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Abstract: The main aspects of material research: material synthesis, material structure, and material 9 

properties, are interrelated. Acquiring atomic structure information of electron beam sensitive ma- 10 

terials by electron microscope, such as porous zeolites, organic-inorganic hybrid perovskites, metal- 11 

organic frameworks, is an important and challenging task. The difficulties in characterization of the 12 

structures will inevitably limit the optimization of their synthesis methods and further improve 13 

their performance. The emergence of integrated differential phase contrast scanning transmission 14 

electron microscopy (iDPC-STEM), a STEM characterization technique capable of obtaining images 15 

with high signal-to-noise ratio under lower doses, has made great breakthroughs in the atomic 16 

structure characterization of these materials. This article reviews the developments and applications 17 

of iDPC-STEM in electron beam sensitive materials, and provides an outlook on its capabilities and 18 

development. 19 

Keywords: electron beam sensitive materials; electron microscopic characterization; low dose; 20 

iDPC-STEM 21 

 22 

1. Introduction 23 

With the development of material science, the corresponding relationship between 24 

material structures and their properties has become more precise and refined. Compared 25 

with an overall periodic crystal structure[1-4], some local structures, such as interfaces, de- 26 

fects, and surfaces[5-7], can better reflect this relationship. Since these structures are often 27 

non-periodic, real-space characterization is often required, which has been greatly facili- 28 

tated by the development of electron microscopy (EM). By using spherical aberration and 29 

chromatic aberration correctors[8,9], huge improvements in image resolution have been 30 

achieved. The adoption of direct detection electron counting (DDEC) has greatly im- 31 

proved the detective quantum efficiency(DQE)[10,11], resulting in further improvements in 32 

imaging quality, as shown in Figure 1. 33 

 34 

Figure 1. The history of microscope development: more comprehensive and more realistic structural 35 
information is the current mainstream development direction 36 
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However, the electron beam with higher energy can cause some damage to the ma- 37 

terial structure while carrying the structural information of the sample[12,13]. Especially for 38 

electron-beam sensitive materials such as MOFs[14-16], two-dimensional materials[12], and 39 

lithium-ion batteries[17], it is extremely serious and difficult to ignore. Therefore, the use 40 

of electron microscopy to characterize the structure of such materials is both important 41 

and challenging. 42 

 43 

Figure 2. High-energy electron beams will inevitably introduce damage while reducing structural 44 
information: knock on damage, radiolysis damage, electrostatic charging, and heating. 45 

Damage caused by the electron beam is inevitable, and its formation mechanism is 46 

complex. Figure 2 shows the main mechanisms of electron beam damage in STEM, includ- 47 

ing knock-on damage, radiolysis damage, electrostatic charging, and heating. During the 48 

actual characterization process, multiple mechanisms often coexist, influence, and even 49 

transform each other under certain conditions. A series of characterization methods for 50 

different types of electron beam-sensitive materials have been carried out [18-23], iDPC- 51 

STEM[24-26] is one of the most versatile and promising tools at present.  52 

 53 

Figure 3. Application status of iDPC-STEM in electron beam sensitive materials characterization 54 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2022                   doi:10.20944/preprints202205.0113.v1

https://doi.org/10.20944/preprints202205.0113.v1


Molecules 2022, 27, x FOR PEER REVIEW 3 of 23 
 

 

Figure 3 shows the number of applications of iDPC-STEM in the characterization of 55 

electron beam sensitive materials (low-dose EM techniques). It can be seen that its pro- 56 

portion is currently at a low level, which is greatly related to the fact that the technology 57 

is in the early stage of development and lacks the process of combining with actual char- 58 

acterization work. As the intersection of materials science and electron microscopy, dif- 59 

ferences in the field are also one of the reasons for its obvious advantages but limited 60 

applications. 61 

The deepening understanding of material structure is bound to promote rapid ad- 62 

vancement in materials and related fields. This paper will introduce the development his- 63 

tory, imaging principle and application status of iDPC-STEM in real-space EM character- 64 

ization, and summarize and prospect the application prospect of this method in atomic- 65 

scale imaging, hoping to promote the development of electron beam-sensitive materials 66 

structural characterization. 67 

2. Technological development 68 

Phase contrast was proposed by Rose[27] in 1974. In the same year, Dekkers and De 69 

