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4 ABSTRACT: Understanding the atomic structure and defect characteristics of
5 ZnO thin films is crucial for optimizing their electronic properties and performance
6 in advanced applications. Here, we investigate the atomic structure and defect
7 characteristics of atomic layer deposition (ALD)-grown ZnO thin films by using
8 aberration-corrected scanning transmission electron microscopy (STEM). Atomic-
9 resolution imaging identifies prevalent stacking faults, dipole disorder, and various

10 grain boundary types, which are believed to influence the electronic properties of
11 ZnO. Additionally, real-time electron beam exposure experiments demonstrate
12 structural transformations, including crystal growth and surface rearrangements.
13 These findings provide insights into the growth mechanisms of ALD ZnO under
14 high-energy electron irradiation conditions, an important finding for the use of
15 polycrystalline ZnO wide bandgap semiconductors in space-like conditions. Our
16 results underscore the capability of STEM in directly visualizing and quantifying
17 atomic-scale defects and beam-induced transformations in radiation-resistant ZnO.
18 KEYWORDS: scanning transmission electron microscopy (STEM), electron−sample interactions, wide bandgap semiconductors,
19 zinc oxide, density functional theory (DFT), atomic defects

20 ■ INTRODUCTION
21 Zinc oxide (ZnO) is a semiconductor with applications in
22 optoelectronics, sensors, and catalysis.1 A combination of
23 unique electronic and optical properties, including high exciton
24 binding energy (60 MeV) and a wide band gap (3.37 eV), has
25 made it a promising material for next-generation devices.1−3

26 One area of particular interest is its use in microelectronics for
27 space environments, where ZnO thin films outperform
28 traditional silicon or GaAs semiconductors due to their high
29 radiation hardness.4,5

30 Radiation resistance is critical for materials exposed to high-
31 energy environments, as radiation can displace atoms from the
32 crystalline lattice, forming vacancies or defect clusters that alter
33 material properties.6 In microelectronics, ionizing radiation can
34 also induce single-event upsets (SEUs), where deposited
35 energy flips a bit in a digital circuit, leading to data corruption
36 or malfunctions.7 The resilience of ZnO has been attributed to
37 its ionic bonding and the predominance of spherically
38 symmetric σ-orbitals, which may reduce the formation of
39 radiation-induced defect states compared to covalently bonded
40 semiconductors with highly directional sp-hybrid orbitals.
41 However, its radiation response is also influenced by its wide
42 band gap, defect tolerance, and self-healing properties.8,9

43 Nevertheless, experimental evidence suggests additional
44 mechanisms contribute to the behavior of ZnO under high-
45 energy irradiation.8−11 Notably, electron bombardment has
46 been shown to enhance ZnO’s UV emission, alter grain size

47and morphology, and improve its sensitivity in H2 sensing
48applications.12−14

49In this study, we use aberration-corrected scanning trans-
50mission electron microscopy (STEM) to probe the atomic
51structure of atomic layer deposition (ALD)-grown ZnO thin
52films. ALD offers precise control over film thickness and
53composition, making it a widely used technique for fabricating
54high-quality ZnO films.15 However, the structural and defect
55characteristics of ALD-grown ZnO at the atomic scale remain
56an area of active investigation, as defects can significantly
57influence the material’s electronic, optical, and mechanical
58properties.15−17 The first part of the study is dedicated to the
59direct visualization of crystalline grains, grain boundaries, and
60atomic defects, including stacking faults and dipole disorder.
61By analyzing the spatial distribution and structure of these
62defects, we provide insights into the nucleation and growth
63mechanisms of ZnO films and their implications for functional
64properties.
65The second part of the study examines the atomic-scale
66evolution of ZnO thin films under high-energy (200 keV)
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67 electron bombardment through real-time STEM observations.
68 While this electron energy falls within the lower range of
69 electron radiation encountered in space environments such as
70 the Van Allen belts (100 keV to 10 MeV),18 the defects
71 observed here serve as a foundational reference for future
72 studies involving ex situ characterization of materials after
73 high-energy (1−10 MeV) radiation. Importantly, the STEM
74 results offer atomistic insights into the structural modifications
75 induced by electron irradiation that help address long-standing
76 scientific questions related to the atomic behavior of ZnO
77 under electron irradiation. Together, our findings contribute to
78 a deeper understanding of the mechanisms underlying the
79 enhanced radiation resistance of ZnO, providing valuable
80 insights for its application in space-grade microelectronics.

