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ABSTRACT: Electron tomography (ET) is a powerful tool to 

determine the three-dimensional (3D) structure of nano-materi-

als in a transmission electron microscope. However, the acqui-

sition of a conventional tilt series for ET is a time-consuming 

process and can therefore not provide 3D structural information 

in a time-efficient manner. Here, we propose surface-sensitive 

secondary electron (SE) imaging as an alternative to ET for the 

investigation of the morphology of nano-materials. We use the 

SE electron beam induced current (SEEBIC) technique that 

maps the electrical current arising from holes, generated by the 

emission of SEs from the sample. We report that SEEBIC im-

aging may provide valuable information on the sample mor-

phology with high spatial resolution and significantly shorter 

throughput times compared to ET. In addition, we discuss the 

contrast formation mechanisms to aid in the interpretation of 

SEEBIC data. 

 

It is well known that the properties of nanomaterials are 

strongly connected to their size, shape, composition, and crystal 

structure.1–3 Investigation of the local structure of nanomaterials 

is therefore of crucial importance to enable the optimization of 

a controlled synthesis as well as to tune the structure-property 

connection, leading to materials with specific, pre-defined 

properties. Electron microscopy has been a useful tool to per-

form such detailed characterization, at the level of individual 

nanoparticles. Although a plethora of electron microscopy im-

aging modes are available, a rough distinction can be made be-

tween Scanning Electron Microscopy (SEM) and Transmission 

Electron Microscopy (TEM). The difference between both ap-

proaches is related to the fact that in SEM mode one is predom-

inantly probing the surface structure of a sample under investi-

gation, whereas in TEM mode a projection of the entire sample 

is measured. SEM is quite user-friendly and often accessible in 

a scientific environment, but the resolution of a typical SEM 

instrument is of the order of 1-20 nm. On the other hand, (scan-

ning) transmission electron microscopy ((S)TEM) yields 

(atomic resolution) information on both the structure and com-

position of a broad variety of nanomaterials, eventually along 

with signatures of their electronic and optical properties.4 How-

ever, as already mentioned, TEM images conventionally only 

correspond to a two-dimensional (2D) projection of a three-di-

mensional (3D) object, which often hampers a clear understand-

ing of the morphology of nanoparticles (NPs). 

Electron tomography (ET) has therefore been developed as a 

technique to determine the 3D structure of nanomaterials from 

2D images. These 2D projection images are acquired over a 

large tilt range and combined in a 3D reconstruction of the 

structure of interest through a mathematical algorithm.5 During 

the past decades, ET in high-angle annular dark field STEM 
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(HAADF-STEM) mode has become a popular technique to in-

vestigate the overall morphology of nanomaterials, to determine 

the nature of surface facets, and even to characterize the atomic 

structure in 3D.6–13 By applying ET in combination with tech-

niques such as energy dispersive X-ray spectroscopy (EDXS)14–

16 or electron energy loss spectroscopy (EELS),17–21 also the 3D 

investigation of composition and valence has become possi-

ble.22 However, the acquisition of a conventional tilt series for 

ET is a time-consuming process that requires at least 1 hour for 

a standard experiment. In addition, after the acquisition, a post-

process reconstruction step is required to evaluate the final 3D 

shape of the nanomaterial. Consequently, only a limited number 

of NPs can be investigated, hampering a general understanding 

of the average structure of a given sample. This restriction fur-

ther limits a thorough understanding of the structure-property 

relations, especially because the properties of nanomaterials are 

mostly measured by ensemble techniques. It is therefore clear 

that ET is a very valuable technique, but still limited in provid-

ing 3D structural information in a time-efficient manner. 

Bals and others recently developed methods to significantly ac-

celerate the acquisition and reconstruction process for tomogra-

phy.23–25 On the other hand, it is interesting to note that, rather 

than obtaining a 3D reconstruction of the entire nanoparticle 

structure, the most important goal of many ET studies is often 

to only extract the surface morphology of the NPs. Indeed, the 

surface structure of a NP determines its reactivity, stability, and 

ability to interact with the environment. Especially the surface 

faceting of nanoparticles26 is a key parameter toward modulat-

ing and optimizing the properties of metal/oxide NPs in cata-

lytic,27 plasmonic,28,29 and medical30 applications. Alternative 

characterization techniques that allow for high-resolution char-

acterization of the surface structure without the need to acquire 

a full tilt series in ET would therefore enable a more time-effi-

cient investigation, with better statistical value, for a broad 

range of samples. In this paper, we propose to investigate the 

surface structure of nanomaterials through the detection of sec-

ondary electrons (SEs) in STEM mode, while using the sample 

itself as the detector. 

