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Conspectus: As one of the most widely used characterization tools in materials science, 

(scanning) transmission electron microscopy ((S)TEM) has the unique ability to directly 

image specimens with atomic resolution. Compared to diffraction-based techniques, the 

main advantage of (S)TEM imaging is that in addition to the periodic average structures 

of crystalline materials, it can be used to probe nonperiodic local structures such as 

surfaces, interfaces, dopants, and defects, which have crucial impacts on material 

properties. However, many crystalline materials are extremely sensitive to electron beam 

irradiation, which can only withstand dozens (or even fewer) of electrons per square 

angstrom before they undergo structural damage. Although using electron doses lower 

than the thresholds can in principle preserve their structures, the thus acquired images 

are too noisy to be useful. Consequently, high-resolution imaging of the inherent 

structures of such electron beam-sensitive materials using (S)TEM is a long-standing 

challenge. In recent years, the advances in electron detectors and image-acquisition 

methods have enabled high-resolution (S)TEM with ultralow electron doses, largely 

overcoming this challenge. A series of highly electron beam-sensitive materials that are 

traditionally considered impossible to be imaged with (S)TEM, including metal organic 

frameworks (MOFs), covalent organic frameworks (COFs), organic-inorganic hybrid halide 

perovskites, and supramolecular crystals, have been successfully imaged at atomic 

resolutions. This technological advance has greatly expanded the application range of 

electron microscopy.  

This Account focuses on our recent works pertaining to the high-resolution imaging of 

electron beam-sensitive materials using very low electron doses. We first explain that the 

use of direct-detection electron counting (DDEC) cameras provides the hardware basis for 

successful low-dose high-resolution TEM (HRTEM). Subsequently, we introduce a suite of 

methods to address the challenges peculiar to low-dose HRTEM, including rapid search 

for crystal zone axes, precise alignment of the image stack, and accurate determination 

of the defocus value. These methods, combined with the use of a DDEC camera, ensure 

efficient imaging of electron beam-sensitive crystalline materials in the TEM mode. 

Moreover, we demonstrate that integrated differential phase contrast STEM (iDPC-STEM) 
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is an effective method for acquiring directly interpretable atomic-resolution images under 

low-dose conditions. In addition, we share our views on the great potential of four-

dimensional STEM (4D-STEM) in imaging highly electron beam-sensitive materials and 

provide preliminary simulation results to demonstrate its feasibility. Finally, we discuss 

the significance of developing (S)TEM specimen preparation techniques applicable for 

sensitive materials and the advantages of using the cryogenic focused ion beam (cryo-FIB) 

technique for this purpose.  

  



4 
 

1. INTRODUCTION  

Modern electron microscopes can achieve sub-Ångstrom spatial resolution in both 

conventional TEM and scanning TEM (STEM) modes,1,2 enabling atomic-precision 

structural studies of a wide variety of materials.3-6 Despite the high resolving power and 

real-space imaging nature of (S)TEM, it has some limitations. One such limitation is that 

the electron beam may damage or change the inherent structure of the specimen.7,8 The 

sensitivity of the specimen to the electron beam varies greatly across materials. Although 

it is difficult to accurately determine the electron dose tolerance of a material because it 

varies with the thickness and orientation of the crystal investigated, as well as the imaging 

conditions (e.g., electron beam energy, imaging mode, and operating temperature), the 

value can be roughly estimated based on changes in high-frequency reflections in an 

electron diffraction experiment. In this way, the electron dose tolerances of several 

widely studied metal-organic frameworks (MOFs) have been determined to be 5–30 

electrons per square angstrom (e-/Å2) under the TEM mode at 300 kV and room 

temperature.9 Similarly, it has been observed that at electron doses exceeding 6 e-/Å2, 

the hybrid halide perovskite MAPbI3 undergoes a structural change.10 These results imply 

that such highly sensitive materials must be imaged using extremely low electron doses 

(several orders of magnitude lower than the doses commonly used in traditional TEM) to 

ensure their inherent structures are captured without damage. Cooling the specimen 

from room temperature to a cryogenic temperature (≈100 K) helps to increase its stability 

under the electron beam by three to four times, but such a limited improvement cannot 

fundamentally solve the beam-sensitivity problem. For instance, in cryo-TEM, the critical 

electron dose for the halide perovskite MAPbBr3 is 46 e-/Å2, approximately four times 

higher than the value obtained at room temperature (11 e-/Å2), but it is still too low for 

traditional TEM.11 In this Account, we discuss issues pertaining to low-dose (S)TEM 

imaging, where “low dose” refers specifically to the electron doses required to preserve 

the inherent structures of extremely sensitive materials (e.g., MOFs, hybrid perovskites, 

and supramolecular crystals), which typically are considerably lower than 100 e-/Å2.  
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Under such low-dose conditions, TEM images generated using scintillator-based charge-

coupled device (CCD) cameras are useless owing to the poor signal-to-noise ratio (SNR). 

