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We have quantitatively evaluated the usable thickness of specimens in scanning transmission 

electron microscopy (STEM) at 1 MV using a wedge-shaped Si(110) single crystal including 

artificially introduced high-density dislocations. The width of dislocation images was employed 

as a criterion for the quantitative evaluation of usable thickness. Superior usable thickness in 

STEM than in TEM was found; the obtained results were 14.7 μm for STEM and 5.8 μm for 

TEM. In particular, in STEM, dislocations can be observed as thin lines with 10–15 nm width 

in the thickness range up to 10 μm. The latest high-voltage STEM is useful for imaging crystal 

defects in thick semiconductors. 
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   Transmission electron microscopy (TEM) is a powerful technique to analyze materials’ 

microstructures including crystal defects, which determine the strength of metallic materials 

and the electric properties of semiconductors. For the former, the importance of observing 

samples of sufficient thickness to be regarded as bulk was proved 50 years ago by using 

ultrahigh-voltage electron microscopy (UHVEM)1). UHVEM developed markedly in the 1970s, 

and in that era considerable attention was paid to investigating the maximum usable thickness 

of materials2-6). However, the penetration of relativistic electrons depends on observation 

conditions and materials7), and quantitative unified conclusions have not been obtained. Recent 

interest in dislocations formed in compound semiconductors has drawn renewed attention to X-

ray topography as well as UHVEM. Although the former technique covers a wide field of view 

on the millimeter scale, the resolution is limited to µm order8). UHVEM is hence the only 

technique that can reveal the microstructures of a thick sample with µm-order thickness with a 

high spatial resolution in a multiscale field of view. 

   In UHVEM observation using a parallel electron beam, chromatic aberration arising from 

the imaging lens seriously degrades the resolution when observing a thick specimen. Here, the 

use of an energy filter (EF) to remove inelastic scattering electrons from TEM imaging is an 

effective solution9). On the other hand, scanning transmission electron microscopy (STEM) has 

the benefit of basically being free from the effect of chromatic aberration; there is no imaging 

lens for electrons transmitted through a specimen. Moreover, the technique is less affected by 

the diffraction contrast such as the thickness contour or bend contour owing to the nature of 

imaging using a converged beam10). Hence, STEM can be a suitable technique to observe an 

extremely thick specimen over 10 μm in thickness. However, there are no reports on STEM 
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imaging under high voltages regarding the usable thickness and hence this remains an open 

question. 

   We hence quantitatively investigate the maximum usable thickness in STEM at 1 MV using 

a wedge-shaped Si crystal with high-density dislocations introduced artificially as markers. 

However, the term “usable thickness” is subjective and some clear definition is necessary. In 

this study, as a standard of usable thickness, we used the theoretical width of dislocation images, 

which can be defined as ξhkl / π, where ξhkl stands for the extinction distance of the hkl reflection 

excited for imaging dislocations11). Namely, the specimen thickness under which the dislocation 

line width becomes less than ξhkl / π is thus defined as the maximum usable thickness. 

   High-density dislocations were introduced into single-crystal Si(110) wafers via indentation 

using a Vickers hardness tester (Shimadzu HMV-G20, load: 2 kg, dwell time: 2 s) followed by 

annealing for 600 s at 1123 K in a high-vacuum furnace (1×10-5 Pa). This technique is effective 

for generating dislocations in silicon wafers as previously reported12). Wedge-shaped specimens 

were cut from the annealed wafers using a focused ion beam (FIB) machine (Hitachi FB-

2000A) to identify and select an area of interest near the indentation. The shapes of the prepared 

wedge-shaped specimens were characterized using a scanning electron microscope (SEM) 

operating at 10 kV equipped with a cold field emission gun (Hitachi S-5200). 

   Microstructures of the wedge-shaped specimens including dislocations were characterized 

by a JEOL JEM-1000EES operating at 1 MV equipped with a LaB6 cathode. We subjected a 

specimen to a two-beam condition by exciting the 220 reflection of Si. We followed a standard 

procedure for observing dislocation images since the theory of dislocation image formation 

based on diffraction contrast has been established13). In addition, the invisibility criterion of 



 4 

dislocations for conventional TEM is also applicable to STEM14). Bright-field (BF) TEM 

images were obtained at a dose rate of 2.7×1022 e/m2s using a 20 μm objective aperture with a 

semiangle of 2.8 mrad. BF-TEM images were recorded using a 2k × 2k charge-coupled device 

(CCD) camera (Gatan Orius SC200D) with an exposure time of 1-60 s. In the BF-STEM 

imaging, the beam convergence was set to a semiangle of 3.75 mrad using a 50 μm condenser 

aperture and the outer collection angle on the BF detector was set to 13 mrad. We used a 200-

μm-thick P-43 phosphor scintillator for a BF-STEM detector. STEM images 1k × 1k in size 

were acquired with a dwell time of 256–1365 μs/pixel depending on the specimen thickness. 

Under the present observation conditions, primary knock-on damage can occur, while heavy 

radiation damage such as the amorphization of Si is ruled out15). 

   Figure 1(a) shows a secondary electron (SE) image of a wedge-shaped Si crystal viewed in 

an oblique direction. As can be seen, a triangular cross section is formed, which is suitable for 

systematically investigating the usable thickness. A schematic illustration of the specimen fixed 

to a copper grid is shown in Fig. 1(b). Electrons are incident on the crystal from the direction 

indicated by the arrow. Figure 1(c) summarizes the relationship between the specimen thickness 

and the horizontal distance measured from the SEM cross-sectional image. 

   Figure 2 shows a representative BF-STEM image of the wedge-shaped Si shown in Fig. 

