we performed the following experiments. 

The electron microscopy observation was done in a TEM H-9000NAR equipped with an 

ordinary LaB6 thermal emission electron gun at an accelerating voltage of 300 kV. The 

observation was performed in the LM mode. 

Uniformly shaped lattice grids of known size were simultaneously placed at the position of 

the specimen and the SAD as the shadow aperture. The magnification of the shadow image 

of the grid placed at the same position as the SAD aperture was compared to the 

magnification of the image of the specimen allowing evaluation of the optical parameters. 

Three types of lattice shaped grids were employed as the specimen and the shadow aperture 
in this experiment. The first is the Nickel screen mesh with spacing of 16.94 μm. The second 
is the holey carbon films (Quantifoil R2/2: Quantifoil Micro Tools GmbH, Jena, Germany) 
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with holes of 2 μm diameter arranged in a square lattice pattern with edge-to-edge spacing 
of 4 μm. The third is the square lattice on a gold thin foil with thickness 10 μm fixed to a 100 
mesh Cu grid, which was formed in the shape of a square lattice with 1 μm x 1 μm square 
holes with lattice spacing of 2.46 μm by using Focused Ion Beam (FIB) apparatus FB-2000 
(Hitachi High Technologies, Tokyo, Japan). 

In order to evaluate the optical parameters Md, Map, Mp and Mi, the Nickel screen mesh or 
Quantifoil R2/2 was used. Figure 6 shows an example of the image and shadow image 
when the Quantifoil R2/2 was used, in which the holes in the carbon film with same as size 
in 2 μm diameter, were observed in different diameter. 

First of all, the magnification of the specimen image, the value of Mp × Mi was determined 
directly on the photographic film. We used the standard setting of the projector lens system 
of the microscope with zero objective lens current, which corresponds to the 1st and 2nd 
condition discussed in section 2, therefore giving the optical parameter Map as unity. The 
magnifications of the condition assigned to 0.2 K, 0.3 K and 0.5 K of LM mode was 230, 320 
and 586 with the zero objective lens current, respectively. 

 

Fig. 6. Observed image and shadow image of Quantifoil 2/2. 

 

Fig. 7. Measured Md as a function of C2 condenser lens current at different C1 condenser 
lens currents. 

Figure 7 shows the ratio of the distance between the holes on the image and shadow image 
as a function of the current Ic2 which was applied to the C2 condenser lens when the 
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objective lens was turned off. Some data were obtained using the lattice of the Nickel screen 
mesh and others using the holes of Quantifoil R2/2. The results correspond to the value of 
Md, which showed an initial rapid increase and gradual saturation as a function of the 
current applied to the C2 condenser lens. The measurements were taken at different currents 
applied to the first condenser lens C1. However, the results show that the current applied to 
C1 does not affect the value of Md. This result supports our optical model which states that 
only C2 is appropriate to understanding our optical system. 

As shown in Fig. 4b, Md can be written as c/(c+a). where a is the geometrically determined 
constant value. The value of c can be changed according to the focal length fc of lens C2, 
which is determined as c = Lc-o - fc, where Lc-o is the distance between C2 and the objective 
lens. The focal length fc of the magnetic lens is given as fc = kc/Ic22 (Liebmann 1955; Spence 
1981), where Ic2 is the current applied to lens C2 and kc is the constant determined by the 
lens structure. Replacing c using Lc-o and kc/Ic22 gives 

2
d c-o c c21 / M = 1 + a / ( L - k / I )  

Rewriting this equation gives 

 
2

d d c c2 c-oa M / (1 - M ) = - k / I + L  (3.1) 

This result indicates that if the value of a Md/(1-Md) is drawn as a function of 1/Ic22, a liner 
relation will be given, and then kc and Lc-o can be given as the inverse slope and the y-
intercept of the liner relation, respectively.   

Figure 8 shows a Md/(1-Md) as a function of 1/Ic22 for C2 current between 3.42 and 4.45 A 
while keeping other lens conditions constant. The graph shows a liner relation and gives the 
value of kc and Lc-o to be 915 A2mm and 218 mm, respectively, where a is given as 155 mm on 
the blueprint of the microscope. This result indicates that the above geometrical optics 
analysis can explain the optical system in our microscope very well. 