81 ■ RESULTS
82 Using an aberration-corrected STEM, we investigated the
83 nanostructure of the ALD-grown thin films. High-angle
84 annular dark-field STEM (HAADF-STEM) images show that
85 after 50 cycles of diethylzinc and water at 150 °C, the film is
86 composed of packed crystalline grains. The nucleation density
87 of the film was estimated to be near 31 ± 2 grains per 1000
88 nm2 (n = 15) with an average crystal grain diameter of 6.8 ±
89 1.9 nm (Figure S1). Since the primary contrast mechanism in
90 HAADF-STEM is mass−thickness, the intensity of the films
91 suggests that film thickness is relatively uniform, as shown in

f1 92 Figure 1A. Atomic force microscopy of ZnO films on silicon
93 substrates, grown under the same conditions as the TEM grids,
94 confirms the films are uniform, with root mean squared
95 roughness (RMS) measured below a nanometer (Figure S2).

96An identical location to Figure 1A is shown in the low-angle
97annular dark-field STEM (LAADF-STEM) image (Figure 1B),
98where variation in contrast along different crystalline domains
99is caused by differences in electron propagation through the
100sample, a process often referred to as electron channeling.19 In
101practice, this results in grains observed near or along a low
102crystallographic zone axis producing more intense singles than
103grains mistitled from a crystallographic zone.20 While this
104effect is present in both HAADF and LAADF imaging, the
105brightness difference is more prominent in LAADF and
106present under a larger range of tilt angles.21 Leveraging this
107approach, crystals along a low zone axis�where atomic
108columns can be clearly distinguished�can be identified at
109relatively low magnifications and low electron dose rates (10−
110100 e−/Å2 s) without requiring significant beam exposure to
111determine their orientation.
112As the following sections are focused on highlighting various
113atomic-scale defects observed in the ZnO films, a brief
114overview of the wurtzite ZnO structure is therefore included
115for context. The Wurtzite structure is described by the P63mc
116space group, where the unit cell is composed of two pairs of Zn
117and O atoms. When viewed along the [100]-direction, the unit
118cell is composed of alternating Zn and O layers stacked along
119the [001]-direction. The relative positions of Zn and O atoms
120alternate relative to the (010) plane, giving rise to a
121characteristic alternating dipole moment (Figure S3). The
122structure is identical by symmetry when viewed along the b-
123direction, with the ZnO pairs also stacked in the [001]-
124direction but alternating dipoles along the [001]. As shown by
125the simulated HAADF-STEM image (Figure S4), the large