Lang[28] pointed out that the technique of obtaining images by using the relative signal 70 

difference of partition detectors could be applied to scanning transmission electron mi- 71 

croscopy[29], which introduced the differential phase contrast (DPC) technique into elec- 72 

tron microscopy. Waddell et al.[30] pointed out the basis for its application in electron mi- 73 

croscopy, which could be achieved through a "first moment" detector to measure the mo- 74 

mentum transferred to the probe and obtain the centroid of the intensity of electron beam 75 

illumination. In 1977, Rose[31] again reviewed DPC techniques using partitions in STEM 76 

and proposed execution time integrals to restore the phase. At that time, the understand- 77 

ing of the influence of noise and the linear relationship between the momentum transfer 78 

(centroid position) of the electron beam and the phase transfer function (phase contrast) 79 

of the sample, its physical significance, and an in-depth mathematical proof had not yet 80 

been determined. In 1978, Chapman et al.[32] began using the DPC technique for the quan- 81 

titative study of magnetic structures in ferromagnetic thin films. For the next three dec- 82 

ades, it was mainly used to study magnetic samples[33-37]. During this period, the theoreti- 83 

cal research of DPC imaging was mainly based on optical microscopy, while imaging re- 84 

search based on electron microscopy was rarely mentioned[38]. 85 

In 2010, Shibata[39] and others once again introduced the DPC technique into electron 86 

microscopy and obtained the first convincing single-segment imaging experimental re- 87 

sults of non-magnetic samples with atomic resolution. Since then, the DPC technique has 88 

been applied to electron microscopy. During its continuous development[40-44], the algo- 89 

rithms have been continuously optimized. The collection of local electric potential (DPC- 90 

STEM), local charge density (dDPC-STEM), and local electrostatic potential (iDPC-STEM) 91 

are all based on the COM approximate technique, and the three complement each other. 92 

In 2016, mathematical proof of the linear relationship between the COM position and the 93 

phase contrast of the sample was achieved, and the iDPC technique experimental image 94 

was provided for the first time. 95 

3. Technological Principle 96 

For non-magnetic samples, basic electrostatics stipulates that the electric field (con- 97 

servative vector field) of the sample is the gradient (differential) of the electrostatic poten- 98 

tial field (scalar field) of the sample. Electrons passing through the sample are affected by 99 

this electric field. If the sample is very thin, the electric field at the point of impact will 100 

deflect electrons in proportion to their in-plane components. This deflection can be meas- 101 

ured by detecting the position of electrons on the far-field detector to obtain the corre- 102 

sponding convergent beam electron diffraction (CBED) pattern, thereby obtaining infor- 103 

mation about the position of the center of mass. The differential phase contrast (DPC) 104 

technique is used to measure the deflection of the electron (beam), i.e., the position of the 105 
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center of mass[45]. When multiple zoned detectors are used, the smallest changes will be 106 

captured, and the centroid position of the direction can be calculated based on the align- 107 

ment difference. This is the case with iDPC, which is the same as dDPC and DPC, which 108 

use partitioned probes to collect local signals to achieve COM position approximation.  109 

Figure 4. shows a schematic of an iDPC-STEM. Through A-C and B-D, the COMx and 110 

COMy are obtained, then a high-quality image is obtained by a fitting calculation. This is 111 

a direct phase imaging process and is dependent on atomic number. The larger the atomic 112 

number, the stronger the scattering, and the brighter the signal. This imaging principle 113 

causes the intensity in iDPC images to be linearly related to atomic number, whereas in 114 

high-angle annular dark field (HAADF) images, the intensity is approximately propor- 115 

tional to the square of the atomic number; therefore, more information related to lighter 116 

elements can be obtained by using iDPC-STEM. 117 

In addition, due to the higher electron utilization rate and the integration pro- 118 

cesses[46,47] (which remove a large part of the noise), it can achieve a high signal-to-noise 119 

(SNR) ratio under a lower dose. These levels are difficult to achieve using traditional char- 120 

acterization methods[48,49]: typically, the minimum electron beam dose required to obtain 121 

an image with enough SNR is 103 e-/Å 2, but iDPC-STEM can achieve around 10e-/Å 2. 122 

 123 

Figure 4. The schematic diagram of technical principle: partition probe, electrostatic potential imag- 124 
ing, and integral. 125 

4. iDPC-STEM advantages 126 

Enhancing imaging sensitivity is just as important as increasing the imaging resolu- 127 

tion. Figure 5 compares the resolution of different elements using iDPC-STEM and 128 

HAADF-STEM. Both techniques are related to atomic number, and the contrast weakens 129 

upon decreasing the atomic number. However, comparing the element contrast of O, Ti, 130 

and Sr (circled in Figure 5) in the HAADF-STEM image, lighter elements are invisible or 131 

have reduced contrast, possibly below the noise level.  132 

HAADF-STEM uses the high-angle scattered electrons to image, while iDPC-STEM 133 

uses atomic electrostatic potential[47,50] to directly image the phase. This difference in im- 134 

aging principles, on the one hand, will lead to differences in image contrast: HAADF im- 135 

age contrast is approximately proportional to the square of the atomic number(Z1.6-2.0)[51], 136 

and iDPC image contrast is linearly related to the atomic number[46,52-54]; on the other hand, 137 