 

Fig. 8. Estimation of the distance between C2 and objective lens Lc-o and the lens constant of 
objective lens kc. 
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electron microscope, a completely parallel electron beam can not be obtained. Under this 
limitation, Md can not to be unity. Therefore, the multiplied value of Map and Md can be 
obtained as the ratio Mdap of the distance between the lattice on the image and the shadow 
image, which can be directly measured on the recorded image in the same way shown above, 
and will be a function of both Map and Md. Regarding equation (2.1), Mdap could be written as 

 ( )dap d ap d ap d apM = M M / M + M - M M  (3.2)  

Replacing Map = fo / dap = fo /(fo-a) into (3.2), which is derived from the definition, gives 

 ad dap o d oM / M = f - M / f  (3.3) 

The fo can be written in the same way as for the case of fc as fo= ko /Io2 where ko is the constant 
of the objective lens. Placing this relation into equation (3.3) gives ko as 

 ( )2
o o dap d dap dk = a I M M /  M - M  (3.4) 

The value of ko plotted as a function of Io2 for several conditions (Fig. 9) gives a constant 
value of about 58 A2mm except at low Io. For Io less than 0.2 A, the difference between Mdap 
and Md is lower by three orders of magnitude than the value of Mdap and Md, which is less 
than the error in the measurement of Mdap and Md. This is the reason why ko is not constant 
at Io less than 0.2 A. This result suggests that geometrical optics can explain the behavior of 
the electron microscope in our condition. As a result, all the parameters Md, Map and Mp × Mi 

in equation (2.1) can be determined using the currents Ic2 and Io, which are those applied to 
the 2nd condenser and the objective lens, respectively.  

Similar measurements have been performed in two types of high voltage electron 
microscopes (HVEM), H-1250ST (Hitachi High Technologies, Tokyo, Japan) and JEM-1000k 
RS (JEOL Ltd., Tokyo, Japan) as shown in Figs. 10 and 11. Both types of HVEM followed 
equations (3.1) and (3.4) very well, proving that our analysis can be applied to any type of 
TEM. Higher penetration power of a higher accelerating voltage will allow application of 
our method to observe the inside of materials. 

 

Fig. 9. Estimation of objective lens constant ko 
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Fig. 10. The measurement of optical parameter (a) Lc-o and kc and (b) ko of H-1250ST at an 
accelerating of 1000 kV. 

 

Fig. 11. The measurement of optical parameter (a) Lc-o and kc and (b) ko of JEM-1000k RS at 
an accelerating of 1000 kV. The values are shown as the ratio of maximum current of the 
lenses. 
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3.2 Measurement of the shadow image shift in a uniform electric field 

The amount and proportionality of the shadow image shift was examined by applying a 
uniform electric field to the electron beam with the electrodes placed at the specimen 
position as shown in Fig. 12. The specimen holder used in this experiment was the Kamino 
holder. The Kamino holder that was originally designed by Kamino and Saka (1993) as a 
heating holder has two electrodes where a heating element is usually fixed. One of the 
electrodes is connected to ground and the other electrode, through which the external 
voltage can be applied, is insulated from ground. In order to create a uniform electric field 
between the narrow gap of the two electrodes, a pair of electrodes consisting of Al plates 
with thickness of 13 μm were fixed to the respective electrodes of the specimen holder and 
carefully positioned with a spacing of 10 μm as shown in the optical microscope image and 
schematic drawing in Fig. 12a and b, respectively. The spacing between the electrodes was 
measured precisely on an electron micrograph to be 10.6 μm before the experiment. 

 

Fig. 12. The two electrodes fixed on the specimen holder (a) and the schematic drawing of 
them (b). 

 

Fig. 13. The shadow image of (a) the FIB fabricated grid, (b) after the electrodes placed at the 
specimen position without applying voltage, i.e., 0 V, and (c) the shadow image applying 5 
V with the superimposed image of 0 V. The shallow image of (a) is also superimposed on (b) 
and (c) as a guide of eyes. 