Figure 1. STEM imaging of ALD-grown ZnO thin film. (A) HAADF-STEM images of the grain texture observed in ZnO thin film. (B) LAADF-
STEM image of the same region, where electron channeling effects are observed to brighten grains oriented along a low crystallographic zone axis.
(C) LAADF STEM image of a grain oriented along the [001] direction where the honeycomb lattice is clearly resolved. Lattice fringes from
neighboring grains are observed to be associated with the planes of the honeycomb lattice. (D) HAADF STEM image showing three grains at
various twist grain boundaries. The grain furthest to the right is oriented along the [1−10] direction. (E) Similar boundary is observed between
grains in a grain oriented along the [001] direction. (F) HAADF STEM image showing a triple point boundary composed of multiple high-angle
twin grain boundaries.
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126 differences in the atomic number of Zn (Z = 30) and oxygen
127 (Z = 8) make resolving the two simultaneously a challenge.
128 Thus, in most crystals, we are limited to resolving the position
129 columns composed of Zn atoms. This alone, however, as we
130 show in this article, is enough to identify the presence of
131 atomic defects. By convention, the [001] direction, as opposed
132 to the [00−1] direction, is chosen to be the positive dipole
133 moment (Zn-facing). Along this orientation, atomic columns
134 contain alternating Zn and O atoms that are arranged to form a
135 honeycomb lattice. As mentioned previously, while the [001]
136 and [00−1] directions are not equivalent due to the direction
137 of the ZnO dipole moment, in STEM, the two directions are
138 not distinguishable since the 2D projections are equivalent.
139 The relatively small grain size present in the ZnO film allows
140 for the atomic resolution imaging of various domains
141 simultaneously�such as in Figure 1C−F. From these images,
142 the coordination between grains can be determined. For
143 example, Figure 1C shows a crystal oriented parallel to the
144 [001] direction, as indicated by the clear hexagonal symmetry
145 of the atomic lattice. Visible are two grains, directly to the left
146 and above, from which lattice fringes are observable. In each,
147 the visible lattice fringes correspond to spacings that can be
148 determined from the honeycomb ZnO lattice; the domain to
149 the left, composed of (010) planes and the top of (110) planes.
150 This suggests that while the grains are misoriented with respect
151 to one another, their orientations are not entirely random;
152 instead, they appear to share a preferential alignment likely
153 governed by a low-angle grain boundary or coincident lattice
154 site. Such a relationship is not surprising given the high
155 nucleation density and rapid coalescence of ZnO films under
156 these conditions. It has been reported that on amorphous silica

157there is no crystallinity during the first ALD cycle of ZnO and
158that allows each subsequent layer to template the next layer.22

159As the film grows, these islands grow together and coalesce,
160and while perfect epitaxy is not enforced, energetic
161minimization favors certain low-angle boundaries or align-
162ments between domains.
163This can be probed directly, as STEM imaging allows for the
164direct observation of the nature of grain boundaries present in
165the film (Figure 1E,F). Most are twist grain boundaries (Figure
1661D); however, high-angle twin grain boundaries are observed
167throughout, as shown in Figure 1F. While not the focus of this
168study, there is significant interest in quantifying grain boundary
169density due to its influence on the ferroelectric properties of
170ZnO;23 STEM could be used to identify and quantify dopant
171segregations, as well as local changes in chemical bonding, at
172the interfaces in doped films.24,25

173Throughout the ALD-grown ZnO thin film, we observed a
174variety of atomic defects in the bulk of the crystalline grains. A
175 f2particle representative of this is shown in Figure 2A, from
176which two magnified regions, 1 and 2, are shown in Figure
1772B,C respectively. The dark-field STEM images here are only
178able to resolve the Zn sublattice; however, these are sufficient
179to determine that the defects present throughout are stacking
180faults resulting from the addition (or removal) of one or
181multiple close-packed (cp) planes.26 The insertion of cp planes
182can result in a variety of structures that are differentiated by the
183resulting position of Zn (denoted by Greek letters α, β, and γ)
184and oxygen (A, B, and C) along the c-axis. For example, Figure
1852B shows a region with the expected wurtzite structure viewed
186along the [0−10] direction, where the alternating α, β, α, β, α,
187β, α, β, α, and β planes account for all the positions of the

Figure 2. Intrinsic defects in ZnO thin film crystals. (A) HAADF STEM image of a defective wurtzite crystal oriented along the [010]-direction.
Regions marked 1 and 2 are shown at a higher magnification in (B,C), respectively. The cation ordering in the pristine structure is described as
alternating α, β planes, while the defective structures have a locally inserted plane with cations in the γ plane. (D) LAADF STEM image of grain
with few structural defects, except for the marked enclosed region. A magnified view of this region (E) shows a stacking fault near a triple grain
boundary. (F) BF STEM image resolving the position of oxygen columns shows the stacking fault is associated with a breaking of the dipole
ordering. For comparison, inserted is a simulated BF STEM image with oxygen columns marked.
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188 atomic columns. In contrast, Figure 2C shows a highly
189 defective region, where the atomic columns are described by
190 the following: α, β, α, β, α, γ, α, γ, α, β, α, and β. This ordering
191 corresponds to a type-I stacking fault, as described by Yan et
192 al., which they calculated to be the most energetically favorable
193 to form and are expected to introduce a downward shift in the
194 conduction band minimum.27

