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Abstract: High-resolution imaging of electron beam-sensitive materials is one of the most difficult
applications of transmission electron microscopy (TEM). The challenges are manifold, including
the acquisition of images with extremely low beam doses, the time-constrained search for crystal
zone axes, the precise image alignment, and the accurate determination of the defocus value. We
develop a suite of methods to fulfill these requirements and acquire atomic-resolution TEM images
of several metal organic frameworks that are generally recognized as highly sensitive to electron
beams. The high image resolution allows us to identify individual metal atomic columns, various
types of surface termination, and benzene rings in the organic linkers. We also apply our methods
to other electron beam-sensitive materials, including the organic-inorganic hybrid perovskite

CH3NH3PbBrs.

One Sentence Summary: We describe a suite of methods for high-resolution transmission

electron microscopy imaging of beam-sensitive materials.
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Main Text: Understanding the fundamental structure-property relationships in functional
materials is the essence of materials science. High-resolution TEM (HRTEM) is a powerful tool
for structure characterization (/). However, there are a wide range of materials that are easily
damaged by the electron beams (2-5). Metal organic frameworks (MOFs), which have designable
porous structures and fascinating properties (6-8), represent a typical example of electron beam-
sensitive materials. During the few attempts to image MOFs using HRTEM, only the primary

channels could be resolved by the limited resolution as a result of beam damage (2, 9-11).

The mechanisms of beam damage are complex and vary with the material, primarily including
knock-on damage, heating effects, and radiolysis (3, 4, 12). One means of alleviating beam damage
is to reduce the energy of electron beam. HRTEM with low accelerating voltages has successfully
imaged carbon nanotube and graphene (/3-15). However, the use of low-energy electrons results
in poor image resolution and a short penetration depth, and only prevents knock-on damage.
Similarly, the use of cryo-TEM only lessens the heating damage to a certain degree (/7). An
alternative, in-principle more general solution to this issue is to acquire the HRTEM images with
a sufficiently low electron dose to capture the structure before damage occurs. Although this idea
is straightforward, it is difficult to realize because it requires an extremely sensitive camera to
record acceptable images with only a few electrons per pixel. Conventional cameras cannot

produce images with a sufficient signal-to-noise ratio under such low dose conditions.

Direct-detection electron-counting (DDEC) cameras have an unprecedentedly high detective
quantum efficiency and enable HRTEM at ultralow electron doses (16, /7). Taking advantage of
this, structural biologists have boosted the voxel resolution for protein structures using cryo-TEM
(18). In the field of materials science, however, the potential of DDEC cameras in HRTEM
imaging of electron beam-sensitive materials remains largely unexplored, due to some practical
obstacles. First, unlike the single-particle cryo-TEM that reconstructs a protein structure from
randomly oriented particles, for crystalline materials images should be acquired along specific
directions, i.e., along the zone axes of the lattice. With beam-sensitive specimens, the process of
finding a zone axis must be accomplished very quickly to minimize the beam irradiation. Second,
the electron-counting mode is capable of producing successive short-exposure images, but the
images must be precisely aligned to fully restore the high resolution information. Third, it is

impossible to acquire a focus series of a beam-sensitive material, even when using a DDEC camera,



and thus the interpretation of the image is difficult unless an accurate defocus value can be
determined. We reported the use of a DDEC camera to image a MOF material (ZIF-8) with an
ultralow electron dose, in which the zone-axis image was obtained by sampling a large number of
randomly oriented crystals (/9). However, this is an inefficient trial-and-error process and success
is not guaranteed. In this work, we develop a suite of methods to overcome these obstacles,

advancing the HRTEM of beam-sensitive materials to a nearly routine process.

To design the quantitative HRTEM conditions for MOFs, we first evaluated their stabilities
under a 300 KV-accelerated electron beam. The results reveal they began to lose their crystallinity
when the cumulative electron dose reached 10-20 e” A2, as determined by the fading of the electron
diffraction (ED) spots (fig. S1). These values set the upper limits of the cumulative electron dose
for both locating a zone axis and the subsequent image acquisition. In our experiments, we used a
DDEC camera to acquire images at a reasonably high magnification of 55,000 to achieve atomic
resolution (pixel size: 0.57 A x 0.57 A) with electron doses of 2-4 e per pixel (6-12 e A‘Z).
Therefore, the maximum electron dose that can be used to find a zone axis is less than 10 e A2
The conventional, manual method for aligning a zone axis does not meet this threshold, because it
requires time-consuming, iterative toggles between the diffraction and imaging modes, often