The FIB fabricated grid as mentioned above was positioned at the SAD aperture as shown in 
Fig. 13a. This grid is well suited to avoiding misreading of the position in the repeated pattern 
because of minor irregularities in the shape caused by the unstable fabrication conditions 
during the home made fabrication processes. This type of shadow aperture was used to 
measure the shift of shadow image in a uniform electric field. The move of the shadow image 
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of the grid observed between the image of two electrodes (Fig. 13b and c) was recorded on 
TEM films as a function of the applied voltage between these two electrodes. 

The shift of the shadow image of the FIB fabricated grid was measured up to 2 V on the 
fluorescence screen. The value of deflection of the electron beam calculated from the shift of 
the shadow image is shown as a function of applied field strength between the electrodes as 
shown in Fig. 14 for the condition a = 155 mm, Mi × Mp=514, Md=0.632, Map=1.57. Because 
the deflection angle θ of the electron beam is proportional to the integral of the x-y 
component of the electric field E along the length t of the electron passage at the specimen, 
the shift D of the aperture image is given by 

 d ap i pD = kM M M M Et  (3.5) 

where k is the sensitivity coefficient. 

Comparison of equations (2.2) and (3.5) gives,  

 θ = k Et / a  (3.6) 

In the uniform electric filed, the deflection angle of the electron is given by (Merli et al., 
1975) 

 
2θ = eEt / mv  (3.7) 

and in the case of magnetic field B is 

2θ = eBt / mv       

where e is the electron charge (1.602×10-19C), and m and v are the relativistic mass and 
velocity of the electrons. Substituting equation (3.7) into (3.6) gives  

 
2

k = ea / mv  (3.8) 

At an accelerating voltage of 300 kV, m=1.587×m0, where m0 is the rest mass of the electron,  
9.109×10-31kg and v=2.330×108m/s (Williams and Carter, 1996) gives k=3.06×10-7m/V. 

 

Fig. 14. The deflection angle of the electron beam as a function of applied electric field. The 
reference means the value when the field is restricted within the thickness of electrodes. 
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The experimental results showed good proportionality to the voltage applied to the 
electrodes. However, the discrepancy of k between the value derived from the equation (3.7) 
and the measured value was 4.8 times. In order to resolve this discrepancy, we will discuss 
the electric field distribution in our experiment, which in reality was not uniform and 
restricted to the gap between the two electrodes. 

3.3 Numerical calculation of the electric field distribution along the electron trajectory 

A numerical calculation has been performed to evaluate the distribution of the electric field 
around the two thin Al plate electrodes used in our experiments. An ordinary finite 
difference method was employed to calculate the 2D electric potential distribution on the 
cross section perpendicular to the edge of the electrodes and along the electron beam 
trajectory. The rectangular area of 2 mm and 1 mm was divided into 200 times 100 lattices 
with 10 μm mesh, and the potential Ux,y on each lattices was calculated, where x=0 to 200 
and y=0 to 100. The schematic drawing of the calculated lattice is shown in Fig. 15 

 

Fig. 15. The lattice model used for the estimation of the distribution of the field 

The potentials on the boundaries were set on the top, i.e., Ux,0, and both side, i.e., U0,y and 
U200,y, of the lattice at 0 Volt. The boundary values of the left bottom side in Fig. 15, which 
corresponds to the electrode connected to the ground earth, i.e., U1,100 to U99,100, were also set 
to 0 Volt. The boundary values of the right bottom side, i.e., between U100,100 and U199,100, 
were set to the applied voltages to the electrode. The difference equation on each lattice 
point was 

( )x,y x-1,y x+1,y x,y-1 x,y+1U = U + U + U + U / 4  

The matrix of Ux,y for x=1 to 199 and y=1 to 99 were calculated using Gauss-Zeidelle method 
until the condition ΣΔUxy/ΣUxy<10-3 is satisfied. 