Direct-detection electron-counting (DDEC) cameras, whose detection quantum 

efficiencies are several to dozens of times (depending on the spatial frequency) higher 

than those of traditional CCD cameras, serve as an effective solution to this problem.12-14 

Since 2011, DDEC cameras have been used to perform single-particle cryo-TEM with low 

electron doses, and as a result, the voxel resolution for protein structures has been 

improved significantly.15-17 In materials science, however, the potential of DDEC cameras 

for imaging highly sensitive crystalline materials was not explored until 2017, when our 

group acquired the first HRTEM image of a MOF under an ultra-low dose condition (4.1 e-

/Å2) by using a DDEC camera. 18 The main reason for this lag was the lack of an effective 

method to achieve rapid alignment of crystal zone axis, which is crucial for imaging highly 

sensitive crystalline materials. In addition to the time-constrained search for the zone axis, 

there are other challenges related to low-dose HRTEM, for example, precise alignment of 

the image stack and accurate determination of the defocus value, which are important 

for obtaining high-quality interpretable images. In 2018, our group developed a suite of 

methods to overcome these obstacles.19 These methods, combined with the use of a 

DDEC camera, constitute the “low-dose HRTEM technique,” which advances the HRTEM 

imaging of highly sensitive materials to a nearly routine process. 9,18,20-29 By using this 

technique, we have imaged various extremely sensitive crystalline materials, including 

MOFs,9,18,20-22,27,28 COFs,23,24,29 hybrid perovskites,25 and supramolecular crystals,26 

revealing their local structures (e.g., surfaces, interfaces, lattice defects, and guest 

molecules) at atomic resolutions (Figure 1). 

Generally, STEM that uses a focused electron beam (probe) to form images is considered 

to have a more destructive effect than HRTEM on sensitive materials containing low 

atomic number elements. 8,30 However, recent studies have indicated that iDPC-STEM can 

be used to image highly sensitive crystalline materials such as MOFs (Figure 1). Compared 

to low-dose HRTEM, the most significant advantage of iDPC-STEM is that it can produce 

almost directly interpretable images. However, the success rate of iDPC-STEM is lower 
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than that of low-dose HRTEM because iDPC-STEM requires precise focusing of the beam, 

which is challenging in the cases of highly sensitive specimens. The development of high-

speed pixelated detectors has made it possible to implement 4D-STEM.31 Ptychography 

based on 4D-STEM data can be used to reconstruct the projected electrostatic potential 

of the specimen.32,33 Unlike traditional STEM imaging modes that require precise focusing 

to obtain high-resolution images, 4D-STEM ptychography allows for reconstruction based 

on diffraction data collected using an unfocused beam,34-36 which makes it particularly 

suitable for imaging highly sensitive materials. The potential of 4D-STEM ptychography in 

the reconstruction of highly sensitive crystal structures with low electron doses is yet to 

be fully explored. 

Despite these advances in low-dose (S)TEM imaging, all of the sensitive materials studied 

thus far are nano-sized crystals that can be directly imaged without specimen preparation. 

Because (S)TEM requires extremely thin specimens (usually < 100 nm), when the sample 

of interest is a bulk material, specimen preparation is necessary before imaging. However, 

preparing (S)TEM specimens from highly sensitive materials is challenging because 

standard methods can easily damage the crystal structures of such materials. Recently, 

we found that cryogenic focused ion beam (cryo-FIB) provides an effective solution to this 

challenge. With the assistance of cryo-FIB, the application range of the newly developed 

low-dose (S)TEM imaging techniques can be significantly expanded from nanocrystals to 

bulk crystals and macroscopic devices composed of highly sensitive materials.  

This Account discusses low-dose HRTEM, iDPC-STEM, 4D-STEM, and cryo-FIB, with a focus 

on the working principles, current status, capabilities and limitations, and development 

prospects of these techniques. 

2. LOW-DOSE HRTEM 

2.1 Zone axis alignment 

TEM produces two-dimensional (2D) projection images of three-dimensional (3D) objects. 