HAADF-STEM only uses high-angle scattered electrons, while iDPC-STEM, which uses 138 

almost all electrons for imaging, can obtain more signal at the same dose, thereby obtain- 139 

ing the characteristics that can be imaged at lower doses. 140 
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(a) (b) 

Figure 5. The comparison of single-atom contrast in the range Z = 1–103 obtained by simulations: 141 
HAADF-STEM image a) and iDPC-STEM image b)[24] 142 

4.1 Advantages in Phase Contrast Imaging 143 

Due to the use of atomic electrostatic potential to image the phase, iDPC-STEM has 144 

better sensitivity. The same goes for Electron Ptychography and 4D-STEM. Electron 145 

ptychography is a phase recovery method based on coherent diffraction imaging. The 146 

phase information of a sample is obtained through its diffraction pattern, and the phase 147 

contrast image of the sample is reconstructed. 148 

  

(a) (b) 

Figure 6. a) Schematic diagram of the optical path of the 4D-STEM[55]; b) Based on the STEM mode, 149 
the ring-shaped electron detector is replaced by an arrayed detector, and the entire diffraction pat- 150 
tern is recorded at each scanning position[56] 151 

The principle of 4D-STEM is shown in Figure 6 a[55]. Based on the STEM mode, the 152 

annular electron detector is replaced by an array detector, and the entire diffraction pat- 153 

tern is recorded at each scanning position. Then, a camera with holes was developed to 154 

achieve simultaneous acquisition of EELS[56], as shown in Figure 6 b. With the help of the 155 

4D-STEM dataset, researchers can obtain the signal from any collection angle range, and 156 

various STEM images can be obtained through post-processing. Large data sets and com- 157 

plex post-processing are the main characteristics of the technique. By contrast, the several 158 

solid-state electron detectors (four in our case) employed by iDPC-STEM are two to three 159 

orders of magnitude faster than cameras used for electron ptychography and 4D STEM, 160 

especially without large data sets or cumbersome post-processing. 161 
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In this field, iDPC has obvious advantages and disadvantages: in terms of accuracy, 162 

electronic ptychography or iCOM-STEM can be used to obtain absolutely accurate the 163 

center of mass position information[46,47], while iDPC-STEM can only achieve the approx- 164 

imation of iCOM's absolute accuracy by finer division (more partitions); in terms of imag- 165 

ing speed, iDPC has a much smaller amount of data processing: direct imaging, no huge 166 

reconstruction effort, a vast (orders of magnitude) speed advantage. 167 

4.2 Advantages of Low-Dose Techniques 168 

In the field of low-dose characterization, obtaining structural information of a series 169 

of electron-beam sensitive materials, such as zeolites[57-63], metal-organic frameworks[64-70], 170 

biomaterials[71-76], and some organic-inorganic hybrid materials is the main goal of the re- 171 

search. How to maintain a sufficient SNR of the image under low dose is the core issue of 172 

its development. 173 

   

(a) (b) (c) 

Figure 7. The capability comparison of HAADF-STEM (a), iDPC-STEM (b) and K2 camera (c) 174 

Figure 7 compares the capabilities of iDPC-STEM, HAADF-STEM, and K2 camera, 175 

which shows that iDPC-STEM has more comprehensive capabilities: in terms of imaging 176 

modes, STEM-based iDPC can obtain images that are easier to interpret, and the atomic 177 

number-related characteristics make it more capable of elemental resolution; the disad- 178 

vantage is that the scanning time of a single image is long, which means that it is difficult 179 

to obtain real-time structures information and is susceptible to sample drift resulting in 180 

image distortion. In terms of data, iDPC does not have a huge dataset. In terms of equip- 181 

ment, iDPC has simpler requirements for equipment, and is more cost-effective than the 182 

expensive K2 camera. 183 

3.3 Advantages in imaging light elements 184 

Relevant structural information about light elements is often important. Nowadays, 185 

five main techniques are accessible to EM for imaging light atoms such as oxygen: low- 186 

angle annular dark field (LAADF-STEM), annular bright-field (ABF-STEM), integrated 187 

differential phase contrast (iDPC-STEM), negative Cs imaging (NCSI), and imaging STEM 188 

(ISTEM).  189 

These techniques fall into three main categories. The first type is traditional STEM 190 