Electric field was calculated taking the difference of adjacent potentials. The electron 
deflection was calculated from the integration of the field in the x-y plane assuming the 
trajectory of the electrons was along the Z axis during their passage through the field. 
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Figure 16a shows a schematic drawing of the calculated model around the electrodes using 
the finite differential method. The brighter contrast corresponds to higher potential in the 
calculation result in Fig. 16b. As shown in Fig. 16b, the potential of the electrodes diverged 
until about 0.5 mm away from the electrodes. Figure 16c shows the horizontal part of the 
electric field derived from the differentiation of the potential along the line running on the 
vertical centre of Fig. 16b, where the electron beam is running. The integral of the horizontal 
part of the electric field (Fig. 16d) giving a value 4.8 times of the value if the electric field is 
restricted to the thickness of the electrodes along the electron passage. This value 
corresponds to the difference of the sensitivity factor k between the experimental value and 
the calculated value using equation (3.8). This means that our observation is really 
measuring the deflection of the electron by this applied electric field. 

 

Fig. 16. The results of numerical calculation. (a) The schematic drawing of the calculated 
model and (b) gray scale map of the potential. (c) The horizontal part of electric field and (d) 
the integral along the line running vertical centre of (b). 

We need the correction of the field distributed in the upper and lower part in which we are 
interested. However, this kind of problem could happen in the other method. For example, in 
the case of electron holography, the electromagnetic field is usually distributed over a wide 
area in and/or around the specimen whereas the interference region is limited to a bundle like 
shape. The reference electron wave will be affected by the electromagnetic field in the region 
that it is traversing, which is undetectable. The electric field observation in the previous work 
is just showing the difference between the region of interest and the region where no 
significant distribution of the field is assumed. However, our calculation revealed that the 
distribution of the field is hard to limit near the specimen and is usually distribute in the order 
of mm. The reliability of quantitative measurement will be discussed again in the next section. 

4. Applications 

The geometrical optics analysis and the measurement of a simple electric field showed us 
that the method we developed allow not only qualitative but also quantitative measurement 
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of electric and/or magnetic fields. In this section, we describe three examples of 
applications. Two of them are examples of qualitative measurement showing the facility of 
our method, and the other is an example of quantitative measurement. 

As a preliminary experiment before the detailed experimental studies which use the electric 
field, we will show the magnetic field observation around a particle of commercially available 
ferrite magnet. Figure 17a shows the superimposed image of the specimen onto the shadow 
image of the Ni screen mesh when the specimen has not been inserted, i.e., without the 
distortion. An apparent distribution of the shadow image distortion was observed after the 
insertion of the specimen. In Fig. 17b, the magnetic line of force running perpendicular to the 
arrows indicates the direction and amount of shadow image shift. The figure demonstrates 
that the method can observe a magnetic field. In our method, the specimen is free from the 
magnetic field of the lens, because the objective lens is basically turned off or only weakly 
activated, which could be a benefit for the application of magnetic field observation. 

 

Fig. 17. The magnetic field observation of around a particle of commercially used ferrite 
magnet. (a) The superimposed image of the specimen and shadow image of the Ni screen 
mesh when the specimen has not been inserted. (b) The superimposition of the shadow 
images with the field (blue) onto without the field (gray). The arrows indicate the deflection 
of the electron beam. The magnetic line of force runs perpendicular to the arrows. The 
magnetic south pole of the particle marked by S. 

In the following detailed experimental studies, we used the electric field only, because it was 
easy to create and control. 