Therefore, a crystalline material must be imaged along the zone axes of the lattice to 



7 
 

visualize discrete atomic columns (atoms are aligned along the zone axes). As illustrated 

in Figure 2, a slight deviation from the zone axis can cause the structural features to be 

smeared and unrecognizable. Therefore, before acquiring high-resolution images, finding 

the crystal zone axis (zone axis alignment) is a required step. This requirement imposes a 

major constraint on the HRTEM of highly electron beam-sensitive materials because the 

process of zone axis alignment relies on electron diffraction (ED) and, thus, consumes 

electron doses. Given that these materials can only withstand dozens (or even fewer) of 

electrons per Å2, their structures will be destroyed before image acquisition, unless the 

zone axis alignment can be accomplished rapidly with minimal electron dose 

consumption.  

In conventional HRTEM dealing with stable specimens, the zone axis is manually aligned 

by iteratively toggling between the imaging and ED modes. This process can easily 

consume an electron dose of hundreds of electrons per Å2, and is unsuitable for highly 

sensitive materials. Therefore, an automated method is needed to realize one-step zone 

axis alignment. To this end, we developed a program that can calculate the deviation 

between the incident electron beam and the nearest zone axis if the deviation is not 

significant (usually within 5).19 Figure 3 illustrates the working principle of this program. 

Suppose that the initial crystal orientation is slightly off with respect to a zone axis, that 

is, there is a deviation angle φ between the incident electron beam and the zone axis. In 

this scenario, an arc formed by reflections can be observed in the ED pattern, which is 

part of the Laue circle. After acquiring the ED pattern from the initial orientation, the 

electron beam is blanked to minimize exposure of the specimen to the beam. The 

program first determines the Laue circle by fitting the positions of the reflections. 

Subsequently, the deviation angle φ is calculated from its radius (r) and the wavelength 

of the incident beam () according to the relationship r  sin(φ)  (1/). Then, the program 

decomposes φ into two components, φ α and φ β, which correspond to two tilting angles 

around the α-tilt and β-tilt axes of the double-tilt TEM holder, based on the 

predetermined directions of the two tilting axes. Lastly, the crystal is tilted by the 

program-calculated angles, and the beam is restored to acquire another ED pattern. The 
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entire process requires the acquisition of only two ED patterns, one for calculating the 

required tilting angles and the other for confirming successful zone axis alignment. In case 

the alignment is not perfect after one operation, which is mainly caused by mechanical 

imperfections of the stage, the process can be iterated several times. Because acquiring 

ED requires very low electron dose, the total dose consumed by this process is 

substantially lower than 1 e-/Å2, thereby maximizing the electron dose that can be used 

for the subsequent HRTEM imaging. This method significantly improves the efficiency of 

zone axis alignment to avoid structural damage at this step, thus making it practical to use 

low-dose HRTEM for imaging highly sensitive crystalline materials. 

In addition to being considerably faster, the automated zone axis alignment method 

offers higher alignment precision than the traditional manual method, which is crucial for 

obtaining high-quality HRTEM images. Notably, when dealing with extremely sensitive 

crystalline materials, fast and precise zone axis alignment is a prerequisite not only for 

HRTEM but also for other imaging modes, such as traditional STEM, iDPC-STEM, and 4D-

STEM. Therefore, an effective method for achieving this goal can serve as the basis for all 

such imaging studies. 

2.2 Drift correction through image stack alignment 

One factor that reduces image resolution in HRTEM is specimen drift during exposure. A 

common strategy to overcome this problem is “dose fractionation,” which refers to the 

acquisition of a stack of successive short-exposure images (frames) instead of a single 

long-exposure image. The acquired frames are precisely aligned to eliminate the drift 

between them (drift correction), and then merged to produce an image with a high SNR.  

The result of the dose fractionation strategy depends on the exposure time of each frame 

and the precision of frame alignment. In principle, the exposure time of each frame should 

be as short as possible to minimize intra-frame specimen drift, which cannot be corrected, 

while the alignment between frames should be performed as accurately as possible. 

However, when imaging sensitive materials that warrant the use of low total electron 

doses to prevent structural damage, one must consider the tradeoff between the 
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exposure time of each frame and the difficulty of frame alignment. Given that the total 

electron dose must be low, too short exposure time per frame will yield frames with high 

levels of noise, which would make it difficult to align them by using popular methods 

based on feature matching or phase correlation. To facilitate alignment, several 

successive frames can be merged into one frame to increase the SNR. However, such an 

operation is equivalent to using longer exposure, which would compromise the resolution 

of the final image.  

Figure 4 illustrates that long exposure causes the loss of image resolution along the 

direction of specimen drift (Figure 4a), which can be restored through dose fractionation 

(Figures 4b–d). As the exposure time per frame decreases, the SNR of the frame decreases, 

whereas the final image resolution increases if the frames are accurately aligned (Figure 

4). Therefore, aligning short-exposure frames in the image stack is imperative for 

complete retrieval of the loss in image resolution due to specimen drift. However, aligning 

frames with poor SNRs is challenging. For example, the image stack shown in Figure 5 

contains 120 frames, each obtained with a dose of only 0.033 electrons per pixel. At this 

low dose, individual frames are too noisy to display any identifiable features. 