(sensitive to sample drift and scanning distortions), LAADF-STEM, ABF-STEM, and 191 

iDPC-STEM. The weak one here is LAADF-STEM, which is most optimal for mapping 192 

light atomic columns in very thin crystals only a few nanometers thick[77,78]. The second is 193 

based on a TEM imaging modality the image analysis process is complicated and often 194 

needs to be combined with simulations[79,80], and it is strongly dependent on aberrations 195 

and the sample thickness[79,81] The third one is convergent beam imaging combined with a 196 

CCD camera[82]. It is important to point out that imaging aberrations have a strong influ- 197 

ence on the image and can even lead to contrast reversal. Probe aberrations have no influ- 198 

ence whatsoever. (For additional details of the different techniques, please refer to the 199 

review[83].)  200 

Their imaging principles and corresponding advantages and disadvantages are 201 

briefly summarized in Table 1. It can be seen that iDPC-STEM has certain universality and 202 

balance in the field of light element discrimination. 203 
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Table 1. Comparison of five light-element imaging modes, including imaging mode, collection an- 204 
gles, and (dis)advantages. 205 

Technique Imaging mode Collection angles Advantage Disadvantaged 

LAADF Convergence α<θinner<50mrad 
Light element imaging 

Lattice stress imaging 

Sample drift and scan distortions 

Affected by thickness 

Accuracy of light elements is insufficient 

ABF Convergence θinner=α/2, θouter=α 
High resolution of 

light elements 

Sample drift and scan distortions 

Difficulty in distinguishing element types 

Invalid for weak phases 

iDPC Convergence 4 segment detectors 
High resolution of 

light elements 

Sample drift  

Scan distortions 

NCSI Parallel CCD 

No sample drifts 

Scan distortions 

High resolution of 

light elements 

Accuracy of heavy elements is insufficient 

strongly dependent on aberrations and 

the sample thickness 

Difficulty in interpretation 

iSTEM Convergence CCD 
High resolution of 

light and heavy elements 

Strongly dependent on aberrations and 

the sample thickness 

Difficulty in interpretation 

5. iDPC-STEM application in electron-beam-sensitive materials 206 

5.1 Application in Zeolites 207 

 208 

Figure 8. The research quantity curve of zeolite in the past two decades. 209 

Zeolites are widely used as acidic catalysts in the chemical and petrochemical indus- 210 

tries due to their well-defined channels, high surface area, and tunable acidity[84-93]. Figure 211 

8 shows statistics of published studies on zeolites in the past two decades. The overall 212 

trend is upward, and it displayed a faster upward trend from 2016 to 2020, which was 213 

related to the structural characterization of zeolites by iDPC-STEM. Although STEM im- 214 

ages are easier to interpret than HR-TEM images, zeolite with radiolysis damage and elec- 215 

trostatic charging as the main damage mechanisms is more vulnerable to damage due to 216 

the instantaneous high intensity electron beam used in STEM. Therefore, HRTEM has 217 

been the main EM characterization method for many years. However, the ultra-low-dose 218 

properties of iDPC-STEM make the acquisition of high-resolution STEM images a reality. 219 

 220 
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(a) 

  
(b) (c) 

Figure 9. a) MTA schematic; b) HAADF-STEM of the synthesized ZSM-5; c) iDPC-STEM[92]. 221 

 

(b) (c) 

  

 
(a) (d) 

 
(e) 

Figure 10. a) The iDPC-STEM image of ZSM-5 from the [105] direction; b-d) detailed analysis from 222 
a); e) the atomically flat (010) surface with clear Si-O dangling bonds[94] 223 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 May 2022                   doi:10.20944/preprints202205.0113.v1

https://doi.org/10.20944/preprints202205.0113.v1


Molecules 2022, 27, x FOR PEER REVIEW 9 of 23 
 

 

The methanol-to-aromatics (MTA) process is important for converting coal/natural 224 

gas to chemicals, and the ZSM-5 catalyst is the most important unit[95]. Loss of framework 225 

acid sites is the primary cause of its permanent deactivation[96-98]. Before the emergence of 226 

iDPC-STEM, finer structural characterization was relatively difficult, and no major break- 227 

throughs were made[99-101]. In 2016, its deactivation mechanism during the MTA reaction 228 

was explored by Prof. Wei’s group[92]. Figure 9a is a schematic diagram of the catalytic 229 

process of MTA. Figure 9b is the Cs-corrected HRTEM image, and Figure 10c is the iDPC- 230 

STEM image, it can be seen that iDPC-STEM image has a finer hole structure. Through 231 

structural characterization, it was found that hydrothermal deactivation was mainly 232 

caused by the loss of framework acid sites and the blockage of channels by extra-frame- 233 

work alumina. Figure 10a is an iDPC-STEM image of ZSM-5 along the [105] direction. 234 