4.1 Qualitative measurement of a non-uniform electric field embedded in a uniform 
field 

This example is the measurement of a non-uniform electric field embedded in a uniform 
field. The electric field far away from the electrodes will show a moderately changing 
feature with an average value compared to the field near the electrodes, which will show a 
rapid change. In order to observe the contribution of these two fields onto the shadow 
image, we prepared a specimen as shown in Fig. 18. Figure 18a is a schematic drawing of the 
specimen configuration. The half cut Cu grid with a carbon film is fixed to the electrode and 
a voltage applied to the counter electrode. As shown in Fig. 18b, the electric lines of force 
(the solid line arrows) and the electron beam trajectories (the red line arrows) are drawn, 
schematically, in the cross sectional view of the specimen. In the crescent of the metal, there 
will be a non-uniform rapidly changing field distribution. The electrodes supporting the Cu 
grid with the large gap will make a moderately changing field distribution in a large area. 
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Figure 19 shows the superimposed shadow images of FIB shaped grid with and without 
external potential, which is the same as the one used in section 3.2. The applied external 
voltages to the counter electrode in Fig. 19a and b were 20 V and 10 V, respectively. The 
averaged shifts of the grid correspond to the external potential as shown by the dotted line 
arrows in the figures. The narrow and thick line arrows in each figure indicate the unequal 
shift of the lattice holes from the position of without and with external potential to the 
electrodes, respectively. In Fig. 19a, there is systematic distortion in the position of the holes, 
and almost no distortion was observed in Fig. 19b. The carbon film in the metal crescent has 
been removed during specimen preparation for Fig. 19a. The local non-uniform distribution 
of electric field is formed in the metal crescent. However, the carbon film in the metal 
crescent will have the same potential as the metal electrode, which means that there is 
uniform potential distribution in the area shown in Fig. 19b; therefore, there is no distortion 
of the shadow of the lattice. This result shows that the rapid change of electric field near the 
specimen can be detected separately from the moderately changing electric field in the wide 
area, if the local distortion is taken into account in the hole shift of the shadow image of the 
lattice. Of cause, the complete separation and quantitative evaluation of the local field 
requires comparison between numerical calculation and measured value. 

 

Fig. 18. Schematic drawing of (a) the specimen configuration and (b) the cross sectional view 
of the specimen. The electric lines of force (arrows of sold line) and the electron beam 
trajectories (arrows of red line) are drawn, schematically. 

 

Fig. 19. The 2D-maps showing the difference of the local field distribution in the semicircle 
holes (a) without and (b) with carbon film indicated by the solid line arrows. The shallow 
pink and green grids correspond to the shadow image before and after applying potential. 
The conductive carbon film normalized the field in the hole (b). The whole shifts of the 
shadow image of the grid (the dotted line arrows) correspond to the field strength in the 
upper part of the specimen. 
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4.2 Two-dimensional field distribution observation of the reverse biased p-n junction 

The second example is the two-dimensional field distribution around a reverse biased p-n 
semiconductor junction, which we mentioned in section 1. 

 

Fig. 20. The electric field observation using the square lattice shaped aperture. The direction 
and the length of arrows indicate the direction and the strength of the integrated electric 
field along the electron passage (Et). The arrow length of 20 μm in the image corresponds to 
14.6 V of Et. 

Figure 20 shows the shadow image distortion of the square lattice shaped Nickel sheet 
mesh, which is the superimposition of the shadow image of the lattice without reverse 
bias onto the image with 5.01 V reverse bias to the specimen. The two images were 
aligned at a position far enough from the specimen to avoid distortion. The corresponding 
positions in the two images are connected by arrows. The direction and length of the 
arrows indicates the direction and strength of the integrated electric field along the 
electron path (Et). The arrows in the figure show the two-dimensional distribution of 
electric field near the p-n junction in the GaP LED, which is illustrated in Fig. 1. The 
direction of the field is opposite in the p- and n-regions along the edge of the specimen. In 
vacuum, a few microns away from the specimen edge, a continuous potential gradient is 
observed from the p- to the n-region. The result is, qualitatively, in good agreement with 
the electron holography observation (Sasaki, et. al., 2000; Wang, et al., 2003). At present, 
the separation of the contribution of the field which is near the specimen from the field 
away from the specimen is not available, because the detailed numerical calculation of the 
field around the specimen has not been completed due to the complicated shape of the 
specimen. The quantitative measurement of this method will be shown in the next 
subsection. 

4.3 Quantitative field distribution measurement around a field emitter needle 

The third example is the field distribution around an emitter needle of the field emission 
electron gun (Sasaki, et al., 2008b; Sasaki, et al 2010). In this system, the materials comprising 
the specimen are made of metal. The surface potential could be specified almost as the 
applied potential. Then the numerical calculation would be simpler than the example 
discussed in the section 4.2. 

The two dimensional distribution of the measured value was compared with the calculated 
value using the surface charge method (Murata, et al., 2004). The numerical calculation 
model of the specimen was constructed based on the optical image shown in Fig. 21 and 
TEM observation, though the asymmetry of the needle was not taken into account in the 
first approximation. 
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Fig. 21. An optical micrograph of the specimen (a). The enlarged image between the needle 
tip and the grounded electrode is shown in (b). 