Consequently, this image stack cannot be aligned using conventional methods (including 

the use of various existing image filters), unless 10 or more successive frames are merged 

to increase the SNR.  

To achieve single-frame-based alignment for maximizing image resolution, we developed 

a method called “amplitude filter.” As illustrated in Figure 5, when the electron dose is 

extremely low, even the reflections in the Fourier transform (FT) of each frame are almost 

unrecognizable. Consequently, it is difficult to accurately determine the relative drift 

between frames based on the “phase” variations in the FTs. To circumvent the difficulty 

of managing the weak signals of individual frames, the “amplitude filter” starts by 

summing the FT amplitude components of all frames in the image stack to generate a FT 

“amplitude pattern” (step 1 in Figure 5). In the summed FT “amplitude pattern,” all 

reflections can be clearly observed, which allows one to pinpoint the high-intensity pixels 

by setting a threshold to filter background and low-intensity pixels (step 2 in Figure 5). 
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Subsequently, the “amplitudes” of the selected pixels in the amplitude pattern are 

combined with the “phases” of the same pixels in the original FT of each frame to 

generate a series of modified FTs, followed by inverse FTs to generate a series of filtered 

images (step 3 in Figure 5). Although the filtered images exhibit limited structural 

information (they are derived from only a few pixels in the FTs), the produced lattices can 

be used to calculate the drift trajectory of the image stack by using the cross-correlation 

method. Finally, the obtained drift trajectory is used to align the original frames in the 

image stack, and the aligned frames are summed to generate the drift-corrected image.  

The “amplitude filter” selectively analyzes a few strong-amplitude pixels in the FTs to 

minimize the influence of noise on the accuracy of phase determination. This makes it 

superior to other image filters for the drift correction of low-dose HRTEM images.19 In 

addition to HRTEM images, this method can be applied for aligning other types of images 

characterized by periodic features and low SNRs.  

2.3 Low-dose HRTEM image processing 

In most cases, the contrast in HRTEM images is not directly interpretable because it varies 

with the defocus value and specimen thickness. Multiple images acquired at different 

defocuses are usually needed to reconstruct the exit wave of the specimen that 

corresponds to its projected electrostatic potential.37 However, when the specimen is 

composed of an extremely beam-sensitive material, it is impossible to acquire multiple 

HRTEM images without causing structural damage, even by using the aforementioned 

low-dose technique. Therefore, interpreting the acquired images is another challenge in 

low-dose HRTEM. 

When the specimen is sufficiently thin that it fulfills the criteria for weak-phase object 

approximation, image contrast is mainly affected by the contrast transfer function (CTF) 

of the objective lens, which causes “contrast inversion” at certain spatial frequencies 

depending on the defocus value. In such a case, an HRTEM image can be processed by 

correcting the CTF effect to make it more interpretable, if the absolute defocus value is 

known. We proposed a strategy that exploits the “instability” of beam-sensitive materials 
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to determine the defocus value and applied this strategy for CTF correction in a series of 

studies.18,19,21,22,27 Figure 6 shows an example in which the CTF-corrected HRTEM image 

of the MOF MIL-101 perfectly matches its projected electrostatic potential. The specific 

operating procedures and limitations of this defocus determination strategy have been 

discussed extensively in previous publications.9,19 

3. iDPC-STEM and 4D-STEM 

Among the existing STEM modes, high-angle annular dark-field STEM (HAADF-STEM) is 

the most commonly used because of its easy-to-interpret contrast, which is 

approximately proportional to Z2 (Z: atomic number).38 However, because HAADF-STEM 

utilizes only a small fraction (< 10%) of the incident electrons and, thus, requires a high 

electron dose to produce adequate signals, it is unsuitable for imaging beam-sensitive 

materials. Moreover, beam-sensitive materials usually contain low-Z elements such as C, 

N, O, and H, which are almost invisible in HAADF-STEM images owing to their weak 

electron scattering power. 

Recently, a new STEM imaging mode called iDPC-STEM, which is an extension of the 

standard DPC-STEM technique, has become commercially available. The DPC-STEM is 

based on the measurement of the center of mass (COM) of a convergent beam electron 

diffraction (CBED) pattern by using a segmented (e.g., four-quadrant) detector. The 

integration of a vector DPC-STEM image representing the electric field of a specimen 

yields a scalar iDPC-STEM image representing the electrostatic potential of the specimen. 