Figure 10b is a magnified image in which the block units (Si-O islands) are bridged by 235 

only O atoms, and the O bridges can be clearly distinguished both in the image and the 236 

atomic model (in red and blue, respectively). The resolution was further confirmed by the 237 

strength profile analysis in Figure 10d. Figure 10e shows the atomically flat (010) surface 238 

with a half-channel termination structure. An enlarged atomic-scale surface structure is 239 

shown in the illustration, where even the Si-O dangling bonds on the surface can be di- 240 

rectly observed. The results show that under the characterization condition, the atoms and 241 

dangling bonds on the surface did not undergo significant damage, which proved that 242 

iDPC-STEM can achieve the perfect structure characterization of such materials. 243 

 

(b) (d) (f) 

   

   

(a) (c) (e) (g) 

Figure 11. a) The HAADF-STEM image of assembled ZSM-5 particles; b, c) The iDPC-STEM images 244 
of the (010) interfaces in the areas marked in a); d, e) The zoom-in interface areas of iDPC-STEM 245 
images marked in b, c); f, g) The FFT patterns corresponding to b) and c), respectively[94] 246 

Figure 11a shows three particles of ZSM-5 that were closely connected by van der 247 

Waals interactions. Comparing the iDPC-STEM image at different scales (Figure 11b-e), 248 

the three particles showed completely consistent crystal orientation. The corresponding 249 

FFT patterns (Figure 11.f, g) also exhibited a single-crystal-like nature with discrete dif- 250 

fraction spots. Such strict assembly and interfacial matching mean that the system must 251 

contain definite directional interaction, such as hydrogen bonds and hydroxyl groups. 252 

These will increase the transfer distance of guest molecules along the b-axis and ultimately 253 

affect the catalytic performance[94]. This work used iDPC-STEM to achieve higher quality 254 

local structures (boundaries), while analyze catalytic performance. 255 
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(a) (b) 

Figure 12. a) iDPC-STEM image of Mo/ZSM-5; b)–d) Zoomed-in areas 1, 2, and 3 of (a) with an 256 
atomic model; e) Intensity line profiles of the images in (b), (c), and (d); f) Statistics of Al occupancy 257 
at different T sites[102] 258 

Figure 12a shows an iDPC-STEM image and its partial magnification of a Mo-ZSM-5 259 

sample with a Si: Al ratio of 40[102]. Previous studies have suggested a one-to-one corre- 260 

spondence between the Mo cluster and Al sites in zeolite frameworks when the Si/Al and 261 

Al/Mo ratios are proper[103,104] However, the correspondence was dubious due to the diffi- 262 

culty of real-space imaging and a lack of direct evidence. Now it is performed with iDPC- 263 

STEM. Figure 12b-d show zoomed-in areas (1, 2, and 3 of (a)): empty channel (Figure 12b) 264 

and a channel containing a Mo cluster bound at the T8 site (Figure 12c) and T1 site. (Figure 265 

12d). The intensity profiles (Figure 12e) indicate a marked separation (0.79c) in the Mo 266 

position between the two channels in Figure 12c, d, illustrating that single-Mo oxide clus- 267 

ters anchor different T-sites. According to simple statistics derived from 100 channels, Al 268 

most preferentially occupied the T1 site (40%), followed by T2 and T5 sites, and disfavored 269 

the T3 and T6 sites (Figure 12f). The clear determination of the location of the acidic site (as 270 

the site of the catalytic reaction) is of great significance for the control of the catalytic be- 271 

havior. In this work, iDPC-STEM was used to image the adsorbate in the pore to achieve 272 

the localization of the acidic site (aluminum) in the framework. 273 

As shown in Figure 13[105], a para-xylene (PX) molecule was used as a rotating pointer 274 

to detect the host-guest van der Waals interactions in the straight channel of the MFI-type 275 

zeolite framework. For a long time, single-molecule imaging was challenging but highly 276 

beneficial for investigating intermolecular interactions at the molecular level[106-111]. Now, 277 

with the help of iDPC-STEM, this has become a reality. In the iDPC-STEM image in Figure 278 

13a, spindle-shaped spots can be clearly observed in some channels. The intensity profiles 279 

in Figure 13c also confirmed this. The spindle-shaped spots and the orientations of the PX 280 

molecules can be seen more clearly in the magnified image in Figure 13b. The agreement 281 

between the experimental and simulated results indicates that the C6-rings in the PX mol- 282 

ecules have specific orientations, as expected in this van der Waals compass. This work 283 

achieved the direct imaging of a single molecule by iDPC-STEM to explore host-guest 284 

interactions in a range of organic-inorganic systems. This provides a new approach to 285 

studying the different behaviors of individual molecules. 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 
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(a) 