SEs are low-energy electrons (<50 eV) ejected from the sample 

during inelastic interactions with the primary electron beam. 

SEs originate from the near-surface region of the sample and 

therefore carry topographical information. The SE signal is 

therefore exploited in SEM as one of the main imaging modes.31 

However, typical field emission gun SEMs have SE imaging 

resolutions of just a few nm restricted by the size of the beam, 

the presence of aberrations, and signal delocalization due to 

electron-matter interactions.31 These aspects limit the applica-

bility of SEM for the investigation of nanoparticles with com-

plex or irregular surface structures. Recently, SE detectors have 

been incorporated into a number of STEM instruments,32 for 

which the higher acceleration voltages, compared to SEM, ena-

bled SE images with resolutions down to the sub-nm regime.33–

36 It was demonstrated that SE imaging can complement con-

ventional STEM modes, offering access to depth and topogra-

phy information that is inaccessible by either phase contrast or 

(HA)ADF imaging.37 With the development of aberration cor-

rectors, SE imaging with atomic resolution has been 

achieved32,37–39 and SE imaging was furthermore combined with 

in situ heating to understand the behavior of supported catalysts 

during thermal treatments.40 However, despite its demonstrated 

capabilities, SE imaging is not widely available in STEM.32,37 

Recently, an alternative approach to detect SEs has been pro-

posed,41 based on a modification of the electron beam-induced 

current (EBIC) technique that has been widely used to analyze 

specific electrical properties of semiconductors.42 EBIC con-

ventionally measures the electrical current that originates when 

the primary electron beam interacts with the sample (e.g., gen-

eration of electron-hole pairs in a semiconductor device). In SE-

related EBIC (SEEBIC), the detected current arises from holes 

generated by the emission of SEs from the sample.41 Next, the 

current flows to a current-sensing transimpedance amplifier 

(TIA), and the detected signal will be equal but opposite to the 

generated SE current. The detected signal can be mapped pixel-

by-pixel to produce an image that directly depends on the SE 

yield for each scan position. 

The original paper by Hubbard et al.,41 which introduced the 

technique, showed that SEEBIC is directly sensitive to the elec-

tronic properties of the materials, such as conductivity, connec-

tivity, and work function. Later, it was demonstrated that lat-

tice-resolution imaging is feasible,43 as well as resistive contrast 

imaging allowing to visualize resistive grain boundaries in mul-

tilayer ceramic BaTiO3 capacitors.44 A series of papers by Dyck 

et al. have been issued, focusing on charge carrier transport in 

graphene nanodevices and the use of SEEBIC for device failure 

analysis.45–47 SEEBIC allowed a clear distinction between sin-

gle and multi-layer graphene, and visualization of cracks in gra-

phene sheets. 

So far, SEEBIC studies were primarily used to investigate the 

electronic properties of materials with a main emphasis on the 

importance of the technique for failure analysis and characteri-

zation of nanoelectronic devices. In this paper, we exploit an-

other aspect of SEEBIC and discuss its use as an alternative 

technique to provide topographical information with high reso-

lution. First, we will present experimental evidence that 

SEEBIC can overcome the lengthy acquisition and reconstruc-

tion procedures needed in ET, whereas the spatial resolution is 

superior to SEM imaging. Next, we will discuss the contrast 

formation mechanisms to aid in the interpretation of SEEBIC 

data. 

Results and discussion 

Au NPs can be synthesized with a broad variety of shapes and 

sizes.26,48,49 Although the typical seeded-growth synthesis of 

such nanoparticles is well controlled, essential feedback about 

desirable NP shapes and features is often required, especially 

since the field has moved from highly symmetric to anisotropic, 

and more complex NPs. Here, we have studied Au NPs with 

different shapes: triangular platelets and Ino decahedra (Figure 

1). An Ino decahedron contains 5 small lateral facets between 

the 10 facets of a perfect decahedron.50 Conventional transmis-

sion electron micrographs, such as the HAADF-STEM images 

in Figure 1a,d, often fail to uniquely describe the shape and fac-

eting of the NPs. ET allowed us to extract the necessary topo-

graphical information and clearly revealed the presence of side 

facets in triangular and decahedral NPs (Figure 1b,e), which is 

less obvious from the HAADF-STEM projections. However, 

the acquisition of the tilt series for ET took approximately 1 

hour, which would hamper a high-throughput analysis. 
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Figure 1. STEM images of an Au triangular platelet (a-c) and an 

Ino decahedron (d-e) obtained in different modes: (a, d) HAADF-

STEM, (b, e) 3D surface visualization of an ET reconstruction, (c, 

f) SEEBIC imaging. 