Compared to other imaging modes, iDPC-STEM offers several significant advantages.39 

First, iDPC-STEM utilizes dominant bright-field signals. Its high electron utilization 

efficiency, combined with the integration process, yields a good SNR under the low-dose 

conditions. Second, the contrast of iDPC-STEM images approximately corresponds to the 

projected electrostatic potential of thin specimens, which can be interpreted directly 

without the need for complex image processing. Third, unlike HAADF-STEM that only 

favors high-Z elements, iDPC-STEM can be used to simultaneously image heavy and light 

elements. Owing to these features, iDPC-STEM has emerged as a powerful tool for 
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imaging beam-sensitive materials.9,10,27,40-43 For example, atomic-resolution iDPC-STEM 

images of MOFs have been successfully acquired, in which the metal clusters and the 

organic linkers in the structures can both be clearly identified without image processing, 

except applying a high-pass filter to improve the SNR. (Figure 1). 

The recent development of high-speed pixelated electron detectors has enabled 

implementation of the 4D-STEM technique. In a 4D-STEM experiment, a convergent 

electron beam is used to perform a 2D scan across the specimen, and at each scan 

position, the produced 2D diffraction data are completely recorded by using a pixelated 

detector. The resulting 4D dataset contains rich diffraction information, which can be 

selectively and collectively used for various applications, including virtual diffraction 

imaging, orientation and strain mapping, and phase contrast imaging, through post-

experiment processing.31 Among these applications, integrated center of mass (iCOM) 

imaging is potentially useful for highly sensitive materials. Because iCOM and iDPC share 

the same phase contrast imaging principle, iCOM offers all of the advantages of iDPC. 

Moreover, pixelated detectors can measure the COM of CBED more accurately than 

segmented detectors used in iDPC-STEM. Therefore, iCOM is a more rigorous and precise 

choice when 4D-STEM data are available. 

Although iCOM- and iDPC-STEM are suitable for low-dose imaging, they require precise 

focusing of the electron beam to obtain high-resolution images. This requirement poses 

a major practical challenge when imaging extremely beam-sensitive materials because 

the process of fine-tuning the beam focus may exert a high electron dose to the specimen, 

causing structural damage. Owing to this problem, in STEM experiments, we can only 

roughly adjust the focus at a magnification considerably lower than that required for 

atomic resolution and, subsequently, directly acquire images at the required high 

magnification without fine-tuning the focus. Consequently, the obtained images are 

mostly out of focus, which renders them useless.  

This challenge can be circumvented if we can generate atomic-resolution images by using 

an unfocused (a defocused) electron beam. In theory, the ptychography technique based 
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on 4D-STEM data can be used to achieve this goal because it does not rely on the use of 

focused beams to obtain atomic-resolution structural images of a specimen. In 4D-STEM 

ptychography, various aberrations, including imperfect focus, can be separated from the 

true projected potential by applying iterative or non-iterative reconstruction algorithms, 

such as the extended ptychography iterative engine (ePIE)32,44 and Wigner-distribution 

deconvolution.45,46 Owing to this feature, combined with the high dose-efficiency, 4D-

STEM ptychography is a very promising method for imaging beam-sensitive materials, and 

its feasibility has been demonstrated in a few studies. Chen et al. reported 4D-STEM 

ptychography-based reconstruction of monolayer WS2 at a resolution of 1.37 Å with an 

electron dose of 790 e-/Å2. 35 Song et al. reported a similar result for MoS2, achieving a 

resolution of 1.58 Å with an electron dose of 403 e-/Å2 47. Recently, O’Leary used a very 

low electron dose (200 e-/Å2) to reconstruct zeolite ZSM-5, and the result indicated that 

most of the Si columns around the microporous channel were resolved.48 Another 

advantage of 4D-STEM ptychography is that it can provide nanometer resolution along 

the projection direction through multi-slice-based reconstruction36 or optical 

sectioning.34,46  

Despite these advantages of 4D-STEM, its potential for imaging extremely sensitive 

materials that require a total electron dose of < 100 e-/Å2 (e.g., MOFs, COFs, hybrid 

perovskites, and supramolecular crystals) remains largely unexplored.  

To obtain insights into this unexplored area, we simulated three 4D-STEM datasets of the 

MOF UiO-66 with a scanning probe (~0.5 Å in diameter) being focused at different 

positions: upper surface of the specimen, and 50 and 100 nm above the upper surface. 