 

 

 

(c) (b) 

Figure 13. a), b) iDPC-STEM image, the structural model (b.middle) and the simulated image (b,bot- 294 
tom); c) shows the corresponding intensity profile acquired from the red-framed region in (a) [105] 295 

   

(a) (b) (e) 

    

(c) (d) (f) (g) 

Figure 14. a-d) Magnified iDPC-STEM images and intensity profiles of SAPO-18 (a,c) and SAPO-34 296 
(b,d); e) iDPC-STEM image of highly mixed SAPO-34 and SAPO-18 lattices inside; f,g) iDPC-STEM 297 
images show the stacking sequences.[112] 298 

In Figure 14a-d, a local enlargement of an iDPC-STEM image of SAPO-18(AEI) and 299 

SAPO-34(CHA) from different orientations reveals the projection of the different bond 300 

lengths of Al-O and P-O bonds in different directions combined with their intensity pro- 301 

files. This provides new possibilities for studying the symbiosis and accumulation of zeo- 302 

lite skeleton from the perspective of atoms and bonds. iDPC-STEM can also be used to 303 

analyze the surface atomic arrangement in thin regions. The red and blue arrows in Figure 304 
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14e indicate stacked AA or AB in SAPO-34/18 intergrowth catalyst surface. By comparing 305 

the top and bottom (Figure 14f, g), the stacking sequence was different at the top and 306 

bottom, which revealed the crystal growth trend[112]. 307 

In the field of zeolite, iDPC-STEM has achieved the characterization of fine structure, 308 

and related research has been carried out on the correlation between structure and cata- 309 

lytic performance. Future development needs to be further explored on the basis of com- 310 

bining different methods (such as different types of loading). 311 

5.2 Application in MOFs 312 

Metal-organic frameworks (MOFs) are typical porous materials constructed by or- 313 

derly splicing organic linkers between metal nodes. Due to their designable topology, po- 314 

rosity, and functionality, they exhibit excellent performance for gas storage and separa- 315 

tion, catalysis, drug delivery, and biomedical analysis[113,114]. Figure 15 shows a summary 316 

of the studies on MOFs in the past two decades, which shows a rapid upward trend. 317 

 318 

Figure 15. The research quantity curve of MOF in the past two decades 319 

MIL-101 is a MOF crystal with large unit cells and cage-like structures. In the MIL- 320 

101 framework, there are two alternately connected larger cages with dimensions of 29 Å  321 

and 34 Å , respectively. MIL-101 is often used to support various metal atoms or active 322 

particles in catalysis research[113,114]. Therefore, if the local structure of MIL-101 (the coor- 323 

dination relationship of nodes and linkers, etc.) can be imaged directly at the atomic scale, 324 

it would help understand the relationship between catalyst structure and performance. 325 

Figure 16 shows the development of MIL-101 characterization techniques. In 2005, 326 

attempts were made to obtain low-dose HRTEM images with a certain signal-to-noise ra- 327 

tio. Only the main channels/cages could be distinguished[115]. In 2016, high-resolution 328 

HAADF-STEM images of heavy elements made it possible to identify the distribution of 329 

metal nodes and heavily-doped elements in MOFs[116]. In 2018, the camera was upgraded 330 

again (DDEC). A higher DQE enabled HRTEM to maintain an adequate signal-to-noise 331 

ratio at a sufficiently low electron beam dose[117]. In 2019, iDPC-STEM emerged for MOF 332 

characterization. As can be seen from the comparison, iDPC-STEM greatly advanced the 333 

structural analysis of MOFs[118]. 334 

In recent years, with the gradual popularization of iDPC-STEM, it has played an in- 335 

creasingly important role in the characterization of the surface, interface, and defects of 336 

MIL-101 and other non-periodic local structures[117]. The image resolution has also made 337 

great progress. Figure 17 shows the various surface structures of MIL-101 in iDPC-STEM 338 

images. iDPC-STEM also showed better image contrast than HRTEM obtained with a 339 

DDEC camera. 340 
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Figure 16. A series of electron microscopy images of MIL-101 acquired in different years: HRTEM 341 
image in 2005[115]; ADF-STEM image in 2016[116]; low-dose HRTEM image (with DDEC) in 2018[117]; 342 
iDPC-STEM image in 2019[118] 343 

 

 

 

(a) (b) (c) 

Figure 17. A series of electron microscopy images of the different surfaces in MIL-101[117] 344 