Next, SEEBIC was used to image the same particles (Figure 

1c,f). The main concept of the SEEBIC setup is schematically 

shown in Figure 2. It is clear that both the morphology and the 

presence of side facets can be appreciated from the images. For 

the triangular platelet, a close-to-perfect agreement is found be-

tween the ET reconstruction and the SEEBIC image. However, 

for the Ino decahedron, subtle differences are present. For ex-

ample, as indicated by a white arrow, a sharp line adjacent to an 

area with enhanced SEEBIC contrast is observed. To under-

stand the origin of this contrast, we inspected the entire 3D 

structure as obtained by ET (see Figure S1). However, the ap-

parent line and enhanced contrast cannot be discerned from the 

ET reconstruction, meaning that these features are of artifactual 

nature and are not related to any specific structural or composi-

tional features in the NP. A further discussion of these observa-

tions will follow below. In addition, it should be noted that the 

method is not limited to metallic particles only, the main re-

quirement for a SEEBIC experiment is the presence of a con-

ductive underlying substrate from the sample to the amplifier 

(see Supporting Information and Figure S2). 

 

Figure 2. Schematic set-up of the SEEBIC imaging concept. Red 

arrows indicate directions of SE emission form the surfaces of NP, 

blue arrow – net hole current flowing into TIA input. 

By comparing the electron dose accumulated during both ET 

and SEEBIC experiments presented in Figure 1 (see Supporting 

Information for details) we concluded that using our current 

setup, SEEBIC is one order of magnitude less dose-efficient 

compared to conventional ET. On the other hand, the acquisi-

tion time for a single 512×512 SEEBIC image in Figure 1c and 

f was 4.5 min (dwell time of 1ms), which means a drastic re-

duction in the acquisition time (up to 13 times in this case). 

Further optimization of the experimental parameters (high volt-

age and dwell time) demonstrates that both dose and acquisition 

time can be significantly reduced while preserving the signal-

to-noise ratio at level that still enables a clear interpretation of 

the particle morphology. Figure 3 shows that acquisition times 

of  approximately half a minute per image as feasible. Overall, 

this results in a time reduction of two orders of magnitude in 

comparison to the acquisition for ET. The electron dose can also 

be further reduced, rendering SEEBIC equally or even more 

dose efficient as ET. Consequently, SEEBIC will enable to im-

prove the throughput of 3D characterization as well as to inves-

tigate nanoparticle transformations during the in situ applica-

tion of specific triggers such as e.g. heat. 

 

Figure 3. SEEBIC images of Au Ino decahedra obtained at var-

ious experimental conditions and dwell times. The accumulated 

dose is indicated in each panel. 

Next, we compare SEEBIC imaging with conventional SEM 

images (Figure 4). Because of (unavoidable) different experi-

mental conditions, a direct comparison is not straightforward. 

Nevertheless, it is clear that the SEEBIC yields superior image 

quality. To estimate the image resolution obtained by SEM and 

SEEBIC, we used the edge spread function (ESF), based on in-

tensity profiles acquired across the edges of the nanoparticles, 

as indicated by white arrows in Figure S3. The ESF is a result 

of a convolution of a sharp edge of the NPs with a point spread 

function (PSF) that is directly connected to spatial resolution. If 

we assume a PSF that is described by the logistic distribution 

curve, we obtain a sigmoid function for the ESF.51  𝐸𝑆𝐹(𝑥) = 𝑎1 + exp(𝑟 − 𝑥𝜎 ) + 𝑏 

In this expression, a and b correspond to scaling factors and r is 

the position of the edge. The parameter σ is related to the full 

width at half maximum FWHM = 2ln(3 + √8)σ = 3.53σ,52 

which we here consider as an estimate for the spatial resolution. 

In this manner, we estimate the spatial resolution of the SEM 

images as approx. 4.2 nm, while the nominal resolution of the 

instrument was listed as 0.8 nm (see Supporting Information). 

The discrepancy between actual and nominal spatial resolution 

can be explained in terms of spatial beam broadening due to 

electron scattering in the material and the support.53 The 

SEEBIC images yield a clearly higher spatial resolution, esti-

mated to be 1.3 nm. The SEEBIC resolution is limited by the 

selected sampling, which was balanced between a sufficient 

field of view and the total acquisition time. It should be noted, 
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however, that the theoretical resolution is governed by the ob-

tainable probe size. The improvement of spatial resolution us-

ing SEEBIC in comparison to SEM is especially important 

when imaging NPs with sizes smaller than 50 nm (Figure 4a-b). 

We used a similar approach to estimate the spatial resolution of 

obtained ET data.51 Note that the resolution of ET data has ani-

sotropic nature due to the geometry of the experiment. The ob-

tained resolution values are 0.77 nm for the x-axis, 0.76 nm for 

the y-axis, and 0.98 nm for the z-axis (Figure S4). 