195 From the crystal shown in the center of Figure 2D, we
196 observe that these structural defects are also associated with
197 disruptions to the dipole ordering of ZnO pairs. The core of
198 the grain is largely free of structural defects; however, there is a
199 region near the triple boundary toward the bottom right of the
200 crystal where an extrinsic stacking fault (α, β, α, β, γ, β, and γ)
201 is present (Figure 2E). A BF-STEM image in which the
202 position of the oxygen atoms can be identified, Figure 2F,
203 shows that at this defect, there is a clear breaking of dipole
204 symmetry along the [001] direction. Contrary to the expected
205 alternating dipole structure (projected along the [1̅00] and
206 [100]), the four defective columns are all oriented with a
207 dipole projected along the [100]. The fact that an extrinsic
208 stacking fault, which was calculated to have the highest
209 formation energy,27 is present suggests that a variety of
210 stacking faults (Type I−III) should also be observed
211 throughout. This result aligns with our frequent observations
212 of highly defective crystals, often with defect types that are
213 difficult to classify (Figure S5).
214 Stacking faults in the Zn sublattice can resemble another
215 type of defect known as inversion boundaries. Inversion
216 boundaries are a type of grain boundary where the wurtzite
217 structure, viewed along the [010] direction, is inverted along
218 the [001] plane. However, by resolving the positions of the
219 oxygen columns, we confirm that no inversion boundaries are
220 present. This is significant as inversion boundaries can create a
221 2D quantum well structure, which would influence the
222 material’s electronic properties.28−31

223 The growth of wurtzite ZnO through ALD is relatively
224 common and has been reported thoroughly in the
225 literature.16,22 Several reviews have been dedicated to under-
226 standing the types of defects present, the most studied are
227 native point defects�such as Zn and O vacancies as well as
228 interstitials.32,33 These are believed to strongly influence the
229 materials’ optical and electronic properties by changing the
230 local Fermi levels, forming unstable atoms that can migrate,
231 and acting as sinks for positive and negative charges.34−37 In
232 STEM, we are limited to observing 2D projections of 3D
233 crystal structures. Point vacancies, unless present in very high
234 concentrations, will be difficult to conclusively identify. The
235 fact that the electron beam can also influence the sample
236 structure, a topic discussed in detail in the following sections,
237 would complicate further STEM studies related to the
238 identification of point defects. Notably, none of the atomic-
239 resolution STEM images showed the presence of Zn interstitial
240 defects, which were computationally predicted.32,38−40 None-
241 theless, here, we unambiguously demonstrate that stacking
242 faults are frequently observed in ZnO grains, offering a
243 potential explanation for the radiation resistance of ZnO thin
244 films. In cubic SiC, the presence of a high density of stacking
245 faults has been attributed to an order of magnitude increase in
246 radiation resistance.41 Molecular dynamics simulations suggest
247 this is due to the higher displacement energy required to
248 displace atoms near stacking faults compared to those in the
249 bulk lattice.42