For each dataset, we calculated iCOM and ptychography (using ePIE) phase images (Figure 

7). The results revealed that when the beam was focused on the specimen surface, the 

iCOM (Figure 7a) and ptychography reconstructed phase (Figure 7d) images were 

consistent with the crystal structure and directly interpretable. However, as discussed 

earlier, it is difficult to achieve precise focusing without damaging the highly beam-

sensitive structure in real STEM experiments. Therefore, we further investigated the 

results obtained using defocused beams. As illustrated in Figures 7b and 7c, the iCOM 
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images generated from the 4D-STEM data simulated with 50- and 100-nm defocused 

beams did not match the crystal structure of UiO-66 and were not easily interpretable. By 

contrast, the ptychography-reconstructed phase images from the focused and defocused 

beams were nearly identical (Figures 7d–f), and all images revealed the projected 

potential of UiO-66. These simulation results indicate that 4D-STEM ptychography 

reconstruction is robust over a wide defocus range; therefore, it is suitable for imaging 

highly beam-sensitive materials that are difficult to study using traditional STEM due to 

dose-constrained focusing. 

4. CRYOGENIC FIB 

TEM requires the use of extremely thin specimens to fulfill the weak phase object 

approximation and reduce multiple scattering. Although the acceptable specimen 

thickness varies with sample characteristics (e.g., atomic number and structural density) 

and electron energy, a thickness of less than 100 nm is required in most cases to obtain 

easily interpretable images and spectra. Owing to their small sizes, nanomaterials can be 

imaged directly without specimen preparation. However, when the sample of interest is 

a bulk material, specimen preparation is a necessary and crucial step in high-resolution 

(S)TEM. 

Specimen preparation for (S)TEM is a specialized field, and many methods have been 

established. However, the research on specimen preparation for electron beam-sensitive 

materials is scant because they are traditionally considered impossible to image with 

(S)TEM. Moreover, the common specimen preparation methods cannot be directly 

applied to these materials because they are usually sensitive not only to electron beam 

irradiation but also to other forces. For instance, breaking large crystals into small pieces 

by grinding is a common method for preparing (S)TEM specimens. However, this method 

cannot be applied to many MOFs because it will cause them to lose crystallinity. Similarly, 

specimens of hybrid halide perovskites cannot be prepared using ultramicrotomy because 

this method involves water, which can decompose their structures. Focused ion beam 
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(FIB) is another common method for preparing (S)TEM specimens. However, ion beams 

can easily damage the structures of highly sensitive materials.  

Although the development of new techniques (low-dose HRTEM, iDPC-STEM, and 4D-

STEM) has enabled high-resolution imaging of electron beam-sensitive materials, these 

techniques can currently only be applied to nanocrystals that do not require specimen 

preparation. Therefore, there is an urgent need for effective specimen preparation 

techniques for highly sensitive materials to extend the scope of application of the novel 

imaging techniques from nanocrystals to bulk crystals. After all, in most cases, the 

materials we aim to analyze are in the form of bulk crystals rather than nanocrystals.  

Cryo-FIB is an emerging (S)TEM specimen preparation technique. The combination of 

cryo-FIB and cryo-TEM has been widely used by structural biologists to investigate 

biological samples, such as cells and tissues, which are embedded in vitrified ice formed 

by plunge-freezing. The unique advantage of this method is that it can reveal structural 

details of regions deep inside samples in their native states.49-51 Moreover, cryo-FIB has 

been used to study electrode-electrolyte interfaces in lithium-metal batteries.52,53 

Although cryo-FIB is known to have advantages of reducing contamination and minimizing 

structural damage,54,55 its potential for preparing (S)TEM specimens of extremely 

sensitive materials has not been explored yet.  

Recently, we discovered that cryo-FIB can be used to prepare (S)TEM specimens of 

extremely sensitive materials, such as MOFs and hybrid halide perovskites.56 Unlike the 

cryo-FIB employed in structural biology, we simply performed FIB at cryogenic 

temperatures to extract thin slices (lamellae) from bulk materials without embedding the 

materials in vitrified ice. When the beam conditions were set appropriately, the intrinsic 

crystal structures of various sensitive materials were well preserved in the extracted 

lamellae.56 

Our cryo-FIB procedure comprises three basic steps: (i) mounting the selected crystal on 

a TEM grid by using a probe needle with a desired orientation (Figures 8a,b), (ii) depositing 

a Pt protective layer on the crystal, and (iii) coarse sectioning and fine milling the crystal 
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into a thin lamella (several microns wide and long, less than 100 nm thick) by using a (Ga+) 

ion beam (Figures 8c,d). The entire procedure is similar to that used in conventional FIB, 

and the only difference is that steps (ii) and (iii) are performed at ~133 K instead of room 

temperature.  