causing the total electron dose to reach hundreds of electrons per A2,

We developed a simple program to achieve a direct, one-step alignment of the zone axis (figs.
S2 and S3). When the electron beam incidence deviates from a zone axis by an angle ¢, the zero-
order Laue zone of the lattice intersects with the Ewald sphere, forming an arc in the ED that is
part of the Laue circle. The radius of the Laue circle is approximately equal to sin(¢)*(1/A), where
A is the wavelength of the beam. Our program first identifies a Laue circle by analyzing the
distribution of reflections from an off-axis ED pattern. Different from an earlier software of
automatic zone axis alignment (20) that estimates the crystal orientation by evaluating the
intensities of reflections, our program determines the Laue circle from the positions of reflections
to avoid the influence of structure factors or dynamic effects. Once the Laue circle is identified, ¢
is determined by its radius and A. The program then decomposes ¢ into two components, ¢, and
¢p, which correspond to two tilting angles around the a-tilt and B-tilt axes of the double-tilt TEM
holder, based on the predetermined directions of the two tilting axes. By applying the program-

calculated tilting angles ¢, and ¢s, we can directly tilt the crystal from the initial orientation to



align with the zone axis. The whole process requires the acquisition of only two EDs, one for
determining the Laue circle and the other for confirming the on-axis orientation; the electron beam
is blanked in between while the program does its calculations, and the total dose consumed is far
below 1 ¢/A% This method requires that the initial crystal orientation is close to a zone axis (-5° <
@ < 5%); otherwise, there are very few reflections observed in ED, making the identification of a
Laue circle difficult. In practice, the probability of seeing a Laue circle is > 10% in randomly

oriented powder samples.

HRTEM of electron beam-sensitive materials often suffers from a beam-induced specimen
motion that results in blurred images. When using a DDEC camera, this issue can be overcome by
breaking the total exposure into a stack of successive short-exposure images (frames), on the
condition that the drift between frames can be precisely corrected by image alignment. In principle,
the exposure of each frame should be as short as possible to minimize specimen motion and
statistical errors from the detector. However, beam-sensitive materials require low electron dose
rate to avoid structural damage, and consequently, short exposure times result in very noisy frames
with poor signal to noise that cannot be aligned using the common methods based on feature
matching or phase correlation. To increase the signal to noise, several successive frames can be
merged into one, which is equal to using longer exposure and thus detrimental to image resolution,
especially when the specimen motion is severe. Image filters can also increase the signal to noise
to facilitate image alignment, but the existing filters do not work well with high noise levels (fig.

S4).

A general principle of image alignment is to decompose a real-space image into components
of different spatial frequencies in the reciprocal space by Fourier transform (FT). Image drift can
be determined from the ‘phases’ variation in the FTs. The difficulty in aligning noisy images lies
in the poor signal to noise that affects the accuracy of phase determination. We hypothesize that
the impact of noise can be minimized by selectively analyzing pixels in the FT with strong
amplitudes, because phase determination of weak pixels is more easily influenced by noise and
prone to errors. On the basis of this hypothesis, we developed an “amplitude filter” to confine the

phase analysis to ‘reliable’ strong-amplitude pixels (figs. S5 and S6).

Unlike the common methods that deal with the weak signals of individual frames, the

“amplitude filter” starts by integrating the FTs of all the frames in an image stack to pinpoint the
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strong-amplitude pixels. The workflow is illustrated in Fig. 1 using an HRTEM image stack of
MOF UiO-66 (217). With extremely low dose (0.033 e/pixel) (Fig. 1A), even the reflections are
difficult to identify in the FT of each frame (Fig. 1B). We summed the FT amplitude components
from all of the frames in the stack, as the reflections have invariable coordinates in the FTs,
irrespective of image drift. As shown in Fig. 1C, the “hidden” reflections emerged in the summed
FT amplitude pattern (we call it ‘amplitude pattern’ because it does not contain phase information).
We filtered out background and weak pixels that have amplitudes lower than a set threshold from
the amplitude pattern. The “amplitudes” of the remaining pixels were combined with the “phases”
from the original FT of each frame to generate a series of modified FTs (Fig. 1D), followed by
inverse FT's to generate a series of filtered images (Fig. 1E). Finally, the image drift was calculated
using iterative cross-correlation based on the filtered images (Fig. 1F), and this information was
used to align the original images in the stack. The drift-corrected, summed image shows rich high-
resolution structural details, as evidenced by the appearance of the 1.4 A reflection in the FT (Fig.
1G). By contrast, the cross-correlation without our “amplitude filter” could not correctly align this
image stack until it is 1x1x10 binned, which led to a marked reduction in image resolution in the
direction of the image drift (Fig. 1H). The result of merging all of the frames without drift

correction is shown in Fig. 11 for comparison.