 

Figure 4. Conventional SEM (a, c) and SEEBIC images (b, d) of 

Au triangles (a, b) and Au Ino decahedra (c, d) showing qualita-

tively similar images, even though the detection scheme is very dif-

ferent. Note how SEEBIC provides a significantly higher spatial 

resolution revealing details of the sample that are not visible in 

SEM imaging. 

SEEBIC topography contrast mechanisms 

As demonstrated above, SEEBIC images show a close resem-

blance to SEM images, which is not surprising given that they 

are both formed through the creation of SEs. However, the 

white arrow in Figure 1f illustrates the presence of artifactual 

features that cannot be understood in terms of surface contrast. 

For SEEBIC to become a useful alternative for ET, it is im-

portant to understand the origin of these artifacts.  

In a SEM experiment, the acceleration voltage is lower in com-

parison to typical (S)TEM and consequently, SEs are predomi-

nantly generated at the top surface of the nanoparticles.54 In the 

case of (S)TEM, however, the incident electron beam traverses 

the sample and SEs are emitted from both the top and bottom 

surfaces. Because of the strong magnetic field (~2T) in the pole-

piece gap of the TEM, the SEs that leave the nanoparticle during 

a SEEBIC experiment will either spiral up or down. For the 

electrons spiraling up, the generated SEs leave the nanoparticles 

in a charged state and to reestablish the charge balance, the 

holes corresponding to emitted SEs flow to the transimpedance 

amplifier, which will generate the topographical contrast ob-

served in SEEBIC images. On the other hand, the electrons that 

spiral down might be re-absorbed by structural features along 

their trajectories. Due to their extremely short inelastic mean 

free path (approx. 1-2 nm for C),55 these low-energy SEs are 

readily absorbed by the TEM support, corresponding to, e.g., a 

few nm-thick amorphous carbon layer. In this manner, the EBIC 

current that would otherwise flow to the amplifier is compen-

sated, resulting in a contrast that is dominated by the top surface 

of the nanoparticles.  

Oppositely, when a nanoparticle is partially suspended over a 

hole in the support film, which is the case for the particle in 

Figure 5a-c, a significant portion of SEs generated at the bottom 

surface can escape without being absorbed and consequently 

contribute to the SEEBIC image formation. As a result, an im-

age is formed that contains contributions of both the front and 

back surfaces, as indicated by the white arrows in Figure 5c. 

Even if the particle is lying on a closed membrane support (con-

tinuous conductive film), non-topographical contrast might be 

present, which is exemplified by the sharp line in Figures 1f and 

5f. In this case, the Au Ino decahedron lies on one of its facets, 

resulting in a gap between the other NP facets and the support 

film, as schematically illustrated in Figure 5d and Figure S5. 

Consequently, a fraction of the SEs emitted from the bottom 

facets escapes without being re-captured by the support film 

(Figure 5d, red arrows). This fraction is determined by the an-

gle-dependent scattering cross-section for SEs and the orienta-

tion of the NP’s surface normal relative to the magnetic field 

axis. The apparent line in SEEBIC consequently corresponds to 

the edges of the Ino decahedron that form the boundary between 

the ‘base’ of a NP and its suspended part, leading to abrupt 

changes in contrast. It should be noted that this line is also pre-

sent in HAADF-STEM because of local changes in sample 

thickness due to the presence of the edges of Ino decahedron 

(Figure S5). The described effect can be used for understanding 

artifactual features arising in Figure 4d (see Supporting infor-

mation for more details). 

 

Figure 5. (a, d) 3D visualization of the NPs on the support film. (b, 

e) HAADF-STEM and (c, f) SEEBIC images of Au decahedra. Red 

arrows indicate SEs escaping the surface of NPs without being ab-

sorbed by the support, and blue arrows indicate re-captured SEs. 

The lengths of the arrows on panels (a) and (d) are indicative of the 

number of SEs emitted in each direction and proportional to the 

cosine of the angle between this direction and the surface normal. 

Green arrows indicate primary electron beam. 
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Conclusions 

In conclusion, we have demonstrated that SEEBIC can be con-

sidered as an attractive approach to image the morphology of 

nanomaterials with shorter acquisition and processing times in 

comparison to ET and superior resolution in comparison to 

SEM. We discussed the importance of using a closed membrane 

to avoid minimize imaging artifacts. Direct access to surface 

morphology obtainable in the order of minutes opens up the 

possibility to use SEEBIC for high-throughput analysis and 

combine 3D imaging with in situ stimuli. Future work will fo-

cus on further increasing the signal-to-noise ratio and/or reduc-

ing the frame times. 
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