In this experiment, two different types of shadow aperture were used. The first one is the 
holey carbon film Quantifoil R2/2 as shown in Fig. 22a, which was placed at the position of 
the SAD aperture. This aperture allows us easy identification of the shift of the shadow 
image of holes by eye. Another type of shadow aperture has been utilized in order to 
modify the spatial resolution and to allow an automated analysis. The home made carbon 
film with the rough surface was fixed onto the 200 mesh Cu grid. The surface of the film was 
decorated by Au deposited to a thickness of about 10 nm. The carbon film showed randomly 
distributed granular contrast as shown in Fig. 22b. It was hard to identify the distortion of 
the shadow image of this aperture by eye. However, the dedicated software using the 
pattern matching method was employed to detect the distortion in the shadow image. 

 

Fig. 22. Two different types of shadow image aperture. (a) Square lattice patterned holy 
carbon film. (b) Au decorated carbon film with randomly distributed granular contrast. 

TEM images of the needle and the shadow images of the Quantifoil R2/2 before applying 
external voltage and after applying +30 V are shown in Fig. 23a and b, respectively. The 
shadow image of the aperture is fixed clearly in an area larger than 100 μm×100 μm. In the 
center of Fig. 23a and b, the image of the needle was observed as a dark shadow because the 
needle was too thick to be transparent to the electron beam. The square lattice arrangement 
of the circles corresponds to the shadow image of Quatifoil 2/2. The image of the edge of the 
ground electrode is seen as the horizontal line in the dark area in the upper part of Fig. 23a 
and b. The tilted square of dark area surrounding the figures corresponds to the shadow 
image of the grid mesh which is supporting the holy carbon film of Quatifoil 2/2. There is a 
discontinuity in the shadow image of the grid mesh at the bottom of the needle in Fig. 23b, 
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which could be interpreted as the difference of the field direction on the left and right hand 
side of the needle. The vector of the field on the left and right hand side of the needle has the 
X part toward left and right hand side, which will shift the shadow image of the grid mesh 
to left and right hand side, respectively. This counter move of the shadow image causes the 
discontinuity at the edge of the grid mesh. The images after applying external voltage were 
superimposed onto the image before applying external voltage carefully aligning the needle 
images at the same position. The displacement and distortion of the holes of the shadow 
image of the aperture were observed, particularly near the needle tip in Fig. 23b. The 
displacement of the shadow image of corresponding holes in the shadow aperture was 
measured for each hole in the superimposed images. In the measurement, X and Y axes 
which are parallel and perpendicular to the edge of the ground electrode, respectively, with 
the origin at the needle tip were determined as shown in Fig. 23a. The displacement D was 
converted to the field strength Et using equation (3.5). 

 

Fig. 23. Shadow images of the Quantifoil R2/2 aperture (a) before and (b) after applying 
external voltage at +30 V. The displacement and the distortion of the aperture holes are 
shown in (b). 