250Notably, since stacking faults are observed with greater
251frequency toward the [001] surface, these defects are likely
252associated with the distribution of oxygen vacancies during
253ALD crystal growth. Oxygen vacancies can locally disrupt the
254stoichiometry and symmetry of the growing lattice, especially
255in polar surfaces like [001], which can promote shear or slip
256necessary for stacking fault formation. Moreover, oxygen
257vacancies tend to cluster and migrate during film growth,
258potentially creating local strain fields that favor the nucleation
259of planar defects. Thus, the spatial distribution and dynamics
260of oxygen vacancies during deposition likely play a crucial role
261in guiding where and how extended defects such as stacking
262faults form. Understanding these defect structures is essential
263for tailoring the optical, electronic, and radiation-resistant
264properties of ZnO for future applications.
265Direct Observation of Electron Beam Bombardment
266Effects in ZnO. Interestingly, beyond simply resisting
267radiation damage, ZnO has been shown to respond beneficially
268to high-energy electron bombardment, enhancing properties
269such as ultraviolet luminescence and hydrogen sensitivity in
270sensors.12,14,43 In both cases, the formation of oxygen and zinc
271vacancies is proposed to explain the enhanced properties.
272Alternatively, some reports suggest that these radiation effects
273resemble changes observed in ZnO thin films after high-
274temperature annealing in a vacuum, such as an increase in
275crystal grain size.13,44 As the vast majority of reported analysis
276relies on post-mortem bulk characterization, it is difficult to
277establish a clear understanding of the atomistic mechanisms
278underlying these changes. Here, based on in situ atomic
279resolution STEM observations, we find that the electron beam
280can significantly alter the atomic structure of ZnO crystalline
281grains, and we hypothesize that this offers insight into its
282enhanced properties after electron beam irradiation and, by
283extension, to the radiation resistance of ZnO.
284STEM enables the use of a highly focused electron probe,
285reaching sub-Ångström dimensions (∼70 pm), which can be
286precisely scanned over a fixed region, allowing for controlled
287irradiation of the sample. By measuring the electron probe
288current and defining the scan area, the number of electrons
289introduced into each region�referred to as fluence or dose
290(measured in e−/Å2)�can be quantified.
291Electron beam damage in materials is broadly classified into
292two primary mechanisms: electron−atom interactions (knock-
293on damage/mass loss) and electron−electron interactions
294(radiolysis).45 The first occurs when incoming electrons
295possess sufficient energy to surpass the ionization energy
296threshold, leading to inelastic collisions that displace atoms
297from their lattice positions. These displaced atoms can be
298sputtered on the material surface (forming a Frenkel-type
299defect) or are completely ejected from the sample, leading to
300mass loss.46 In the present study, we operate the electron
301probe at a 200 kV accelerating voltage, which promotes the
302formation of holes and voids when the probe is held stationary
303for prolonged periods of time (Figure S6). This degradation
304indicates that incoming electrons possess enough energy to
305exceed the ionization energy threshold. We note that while
306such voids are largely absent during atomic resolution imaging,
307electron probe sample interactions will result in knock-on
308events that could lead to the formation of site vacancies,
309particularly in the zinc and oxygen sublattices, which have been
310shown to play a key role in the material’s electronic and optical
311properties.32,33,35,36 Since inelastic scattering events follow a
312Poisson distribution, the likelihood of knock-on damage
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313 increases with higher accumulated dose.47 For this reason,
314 special attention is placed on the accumulated dose at each
315 step during imaging in a subsequent discussion.
316 The second form of beam-induced damage, radiolysis,
317 occurs when high-energy electrons break chemical bonds and
318 then generate free radicals. The effects of radiolysis are most
319 prominent in samples with a significant amount of covalent
320 bonds, such as organic compounds.48−50 While the ionic Zn−
321 O bonds are unlikely to be directly affected, the presence of
322 trace water in the sample could lead to the formation of H+

323 and OH− species.51 These reactive species then diffuse through
324 the material, potentially altering its structure and properties. It
325 has also been proposed that since water acts as a carrier
326 recombination site in ZnO, water desorption driven by the
327 electron probe may explain the enhanced ultraviolet emission
328 observed in electron irradiated ZnO films.12

329 Similarly, there is emerging work suggesting that electrons
330 can be used as coreactant during the ALD growth of
331 materials.52 This process�often referred to as electron-
332 enhanced ALD�is enabled by the electron-stimulated
333 desorption of surface ligands.53,54 This process results in the
334 production of chemically reactive sites that act as nucleation
335 sites for crystal growth.
336 Real-time nanoscale observations of ZnO thin films under

f3 337 electron bombardment reveal a variety of behaviors. Figure 3
338 contains three sequences�four frames of each are shown�
339 exhibiting the variety of beam-induced crystal effects. The first