We are now able to study various MOFs with TEM along different zone axes, and to restore
high-resolution information from the obtained images. Results from MOF UiO-66 are presented
in Fig. 2. The successful acquisition of HRTEM images from four zone axes, <001>, <011>,
<111>, and <013>, demonstrates the effectiveness of our method for zone axis alignment. FT's of
these images show that the information transfer is < 2 A in all directions (Fig. 2), confirming the

efficacy of our method for image alignment.

The contrast in HRTEM images varies with the specimen thickness and defocus, making a
single image difficult to interpret directly. A common practice in HRTEM is to acquire a series of
images with different defocuses for structure reconstruction (22, 23). But this method is not
suitable for MOFs because it is impossible to acquire multiple images without causing structural
damage, even when using the low-dose conditions. On the other hand, the very low framework
density of MOFs greatly decreases their effective scattering thickness; therefore, we can safely

apply the weak-phase object approximation to MOFs for a wide range of thicknesses up to ~ 100



nm. Therefore, a single image can be made more interpretable by correcting the “contrast inversion”
caused by the contrast transfer function (CTF) of the objective lens, if the absolute defocus of the
image is known (24). Here we propose that we can take advantage of the “instability” of MOFs to
determine the defocus. Specifically, after an HRTEM image is captured, we prolong the beam
irradiation to deliberately destroy the crystalline structure, and acquire a focus series of this
amorphized area (fig. S7). Using established methods (22), we can determine the absolute defocus

value of each image in the series and, thus, that of the HRTEM image of MOF for CTF correction.

The success of our methodology has been demonstrated in a case study, in which an HRTEM
image of UiO-66 along the <O11> axis was acquired, aligned, and CTF-corrected using the
methods described above. The sample was heated at 300 °C under vacuum for 10 h to remove the
solvent/guest molecules before HRTEM. The imaged area contains a truncated octahedral crystal
with an ultra-thin piece of crystal protruding from its lower right corner (Fig. 3A). In the CTF-
corrected and denoised image (Fig. 3B and fig. S8), triangular channels encompassed by three
metal clusters and three 1,4-benzenedicarboxylic acids (BDC) are identified, and atomic columns
of Zr are distinguished within the ZrsOs clusters, in good agreement with the crystal structure of
UiO-66. The benzene rings with face-on configurations in the BDC linkers are resolved (Fig. 3B
and fig. S8). In addition to the bulk structure, our image reveals detailed local structures. At the
truncation surface of the octahedral crystal that corresponds to the fast-growing {100} planes, the
crystal growth steps are identified as a number of small {100} and {111} facets (Fig. 3C).
Furthermore, the high resolution allows us to investigate the surface termination of this crystal. In
the CTF-corrected image, the outermost layer of Zr clusters have dark contrast and can be
identified at the crystal surfaces, where the organic linkers are hardly visible because of the weak
contrast associated with the low atomic numbers. We performed real-space averaging along the
crystal surface to enhance the signal to noise (fig. S9). The results reveal the coexistence of ligand-
free (metal-exposing) and ligand-capped surfaces: the major exposed {111} surface terminates
with BDC linkers (Fig. 3D); in contrast, the small truncation surface (growth steps) expose Zr

clusters at the kink positions between {100} and {111} facets (Fig. 3E).

It has been speculated that upon heating to 300 °C, the octahedral ZrO4(OH)4 clusters in UiO-
66 undergo dehydroxylation forming distorted Zr¢Og¢ clusters (25). In a <110> projection, this

distortion gives rise to increased Zr-Zr distances along the in-plane <110> direction (fig. S10).



However, the random orientation of this distortion makes it difficult to verify by conventional
characterizations. Using HRTEM, we observed the subtle structural change in UiO-66 associated
with dehydroxylation (figs. S11 to S13). As revealed in the images, the as-synthesized UiO-66
contains only one type of Zr cluster with uniform Zr-Zr distances of 3.34 A, whereas the heated
UiO-66 contains two types of Zr clusters; one is same as the cluster in the as-synthesized sample
and the other has larger Zr-Zr distances of 3.89 A (Fig. 3, F and G, and fig. S12). This result
supports speculation that the Zr clusters in UiO-66 become distorted upon heating (25). The
appearance of a small number of undistorted clusters (Zr-Zr: 3.34 A) in the heated UiO-66 (fig.
S13) was likely caused by partial re-hydroxylation during the TEM sample preparation process.
We note that the exact values of the Zr-Zr distance measured using HRTEM are not very accurate

due to the pixel size limitations.