Figure 24 shows measured values of the electric field at an applied voltage of 30 V. The 
closed circles in Fig. 24 show the Y component of the electric field, which is perpendicular to 
the edge of the ground electrode, along the line parallel to the ground electrode as a 
function of the distance X from the needle. The solid lines in the figure show calculated 
values using the surface charge method. The calculated values were the integration of the 
horizontal part of the electric field along the trajectory of the electron above and below the 
specimen until the value became saturated. The thickness taken into account in the 
calculation was 2 mm above and below the specimen. Figures 24a, b, c, d, e and f show the Y 
component of measured and calculated values of the electric field along the line parallel to 
the ground electrode at Y distance from the tip of the needle for 3 μm, 5 μm, 7 μm, 9 μm, 11 
μm and 13 μm, respectively. Due to not only the limitation of the hole position in the 
shadow aperture but also the tilt of the row of holes to the X axis as shown in Fig. 23, the Y 
distance measured position could have a repeated systematic increase and sudden decrease 
of errors in the range of ± 1 μm from the given positions. Such systematic error in the 
measured position causes a systematic error in field strength of about ± 1 V, which could 
account for the shallow pseudo shoulder in the field distribution at the discontinuity of 
error. Taking into account the estimated error, it was found that the measured values 
showed good agreement with the calculated values with an error of less than 10%. In the 
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range of this error, the measured value of the field decreases monotonically as a function of 
the X distance from the needle. However, in Fig. 24f, the dispersion of the value became 
wider than the estimated error. This is due to the field disturbance caused by the irregularity 
of the shape of the ground electrode and the charging up of dust at the edge of the electrode, 
which could be observed by the irregular distortion of the shadow image of holes along the 
ground electrode in Fig. 23b. The agreement was better on the left hand side of the figures. 
Particularly in Fig. 24a, a rapid increase of the value near the needle tip showed good 
agreement with the calculated value. In contrast to the good agreement between the 
measured and the calculated values on the left hand side, the results on the right hand side 
in the figures showed comparably poor agreement, perhaps, because of the asymmetry of 
the field due to the tilt of the needle at an angle of 8 degrees from the line perpendicular to 
the edge of the ground electrode. Further detailed calculation taking into account the 
asymmetry of the needle will be required. However, the asymmetry could be 
understandable qualitatively as follows. When the needle is tilted counter-clockwise as in 
Fig. 23, the vector of the field will follow the tilt. In the left hand side of the needle, the 
vector of the field will turn away from the perpendicular line to the ground electrode and 
then the Y component of the vector will decrease. However, the field attracted to the ground 
electrode could have the tendency to tilt back to the perpendicular line to the ground 
electrode, which will reduce the decrease of Y component of the vector. In the right hand 
side of the needle, the vector of the field will be tilted and positioned along the 
perpendicular line to the ground electrode, which will increase the Y component of the 
vector. However, the compensation of the field rotation could not work compared to the left 
hand side of the needle, and then the increase of the Y component of the vector in right hand 
side of the needle will remain. 

The spatial resolution using the shadow aperture which has a square lattice pattern should 
be limited by the spacing of the pattern. In order to improve the spatial resolution of the 
method, a modified shadow aperture which gives the shadow images of randomly 
dispersed dots and dedicated software which allows automatic detection of the shadow 
image distortion have been applied to measure the field distribution at the tip of the needle. 
Figure 25 shows the main window of the developed software. The shadow images before 
and after applying an external field by applying 4 V to the electrode are shown in Fig. 25a 
and b. It was hard to identify the difference between the two images by eye. However, the 
pattern matching method (Szeliski, 2006) revealed the distortion in the shadow image. The 
image was divided into a series of cell-like images with size SX and SY. The template images 
were selected with size CX and CY in each cell of the image before applying external 
voltage. The sum of the squares differences (SSD) was calculated between the template and 
the corresponding cell-like image after applying external voltage shifting the position up 
and down to AX and AY. At the minimum of the SSD found in the area of AX and AY, the 
shift parameters in X and Y direction were determined to be the displacement vector of the 
template image in the image after applying the external voltage. The displacement vectors 
were displayed as the solid line which originates at the center of the circle indicating the left 
upper corner of the template as shown in Fig. 25c. The processed image using this software 
showed the two-dimensional field distribution with spatial resolution less than 1 μm. In the 
area where there was no rapid change of the field, the spatial resolution of the software was 
modified up to 100 nm. However, in the area near the needle tip, the simple SSD function 
gave the wrong result due to the large distortion in the shadow image. Further modification 
in the pattern matching method will be required to obtain nanometer spatial resolution 
without exception. 
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Fig. 24. Y component of the electric field as a function of the distance X from the needle 
along the line parallel to the ground electrode with distance from the tip of the needle at (a) 
3 μm, (b) 5 μm, (c) 7 μm, (d) 9 μm, (e) 11 μm and (f) 13 μm, respectively. 

 

Fig. 25. The main window of the developed software. The shadow image (a) before and (b) 
after applying external voltage at 4 V, and (c) the detected image distortion corresponding 
to the electric field distribution. 