1(b). The inset at the top left shows a selected area electron diffraction (SAED) pattern 

satisfying a two-beam condition. The specimen becomes thicker from the left to the right of the 

image. Dislocations are seen as lines with dark contrast in a bright background. A notable 

feature is that dislocations can be seen even in the thick region with thickness over 10 μm as 

marked by arrows. The contrast of the images was adjusted locally in order to show the 
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dislocations clearly. 

   Figure 3(a) shows the thickness dependence of the width of the dislocation images measured 

from TEM and STEM images. The width is defined as full width at half maximum of the image 

intensity profile measured perpendicular to a dislocation line. The dashed line indicates the 

criterion ξ220 / π = 41 nm (ξ220 = 130 nm at 1 MV for Si), and hence data points below this line 

can be judged to be “observable”. As seen, the dislocation width increases as the thickness 

increases. The obtained maximum usable thickness is 14.7 μm for STEM and 5.8 μm for TEM. 

The difference in the thickness dependence of the dislocation width in STEM and TEM suggests 

that the range in which the reciprocity theorem holds is limited. We also found that sharp 

dislocation images became blurred when observing them from the back side; this can be 

explained on the basis of the top-bottom effect16-19). It was found that the width of dislocation 

images is independent of collection semiangle of the BF-STEM detector in the range of 4–25 

mrad. 

   Focusing on the results of STEM, the width of dislocation images is 10–15 nm in the 

thickness range up to 10 μm. This result may be related to the depth of focus of STEM. Figure 

3(b) illustrates the STEM probe with convergence semiangle α, length of the base of the 

isosceles triangle d, and depth of focus ∆z. When d is equal to the dislocation width w, the depth 

of focus can be approximated as ∆z = w /α. Assigning the values of wmax = 41 nm and α = 3.75 

mrad, ∆z = 10.9 μm is obtained. Thus, if we allow the broadening of the width of dislocation 

images up to 41 nm, an entire 10-μm-thick specimen can be observed in focus using 1 MV 

STEM. By contrast, assuming the smallest converged probe (approximately 1 nm at 1 MV), a 

depth of focus as short as 110 nm is derived from ∆z = 1.77λ / α2, where λ denotes the 
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wavelength of incident electrons20, 21). As the thickness increases to over 10 μm, the distribution 

of the dislocation width spreads rapidly. This is presumed to be due to the aforementioned depth 

of focus as well as the spatial distribution of dislocations. Also note that the detection efficiency 

of high-voltage STEM depends on the detector performance22). 

   Figure 4(a) shows a representative BF-STEM image of a region where dislocations are 

observed with a line width of about 15 nm. The observed area becomes thicker from the top 

(6.5 μm) to the bottom (8.5 μm) of the image. Dislocations are seen as dark contrast and the 

intensity profile shows a valley, as shown in Fig. 4(b), which was obtained from the dislocation 

marked by a square in Fig. 4(a). 

   Figure 5 shows a comparison of the results of this study and the literature. The dashed line 

indicates the results reported by Thomas and Lacaze using 2.5 MV TEM6). They observed 

stacking faults in Si single crystals as a measure of penetration by exciting g(hkl) = 220; the 

imaging conditions are the same as in the present study. Our TEM result as well as the result 

obtained by Sadamatsu et al.9) are below the curve obtained by Thomas and Lacaze. In contrast, 

our STEM result shows a high usable thickness of 14.7 μm at 1 MV. The main reason for the 

superior usable thickness in STEM compared with that in TEM may be that the chromatic 

aberration caused by the imaging lens has no effect in the former. We have also examined the 

usable thickness with a different g-vector since the electron transmittance depends on the crystal 

orientation7); g(hkl) = 111 resulted in a degradation of usable thickness (7.5 μm for 1 MV 

STEM). 

   In summary, we have demonstrated the superior usable thickness of specimens in STEM 

than in TEM, both at 1 MV. The maximum usable thickness measured from a wedge-shaped Si 
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single crystal was 14.7 μm for STEM and 5.8 μm for TEM. The superior usable thickness in 

STEM may have been caused by the imaging being free from chromatic aberration, as initially 

expected. High-voltage STEM is thus useful for imaging crystal defects in thick 

semiconductors of current interest. The maximum usable thickness depends not only on the 

material but also on the imaging conditions; we have introduced a clear criterion for the 

quantitative evaluation of usable thickness. The criterion, however, can be changed according 

to the purposes or targets of observations. The effect of the spatial distribution of dislocations 

is not considered explicitly here, while it must be clarified in future since it will affect the 

visibility of dislocations. In order to image a thick specimen having a thickness exceeding μm 

order, ensuring a sufficient signal strength is mandatory. A more detailed analysis of 

dislocations in Si and other semiconductors is ongoing. 
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Figure legends 

Fig. 1 (a) SE image of a wedge-shaped Si crystal, (b) schematic illustration of the specimen 

fixed to a copper grid, and (c) relationship between the specimen thickness and the horizontal 

distance measured from the SEM cross-sectional image. 

 

Fig. 2 Representative BF-STEM image and the corresponding SAED pattern of the wedge-

shaped Si. Arrows indicate dislocations. The contrast of the images was adjusted locally in order 

to show the dislocations clearly. 

 

Fig. 3 (a) Thickness dependence of the width of dislocation images measured from TEM and 

STEM images. (b) Schematic illustration of converged STEM probe with convergence 

semiangle α, length of the base of the isosceles triangle d, and depth of focus Δz. The dotted 

line represents the optic axis. 

 

Fig. 4 (a) Representative BF-STEM image of a region where dislocations are observed with a 

line width of about 15 nm. (b) Intensity profile measured perpendicular to the dislocation 

marked by a square in (a). 

 

Fig. 5 Comparison of the usable thickness obtained in this study and those reported in the 

literature. The usable thickness of 1 MV STEM is comparable to that of previous 2.5 MV TEM. 
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