HRTEM images of MOFs ZIF-8 and HKUST-1 (26) and a germanosilicate zeolite are
presented in figs. S14 and S15, which show good matching with the corresponding crystal
structures after CTF-correction. We also successfully acquired HRTEM images of the organic-
inorganic hybrid perovskite CH3;NH3PbBr3, which has emerged as an optoelectronic material and
is known to be very sensitive to electron beams. The hybrid perovskites show anomalous [-V
hysteresis in photovoltaic applications (27). Ferroelectric effect (28) and ion migration (29) have
been posited to be likely causes for the hysteresis. Our image reveals that CH3NH3PbBr3 crystals
contain ordered nanometer-sized domains with off-centered CH3NH3 cations that have differing
orientations. In the two typical domains highlighted in Fig. 4, the CH3NHj3 cations exhibit normal
and parallel configurations (relative to the projection direction), giving rise to in-plane and out-of-

plane electric dipoles, respectively. This observation implies the ferroelectric order in this material.

In summary, we developed a suite of methodologies that enable atomic-resolution TEM
imaging of electron beam-sensitive crystalline materials, which have traditionally been considered
unsuitable for TEM characterization. With this capability, we are able to observe the local
structures of MOFs and other fragile materials, significantly expanding the range of applications
for HRTEM. It is worth noting that our method for zone axis alignment not only reduces the
electron dose, but also enhances the precision of alignment. Its application is not limited to beam-

sensitive materials; it is particularly useful for aligning nanosized crystals. Likewise, our method



for image alignment can be generally applied to various noisy images with periodic features. This

study facilitates investigations in a wide variety of “unstable” materials using HRTEM.
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Fig. 1. Alignment of an image stack using the “amplitude filter”. (A) A single frame and (B)
the corresponding FT in an HRTEM image stack (120 frames in total) acquired for UiO-66 along
the <011> zone axis. (C) The FT amplitude pattern formed by summing up the FT amplitude
component of all frames. (D) Modified FT of a single frame by adopting filtered amplitudes from
(C). (E) An amplitude-filtered single frame that is produced by inverse FT of (D). (F) The
image-drift profile determined from filtered frames. (G) The drift-corrected image based on (F).
(H) The drift-corrected image by cross-correlation, where the image stack is 1x1x10 binned to
enhance the signal to noise. (I) Uncorrected image formed by directly summing up all the
frames. In (G)-(I), the corresponding FTs are shown as insets; the half circles represent the
frequency of 2 A. In (G), a local area is zoomed in to highlight the observed 14 -4 4 reflection (d
=14A).
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Fig. 2. HRTEM images of UiO-66 acquired from different zone axes: (A) <001>, (B) <011>,
(C) <111> and (D) <013>. The top, middle, and bottom rows show raw images, denoised images
and FTs of the raw images, respectively. The half circles in the FTs represent 2 A.Inall
directions, there are reflections observed beyond the circle, indicating that the information
transfer is less than 2 A. As an example, the 10 -6 6 reflection (d = 1.6 A) is highlighted in (B).
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Fig. 3. HRTEM of thermally treated UiO-66. (A) Drift-corrected HRTEM image of a
truncated octahedral UiO-66 crystal and an ultra-thin piece of crystal with the same <011>
orientation. (B) CTF-corrected denoised image from the ultra-thin crystal (area 2 in (A)),
showing triangular channels, individual Zr atomic columns, and the BDC linkers. The benzene
rings in the BDC linkers are indicated by the arrows. Overlays are simulated projected potential
maps and a projected structural model of UiO-66 for comparison. (C) A truncation surface (area
1 in (A)), showing crystal growth steps involving small {100} facets and {111} facets (labeled in
blue and yellow, respectively). The white arrows indicate “kink™ positions between {100} and
{111} facets. (D) Ligand-terminated {111} surface: (left) structural model; (middle) processed
HRTEM image by real-space averaging of 5 motifs from area 3 in (A); (right) the averaged
image displayed in the rainbow colors to increase the visibility of the ligand contrast. (E)
Ligand-free (metal-terminated) { 100}/{111} kink: (left) structural model; (middle) processed
HRTEM image by real-space averaging of 7 motifs from area 1 in (A); (right) the averaged
image displayed in the rainbow colors. (F and G) The structure model (left) and the processed
HRTEM image (right) of the (F) hydroxylated and (G) dehydroxylated Zr clusters featuring
different Zr-Zr distances. The image processing details are shown in fig. S13.
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Fig. 4. HRTEM of organic-inorganic hybrid perovskite CH:NH3PbBrs3. (A) CTF-corrected
denoised HRTEM image. The raw image is shown in fig. S16. The squares highlight two ordered
domains with off-centered CH3NH3 cations that have differing orientations. (B and C) The
structural model (left) (30) and the simulated projected potential map (right) of CH:NH3PbBr3
with different CH3NH3 orientations, corresponding to region 1 and 2 in (A), respectively. In (B)
and (C), the off-centered CH3NHj3 cations exhibit normal and parallel configurations (relative to
the projection direction), giving rise to in-plane and out-of-plane electric dipoles, respectively.
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