5. Conclusion 

We have developed a simple and quick method to measure the electric and magnetic field 
around a specimen using a conventional TEM. In this chapter, we have discussed the 
geometrical optics analysis of our method in a modern conventional transmission electron 
microscope. The results suggested that the shift of the shadow image of the beam obstructer 
placed at the position of the selected area diffraction aperture is proportional to the 
deflection angle around the specimen. It was found that the magnifications of the specimen 
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image Mi × Mp and the shadow image of the beam obstructer Md and Map on the fluorescent 
screen have an important role in measuring the electric and magnetic fields at the specimen. 
The magnification Mi × Mp can be measured obtaining the lattice image of the specimen 
with known spacing. The method to evaluate the optical parameters Md and Map using the 
current applied to the second condenser lens and objective lens has been discussed. The 
quantitative measurement of the electric field has been tested in a uniform field. The 
comparison of the experimental result with the numerical calculation of a long range field 
distribution showed the possibility of quantitative measurement of the electric field using 
this method. 

Some preliminary applications have been introduced. Two examples of qualitative 

observation of the two dimensional projection of the electric field along the electron beam 

direction were investigated involving a qualitative separation of the field near the specimen 

from the moderately distributing field away from the specimen. 

An example of the quantitative measurement of the electric field has been shown using the 

electric field distribution at the tip of a narrow needle. The measured value was confirmed 

as the integrated value of the horizontal part of the electric field along the electron 

trajectory. The result showed not only good agreement with the calculated value with error 

of less than 10% but also the possibility to reveal further detail of the electric field 

distribution. The dedicated shadow aperture and software allow us to map the electric field 

distribution with spatial resolution on the order of 100 nm, particularly in the area where 

the field is changing moderately. We believe that the method can measure the two-

dimensional distribution of the field over an area more than 100 μm with submicron spatial 

resolution. 

Our method is limited to the LM mode. However, it is possible to detect the electromagnetic 

field distribution in a large area at the specimen level, since the method simply detects the 

deflection of the electron beam at that level. As shown in section 3, the electromagnetic field 

is usually distributed over a wide area in and/or around the specimen. In electron 

holography, the reference electron wave will be affected by the electromagnetic field in the 

region that it is traversing, whereas the interference region in the image of an electron 

hologram is limited to a bundle like shape. Our method can also be performed in a field 

emission gun transmission electron microscope (FEG-TEM) equipped with an electron bi-

prism because the electron bi-prism is placed at the same position as where the SAD 

aperture was placed. The distortion of the shadow image of the bi-prism had been observed 

in an electron holography observation (Sasaki, et al., 2000). The narrow and sharp image of 

the bi-prism is more suitable than the irregular edge shape of the SAD aperture for 

quantitative measurements. Similar phenomenon has been studied by Pozzi (1975, 1980 and 

1982) and Frzzini et al., (2006). In order to estimate and/or correct the phase disturbance in 

the reference wave of electron holography, using both methods simultaneously would be 

advantageous. 

The Lorentz microscopy uses contrast modification of the specimen image due to the field. 

Therefore, it cannot obtain any information in the area of vacuum. Our method is suitable to 

observe the field distribution in vacuum rather than in the material which reduces the 

intensity of the electron beam. Simultaneous use of both methods could make them 

complementary to each other. 
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Some other shadow methods (Marton and Lachenbruch, 1949; Jakubovics, 1964; Ishba et al., 
1974) which have optics similar of the Foucault mode of Lorentz microscopy, i.e., the beam 
obstructer is placed after the imaging lens, have already been developed, however, the 
methods have never been used in a wide variety of applications. Presumably, the optics has 
a problem, because the imaging lens which has the strongest magnetic field will be changed 
and adjusted during imaging in these methods. This causes a change of major optics 
parameter, which gives instability to the optics and a loss in quantitative ability of the 
measurement. Our method avoids this problem by using the 1st intermediate lens as an 
imaging lens, which is placed after the beam obstructer. 

In future development, observation of the field distribution inside materials will be 
required, and employment of the HVEM looks promising. Improvement of the spatial 
resolution in a medium voltage electron microscope to better than 10 nm has been obtained 
through higher magnification (Mori, 2009). Though the complete quantitative comparison 
with other methods, for example, electron holography (Oikawa et al. 2007), will be required 
to generalize this method, we can foresee that our method will give more fluent results, not 
only if it is used with other methods, i.e., electron hologram or the Lorentz microscopy but 
also as a standalone method . 
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