340(Figure 3A−D) shows a crystalline grain oriented parallel to
341the [001] direction. The dashed line provides a visual of the
342crystal shape with primary crystal surface facets indicated in the
343image. The accumulated dosage is indicated below and is
344estimated to begin near 4.7 × 104 e−/A2 and is tracked until
345roughly ten times the initial dosage. During this electron beam
346exposure, a corner of the crystal is observed to grow in the
347bottom left, marked by a white arrow (Figure 3B,C).
348Overlaying the initial crystal shape with the final frame
349shows a clear difference in the crystal shape observed with the
350particle appearing to grow, particularly at the (010) surface
351termination. Notably, as opposed to forming Frenkel defects
352such as Zn interstitials,32 the newly formed region maintains
353the honeycomb lattice symmetry, strongly suggesting the
354phenomena is not driven by knock-on damage.
355Figure 3E−H shows a second transformation that occurs
356under similar electron dose conditions. The outlined particle is
357oriented along the [010] direction and is initially composed
358largely of (001) and (100) type facets. As electron beam
359exposure increases, the contrast from the atomic columns in
360the lower region of the crystal begins to fade and eventually
361disappears, as marked by the green arrow. Notably, during the
362electron beam exposure, the neighboring crystal to the right
363appears to grow into this region.
364Not all crystals show clear signs of transformation under
365these electron dose conditions. For example, the crystal shown
366in Figure 3I−L shows very little discernible difference upon

Figure 3. Evolution of ZnO crystalline grains under electron beam bombardment. Sequence 1 (A−D) shows a series of LAADF STEM images of a
crystal along the [001] direction that is observed to undergo electron beam mediated growth. The estimated accumulated electron dosage is shown
below each frame. (E−H) LAADF STEM images of a crystal oriented along the [010]-direction that is observed to decrease in size during electron
beam exposure. (I−L) Under similar electron dose conditions, a third grain is observed not to undergo a significant transition.
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367 similar electron beam exposure. As shown in the BF-STEM
368 images of the same grain during later imaging, electron beam-
369 induced structural changes can be observed at significantly

f4 370 higher dose conditions (Figure 4A−D). A projected atomic
371 model at each frame is shown in Figure 4E−H, from which we
372 reach the following conclusions. First, the particle shape is
373 observed to change significantly, reducing the amount of the
374 (100)-type surface and instead forming with more (101) and
375 (001) surfaces. Second, while both the (001) and (00−1)
376 surfaces are observed to show some reconstruction, this
377 reconstruction occurs asymmetrically with the oxygen facing
378 the surface, which is observed to undergo a more significant
379 reconstruction. This transformation is reminiscent of the
380 observations by Look et al., who detected different types and
381 degrees of defect formation upon electron irradiation in ZnO
382 depending on whether it was Zn- or O-facing.55

383 The results here demonstrate that the interaction between
384 the electron beam and ZnO extends beyond traditional
385 electron beam damage observed in transition metal oxides.46

386This observation aligns with the existing literature suggesting
387that electron exposure can alter the properties of ZnO
388films.12,14,43 However, comparisons across studies are challeng-
389ing due to the wide range of electron accelerating voltages
390used. Some studies employ scanning electron microscopy
391operating at voltages below 30 kV, while others use much
392higher energy sources, reaching up to 10 MeV. At 200 kV, our
393findings fall between these extremes. The electron beam-
394induced crystal growth and surface reconstructions offer an
395explanation to the findings of Karuppasamy and Subrahma-
396nyam, who observed more intense XRD peaks after electron
397bombardment.13 This is consistent with our results showing
398that crystal growth occurs when the grain is parallel to the
399[001] direction. Notably, this crystal growth is surface-
400dependent, with particles oriented along the [010] (and
401[100]) direction either decreasing in size or undergoing surface
402reconstruction. This asymmetric growth during electron
403bombardment may be linked to the elongated structures
404observed by Siraj et al. in AFM studies of ZnO under high-

Figure 4. Surface reconstructions in ZnO grains exposed to harsh electron beam conditions. (A−D) BF-STEM images track a crystalline grain as it
is in high electron dose conditions. The accumulated dose is ten times higher than previous sequences. (E−H) From each frame, an atomic model
was constructed from which electron beam-induced changes to the crystal shape can be readily observed.