Figure 18 shows a study on the structural evolution characteristics of MIL-101 under 345 

electron beam radiation[119]. By collecting iDPC images from different cumulative electron 346 

beam doses, the evolution of the sample was analyzed. The results showed that the sample 347 

tended to shrink after irradiation. iDPC images with a resolution of 4.7 Å  and good con- 348 

trast for light elements can be used to quantitatively observe and analyze the local struc- 349 

tural evolution of MIL-101 under electron beam irradiation. This work utilizes the high 350 

contrast of iDPC image for light elements to quantitatively observe and analyze the local 351 

structural evolution of MIL-101 under -electron beam irradiation. 352 

In 2020, a study[120] (Figure 19) proposed a new strategy called "molecular compartments", 353 

in which iDPC was used to identify the exact location of cage structures in TiO2-MIL-101 354 

composites. The relative cage positions were obtained by HAADF-STEM (Figure 19a-c). 355 

The exact positions of TiO2 in MIl-101 cages were characterized by iDPC-STEM (Figure 356 

19d-f), with a resolution of 3.2 Å . It is very important to accurately characterize the posi- 357 

tion of TiO2 in real space, and the catalytic effects of the compartments formed by TiO2 in 358 

different cage structures are also different. This work utilizes iDPC-STEM to achieve 359 

atomic structure imaging of different cage structures. 360 
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Figure 18. a) a series of iDPC-STEM images with the increased cumulative electron beam doses;  b- 361 
d) iDPC-STEM under different dose; e,f) iDPC-STEM images before and after irradiation; g,h) the 362 
corresponding FFT[119] 363 

  

(a) (d) 

  

(b) (e) 

  

(c) (f) 

Figure 19. a-c) A series of iDPC-STEM images with increased loading(TiO2 ); d-f) corresponding 364 
FFT[120] 365 
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In the field of MOFs, more refined structural characterization has been achieved by 366 

iDPC-STEM, and related research on boundary, load and other types has also been carried 367 

out. Compared with the low-dose HRTEM images obtained with the k2 camera, it can be 368 

seen that iDPC-STEM has a huge advantage in image contrast, which enables it to identify 369 

cage structures more accurately. 370 

5.3 Application in Perovskites 371 

For the perovskite ABO3, the octahedral oxygen atoms surround a central B atom 372 

forming BO6, where the oxygen atoms affect various degrees of freedom (spin, orbit, 373 

charge) of the B atom and can give rise to new physical properties. To understand the 374 

physical properties more fully, it is necessary to describe the atomic space occupation, 375 

including the atomic-scale interface. Figure 20 summarizes studies on perovskites re- 376 

ported in the past two decades, which show the same rapid upward trend as the above 377 

materials. 378 

 379 

Figure 20. The research quantity of perovskites in the past two decades. 380 

Figure 21 shows a direct iDPC-STEM image of oxygen and cationic columns and fol- 381 

lows their evolution with temperature in epitaxial Hf0.5Zr0.5O2(HZO)/La0.67Sr0.33MnO3 382 

(LSMO and bottom electrode) heterostructures[121]. Figure 22 shows the oxygen positions 383 

in BaTiO3 obtained by iDPC-STEM, which are often difficult to identify[122]. The lower-left 384 

insets are magnified images selected from the white dotted box areas and show a sche- 385 

matic of BaTiO3  386 

  

(a) (b) 

Figure 21. a) iDPC-STEM image of the LSMO layer in the virgin state; b) select oxygen columns are 387 
shown in red as a guide to the eye to identify the octahedral σ tilts[121] 388 
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Figure 22. a) HAADFSTEM images of selected areas; b) corresponding iDPC-STEM images[122] 389 

Solar cells based on organic-inorganic hybrid perovskite materials (OIHPs) have de- 390 

veloped rapidly due to their high photoelectric conversion efficiency. Over the past dec- 391 

ade, their efficiencies have soared from 3.8% to 25.2%, almost matching that of monocrys- 392 

talline silicon solar cells. However, their commercial applications are limited by the struc- 393 

tural instability of hybrid perovskite materials, high temperature, oxygen, humid envi- 394 

ronment, light, and other factors that accelerate material decomposition. Therefore, it is 395 

necessary to deepen the understanding of degradation mechanisms to guide device de- 396 

sign and material synthesis. As an electron-beam-sensitive material, studies have shown 397 

that the electron beam damage mechanism of OIHPs is irradiation decomposition, which 398 

is mainly affected by the dose. Therefore, iDPC-STEM will be of great help. However, 399 

most studies on its electron beam damage have focused on determining periodic struc- 400 

tures by diffraction (Table 2). The application of iDPC-STEM in this field is relatively 401 

scarce, giving it large amounts of development potential 402 

Table 2. Studies on MAPbI3 electron diffraction or fast Fourier transform patterns in the literature 403 

Specimen Focus/Direction Observation Method Ref. 