By using cryo-FIB, we successfully prepared (S)TEM specimens from bulk crystals of MOFs 

and perovskite CH3NH3PbI3 without structural damage. By contrast, attempts to prepare 

specimens of these highly sensitive materials by using other methods, including FIB at 

room temperature, have failed. The cryo-FIB-prepared specimens allowed us to use low-

dose high-resolution (S)TEM to resolve various local structures (planar defects, interfacial 

structures, and structural variants) in these bulk materials at the atomic resolution for the 

first time.56  

In addition to preventing structural damage, cryo-FIB offers two significant advantages 

inherited from conventional FIB. First, it can be used to produce large-area (tens of 

microns) specimens with uniform thicknesses, which facilitates low-magnification 

screening to quickly obtain overall information about the sample and locate structural 

features of interest (Figures 8e, f). Second, it allows site- and orientation-specific 

specimen extraction, which is especially useful for materials that contain multiple 

components or exhibit preferred orientations. More importantly, this characteristic of 

cryo-FIB facilitates preparation of specimens along multiple desired zone axes. By 

combining the structural information obtained from multiple directions, the 3D structure 

of the material can be reconstructed through electronic crystallography (Figure 9). 

5 SUMMARY AND OUTLOOK 

Over the past few years, the field of low-dose TEM has progressed tremendously. 

Advanced camera and detector technologies combined with new image-acquisition 

methods have enabled the high-resolution imaging of extremely beam-sensitive materials 

in both TEM and STEM modes. Regardless of the imaging mode, fast and precise zone axis 

alignment is the most important prerequisite for success. An automated one-step zone 
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axis alignment method has been developed for this purpose, which significantly improves 

the efficiency of low-dose (S)TEM of highly sensitive crystalline materials.  

In the HRTEM mode, the use of DDEC cameras provides a hardware basis for low-dose 

imaging. These cameras can produce useful images with only a few electrons per pixel, 

thus facilitating the acquisition of atomic-resolution images with sufficiently low electron 

doses to avoid structural damage. Moreover, the ability to precisely align short-exposure 

frames with poor SNRs is crucial for the retrieval of image resolution lost due to specimen 

drift, and “amplitude filter” is a powerful tool for achieving this goal. In addition, HRTEM 

images often require processing to become interpretable, which necessitates the 

development of methods for accurately determining the defocus values. 

In the STEM mode, iDPC-STEM is an effective low-dose technique owing to its high 

electron utilization efficiency and unique image formation mechanism. Other significant 

advantages of iDPC-STEM include the directly interpretable image contrast and the 

capability of simultaneously imaging heavy and light elements. Nevertheless, iDPC-STEM 

requires precise focusing, which is difficult to achieve for extremely beam-sensitive 

materials.  

A compelling application of 4D-STEM is ptychographic reconstruction by using the data 

collected from defocused electron beams. If this can be achieved at low dose conditions, 

STEM imaging of beam-sensitive materials will no longer be restricted by dose-

constrained focusing, and its efficiency will be improved substantially. Currently, it is 

unclear whether the existing 4D-STEM ptychography algorithms are suitable for 

processing the data acquired under low-dose conditions. The development of robust 

ptychographic reconstruction methods is necessary for fully realizing the potential of 4D-

STEM in the imaging of beam-sensitive materials.  

Cryo-FIB is a powerful method for preparing (S)TEM specimens from bulk sensitive 

materials. Cryo-FIB inherits the advantages of the traditional FIB (capability to extract 

large-area specimens from specific locations along desired orientations) while minimizing 

the structural damage caused by the ion beam. With the assistance of cryo-FIB, the newly 
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developed low-dose (S)TEM techniques are no longer limited to the imaging of 

nanocrystals but can be used to investigate bulk crystals and macroscopic devices, which 

further expands the scope of application of electron microscopy. The combination of 

cryo-FIB and low-dose (S)TEM is an unprecedented tool for probing local structures 

hidden in highly sensitive bulk materials at the atomic resolution. The mechanism of ion 

beam-induced structural damage, especially the effect of temperature on it, warrants 

further study. The insights gained by doing so will facilitate the optimization of cryo-FIB 

operating conditions.  
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Figure 1. Examples of (S)TEM imaging of highly beam-sensitive materials. The techniques used 
include low-dose HRTEM and iDPC-STEM; investigated materials include MOFs, COFs, 
supramolecular crystals, and hybrid perovskites; and images reveal various periodic average and 
nonperiodic local structures.  
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Figure 2. Illustration of the importance of zone axis alignment by using the [110] projection of MOF 
MIL-101 as an example. (a) Structural model (left) and simulated electrostatic potential (right) of MIL-
101 under the perfect “on-axis” condition. (b) The “off-axis” situation, where a small deviation angle 