Figure 5. Surface energies of ZnO (001) slabs for Zn- and O-terminated surfaces under varying electron doping levels.
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405 dose irradiation, though without additional structural charac-
406 terization (e.g., XRD), this remains speculative.44

407 To evaluate the validity of this hypothesis, we compared the
408 relative stabilities of Zn- vs O-terminated ZnO (001) surfaces,
409 and to capture possible reconstructions under electron-rich
410 conditions, we performed DFT calculations across a range of

f5 411 additional electron concentrations (Figure 5). The results
412 show that both the Zn-terminated (001) and the O-terminated
413 (001) slabs undergo a large reduction in surface energy with
414 increasing electron dosage.
415 The calculated surface energies indicate that the O-
416 terminated ZnO (001) surface consistently exhibits higher
417 energy than the Zn-terminated surface across all electron
418 doping levels. This suggests that the Zn-terminated surface is
419 more thermodynamically stable under electron-rich conditions.
420 Experimentally, the observed crystal reshaping under electron
421 beam exposure shows a reduction in the number of (100)-type
422 surfaces and an increase in the number of (101) and (001)
423 facets. The calculated higher energy of the O-terminated (001)
424 surface agrees with the experimental observation that surface
425 reconstructions occur asymmetrically, with potentially more
426 significant structural changes at O-terminated sites. This
427 alignment between theory and experiment suggests that
428 under electron-rich conditions the system favors Zn-termi-
429 nated surfaces, driving the transformation of surface morphol-
430 ogy to minimize overall surface energy.
431 Moreover, the crystal growth observed under electron beam
432 exposure may help explain the enhanced radiation hardness of
433 ZnO. The crystal growth that occurs upon electron beam
434 exposure would increase the crystallinity of the film, and since
435 the growth is observed to preserve the honeycomb lattice, it
436 would reduce the presence of surface defects. Additionally, the
437 reconstruction of the crystal shape leads to more energetically
438 stable facet structure exposure upon electron beam bombard-
439 ment.

440 ■ CONCLUSIONS
441 In this study, we utilized aberration-corrected STEM to
442 investigate the atomic structure of ALD-grown ZnO thin films,
443 revealing atomic-scale insights into their morphologies, grain
444 boundaries, and bulk defect structures. STEM imaging
445 demonstrated that the films are composed of densely packed
446 crystalline grains from which nucleation densities and grain
447 orientations can be readily quantified. Atomic-resolution
448 imaging allowed for the direct identification of stacking faults,
449 including Type-I and extrinsic stacking faults, as well as dipole
450 disorder within ZnO grains. These defects tend to be localized
451 near the [001] surface, suggesting a strong correlation between
452 structural imperfections and oxygen vacancy distributions
453 during film growth. Notably, by controlling the oxygen
454 environment during crystal growth, stacking fault formation
455 can be selectively influenced, potentially enhancing the
456 radiation resistance of the thin film.
457 A key novelty of this work is the direct observation of
458 electron-beam-induced transformations, including localized
459 crystal growth and structural reconstructions. We demonstrate
460 that the electron beam exposure drives the crystal toward a
461 more energetically stable surface structure, thus increasing the
462 energy required to form radiation-induced localized defects.
463 The observed electron-stimulated growth may also enhance
464 the radiation hardness of ZnO by filling voids where charge
465 accumulation could otherwise occur. Additionally, the
466 observed asymmetry in surface reconstruction further high-