MAPbI3 and MAPbBr3  Periodic structure evolution  SAED [123] 

MAPbI3  In situ experiment (molecular-level)  SAED [124] 

MAPbI3 and MAPb0.9Cd0.1I3  Periodic structure evolution  HRTEM and SAED [125] 

MAPbCl3  Periodic structure determines  HRTEM with FFT [126] 

MABr: SnBr2: CuCl2 

1:1:0/1:0.5:0.5/1:0:1 
 Morphology and crystallinity  HRTEM and SAED [127] 

CsPbI3 and MAPbI3 
 Morphological, structural 

 and irradiation damage 

 HRTEM and SAED 

[128] 
with accelerated voltage 

(200kV/60kV); 

dose rate (C1C2) changes 

MAPbBr3 quantum dots  Morphology and crystallinity  HRTEM and SAED [129] 

MAPbI3  Morphology and structure evolution  HAADF-STEM and SAED [130] 

BA2PbBr4  Periodic structure evolution  SAED [131] 

MAPb1−xPdxI3 x=0.25,0.5  Component distribution  EELS [132] 

MAPbI3  Periodic structure evolution  Low-dose HRTEM and SAED [133] 

MAPbI3  Photoinduced Degradation  Low-dose HRTEM, SAED [134] 
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HAADF-STEM and EELS 

MAPbI3 and MASnI3  Periodic structure determines  HRTEM and SAED [135] 

FAPbBr3-WS2 and MoS2  Periodic structure evolution  HRTEM and SAED [136] 

(CsPbI3)0.05((FAPbI3)1−x(MAPbBr3)x)0.95  Interface and element distribution  HRTEM and EDS [137] 

BA2FAPb2I7 

BA2MAPb2I7 
 Structure evolution 

 HRTEM and SAED 
[138] TVIPS camera, 

Gatan 914.6 cooling holder 

MAPbI3  Surface structure and defects 
 HRTEM and FFT 

[139] 
 Cryo-TEM 

MAPbI3  In situ experiment  Liquid-cell TEM [140] 

MAPbBr3  Atomic structure characterization  iDPC-STEM [141] 

MAPbBr3  Atomic structure characterization 

 High-SNR HRTEM image 

(Dose fractionation) [142] 

direct electron detector 

(2T)2PbI4-(2T)2PbBr4  Surface structure and defects 
 High-SNR HRTEM image 

(Dose fractionation) 
[143] 

6. Summary and Outlook 404 

Here, we have briefly introduced iDPC-STEM, an ideal tool for electron-beam-sensi- 405 

tive material characterization, including its development, imaging principles, and main 406 

applications. At present, iDPC-STEM has excellent characterization advantages for elec- 407 

tron-beam-sensitive materials, but its further applications face some limitations. 408 

Since its images rely on interactions between a focused electron beam and the electric 409 

field of a sample, it is demanding on both the beam and the detector, as with STEM. It is 410 

necessary to cooperate with the spherical aberration corrector to control the size of the 411 

beam to achieve a high resolution. For the detector, more continuous refinement partitions 412 

will bring it closer to iCOM imaging capabilities. 413 

Due to its high contrast towards light elements, it is sensitive to sample surface con- 414 

taminants, especially organic matter, and amorphous carbon. Therefore, there are require- 415 

ments for sample preparation, storage, and electron microscope cleanliness. 416 

Because its imaging process is based on weak phase approximation, for thin materi- 417 

als, high-quality images can be obtained; however, as the thickness of a sample increases, 418 

its contrast decreases. For samples of unknown thickness, such contrast changes make in- 419 

depth analysis difficult. 420 

Due to its strong signal receiving efficiency, low-frequency noise may be amplified 421 

during integration. Therefore, to eliminate amplified noise, iDPC-STEM often chooses 422 

adaptive filtering techniques. The development of a suitable filtering technique is im- 423 

portant for iDPC-STEM. 424 

At present, the technique is still in its early development stages, and there are rela- 425 

tively few auxiliary tools (like simulations), which need to be perfected. 426 

In a word, although iDPC-STEM has excellent characterization advantages for elec- 427 

tron beam sensitive materials, it has many limitations, especially for materials scientists 428 

with a weak background in electron microscopy, which greatly reduce its practical appli- 429 

cations. The development direction of iDPC-STEM must be to constantly eliminate the 430 

above limitations and play a more important role. 431 
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