(1) causes the atoms to disperse, smearing structural features. 
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Figure 3. Illustration of the one-step zone-axis alignment method. (a) The initial slightly off-axis 
orientation, at which the reflections in the ED pattern form an arc that is part of the Laue circle. OL 
denotes the center of the Laue circle, O denotes the origin of the reciprocal lattice, OE denotes the 

center of the Ewald sphere, and  denotes the angle between the zone axis and the incident electron 
beam. (b) The on-axis orientation at which the Laue circle disappears and the zone axis coincides with 
the incidence of the electron beam. (c) Illustration of the alignment process (from (a) to (b)) by tilting 

the specimen along the α- and β-tilt axes. The tilting angles (α and β) are calculated based on the 
position of OL and the pre-determined directions of the α- and β-tilt axes. (d) An application example 
of this method, where the <101> zone axis of MOF UiO-66 was precisely aligned in one step. Adapted 
with permission from reference 19. Copyright 2018 AAAS.  
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Figure 4. Influence of exposure time per frame on image resolution restored by drift correction. (a) 
One frame with 5 s exposure in the image stack (without using dose fractionation). (b) Five frames 
with 1 s exposure per frame. (c) Ten frames with 0.5 s exposure per frame. (d) 100 frames with 0.05 s 
exposure per frame. Each panel shows the single-frame image (top), drift-corrected summed image 
(middle), and Fourier transform of the summed image (bottom). Despite the same total exposure time 
in these cases, a shorter exposure time per frame results in a higher resolution of the final drift-
corrected image. In (a), the direction of specimen drift that can be determined from the resolution 
loss is marked with an arrow.  
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Figure 5. Workflow of the “amplitude filter”, consisting of three steps: (1) generation of an amplitude 
pattern by summing the FT amplitude components from all of the frames in the image stack, (2) 
generation of a filtered amplitude pattern by filtering out background and weak-intensity pixels, and 
(3) generation of modified FTs by combining the “amplitudes” in the filtered amplitude pattern with 
the “phases” in the original FTs, followed by inverse FTs to generate a series of filtered images. The 
image stack used here for demonstration contains 120 frames, each obtained with a dose of only 0.033 
e/pixel. Reproduced with permission from reference 19. Copyright 2018 AAAS.  
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Figure 6. Comparison between raw and CTF-corrected HRTEM images. (a) Raw and (b) CTF-corrected 
HRTEM images of MOF MIL-101 acquired along the [110] direction. (c) and (d) are cropped images of 
the areas marked in (a) and (b), respectively. (e) Structural model (left) and simulated projected 
electrostatic potential (right) of MIL-101. The comparison indicates that the CTF-corrected HRTEM 
matches the structure of MIL-101, while the raw image is difficult to interpret directly. 
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Figure 7. (a–c) iCOM and (d–f) ptychography-reconstructed phase images of MOF UiO-66 along the 
[110] axis, calculated from three simulated 4D-STEM datasets using a 15 nm × 15 nm × 3 nm (thickness) 
structural model with a probe size of ~0.5 Å (convergence angle of 20 mrad; 300 kV). The three 
datasets were simulated by focusing the probe at different positions: upper surface of the model (a, 
d), and 50 nm (b, e) and 100 nm (c, f) above the upper surface. The simulation was performed with 
Prismatic57 using the Kirkland’s parameterization of atomic potentials. All aberrations, except the 
defocus, were set to 0 for simplicity. Fifteen frozen phonon configurations were averaged to account 
for the thermal diffuse scattering. The standard deviations for the random thermal motions of C, O, 
and Zr are 0.1007 Å, 0.0872 Å and 0.0390 Å respectively. For the ePIE reconstruction in (d-f), the update 
step sizes for probe and object were both set to 1, and 300 iterations were used to ensure a good 
convergence. In (a), a [110]-projected structural model of UiO-66 is overlaid on the image for 
comparison. 
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Figure 8. Specimen preparation from bulk MOF HKUST-1 crystals using cryo-FIB. (a) SEM image 
showing the mounting of an HKUST-1 crystal onto a TEM grid by using a probe needle. (b) SEM images 
showing two HKUST-1 crystals mounted in different orientations. (c and d) Cryo-FIB-prepared lamellae 
from the two crystals shown in (b). (e and f) Low-dose TEM images of the cryo-FIB-prepared [-110]-
oriented specimen at different magnifications, indicating the existence of abundant {111} planar 
defects and their distributions.  
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Figure 9. (a and b) Low-dose HRTEM images of UiO-66 acquired along the (a) [001] and (b) [110] 
directions. (c) 3D electrostatic potential map reconstructed using the structure factors determined 
from (a) and (b), showing a 12-connected network formed by Zr6O8 clusters and BDC linkers. (d) 
Structural model of UiO-66 for comparison. 
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