467lights the role of Zn and O terminations in defect formation
468and stability. Our results suggest that ZnO thin films with
469exposed [00−1] facets exhibit greater radiation tolerance
470compared with those with the [001] facet exposed, a point that
471is important when designing thin films for semiconductor
472devices in extreme environments.
473Overall, this study underscores the utility of advanced STEM
474techniques in characterizing the atomic-scale structure and
475dynamic behavior of ZnO thin films. The results provided
476atomic-scale insights into long-standing questions regarding
477the behavior of ZnO under electron irradiation and provide a
478foundation for further exploration of ZnO defect chemistry, its
479role in functional properties, and its potential applications in
480electronic and optoelectronic devices. Among these studies are
481those focused on understanding the differences in defects in
482films grown at higher temperatures or single crystal ZnO films,
483which would be expected to reduce the radiation resistance of
484the material.56 Alternatively, the role of epitaxy, and as an
485extension, the atomic-scale structure of grain boundaries and
486density, remains relatively unexplored and could offer
487interesting insights. Importantly, the relatively small form
488factor combined with the precise control offered by ALD
489opens the door to a variety of future experiments where the
490response of the crystals to thermal annealing and biasing, in
491addition to electron transport measurements, can all be
492explored in situ within the STEM.

493■ EXPERIMENTAL METHODS
494Scanning Transmission Electron Microscopy. STEM analysis
495was conducted using a ThermoFisher Scientific Spectra 200 operated
496at an accelerating voltage of 200 kV. The probe semi-convergence
497angle was set to 15 mrad. Collection angles for HAADF and LAADF
498imaging were 72−200 and 17−65 mrad, respectively. Accumulated
499dosage and dose rates were estimated using the field of view, and the
500electron beam current was measured by the phosphorus screen and
501found to be typically between 70 and 80 pA.
502STEM Simulations. Simulations were completed using Prismatic,
503which utilizes a plane-wave reciprocal-space interpolated scattering
504matrix to simulate STEM experiments.57 The crystal structure of
505wurtzite ZnO was simulated from the CIF structure available in the
506Materials Project database: (mp-2133) from database version
507v2025.02.12.58

508ALD Thin Film Growth. A Veeco Savannah 100 reactor was used
509to perform ALD of ZnO using diethylzinc and water vapor. TEM
510grids and witness Si samples were set directly on the heated chuck
511held at 150 °C during the deposition. ALD recipes were optimized
512previously (Figure S7), and the ALD recipe was 0.4−20−0.5−20 with
513N2 carrier gas. The thickness of ZnO on the witness samples was
514confirmed after every deposition run. The STEM analysis reported in
515this paper was conducted on ALD-grown ZnO (50 cycles) on 3 mm
516copper TEM grids covered in amorphous silicon oxide film. The ZnO
517film thickness was approximately 9 nm.
518Computational Details. Theoretical calculations were conducted
519using the Vienna Ab initio Simulation Program (VASP)59−61 with the
520electron−ion interactions treated by the projector augmented wave
521(PAW) method. The exchange−correlation energy was approximated
522using the Perdew−Burke−Ernzerhof (PBE)62,63 formulation within
523the generalized gradient approximation (GGA).64,65 All calculations
524were carried out without spin polarization. van der Waals interactions
525were incorporated via the Grimme DFT-D3 method.66 A cutoff
526energy of 500 eV was set, and the convergence thresholds were
527defined as 1 × 10−6 eV for total energy and 0.01 eV/Å for forces. The
528Brillouin zone integrations were performed with a 3 × 3 × 1
529Monkhorst−Pack k-point mesh.67

530Each ZnO (001) slab model consisted of 24 Zn and 24 O atoms,
531separated from its periodic images by a 10 Å vacuum region along the
532z-direction. The effect of adding a Hubbard U correction was assessed
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533 following Dudarev’s method,68 using an effective U value of 5 eV for
534 Zn d-states. This value is the same as used to obtain fitted elemental-
535 phase reference energies by Stevanovic ́ et al.69

536 The surface energy Esurf is defined as

=E E E A( )/2surf slab bulk

537 where Eslab and Ebulk are the energy of the slab and the energy of the
538 selected surface, respectively. A is the in-plane area of the slab (the
539 coefficient of 2 accounts for both sides of the slab).
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